ABSTRACT

Along with the development of nanomaterials and nanotechnology, graphene has
attracted great attention due to its outstanding mechanical, electrical, and physical
properties. Graphene oxide (GO), as a derivative of graphene, has also attracted great
attention, especially as reinforcements for strong and lightweight composites. The
most widely used method to synthesize GO is Hummers’ method, which involves
hazardous chemicals and is a time-consuming process. In this thesis work, I will
introduce a green and feasible process to produce GO and nitrogen-doped GO directly
from bio-waste materials without catalyst or substrate. Their applications as oxygen
reduction reaction catalyst in fuel cell and fast electroactive actuator will be
demonstrated. Then I will explore GO’s application in poly(dimethylsiloxane) (PDMS)
composites and poly(acrylamide) (PAM) hydrogels. Through interfacial evolution,
GO/PDMS composites and GO/PAM hydrogels will be able to stiffen in response to
applied cyclic loads. It is shown that the hybrid chemical and physical crosslinking
network plays a critical role in the dynamic self-stiffening response. These results
provide insight into the complicated nature at the interface between polymer chains
and GO, and will help to develop self-stiffening artificial muscle and soft robotics.
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Figure 1.1 Graphene is the 2D building materials of all other dimensional carbon
materials. It can be wrapped up to 0D fullerene, rolled into 1D carbon nanotubes
(CNTs) or stacked into 3D graphite1.
Figure 1.2 The schematic of mechanical exfoliation of graphene using scotch tape. (a)
Adhesive tape is pressed against graphite. (b) Peel off the tap so that the top few
layers are attached to the tap. (c) Press the tape against a target surface. (d) Upon
peeling off, the bottom layer is left on the substrate2.
Figure 1.3 Schematic of a common setup for chemical vapor deposition (CVD) of
graphene3
Figure 1.4 Schematic of graphene growth on transition metal substrates (using Cu as
an example) by CVD method. (a) Cu foil with native oxide; (b) Annealing at high
temperature in H2 atmosphere to remove oxide layer while Cu develops grains on the
surface; (c) the exposure of Cu foil to CH4/H2 mixture at 1000℃ to nucleate graphene
islands; (d) enlargement of the graphene flakes when the substrate is cooling down3,4.
Figure 1.5 The schematic of graphene transfer process from Cu substrate ono a
surface of choice3.
Figure 1.6 Schematic of the production of highly concentrated suspension of
graphene through surfactant assisted liquid exfoliation with continuous addition of
polymeric surfactant5.
Figure 1.7 Schematic illustration of GO sheet 6.
Figure 1.8 Schematic illustration of synthesis of GO from Hummers’ method 7
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Figure 1.9 Digital pictures of graphene oxide dispersed in water and 13 organic
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Figure 1.12 Illustration of the nitrogen doping process of melamine into GO layers. (1)
Melamine adsorbed on the surfaces of GO when temperature is <300°C. (2) Melamine
condensed and formed carbon nitride when temperature is <600°C. (3) Carbon
nitride decomposed and doped into graphene layers when temperature is >600°C11.
Figure 1.13 The schematic of different N functional groups incorporated in the
graphene plane 12
Figure 1.14 (a) Schematic of dispersion of graphene sheets in epoxy matrix through
solution mixing route. (b) SEM image of graphene/epoxy fracture surface indicating
epoxy-coated graphene flakes 13
Figure 1.15 (a) Schematic of a dye-sensitized solar cell with graphene used in several
components. (b) Heterostructure (graphene/MoS2/graphene) as photovoltaic device.
(c) Schematic of a thermoelectric device using graphene nanoribbons (RNRs) as
electron transforming channel. (d) Fuel cell device using graphene as hydrogen
evolution reaction (HER) catalyst (anode) and oxygen reduction reaction (ORR)
(cathode) 14.
Figure 2.1 Digital image of the CVD setup to synthesize PS-GO and PS-N-GO.
Figure 2.2 Schematic of synthesis of (a) PS-GO and (b) PS-N-GO. Firstly, peanut inner
shell was pealed off peanut shell and placed in a quartz boat inside a CVD furnace and
then went through a 4-step heating process under N2 atmosphere. And PS-GO powder
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was obtained. Then PS-GO powder was added into melamine solution and sonicated
to mix evenly. After that, the mixture was freeze-dried and placed in CVD furnace for
a 2-step heating process. Therefore, PS-N-GO powder was obtained.
Figure 2.3 The thermal analysis of peanut inner shell is in a good agreement with
cellulose, hemicellulose, and lignin decompostion temperatures 15. According to Ref
66, the decomposition temperature of hemicellulose, cellulose and lignin are 200-260
°C, 240-350 °C and 280-900 °C, respectively.
Figure 2.4 (a) (b) SEM images of PS-GO, illustrating the large specific surface area
and thin-film morphology. (c) SEM image and (d) AFM image of exfoliated PS-GO
sheet on silicon wafer. Figure (c) can also indicate the large specific surface area of
synthesized PS-GO film. AFM result shows the thickness of the film is about 40 nm.
(e) TEM image and (f) HRTEM image of PS-GO, indicating the short-range order
structure.
Figure 2.5 SEM images of PS-GO synthesized through (a) 2-step heating process (500
& 1000 °C) and (b) at 20 °C min-1 rate. These results confimred that 4-step slow
heating process is the best strategy to process high-quality PS-GO powder.
Figure 2.6 (a) Raman spectra of PS-GO and PS-N-GO. The ID/IG of PS-GO is 0.8,
indicating the relatively low defect content. The ID/IG ratio is increased after Ndoping, which is caused by incorporating N atoms into carbon lattice. (b) XPS survey
spectra of PS-GO and PS-N-GO. PS-GO is compsired of C, O, and some mineral like Ca.
XPS survey of PS-N-GO clearly shows N peak, indicating the success N-dope.
Moreover, the intensity of O and Ca peaks decreased compared to PS-GO. XPS high-
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resolution C 1s spectra of (c) PS-GO and (d) PS-N-GO. (e) N 1s spectra of PS-N-GO. (f)
The schematic of different N and O functional groups in graphene plane.
Figure 2.7 Structures of cellulose, hemicellulose, and lignin.
Figure 2.8 Schematic of preparation of carbon nanospheres from chloride doped
cellulose 16
Figure 2.9 Digital images and SEM images of bamboo, peanut out shell, pecan and
their pyrolysis products, respectively.
Figure 2.10 SEM images of raw peanut inner shell (a) and pyrolized peanut inner shell (b).
Figure 2.11 SEM image of PS-GO sheet with Cu nanoparticles on surface.
Figure 2.12 Performance of ORR on electrodes of PS-N-GO, Cu/PS-N-GO, and
commercial Pt/C (20%). (a) RRDE polarization curves. The measurement was
performed in O2-saturated 0.1 M KOH and at room temperature with electrode
rotating speed of 900 r.p.m. and scan rate of 5 m V s-1. (b) Number of electron per
oxygen molecule transferred and the yield of HO2- as during ORR extracted from
RRDE measurement. (c) Tafel plots. Tafel slope calculated by linear regression
method in the intermediate range of current densities, 0.1-10 mA cm-2. (d) Stability
of Cu/PS-N-GO electrode.
Figure 3.1 Histological appearance of blood vessel cells in collagen-gel after (a) statci
tensile loading, (b) dynamic tensile loading, and (c) original morphology without
loading
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After loading, especially dynamic loading, the orientation of cells in

collagen-gel is more organized, leading to the stiffness increase.
Figure 3.2 Schematic structure of the hybrid chemical and physical crosslink
networks in G/GO-PDMS composites. (a) Schematic of the synthesis and structure of
9

PDMS chemical crosslink network. (b) Schematic of G, GO and physical crosslink. The
physical interaction between G/GO and PDMS chains gives rise to interface (sub-nm
scale) and interphase. (c) Schematic of the hybrid crosslink network with both
chemical and physical crosslinks.
Figure 3.3 The thermal analysis of 10:0.75 samples. (a) Thermogravimetric
Analysis (TGA) and (b) Derivative thermogravity (dTG) analysis. There is only
one weight-loss peak in neat PDMS samples, indicating that the decomposition
of PDMS is a one-step process. However, in G/PDMS and GO/PDMS composites,
there are two weight-loss peaks, corresponding the interface/interphase
degradation and bulk PDMS decomposition, respectively.
Figure 3.4 The glass transition temperature (Tg) measured for samples with (a)
wc = 1 and (b) wc = 0.75. When wc = 1, composites show lower Tg compared to
pure PDMS while Tg of GO/PDMS is higher than G/PDMS. This is because the
addition of G/GO decreases the chemical crosslinking density of PDMS and thus
Tg is lower. Due to stronger interfacial interaction between GO and PDMS, the
Tg of GO/PDMS is higher than G/PDMS. When wc = 0.75, the chemical
crosslinking density of PDMS is lower the formation of interface/interphase
plays a dominant role and thus Tg of composites are higher than PDMS.
Figure 3.5 Dynamic self-stiffening of graphene-based PDMS composites. (a)
Storage modulus increase (%) verse compression cycles for PDMS and G/GOPDMS composites with wc = 0.75. G/PDMS and GO/PDMS composites exhibit
significant stiffening under dynamic compression at 45°C. Neat PDMS,
however, shows very little stiffening. The inset shows schematic illustration of
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dynamic compression by dynamic mechanical analysis (DMA). (b) Comparison
of stiffening effect of G/PDMS, GO/PDMS composites and neat PDMS samples
with different wc after 175k dynamic compression cycles at 45℃. By reducing
wc, the stiffening effect of G/PDMS composites is greatly increased. However,
GO/PDMS (wc = 1) composites with have exhibited the highest stiffening effect
and the stiffening effect reduced with reducing wc. Neat PDMS with all three
mass ratios didn’t show much stiffening effects.
Figure 3.6 Crosslinking density of PDMS, G/PDMS and GO/PDMS samples before and
after DMA test. After dynamic compression test, the physical crosslinking densities of
G/PDMS and GO/PDMS composites have been greatly increased in comparison to
their chemical crosslinking densities. The change of physical crosslinking densities
of G/PDMS and GO/PDMS composites is in a good agreement with stiffening effect as
shown in Figure 3.4.
Figure 3.7 Change in normalized storage moduli versus compression cycles at
different temperatures under dynamic compression loading. (a) GO/PDMS (wc
= 1) exhibits high normalized storage modulus and significant stiffening. (b)
G/PDMS and GO/PDMS (wc = 0.75) exhibit similar starting moduli as well as
stiffening responses. (c) Differently, G/PDMS (wc = 0.5) exhibit highest modulus
and dynamic stiffening respond. (d) GO/PDMS (1) and GO/PDMS (wc = 0.75)
exhibit similar starting storage moduli but wc = 1 sample show higher stiffening
responses at high temperature. GO/PDMS (wc = 0.5), however, doesn’t show
stiffening responses.
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Figure 3.8 Molecular structures of PDMS layers deposited onto graphene and
graphene oxide sheets. (a) Mass density profile of atoms in PDMS layers plotted
along their distances from the surface. The thickness of polymer layer is ~5 nm.
(b) The parallel and perpendicular components of radius of gyration for the
PDMS molecules plotted as a function of the distance between the center of
mass of PDMS chain and the surface.
Figure 3.9 (a) Stress-strain relationships for bulk PDMS with and without the
ordering and alignment as identified at the interface with graphitic surfaces.
(b) Stiffening factor by adding G or GO to bulk PDMS.
Figure 4.1 Two samples with the sample size are used to determine the fracture
energy. One is notched and another is unnotched. (a) The notched sample is used to
determine the critical length at which the notch begins to propagate, which shows as
the first drop in the force-distance curve. (b) The unnotched sample is used to
calculate the work done by the force (U(L)).
Figure 4.2 Mechanisms for dissipating mechanical energy in hydrogels and thus
sustain higher stress and strain. (a) Fracture of polymer chain. (b) Reversible
crosslinking of polymer chians. (c) Transformation of domains inpolymer chains or
crosslinkers. (d) Fracture and pullout of fibers or fillers18.
Figure 4.3 Methods to design tough hydrogels: (a) double-network design; (b) hybrid
physical and chemical crosslinkers; (c) high-functionality crosslinkers; (d) netowrks
with long monodisperse polymer chains; and (e) meso-/macro-scale composite
design18.
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Figure 4.4 Schematic of PAM and GO/PAM composite hydrogels. (a) Chemical
crosslinking network connected by covalent bonds in PAM hydrogels. (b) Chemical
and physical crosslinking network in GO/PAM composite hydrogels. Physical
crosslinks can be attributed to the hydrogen bonds between GO and amine groups on
PAM chains.
Figure 4.5 Schematic of the experimental setup and the compressive dynamic
response of hydrogels. After 63,000 loading cycles, the modulus of PAM gel decreases
3% due to fatigue effect. The modulus of GO/PAM G0.03B0.008 increased 5% after
dynamic loading while GO/PAM G0.16B0.008 increased 15%. The modulus of GO/PAM
G0.16B0.002 gel exhibits a similar increase with GO/PAM G0.16B0.008 sample during the
first 15,000 loading cycles but it decreases gradually afterwards.
Figure 4.6 Schematic of the experimental setup and the tensile dynamic response of
hydrogels. PAM and GO/PAM G0.03B0.008 break down after 2 and 600 cycles,
respectively. GO/PAM G0.16B0.008 survives more loading cycles (about 45,000 loading
cycles). On the other hand, the modulus of GO/PAM G0.16B0.002 increased 6.3% after
63,000 loading cycles.
Figure 4.7 Mechanical properties of PAM and GO/PAM hydrogels. (a) Tension stressstrain curve of PAM hydrogel and GO/PAM hydrogel with different GO and BIS
content. By replacing chemical crosslinker BIS with physical crosslinker GO or adding
GO, the strength and stretchability of hydrogels are significantly improved. (b)
Compression stress-strain curve at low amplitude. Hybrid chemical and physical
crosslinking networks are stiffer than pure chemical crosslinked hydrogel (PAM
B0.008) and pure physical crosslinked hydrogel (PAM G0.16). Summary of the maximum
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stress and strain as a function of (c) GO content and (d) BIS content. Sample size = 4.
The fracture stress and fracture strain are increased with increasing GO content from
0 to 0.08 wt%. However, the fracture energy decreases when GO content surpasses
0.08 wt%. When changing BIS content, the fracture stress and fracture strain also
exhibit a peak at 0.003 wt%. (e) ) Elasticity scale of some biomaterials ranging from
soft brain19,20, fat21 to stiffer skin22, muscle23 and stiff cartilage24–26 and osteoid27.
Figure 4.8 Fracture energy as a function of (a) GO content and (b) BIS content. Sample
size = 6. The fracture energy is increased from 300 to 3600 J/m 2 when GO content is
increased from 0 to 0.08 wt%. However, the fracture energy decreases when GO
content surpasses 0.08 wt%. When changing BIS content, the fracture energy also
exhibits a peak at 0.003 wt%.
Figure 4.9 Summary of mechanical properties of hydrogels with 0.016 wt% BIS as a
function of GO content. Sample size = 4. (a) Fracture stress and fracture strain as a
function of GO content. The fracture stress and fracture strain are increased with
increasing GO content from 0 to 0.08 wt%. However, the fracture energy decreases
when GO content surpasses 0.08 wt%. This changing trend is in good agreement with
0.008 wt% BIS content in Figure 4.7 (c). (b) Young’s modulus and fracture energy as
a function of GO content. The results are also consistent with Figure 4.8 (a) when BIS
content is 0.008 wt%.
Figure 4.10 (a) The volume fraction of GO and PAM matrix plotted as a function of
the GO content. (b) The theoretical prediction and experiment results of the tensile
strength of hydrogel plotted as a function of the GO content. Here σM is the strength
of hydrogel without GO reinforcement.
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Figure 5.1 Schematic fo the actuation mechanism of field-activated EAPs. (a) Red (H)
and green (F) circles represent oppositely charged side groups in poly(vinylidene
fluoride) (PVDF). When subjected to eletric field, the molecular shape change leads to
changes in dipolar density and induces large strain in polymers. (b) Electrostatic force
can generate large deformation on soft polymers28.
Figure 5.2 Schematic of the actuation mechanism in ionic EAP materials. (a) The
movement of either anions or cations during oxidation and reduction generates
volume change in a conjugated polymer. (b) Ionic polymer-metal composites (IPMCs)
bend in reponse to an electric field as one eledtrode showing volume increae while
another electrode exhibiting volume decrease. (c) Single (1), bundled (2), and sheets
(3) of carbon nanotubes with an electrolyte generates charged surface change shape
in response to applied electric filed. (d) Application of voltage causes bending in saltfree acidic hydrogel28.
Figure 5.3 Summary of ionic and filed-actived EAP materisl types28.
Figure 5.4 Movement of a octopus tentacle made from PDMS. (a) Tentacle is conncted
to external pressure source. (b) Finite-element analysis describing the expansion of
channel. (c) Progressive bending of the tentacle by control the external pressure
connector29.
Figure 5.5 A soft robotics hand made from PDMS grabs an egg (top) and a live
anesthetized mouse (bottom). The dashed arrow represents a string suspends the
gripper and the solid arrow provides compressed air30.
Figure 5.6 Schematic of electroactuation mechanism of hydrogel when electric field
is applied.
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Figure 5.7 Hydrogel actuator bends in electric field31. The gel bended about 30° after
180 s.
Figure 5.8 Schematic of electroactuation in ionic hydrogels. The size difference
between cations (big) and anions (small) will make anode side swellen faster.
Therefore, the actuation efficiency is improved.
Figure 5.9 Molecular structure of sodium acrylate (NaAc). Na+ is free ions while
anions are attached to polymer chains and thus can’t freely move.
Figure 5.10 Schematic of the layer-strcture of the ionic liquid actuator with porous
electrode layers32. The electrode layer is composites of porous N-doped graphene
with conductive polymer. When electric field is applied to the actuator, cations moved
to cathode while anions aggregate on the surface of anode side. In this presented
structure, ions will get into the pores and thus the distance between ions is smaller.
Therefore the repulsive force between ions is stronger due to Coulomb’s law. Due to
the size difference between cations and anions, cathode volume increase more than
anode side and as a result the actuator bend towards anode.
Figure 5.11 Schematic of multi-layer hydrogel synthesis process. Firstly, electrode
hydrogel pre-solution was poured into a thin mould (1 mm) and pre-cured for 10 min.
Then pre-cured electrode layer was carefully transferred into a thicker mould (4 mm)
and then electrolyte pre-solution was added on top of it and pre-cured for 10 min.
Lastly, pre-cured layer 1 and 2 were transferred into 5 mm thick mould and the third
electrode layer pre-solution was added on top of electrolyte layer and the sample was
fully cured at 50 ℃ for 30 min.
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Figure 5.12 Optical image of multi-layer hydrogel actuator. PAM/PSGO composite
hydrogel used as 2 electrode layers and in between is PAM/NaAc ionic hydrogel used
as electrolyte layer.
Figure 5.13 Actuation performance of (a) single-layer PAM/NaAc hydrogel and (b)
multi-layer hydrogel. Bending to 90° has been improved from 80 s to 36 s by adding
two PAM/PSGO electrode layers.
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Chapter 1
Introduction

1.1 Introduction to graphene
Graphene is two-dimensional nanomaterials composed of sp2-hybridize carbon1. It is
the building materials of other important carbon materials. It can be wrapped up to 0D
fullerene, rolled into 1D carbon nanotubes (CNTs) or stacked into 3D graphite (as shown
in Figure 1.1). Since its first report in 200433, graphene has attracted numerous attentions
due to its fascinating properties, such as high surface area (2630 m2/g)34, high room
temperature carrier mobility (~200 000 cm2 V-1 s-1)35 and extremely mechanical strength
(~1 TPa)36. Up to date, the research effort has been focus on (1) finding an effective and
economic method to synthesize good quality graphene at large-scale; (2)
Functionalization of graphene for improved electrochemistry activity and dispersion in

23

solvents; (3) Exploring the application of graphene in reinforcing composites, sensors,
catalysis, energy storage and conversion devices, et al.

Figure 1.1 Graphene is the 2D building materials of all other dimensional
carbon materials. It can be wrapped up to 0D fullerene, rolled into 1D carbon
nanotubes (CNTs) or stacked into 3D graphite1.

1.1.1 Graphene synthesis methods
In 2004, Geim, Novoselov and coworkers33 prepared few-layer and single-layer
graphene sheets by mechanical exfoliation (repeated peeling) from highly oriented
pyrolytic graphite for the first time, which proved the possibility that two-dimensional
nanomaterials can exist. The process is shown in Figure 1.22. Geim and Novoselov won
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Nobel Prize in Physics due to their extraordinary contribution on the research of
graphene37. Up to date, this method is still used in some laboratories to obtain high
quality graphene for scientific research and for making proof-of-concept devices.
However, this method is not suitable for the synthesis of large sheet-sized graphene or
large scale production to meet industry demand.

Figure 1.2 The schematic of mechanical exfoliation of graphene using scotch tape. (a)
Adhesive tape is pressed against graphite. (b) Peel off the tap so that the top few
layers are attached to the tap. (c) Press the tape against a target surface. (d) Upon
peeling off, the bottom layer is left on the substrate2.

Another method, which is the most widely studied and used method to grow
graphene, is chemical vapor deposition (CVD) on transition metal substrates8–11. The
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experimental setup is shown in Figure 1.3. This process involves 4 steps (as shown in
Figure 1.4 and Figure 1.5):
(1) Annealing of transition metal substrates, e.g. copper38 and nickel39;
(2) heating the substrate under carbonaceous gas while the carbon atoms generated
at the metal substrate surface and diffuse into the metal;
(3) when the metal substrate cooling down, carbon atoms precipitate out of the
metal substrate and form graphene sheets on its surface;
(4) gentle chemical etching of the metal substrate to get the free-standing graphene
sheets.
As we can easily tell from the process, there are several technical challenges: this
method is restricted to bench-scale and faces challenge in the transfer from the preferred
metal substrates to a desired substrate, which limits the large-scale production.

Figure 1.3 Schematic of a common setup for chemical vapor deposition (CVD) of
graphene3
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Figure 1.4 Schematic of graphene growth on transition metal substrates (using Cu as
an example) by CVD method. (a) Cu foil with native oxide; (b) Annealing at high
temperature in H2 atmosphere to remove oxide layer while Cu develops grains on the
surface; (c) the exposure of Cu foil to CH4/H2 mixture at 1000℃ to nucleate graphene
islands; (d) enlargement of the graphene flakes when the substrate is cooling down3,4.
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Figure 1.5 The schematic of graphene transfer process from Cu substrate ono a surface
of choice3.

Recently, a method based on liquid exfoliation of graphite has been developed4,5,40,41.
This method can exfoliate graphite by applying ultrasound in liquid environments to single
or few layered graphene sheet, as shown in Figure 1.6. However, the concentration of the
obtained graphene dispersion without surfactant or stabilizer is very low4. To achieve
higher yield, surfactants have to be used (as shown in Figure 1.5). The solvents that are
suitable for exfoliation have high boiling point, which strongly limits their viability for real
manipulation40.

Figure 1.6 Schematic of the production of highly concentrated suspension of graphene
through surfactant assisted liquid exfoliation with continuous addition of polymeric
surfactant5.

Consequently, despite all the research effort devoted to graphene synthesis, a
feasible, simple and economic method to synthesize graphene at large scale is needed.

28

1.1.2 Introduction to graphene oxide
Although molecular mechanistic modeling predicted that the Young’s modulus of
graphene can be as high as 1.02-1.11 TPa a few years before graphene has been
successfully prepared42,43, the direct experimental measure of the mechanical strength of
graphene is not easy due to technical difficulties in the mechanical testing of nanometer
thin membranes. Until 2008, Lee et al. measured the mechanically exfoliated pristine
graphene through nanoindentation process by using atomic force microscopy44. They
reported that the Young’s modulus and intrinsic strength are 1 TPa and 130 GPa,
respectively, which is 5 times higher than carbon steel. On the other hand, the density of
graphene is only 1/6 of carbon steel. As a result, graphene has been considered as the
ideal candidate as reinforcement for strong and light composites45–48. However, there are
some technical challenges that limit the properties of graphene reinforced composites.
The first one is aggregation. Graphene has high specific surface area and thus tend to
from irreversible agglomerates due to strong van der Waals interaction

47,49.

Second

challenge is the poor solubility of graphene in various solvents which greatly uniform
dispersion of graphene in composite matrix49,50. The last but not least challenge is the lack
of interfacial interaction between pristine graphene and matrix materials48,51. To address
these challenges, functionalization of pristine graphene is one of the most effective and
feasible methods52.
Among functionalized graphene nanomaterials, graphene oxide (GO) is a promising
candidate due to 3 reasons (the structure of GO is shown in Figure 1.7):
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Figure 1.7 Schematic illustration of GO sheet6.

(1)

It can be mass-produced. By using Hummers’ method and modified Hummers’

method, serval gram of graphene oxide can be obtained from one batch7,53–55.

Figure 1.8 Schematic illustration of synthesis of GO from Hummers’ method 7

(2)

Due to carboxyl and hydroxyl groups on its surface, GO disperses well in polar

solvents commonly used in organic synthesis (Figure 1.9), such as ethylene glycol,
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dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF) and DI
water8. This is significant for synthesizing uniformly dispersed graphene oxide/polymer
composites because a lot of organic synthesis is solvent-based process.

Figure 1.9 Digital pictures of graphene oxide dispersed in water and 13 organic
solvents just after sonication (top row) and rested for 3 weeks (bottom row) 8.

(3)

The oxygen-rich functional groups on its surface can effectively improve the

interfacial interaction with matrix materials. It has been proven that the interfacial
interaction between fillers and matrix plays an important role in load transfer and thus in
defining the mechanical performance of the composites45,56–59. However, due to the
electronical and chemical stability of pristine graphene sheets, it is difficult to achieve
good interfacial interaction between graphene and matrix materials. Functionalization is
a feasible method to improve the interfacial interaction.
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1.1.3 Heteroatom-doping of graphene
Besides functionalization, chemical doping of graphene has also drawn significant
attention because both theoretical and experimental studies have proven that
introducing foreign molecules into graphene sheets, which either donate or withdraw
free electrons, can effectively tailor the electrical property and chemical activity of
graphene, which will greatly broaden its applications60–62. There are two ways to
chemically dope graphene: (1) the attachment of metal63 or organic molecules64 to the
graphene surface; and (2) introducing heteroatoms, such as nitrogen, boron, sulfur atoms
into the carbon lattice of graphene9,12,64,65. Figure 1.10 shows the process of synthesizing
S-doped graphene oxide through process (2)9. Due to structure integrity of pristine
graphene, it is hard to introduce heteroatoms into the carbon lattice of pristine graphene.
Therefore, the foreign molecule content after doping is relatively low to significantly tune
the electronic properties of graphene. As a result, as illustrated in Figure 1.10, GO is often
being utilized as precursor for synthesizing chemically-doped graphene because GO has
high defeat content9.
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Figure 1.10 Schematic illustration of S-doped graphene synthesis9.

The focus of this thesis is N-doped graphene synthesis and their electrochemistry
applications so I will focus on introducing N-doped graphene here. There are two main
categories to dope N into graphene sheets: in situ doping and post-synthesis treatment.
In situ doping, which includes CVD, ball milling, and bottom-up synthesis, achieves the
graphene synthesis and N atom doping simultaneously. Post-treatment methods include
wet chemical methods, thermal annealing of GO and plasma approaches60.
Many CVD methods have been developed to in situ synthesize N-doped graphene. N
atoms are similar size and valence electron numbers as C so it is convenient to dope N
atoms during the formation of graphene film. In the CVD setup, N and C precursor are
introduced into the growth durance together (as shown in Figure 1.11)10,12. Recently,
thermal annealing of GO, which acts as platform, and N-precursor (e.g. NH366, urea67,
melamine68,11) have been rapidly developed. As mentioned earlier, GO, due to its high
defeat content, which can greatly reduce annealing temperature and increase N content,
is an excellent candidate as doping platform.
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Figure 1.11 Experimental setup for in situ doping N during CVD process 10

Figure 1.12 Illustration of the nitrogen doping process of melamine into GO layers. (1)
Melamine adsorbed on the surfaces of GO when temperature is <300°C. (2) Melamine
condensed and formed carbon nitride when temperature is <600°C. (3) Carbon nitride
decomposed and doped into graphene layers when temperature is >600°C 11.

In N-doped graphene, there are 3 primary N binding configurations: pyridinic N,
pyrrolic N and quaternanry N, as shown in Figure 1.1312. Studies have shown that pyridinic
N plays a decisive role in the electrochemical reactivity of the N-doped graphene12,69,70.
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Luo et al. have proved that pyridinic N can effectively change the calence band structure
of graphene, including the raising of density of π states near the Fermi level and the
reduction of work function, which are considered to be responsible for electrochemistry
activity71.

Figure 1.13 The schematic of different N functional groups incorporated in the
graphene plane 12

1.2 Applications of graphene
As mentioned earlier, graphene, due to their outstanding mechanical properties as
well as high specific surface area and low density, is considered as one of the ideal
candidates of nanofillers for the development of high-performance structural and
functional composites. In particular, graphene/polymer composites have attracted
increasing interest due to their numerous potential applications in automotive,
construction, energy storage and conversion industry72. However, the superior properties

35

of graphene can’t guarantee the properties of the composites materials. It has been found
that the effective interaction between graphene sheets and polymer matrix, as well as
the homogeneous dispersion of graphene fillers, play an decisive role in determining the
final properties of the composites 45–48,50–52,56,58,59,72. Challenges still remain before we can
realize the full potential of graphene as nanocomposites’ reinforcements. In addition, due
to the superior electrical properties, graphene has also considered an excellent candidate
in energy storage and conversion.

1.2.1 Graphene/polymer nanocomposites: achievements and challenges
Pristine graphene is not suitable as filler materials in composites owing to the
difficulty to homogeneously disperse in polymer matrix and poor interfacial interaction
with polymer chains

72.

In order to achieve desired properties, surface modification of

graphene is the mostly used strategy

73,74.

As mentioned in 1.1.2 section, GO is most

commonly used and studied functionalized graphene due to its low-cost synthesis,
feasibility to homogeneous dispersion in various organic and inorganic solvent, and
effective interfacial interaction with polymer chains, and thus superior properties can be
achieved.
Vadukumpully et al. 75 fabricated GO/poly(vinyl chloride) composites through simple
solution mixing, drop casting and annealing route and achineved 58% increase in Young’s
modulus and 130% improvement of tensile strength with only 2 wt% of graphene content.
Stankovich et al. 45 synthesized chemically reduced GO-polystyrene composites with only
1 vol% GO content exhibited ~0.1 S m-1 conductivity, which is sufficient for many electrical
36

applications. Rafiee et al.

13

found that compared to single-walled carbon nanotubes

(SWNTs), graphene shows higher enhancing effect in the mechanical properties of
composites. The graphene-epoxy composites, comparing to SWNT-epoxy composites
with same filler weight content, have shown ~3% higher enhancement in Young’s
modulus, ~14% higher in tensile strength, and ~20% higher in fracture toughness. This
outstanding mechanical improvement can be attributed to their high specific surface
area, enhanced filler-matrix adhesion/interlocking arising from their wrinkled surface,
and planar geometry.
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Figure 1.14 (a) Schematic of dispersion of graphene sheets in epoxy matrix through
solution mixing route. (b) SEM image of graphene/epoxy fracture surface indicating
epoxy-coated graphene flakes 13
38

1.2.2 Applications of graphene in energy conversion and storage
As the global energy consumption increasing at an alarming rate, developing clean
and renewable energy conversion and storage systems has become more urgent. The
development of nanomaterials and nanotechnology has opened up new frontiers for
fabrication of low-cost, high-efficiency, long-term stable energy conversion and storage
devices. As a result, great research effort has been devoted to explore graphene,
functionalized graphene, as well as graphene composite as solar cells, fuel cells,
supercapacitors and batteries components 14,76,77. Figure 1.15 shows some of the possible
applications of graphene in energy conversion and storage.
One of the possible applications of graphene is to improve efficiency of photovoltaic
devices, as shown in Figure 1.15 (a), (b). Xue et al. reported dye-sensitized solar cells
(DSSCs) using N-doped graphene (N-GF) as counter electrodes can reach a power
conversion efficiency of 7.07%, which was one of the highest efficiencies for DSSCs with
a metal-free carbon based counter electrode at the time of reporting78. Jun et al.
synthesized polymer organic photovoltaic (OPV) showing 40% improvement in powerconversion efficiency with N-doped graphene as electron transport pathways which
greatly decreased the electron-hole recombination79. Another example is shown in Figure
1.15 (c), in which graphene graphene nanoribbons (RNRs) are used as electron
transforming channel due to their extremely high carrier mobility.
In addition, another promising application is in fuel cells (Figure 1.15 (d)). In
traditional fuel cells, Pt and its alloys are used as electrode materials. However, their highcost, poor long-term stability greatly inhibits the widely application of fuel cells

80,81.
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Moreover, the efficiency of the cathode reaction, ORR, is the key to determine the overall
device efficiency. There are two ways to interpret graphene or heteroatom-doped
graphene materials as catalyst in fuel cells. First is using graphene or heteroatom-doped
graphene as catalyst support for platinum nanoparticles. R. I. Jafri et al. have
demonstrated that Pt/nitrogen-doped graphene and Pt/G as ORR catalyst showed a
maximum power density of 440 mW cm-2 and 390 mW cm-2, respectively82. However,
Pt/graphene composites as ORR catalyst still suffer high-cost, poor long-term stability
drawbacks. Second way to utilize graphene materials in fuel cell is to replace Pt as catalyst.
Recent studies have shown that graphene, especially heteroatom-doped graphene, is an
excellent candidate to replace Pt as cathode catalyst materials9,12,64,65. Qu et al. found the
steady-state catalytic current of N-graphene electrode to be 3 times higher than of the
Pt/C electrode and the long-term stability, tolerance to crossover, and poison effect are
also better than Pt/C electrode in alkaline electrolyte65.

40

Figure 1.15 (a) Schematic of a dye-sensitized solar cell with graphene used in several
components. (b) Heterostructure (graphene/MoS2/graphene) as photovoltaic device.
(c) Schematic of a thermoelectric device using graphene nanoribbons (RNRs) as
electron transforming channel. (d) Fuel cell device using graphene as hydrogen
evolution reaction (HER) catalyst (anode) and oxygen reduction reaction (ORR)
(cathode) 14
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1.3 Research Motivation
While great progress has been made in graphene materials synthesis and
applications, many challenges remain before we can realize their full potential. In this
thesis, I will address some of these challenges. The first challenge is synthesis of
graphene materials. As mentioned in Chapter 1.1.1, a feasible, simple and economic
method to synthesize graphene materials at large scale is needed. The second challenge
is to understand the interfacial interaction relationships between graphene materials and
polymer matrix in composites and their influence in mechanical properties of composites.
Then the interfacial interaction mechanism will be applied to synthesize self-stiffening
hydrogel materials. Therefore, the motivation of this thesis can be summarized as
following:
I.

Explore a sustainable and feasible process to produce GO and heteroatomdoped GO from bio-waste materials and study the synthesis mechanism.

II.

Understand the dynamic self-stiffening mechanism in graphene-based
elastomer composites. Provide insight into the relationship between
mechanical response and interfacial interaction and the crosslinking
network.

III.

Apply the self-stiffening mechanism to synthesize self-stiffening
hydrogels.

Preliminarily

understand

the

relationship

between

crosslinking network and mechanical response.
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Chapter 2

Growth of graphene oxide from bio-waste
materials

Abstract: As mentioned in Section 1.1.1 Graphene Sythesis Methods section, a lowcost, feasible and scalable graphene synthesis method is needed and is critical for the
industrial application of graphene. Alternatively, carbon structures derived from biowaste materials are particularly attractive due to cost and sustainable concerns.
However, so far the obtained carbon nanostructures derived from bio-waste
materials are mainly activated carbon. The synthesis of high-quality carbon materials
from bio-waste is still a challenge. In this chapter, I will introduce a feasible method
to produce GO with a thickness of serveral dozens nanometers directly derived from
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peanut inner shell without catalyst or substrate. I will also demonstrate the
possibility to dope GO sheets with high content N atoms. Then I will explore the
application of N-doped GO as electrocatalyst for oxygen reduction reaction.
The content of this capter is mainly based on a forth coming paper 83.

2.1 Introduction to synthesis of carbon nanomaterials from bio-waste resource
Various bio-waste resources have been demonstrated to produce activated
carbon particles

84.

However, the production of 2D planar carbon nanosheets with

higher surface area is still a challenge85. Ruan et al. synthesized graphene on Cu foil
by using bio-waste materials as carbon source86. However, the mechanism of this
method is the same as CVD and thus requires catalyst, substrate and is restrained to
bench-scale applications. Recently, the template methods, in which planar templates
were used to confine the bio-waste in order to achieve 2D carbon structures, have
been rapidly developed85,87,88. However, the quality of the obtained 2D carbon
materials, including the structure, morphology and specific area, are below
expectation for a lot of applications. Moreover, these methods normally require
etching away the templates before applications.
In my research, I have successfully synthesized planar GO (PS-GO) with large
specific surface area directly from pyrolysis of peanut inner shell without template
and catalysts. Furthermore, N-doped peanut shell GO (PS-N-GO) was obtained by
pyrolysis of PS-GO and melamine as the N precursor.
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2.2 Catalyst-free synthesis graphene from peanut shell
The synthesis of PS-GO and PS-N-GO synthesis is carried out in CVD furnace as
shown in Figure 2.1 and the schematic of tythesis route is shown in Figure 2.2.
Peanut inner shell peeled off from roasted raw peanuts (purchased from Fiesta) is
placed in a quartz boat and goes through a 4-step pyrolysis process under N2
atmosphere. Studies have shown that peanut shell, like most biomass materials, is
mostly comprised of cellulose, hemicellulose and lignin89–91. According to literature,
the decomposition temperature of hemicellulose, cellulose and lignin are 200-260 °C,
240-350 °C and 280-900 °C, respectively

15.

The thermogravimetri analysis (TGA)

result of peanut inner shell is consistent with liturature (Figure 2.3). This is the
reason we chose 4-step heating process at a slow heating rate (5 °C min-1) in order to
achieve full pyrolysis of each composition and thus to obtain the best quality (Figure
2.2 (a)). Scanning electron microscopy (SEM) was used to examine the morphology
of the obtained PS-GO and it confirms the high yield (Figure 2.4 (a)) and large specific
area of the products (Figure 2.4 (b)). Changing the heating process or increasing
heating rate would greatly decrease the product quality (Figure 2.5). SEM image and
atomic force microscopy (AFM) image of isolated PS-GO sheet on silicon wafer can
confirm the lateral dimensions rang from several micrometers to hundred
micrometers and the thickness of 40 nm (Figure 2.2 (c)(d)). Transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM)
were further used to characterize the morphology of PS-GO sheet (Figure 2.2 (e) (f)).
They confirmed the short-range order structure.
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The N-doping is achieved through pyrolysis of PS-GO powder and the N
precursor melamine, as shown in Figure 2.2 (b). Raman spectra show typical D
(~1350 cm-1) and G (~1580 cm-1) peaks associated with sp2-carbon structures
(Figure 2.6 (a)). The D peak is disorder carbon atoms induced breathing mode and
G peak is from sp2-hydridized graphite atoms. The intensity ratio of ID/IG is often used
to characterize the disorder level in carbon materials. The ID/IG of as-obtained PS-GO
is 0.8, indicating the relatively low defect content. The ID/IG ratio is increased after Ndoping, which is caused by incorporating N atoms into carbon lattice

92,93.

The

chemical state of N-doped PS-GO was identified by X-ray photoelectron spectroscopy
(XPS). Survey scan of PS-GO and PS-N-GO clearly indicate the incorporation of N (400
eV) after N-doping. Impurity (e.g. Ca) was also found in the survey spectra (Figure
2.6 (b)). From XPS survey we can also see the intensity of O and Ca peaks decreased
after N-doping. This can be confirmed in Table 2.1. Table 2.1 shows the atomatic
content (at.%) of each element in PS-GO and PS-N-GO. C content increased from 66 to
76.6 at.% after N-doping while O decreased from 27.2 to 15 at.% and Ca decreased
from 4.6 to 3.6 at.%. In addition, other impurity (e.g. S) has decreased from 2.2 to 0.01
at%.
Analysis of the core level characteristic peaks gives insight of the chemical
bonding nature. Figure 2.6 (c) (d) are the high-resolution spectra of C 1s of PS-GO
and PS-N-GO, respectively. The peak corresponding to graphite or sp2 carbon atoms
at 284.7 and 284.5 eV are the main feature of the C 1s region, indicating that most of
the carbon atoms are in conjugated honeycomb lattice structure in both PS-GO and
PS-N-GO samples (Table 2.1). Before N-doping, peak at 286.6 was associated with C46

O bonding configuration (Figure 2.6 (c)). After doping, the intensity of the same peak
(286 eV in Figure 2.6 (d)) was increased. Considering the decrease in O content after
doping (Table 2.1), we speculate C=N bonding contributed the intensity increase94.
The deconvolution of the N 1s peak reveals 2 different N configuration at 397.5 and
399.4 eV, which can be assigned to pyridinic N (N1) and quatemary N (N2),
respectively 92,94. According to Table 2.1, the content ratio of N1/N2 is 262 at.%. The
total N content as calculated from N/(N+C) is 5.8 at.%. Moreover, the pyridinic N,
which plays a decisive role in ORR efficiency, is the major N configuration 92.

Figure 2.1 Digital image of the CVD setup to synthesize PS-GO and PS-N-GO.
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Figure 2.2 Schematic of synthesis of (a) PS-GO and (b) PS-N-GO. Firstly,
peanut inner shell was pealed off peanut shell and placed in a quartz boat
inside a CVD furnace and then went through a 4-step heating process under
N2 atmosphere. And PS-GO powder was obtained. Then PS-GO powder was
added into melamine solution and sonicated to mix evenly. After that, the
mixture was freeze-dried and placed in CVD furnace for a 2-step heating
process. Therefore, PS-N-GO powder was obtained.
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Figure 2.3 The thermal analysis of peanut inner shell is in a good agreement
with cellulose, hemicellulose, and lignin decompostion temperatures 15.
According to Ref 66, the decomposition temperature of hemicellulose,
cellulose and lignin are 200-260 °C, 240-350 °C and 280-900 °C, respectively.
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Figure 2.4 (a) (b) SEM images of PS-GO, illustrating the large specific
surface area and thin-film morphology. (c) SEM image and (d) AFM image
of exfoliated PS-GO sheet on silicon wafer. Figure (c) can also indicate the
large specific surface area of synthesized PS-GO film. AFM result shows the
thickness of the film is about 40 nm. (e) TEM image and (f) HRTEM image of
PS-GO, indicating the short-range order structure.

Figure 2.5 SEM images of PS-GO synthesized through (a) 2-step heating
process (500 & 1000 °C) and (b) at 20 °C min-1 rate. These results
confimred that 4-step slow heating process is the best strategy to process
high-quality PS-GO powder.
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Figure 2.6 (c) Raman spectra of PS-GO and PS-N-GO. The ID/IG of PS-GO is
0.8, indicating the relatively low defect content. The ID/IG ratio is increased
after N-doping, which is caused by incorporating N atoms into carbon
lattice. (b) XPS survey spectra of PS-GO and PS-N-GO. PS-GO is compsired of
C, O, and some mineral like Ca. XPS survey of PS-N-GO clearly shows N peak,
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indicating the success N-dope. Moreover, the intensity of O and Ca peaks
decreased compared to PS-GO. XPS high-resolution C 1s spectra of (c) PSGO and (d) PS-N-GO. (e) N 1s spectra of PS-N-GO. (f) The schematic of
different N and O functional groups in graphene plane.

Tabel 2.1 Atomic content (at.%) of each element in PS-GO and PS-N-GO. C
content increased from 66 to 76.6 at.% after N-doping while O decreased from
27.2 to 15 at.% and Ca decreased from 4.6 to 3.6 at.%. In addition, other
impurity (e.g. S) has decreased from 2.2 to 0.01 at%. The total N content as
calculated from N/(N+C) is 5.8 at.%. The content ratio of pyridinic N/quatemary
N is 262 at.%.
Element

C

O

PS-GO

66

27.2

PS-N-GO

76.6

15

Sample

Pyridinic N

3.4

Quatemary N

1.3

Ca

Others

4.6

2.2

3.6

0.01

2.3 Synthesis mechanism study
2.3.1 PS-GO synthesis mechanism
Like most bio-waste materials, peanut inner shell is mostly comprised of
cellulose, hemicellul and lignin89–91 and the structures are shown in Figure 2.7. As we
can see, cellulose and hemicelluse are mostly comprised of pyran units while lignin is
mostly comprised with pyridine units. My hypothesis of the PS-GO synthesis
mechanism is that C5 and C6 rings directly crosslink during through pyrolysis. In
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addition, the planar morphology of raw biowaste materials add credit to the success
of graphene growth. The reason the product is GO, not graphene is due to the high
oxigen content in cellulose, hemicellulose and lignin structures.
Nar et al. synthesized carbon fiber with high graphite structure (ID/IG = 0.52)
from poly-(caffeyl alcojol) lignin95. Herring et al. successfully ontained carbon
nanospheres from cellulose chars (Figure 2.8)

16.

During this process, the

intermediate product-cellulose char, as shown in Figure 2.8, has similar structure as
GO.
In my experiment, I found that fully decompose of all components are critical to
the quality of the product. As shown in Figure 2.5, reducing the heating steps or
increasing the heating rate greatly reduced the product quality. Future work can be
devoted to establish the relationship between synthesis process and components. If
it can be comfirmed these three main componets or one of them can be used as
graphene synthesis precusor, it will greatly reduce graphene synthesis cost.
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Figure 2.7 Structures of cellulose, hemicellulose, and lignin.

Figure 2.8 Schematic of preparation of carbon nanospheres from chloride
doped cellulose 16
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In addition to the importance of pyrolysis process, it has found that the morphology
of the bio-waste precursor is also important. I tried other bio-waste materials as precursor.
The results are shown in Figure 2.9. We can see that the product quality of bamboo, peanut
out shell and pecan shell is not as good as from peanut inner shell. To further confirm the
importance of precursor’s morphology, I did SEM on raw peanut inner shell (as shown in
Figure 2.10 (a)). From Figure 2.10 we can see the morphology of raw peanut inner shell
and GO product is very similar, indicating the morphology of precursor has profound
influence to the morphology of product.

Figure 2.9 Digital images and SEM images of bamboo, peanut out shell, pecan and
their pyrolysis products, respectively.
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Figure 2.10 SEM images of raw peanut inner shell (a) and pyrolized peanut inner
shell (b).

2.3.2 PS-N-GO synthesis mechanism
My hypothesis of synthesis of PS-GO is that C5 and C6 rings directly crosslink
during through pyrolysis. Based on this hypothesis and the structures of cellulose,
hemicellulose and lignin (Figure 2.7), it is easy to speculate that PS-GO has more
defects than GO from Hummers’ method, especially in the basal plane. But according
to Raman spectra, the defect ratio is not high. So we can conjecture that PS-GO has
high content defects in the basal plane but little defects on the edge of plane. N-doping
result also show there is high-content pyridinic N (indie basal plane) and low
quatemary N (on the edge) (Figure 2.6 (f) and Table 2.1).
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2.4 Applications of PS-N-GO for exygen reduction reaction (ORR)
In order to explore the electrocatalytic activity, ORR reaction is examined by a
rotating ring-disk electrode (RRDE) in O2-saturated 0.1 M KOH. To further improve
electrocatalysis activity, Cu nanoparticles are deposited on PS-GO nanosheets
through hydrothermal process (Cu/PS-NG). It is well studied that in alkaline aqueous
solution, there are three ORR reactions96:
𝑂2 + 4𝑒 − + 2𝐻2 𝑂 → 4𝑂𝐻 −

(1)

𝑂2 + 2𝑒 − + 𝐻2 𝑂 → 𝐻𝑂2− + 𝑂𝐻 −

(2)

𝐻𝑂2− + 2𝑒 − + 𝐻2 𝑂 → 3𝑂𝐻 −

(3)

Reaction 1 and 2 are the O2 reduction reaction occurring on the disk electrode.
𝐻𝑂2− produced in reaction 2 is intermediate, which can be further reduced to 𝑂𝐻 − on
the ring electrode (reaction 3). Therefore, reaction 1 and low ring current are more
favorable. The polarization curves show that both PS-NG and Cu/PS-NG exhibit onestep process (Figure 2.12 (a)). The current densities of both ring and disk electrodes
for Cu/PS-NG are comparable to that of commercial Pt/C. Furthermore, the number
of electron per oxygen molecule transferred and the yield of 𝐻𝑂2− are calculated and
plotted in Figure 2.12 (b). The number of electron per oxygen molecule transferred
in Cu/PS-NG catalyst is closer to commercial Pt/C than PS-NG. Accordingly, the yield
of 𝐻𝑂2− Cu/PS-NG is lower than PS-NG.
The ORR Tafel slope of Cu/PS-NG catalyst is ca. 86 mV per decade, which is very
close to commercial Pt/C catalyst (87 mV per decade) and higher than PS-NG catalyst
(81 mV per decade) (Figure 2.12 (c)).
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The cyclic durability of Cu/PS-NG was assessed on the basis of the accelerated
durability test protocol. The performance of Cu/PS-NG maintains after 5000 cycles
(Figure 2.12 (d)). For comparison, Pt/C shifted the half-wave potential (E1/2)
negatively by 20 mV under the similar test conditions12.

Figure 2.11 SEM image of PS-GO sheet with Cu nanoparticles on surface.
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Figure 2.12 Performance of ORR on electrodes of PS-N-GO, Cu/PS-N-GO, and
commercial Pt/C (20%). (a) RRDE polarization curves. The measurement was
performed in O2-saturated 0.1 M KOH and at room temperature with electrode
rotating speed of 900 r.p.m. and scan rate of 5 m V s-1. (b) Number of electron
per oxygen molecule transferred and the yield of HO2- as during ORR extracted
from RRDE measurement. (c) Tafel plots. Tafel slope calculated by linear
regression method in the intermediate range of current densities, 0.1-10 mA
cm-2. (d) Stability of Cu/PS-N-GO electrode.
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2.5 Chapter conclusion and future work
This is the first time GO nanosheets with thickness of several dozens nanometers
has been successfully syntehsized from bio-waste matererails without catalys,
substrate or template. Furthermore, N-doping has been explored and high pyridinic
N content can be achieved. It has been found that fully pyrolysis of all components:
cellulose, hemicellulose and lignin and the morphology of the bio-waste precusor are
critical to the product quality. Future work should focus on systematic understanding
the growth mechanism. When the mechanism is clear, we can optimize the synthesis
proces and explore more possible raw materials. It will contribute tremendously to
low-cost fabrication of high-quality carbon nanomaterials and their applications in
automobile, aerospace, energy storage and conversion, and so on.
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Chapter 3

Self-stiffening properties in graphenebased nanocomposites

Abstract: The ability to rearrange microstructures and self-stiffen in response to
dynamic external mechanical stimuli is critical for biological tissues to adapt to the
environment. For most synthetic materials, however, even subjecting to repeated
mechanical stress lower than their yield point would lead to structural failure. In this
chapeter, I will report fansinating and unique self-stiffening phonomena in graphenebased polydimethylsiloxane (PDMS) nanocomposite, a chemically and physically
crosslinked system. When applied to low-frequency, low-amplitude dynamic
compression loading, the nanocomposites exhibit an increase in the storage modulus.
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Crosslinking density statistics and molecular dynamics calculations show that the
dynamic self-stiffening could be attributed to the increase in physical crosslinking
density resulted from the re-alignment and re-orientation of polymer chains along
the surface of nanofillers that constitute an interphase. Consequently, the interfacial
interaction between PDMS and nanofillers and the polymer chain mobility, which
depends on the degree of chemical crosslinking and temperature, are important
factors defining the observed performance of self-stiffening. The understanding of the
dynamic self-stiffening mechanism lays the ground for the future development of
adaptive structural materials and bio-compatible, load-bearing materials for tissue
engineering applications.
This chapter is mainly based on Reference 97 and Yanlei Wang and Dr. Zhiping Xu
from Tsinghua University performed the melecular simulation.

3.1 Introduction to self-stiffening materials
Biological tissues feature possess a remarkable ability of self-stiffening in
response to dynamic external mechanical stimuli through morphological remodelling
or re-alignment, which is vital for their adaptation to the environment 17,98–100. Figure
3.1 showed an example of biomaterials structural remodelling under external loading.
In contrast, for most synthetic materials, long-term cyclic loading with amplitude
even lower than their yield point will give rise to micro-crack initiation and
propagation, which eventually cause catastrophic failure. Due to the lack of
understanding of the underlying mechanisms, synthesis of selfstiffening materials
has not yet been widely explored 101,102. In 2011, Carey et al. discovered the dynamic
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stiffening effect in polydimethylsiloxane (PDMS)-impregnated carbon nanotube (CNT)
carpet composites. It was proposed that the stiffening behaviours might be attributed
to CNT buckling under axial deformation and relevant interfacial evolution, but the
mechanism still remains elusive 101,103. Here we report that graphene (G) or graphene
oxide (GO) based PDMS nanocomposites exhibit an increase in the storage modulus
under low-frequency (5Hz) and low-amplitude (5%) dynamic compressive loading.
The mechanism of dynamic self-stiffening is carefully examined based on the
experimental observations and molecular dynamics (MD) simulation results.
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Figure 3.1 Histological appearance of blood vessel cells in collagen-gel after
(a) statci tensile loading, (b) dynamic tensile loading, and (c) original
morphology without loading 17. After loading, especially dynamic loading, the
orientation of cells in collagen-gel is more organized, leading to the stiffness
increase.
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We synthesized chemically crosslinked network of PDMS through a
polymerization reaction between PDMS pre-polymer and the crosslinkers, where the
chemical crosslinking sites are rigid and immobile. Microstructures of the chemical
network are schematically shown in Figure 3.2 (a). To explore the self-stiffening
effect, we studied comparatively PDMS composites reinforced by G and GO, due to
their high specific surface area that enhances their interaction with the matrix. In the
nanocomposites, polymer chains are absorbed onto the G surface due to the van der
Waals adhesion, forming an interface between PDMS and graphene, as well as an
interphase region containing physical crosslinks (Figure 3.2 (b))104,105. Different
from two-dimensional interface layer, the three-dimensional interphase region with
a thickness from several dozens to several hundreds of nanometers, is critical for load
transfer between nanoreinforcements and matrix, thereby tailoring the overall
mechanical properties of composites104–108. It has been proven that functionalization
of nanoparticles would enhance effective interaction with polymer matrix and
therefore promote the formation of interphase, leading to significantly enhanced
strength and toughness of the composites107,108. Consequently, oxygen-rich functional
groups on GO surface could form additional hydrogen bonds with the PDMS chains,
leading to a thicker interphase layer105,109,110. Because of its relatively higher chain
mobility compared to chemical crosslinks, physically crosslinked network allows
polymer chains to undergo re-alignment and reorientation along the G and GO
surfaces under cyclic compression loading, resulting in an increase in storage
modulus. The mechanism of microstructural evolution upon mechanical loading is
critically important for the development and design of self-stiffening materials. The
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understanding could be used to synthesize biocompatible, adaptive and selfstiffening materials for tissue engineering applications. Additionally, with the
significant interest in utilizing PDMS as soft robot materials recently29,30, this
mechanism could greatly promote the development of self-stiffening artificial
muscles for soft robotics.
In the following part of this paper, we first report the dynamic self-stiffening
behavior observed in the G- and GO-PDMS nanocomposites, and then elucidate its
molecular mechanisms by analyzing the chemical and physical crosslinks, and
exploring the microstructures of polymers near the surface of nanofillers.

(a)

Polydimethysiloxane monomer

(b)

Pt catalyst
100ºC, 1h

Crosslinker

(c)
G or GO

Interface

Chemical crosslink

Interphase

Graphene (G)

Physical crosslink

Graphene oxide (GO)

Chemical & physical hybrid crosslink network

Figure 3.2 Schematic structure of the hybrid chemical and physical crosslink
networks in G/GO-PDMS composites. (a) Schematic of the synthesis and
structure of PDMS chemical crosslink network. (b) Schematic of G, GO and
physical crosslink. The physical interaction between G/GO and PDMS chains
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gives rise to interface (sub-nm scale) and interphase. (c) Schematic of the
hybrid crosslink network with both chemical and physical crosslinks.

3.2 Preparation of G/GO-PDMS composites
Graphene and Grapheme Oxide Synthesis. The graphene (G) is prepared by
the liquid exfoliation method

111.

The graphitic powder (Bay carbon, Inc. SP-1

grade 325 mesh) is extensively sonicated in dimethyl formamide (DMF), which
is used as the exfoliation medium (room temperature surface tension~
37mN/m). The initial powder is sonicated for 4 hours and the resultant
solution is centrifuged at a high rate of 3000 rpm. The resultant blackish
supernatant is collected, filtered and dried at room temperature.
Graphene oxide (GO) was prepared using an improved method described
by Marcano55. 3g of graphite powder (45µm, 99.99%, Bay Carbon SP-1) was
mixed with 18g of potassium permanganate (KMnO4) in a 1000mL beaker.
Concentrated sulphuric acid (H 2SO4) and phosphoric acid (H3PO4) in the ratio
9:1 (360ml: 40ml) were added to this mixture resulting in a slightly exothermic
reaction. Temperature was maintained at 50℃ and was continuously stirred
for 12 hours. The reaction mixture was poured over 500mL of iced deionized
water and was kept until room temperature was achieved. The mixture was
then magnetically stirred and 10 mL of hydrogen Peroxide (H 2O2) was then
added. Stirring continued for 10 minutes and then the solution was allowed to
sit at room temperature for 10 hours. The contents were then filtered using a
0.1µm pore size Omnipore membrane from Millipore. The unwanted ions H+,
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S2-, P3-, K+, Mn2+ in GO were removed by doing several washes. First with 400
mL of DiW, then 400 mL of 30% hydrochloric acid, 400 mL of ethanol, and
finally with 400 mL of ethyl ether. After washing, GO was allowed to dry for 2
days in a desiccator, and then collected from the filter paper.
Composite Preparation. 10 mg of G or GO powders were dispersed in 10
mL of tetrahydrofuran (THF), subsequently, the mixture is subjected to
sonication for 3-5 hours at room temperature (24℃) until uniform black (G) or
brown (GO) solution was obtained, respectively. Successively, 4.545g PDMS
pre-polymer was added into the solution and sonicated for another 1-2 hours
to uniformly mix PDMS pre-polymer and G/GO. The mixture is then subjected
to magnetic stirring for 24 h at 90℃ to totally evaporate THF. After cooling to
room temperature, crosslinkers were added and the mixture was manually
stirred for 10 minutes. Three PDMS/crosslinker weight ratios were examined
in my study: 10:1, 10:0.75 and 10:0.5. Here we define a symbol wc to represent
the ratio of crosslinkers. wc = 1, 0.75 or 0.5 represent for 10:1, 10:0.75 and
10:0.5 samples, respectively and all the specimen are called as (G/GO)-PDMS
(wc). Then the specimen was held in a vacuum of 1 Torr for at least 3 hours to
remove any bubbles present. Eventually, the specimen was subjected to 100℃
for 1 h for full curing.

3.3 Composite structure characterization
Solvent Swelling Test. In order to distinguish the influence of bulk
polymer matrix (chemical crosslinking) and nanofillers (physical crosslinking)
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to the crosslinking density, two-step swelling process was conducted

112–114.

For each data, at least four samples were tested and calculated. In the first
stage, general (both chemical and physical) crosslinking density was calculated
according to the swollen data in toluene. In the following second stage,
ammonia was used to break the physical interactions between nanofillers and
PDMS backbones so the chemical crosslinking density can be obtained.
All the swelling tests were performed under room temperature. Firstly,
composites (~50 mg in weight) were hand-cut by a razor blade to a cubical
form. After measuring their weight (m0) and volume (V0), the samples were
submerged into 12mL toluene in a sealed container. The swollen weight was
recorded periodically until the difference between two measurements is
smaller than 0.1 mg. Once the equilibrium was achieved, the first-stage swollen
weight (m1) and volume (V1) were recorded. Then, 3mL ammonia was added
directly to the container and magnetic stirring was applied. The samples were
weighted periodically until equilibrium was reached.Next the swollen weight
and swollen volume in toluene/ammonia mixture were recorded as m2 and V2.
Finally, the samples were dried in vacuum oven at 50℃ overnight and then the
final dry weight (m3) was measured. The crosslinking density was calculated
based on Flory and French equations115,116.
Thermal Analysis. The Thermogravimetric Analysis (TGA) and Derivative
thermogravity (dTG) analysis were conducted on a Q-600 Simultaneous
TGA/DSC at temperature ranging from room temperature to 1000 ℃ with a 5
℃ /min heating rate under N2 atmosphere. Approximately 10 mg samples,
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which were hand-cut by a razor blade, were put in a platinum TGA crucible. The
glass transition temperature (Tg) tests were carried out on a TA Instruments
Q800 DMA at a 0.3% strain and 2 Hz frequency. The temperature ranges from
room temperature to -140 ℃ with a 3 ℃/min cooling rate.
Dynamic Mechanical Analysis. As previously described, the samples
were hand-cut to cubical form by a razor blade. Dynamic compressive testing
was conducted on a TA Instruments Q800 DMA at a 5% strain and at 5 Hz
frequency, except where otherwise noted. In order to make sure the stability of
the data, all tests were kept at the testing temperature for 10 min before
collecting data.

3.4 Microstructure charaterization results
There are two types of crosslinks in the graphene-based PDMS composites. The
polymerization reaction creates covalent bonds between PDMS chains and the
crosslinkers, forming three-dimensional chemical crosslinking network as shown in
Figure 1a. Another type is the physical crosslinks caused by the templating effect of
G or GO surfaces, and the interfacial interaction between G/GO and PDMS chains as
shown in Figure 3.3. In thermogravimetric analysis (TGA) and derivative
thermogravity (DTG) analysis, the two weight-loss peaks in G/PDMS and GO/PDMS
nanocomposites correspond to interface/interphase degradation and bulk PDMS
decomposition, signifying the existence of physical crosslinking (see Figure 3.3).
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Figure 3.3 The thermal analysis of 10:0.75 samples. (a)
Thermogravimetric Analysis (TGA) and (b) Derivative thermogravity
(dTG) analysis. There is only one weight-loss peak in neat PDMS
samples, indicating that the decomposition of PDMS is a one-step
process. However, in G/PDMS and GO/PDMS composites, there are two
weight-loss peaks, corresponding the interface/interphase degradation
and bulk PDMS decomposition, respectively.

It has been proved that the incorporation of nanoparticles in crosslinked
polymer matrix would increase or decrease Tg, which is governed by two
competing factors – the formation of interface/interphase and the reduction in
polymer crosslinking density108,117. When the chemical crosslinking density is
high, polymer chains are constrained in chemical crosslinking sites and thus
inhibit the formation of interface/interphase. So the second factor dominates
and the nanocomposites exhibit a lower Tg as shown in Figure 3.4. In contrast,
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with low chemical crosslinking density, the nanocomposites exhibit a higher Tg
compared to pure polymer. Additionally, the GO/PDMS composites show
higher Tg in comparison to G/PDMS with either wc = 1 or wc = 0.75, indicating a
stronger interfacial interaction between GO and PDMS and thus a thicker
interphase layer.

(a)

(b)

Figure 3.4 The glass transition temperature (Tg) measured for samples
with (a) wc = 1 and (b) wc = 0.75. When wc = 1, composites show lower Tg
compared to pure PDMS while Tg of GO/PDMS is higher than G/PDMS.
This is because the addition of G/GO decreases the chemical crosslinking
density of PDMS and thus Tg is lower. Due to stronger interfacial
interaction between GO and PDMS, the Tg of GO/PDMS is higher than
G/PDMS. When wc = 0.75, the chemical crosslinking density of PDMS is
lower the formation of interface/interphase plays a dominant role and
thus Tg of composites are higher than PDMS.
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3.5 Self-stiffening effect in graphene/poly(dimethylsioxane) nanocomposites
As mentioned in Section 3.3, there are two kinds of crosslinks in the composites:
chemical crosslinks between PDSM and crosslinker and physical crosslinks caused by
interaction between G/GO and PDMS chains. As demonstrated in previous studies,
the interfacial interaction between polymer and the nanofillers plays an important
role in defining mechanical performance of the nanocomposites. As a result, due to
the presence of hydroxyl and carboxyl groups, the surface of GO is able to form
hydrogen bonds with PDMS chains and therefore exhibit stronger interfacial
interaction compared to graphene105,109,110. On the other hand, the effects of chemical
crosslinking in polymers modulate mechanical properties of the matrix and are
studied by preparing a series of cross-linked PDMS samples with systematically
varied PDMS/crosslinker mass ratios (wc). The highest chemical crosslinking density
in the samples corresponds to a fully crosslinking reaction with wc = 1. We considered
PDMS with lower crosslinking densities in this work with wc reduced to 0.75 and 0.5,
to quantify the role of crosslinks.
To quantify the self-stiffening effect, we measured the storage modulus E’ of the
composites under dynamic loading by performing dynamic mechanical analysis
(DMA). E’ is one of the most important material parameters to characterize the
mechanical properties of elastomers, which quantifies the spontaneous elastic
response of materials. Figure 3.5 summarizes the self-stiffening performance of
G/PDMS and GO/PDMS nanocomposites under low-frequency (5Hz) and lowamplitude (5%) dynamic compression loading at 45℃. After 175k dynamic
compression cycles, the storage modulus of G/PDMS (wc = 0.75) and GO/PDMS (wc =
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0.75) exhibit 3.14% and 4.26% increase, respectively. This self-stiffening effect is not
significant in neat PDMS, where E’ only increases by 0.51% (Figure 3.5 (a)). In Figure
3.5 (b), we compare the self-stiffening effect in nanocomposites with different values
of wc after 175k dynamic compression cycles at 45°C. With wc = 1, GO/PDMS
composites exhibit the highest self-stiffening, with a 4.63% increase in the storage
modulus, while G/PDMS shows a less pronounced stiffening response of 1.85%. The
stiffening trend for wc = 0.5 samples is different from samples with wc = 1 and 0.75.
The storage modulus of G/PDMS (wc = 0.5) increased by 2.78%, which is higher than
the value 1.22% for its GO/PDMS counterpart. Moreover, the G/PDMS and GO/PDMS
composites exhibit different dependence between the degree of self-stiffening and
reduction in wc. The storage modulus of G/PDMS (wc = 1) composites exhibits a 1.85%
increase. This stiffening effect is enhanced to 3.14% and 2.78% by reducing wc to 0.75
and 0.5, respectively. For the GO/PDMS composites, the samples with wc = 1 and 0.75
exhibit strongest stiffening, with their storage moduli increase by 4.63% and 4.26%,
respectively. However, the storage modulus of GO/PDMS (wc = 0.5) composites only
shows 1.22% increase. The storage modulus of neat PDMS with all three mass ratios
(wc = 1, 0.75, 0.5) only display increase no higher than 1%, indicating very little
stiffening effect. This observation suggests that the self-stiffening effect is not only
governed by interfacial interaction but also the polymer network, which will be
discussed below.
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(a)

Dynamic
compression

(b)

Sample

Figure 3.5 Dynamic self-stiffening of graphene-based PDMS composites.
(a) Storage modulus increase (%) verse compression cycles for PDMS
and G/GO-PDMS composites with wc = 0.75. G/PDMS and GO/PDMS
composites exhibit significant stiffening under dynamic compression at
45°C. Neat PDMS, however, shows very little stiffening. The inset shows
schematic illustration of dynamic compression by dynamic mechanical
analysis (DMA). (b) Comparison of stiffening effect of G/PDMS, GO/PDMS
composites and neat PDMS samples with different wc after 175k
dynamic compression cycles at 45 ℃. By reducing wc, the stiffening effect
of G/PDMS composites is greatly increased. However, GO/PDMS (wc = 1)
composites with have exhibited the highest stiffening effect and the
stiffening effect reduced with reducing wc. Neat PDMS with all three
mass ratios didn’t demonstrate any appreciable of stiffening effect.
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3.6 Crosslinking density analysis
The crosslinking density, defined as the number of crosslinks per unit
volume (g/cm3), is directly related to mechanical properties of elastomers
114.

112–

Taking advantage of the two-step solvent swelling test, I can quantify the

chemical and physical crosslinking densities separately. Specifically, the
crosslinking density 𝜇 can be calculated using the Flory-French equation from
the average molecular weight of polymer 𝑀𝑛 and the number of active network
chain segments 𝑛𝐹𝑅

𝑛𝐹𝑅 =

115.

According to the Flory-Rehner equation 116, we have

−[𝑣2 +𝑣22 𝜒1 +ln(1−𝑣2 )]
1

⁄
𝑉1 (𝑣2 3 −0.5𝑣2 )

Equ3.1

where 𝑣2 is the volume fraction of the polymer in the swollen mass, 𝑉1 is the
molar volume of the solvent, and 𝜒1 is the Flory-Huggins polymer-solvent
interaction parameter, which is chosen to be 0.46 at room temperature and
toluene as solvent 118.
The molecular weight between crosslinks 𝑀𝑥 then can be calculated as
𝜌

Equ3.2

𝑀𝑥 = 𝑛𝐹𝑅

where 𝜌 is the density, which is measured by hydrometer method at room
temperature.
Finally, the crosslinking density 𝜇 can be calculated from
𝜇=

𝑀𝑛
𝑀𝑥

=

𝑛𝐹𝑅 𝑀𝑛
𝜌

Equ 3.3
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where the average molecular weight of polymer 𝑀𝑛 (14,454 g/mol) is
calculated from the empirical equation for silicone fluid developed by the
Wacker-Chemie GnbH 119:
Equ3.4

𝑙𝑜𝑔𝜂 = 3.08 ∙ 𝑙𝑜𝑔𝑀𝑛 − 10.06
where 𝜂 is the viscosity, which is 5000 mm 2s−1 (cst) for PDMS.

Crosslinking densities of the G/PDMS, GO/PDMS nanocomposites and neat
PDMS before and after DMA tests are summarized in Figure 3.6. Decreasing wc
from 1 to 0.75 and 0.5 reduces the chemical crosslinking density, and the
crosslinking density changes from 16.1 (wc = 1) to 8.2 (wc = 0.75) and 3.2 (wc =
0.5). Additionally, during the chemical crosslinking reaction, the reaction rate
decreases gradually as the reactants are consumed and the mobility of polymer
chains is constrained, until the equilibrium is reached. That explains why even
for PDMS (wc = 1) sample, the crosslinking yield is not 100% as that shown in
Table 3.1. This is in agreement with previous study

101.

Therefore, chemical

crosslinking density of neat PDMS samples slightly increased after DMA test
due to the chain movement promoted by dynamic compressive loading, which
could further enhance crosslinking reactions. Similarly with the neat PDMS, the
chemical crosslinking density of G/PDMS and GO/PDMS composites also
slightly increases after the dynamic loading. The overall chemical crosslinking
density of G/PDMS and GO/PDMS composites, however, is much lower than
their neat PDMS counterparts. This is because PDMS polymer chains entangle
with G/GO and inhibit them to react with crosslinkers, which leads to a
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decrease of Tg (Figure 3.4). Due to the stronger interaction with PDMS chains,
GO exhibits stronger inhibition effects.
After dynamic tests, the physical crosslinking densities of G/PDMS and
GO/PDMS composites increase significantly compared to their chemical
crosslinking density. The concentration of physical crosslinking in the hybrid
crosslinking network increases after dynamic loading as shown in Table 3.2.
For G/PDMS and GO/PDMS (wc = 0.75) composites, their physical crosslinking
densities increase by 267% and 281% while their chemical crosslinking
densities only exhibit 44% and 90% increase, respectively. The wc = 1 samples
exhibit a similar trend, where the physical crosslinking density of G/PDMS and
GO/PDMS increase by 100% and 436% and chemical crosslinking densities
increase of 3.8% and 62%. At wc = 0.5, however, physical crosslinking density
of G/PDMS increase surpasses GO/PDMS (986% and 440% respectively),
which is different from samples with wc = 1 and 0.75. The crosslinking density
change correlates very well with dynamic stiffening data in Figure 3.5. The
profound

increase

in

physical

crosslinking

densities

after

dynamic

compression loading implies that self-stiffening effect is related to polymer
chain re-orientation and re-alignment in the interface/interphase region.
The elastic modulus of the polymer materials depends directly on the
crosslinking density. The relationship between chemical crosslinking density
𝜇𝑐 and the storage modulus can be expressed by the following equation 113:
𝐸′ = 3𝜇𝑐 𝑅𝑇

Equ3.5
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where 𝑅 is the ideal gas constant and 𝑇 is the temperature (in K). The physical
crosslinking density 𝜇𝑝 can be expressed through 114:
𝐸′ = 3𝜇𝑝 𝑅𝑇(𝑟𝑖2 ⁄𝑟02 )(𝜆 − 𝜆−2 )

Equ3.6

where 𝑟𝑖2 is the mean square isotropic end-to-end distance, 𝑟02 is the mean
square end-to-end distance of equivalent free chain and 𝜆 is the linear strain.
Equation 5 and 6 show that crosslinking densities and elasticity of polymer
have linear relationship

Figure 3.6 Crosslinking density of PDMS, G/PDMS and GO/PDMS samples
before and after DMA test. After dynamic compression test, the physical
crosslinking densities of G/PDMS and GO/PDMS composites have been
greatly increased in comparison to their chemical crosslinking densities.
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The change of physical crosslinking densities of G/PDMS and GO/PDMS
composites is in a good agreement with stiffening effect as shown in
Figure 3.4.

Table 3.1 Crosslinking yield of PDMS and composites, which is defined as
Xy = m3/m0 from the final dry weight m3 and original weight m0 of tested
samples. During chemical crosslinking reaction, the reaction rate
decreases gradually as the reactants are consumed and the mobility of the
polymer chains is constrained, until equilibrium is reached. As a result,
the crosslinking yield cannot reach 100%. From data in this table we can
see that PDMS (10:1) has the highest crosslinking yield, and the
crosslinking yield decreases when reducing the crosslinker amount. Also,
the addition of graphene or GO reduces the crosslinking yield is because
the absorption of PDMS chains onto graphene and GO surface hinders the
crosslinking reaction between PDMS chains and crosslinkers. The data
also shows that the crosslinking yield slightly increases after DMA tests,
which is consistent with chemical crosslinking density change after DMA
test shown in Figure 3.6.
Sample name

PDMS (10:1)

Crosslinking yield (%)
Before DMA

After DMA

95.3 ± 0.22

95.85 ± 0.04
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PDMS (10:0.75)

94.54 ± 0.34

94.95 ± 0.12

PDMS (10:0.5)

89.26 ± 0.11

90.36 ± 0.63

G/PDMS (10:1)

87.08 ± 0.25

89.92 ± 0.34

G/PDMS (10:0.75)

83.99 ± 0.96

86.28 ± 1.01

G/PDMS (10:0.5)

76.1 ± 1.05

79.22 ± 0.78

GO/PDMS (10:1)

83.36 ± 0.86

88.82 ± 0.66

GO/PDMS (10:0.75)

74.14 ± 1.71

81.54 ± 0.73

GO/PDMS (10:0.5)

64.71 ± 2.83

73.12 ± 0.48

Table 3.2 The ratio of physical crosslinks in the hybrid crosslinking
network before and after the dynamic deformation. It shows that after
dynamic deformation, the ratio of physical crosslinks greatly increases,
especially for GO/PDMS (10:1), GO/PDMS (10:0.75), G/PDMS (10:0.75)
and G/PDMS (10:0.5) samples. These results correspond with our
observation in dynamic stiffening behavior (Figure 3.5) and crosslinking
density change before and after DMA tests (Figure 3.6).
Sample name

G/PDMS (10:1)

Physical crosslinking ratio (%)
Before DMA

After DMA

46.94

63.01
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GO/PDMS (10:1)

65.79

86.45

G/PDMS (10:0.75)

45.45

57.90

GO/PDMS (10:0.75)

61.54

76.25

G/PDMS (10:0.5)

43.75

80.85

GO/PDMS (10:0.5)

55.56

64.29

3.7 The influence of temperature on the self-stiffening effect
To examine the effect of temperature on the mobility of polymer chains and the
performance of composites, we performed a temperature step-function experiment,
in which the samples are kept at each temperature for 120 minutes and the storage
moduli change under dynamic compression loading at given temperature are shown
in Figure 4. In order to compare the data from different samples, the storage modulus
is normalized by dividing crosslinking densities (Equation 5 and 6). The storage
moduli of neat PDMS samples do not increase, ruling out the possibility that stiffening
comes from further curing at elevated temperature (Figure 3.7 (a)-(c)). When wc =
1, GO/PDMS composites exhibit the highest normalized storage modulus and most
significant self-stiffening, especially at high temperature (Figure 3.7 (a)). In
comparison, G/PDMS exhibits modest stiffening at temperature higher than 75℃.
G/PDMS (0.75) and GO/PDMS (0.75) exhibit similar normalized stiffness and
stiffening in Figure 3.7 (b). For the wc = 0.5 samples, G/PDMS shows the highest
normalized stiffness and most significant stiffening effect while GO/PDMS does not
show any stiffening even at high temperature in Figure 3.7 (c). The dynamic self83

stiffening effect of GO/PDMS composites with different wc values is shown in Figure
3.7 (d). wc = 1 and wc = 0.75 samples both exhibit stiffening effect while the wc=1
sample have higher stiffening at high temperature. The stiffening trend at different
temperature is in a good agreement with the cyclic test at 45℃ (Figure 3.5) and the
crosslinking density evolution (Figure 3.6). These observations also support that the
dynamic self-stiffening effect came from the realignment in interphase region. High
temperature promotes the mobility of polymer chains and thus accelerates their reorientation and re-alignment along the nanofiller surface.

(a)

(b)

(c)

(d)

Figure 3.7 Change in normalized storage moduli versus compression
cycles at different temperatures under dynamic compression loading.
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(a) GO/PDMS (wc = 1) exhibits high normalized storage modulus and
significant stiffening. (b) G/PDMS and GO/PDMS (wc = 0.75) exhibit
similar starting moduli as well as stiffening responses. (c) Differently,
G/PDMS (wc = 0.5) exhibit highest modulus and dynamic stiffening
respond. (d) GO/PDMS (1) and GO/PDMS (wc = 0.75) exhibit similar
starting storage moduli but wc = 1 sample show higher stiffening
responses at high temperature. GO/PDMS (wc = 0.5), however, doesn’t
show stiffening responses.

3.8 Molecular mechanisms of the self-stiffening effect
In order to better understand the observed self-stiffening behaviors in
graphene-based PDMS composites and elucidate the underlying mechanisms
of microstructural evolution, Yanlei Wang and Dr. Zhiping Xu from Tsinghua
University carried out molecular dynamics (MD) simulations to explore
structural characteristics of PDMS layers deposited on G and GO sheets. Recent
experimental and computational studies suggested the existence of ordered
phase of polymers near graphitic surfaces, known as the interphase we
introduce earlier 120,121. Although the high crystallinity of this polymer interface
limits the density of chemical crosslinks, the ordered structures allow
cooperative physical crosslinks between them and thus are stiffened compared
to the uncrosslinked polymers. The results from our simulations with a 5 nm
polymer deposition clearly demonstrate the ordering near graphitic surface.
The mass density profile of atoms in PDMS in Figure 3.8 (a) shows a distinct
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peak at ~0.5 nm, which corresponds to the first layer of ordered PDMS chains.
At a distance of ~1 nm from the surface, the density profile becomes flat,
indicating a homogenous and random phase close to the bulk. The ordering is
more significant at the interface with GO due to the fact that the oxygen-rich
groups are charged and their interactions with PDMS are enhanced. Moreover,
the radii of gyration Rg summarized in Figure 3.8 (b) suggest that the parallel
component Rg|| is very high near the surface and decreases as the distance from
surface increases, whereas the perpendicular component increases as the
distance increases. This result suggests that the PDMS near G or GO tends to
align in-plane to the registry of graphitic lattice. Similarly the alignment is
stronger for GO than G.
We then perform uniaxial compressive tests on bulk PDMS samples with or
without the ordering and alignment. The results summarized in Figure 3.9 (a)
show that under compression, the mechanical response is enhanced. By fitting
the stress-strain curve using a linear function we obtained the Young’s moduli
of 1.99 and 0.90 GPa for the ordered and amorphous phases, respectively.
Combine these elastic constants with the structural information discussed
earlier, we can now make quantitative predictions about the mechanical
properties of the G/PDMS and GO/PDMS composites. From the mass density
profiles plotted in Figure 3.8 (a) we can see that G or GO can nucleate an
ordered PDMS interface of ~20 Å. Assume the mass fraction of graphene or GO
as f and that of the PDMS as 1-f, the enhancement due to the presence of
ordered phase can be calculated as 122:
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𝐸eff

𝐸

𝐸PDMS_A

𝑓 ℎ𝜌PDMS
𝜌G(GO)

= 1 + (𝐸 PDMS_O − 1) 1−𝑓
PDMS_A

Equ3.7

Here 𝐸eff and 𝐸PDMS_A is the effective modulus of the composite and amorphous
PDMS. 𝐸PDMS_O is the Young’s moduli of ordered PDMS measured along the
chain direction. ℎ is the effective thickness of ordered PDMS interface
nucleated by G or GO. 𝜌PDMS and 𝜌G(GO) are the mass density of PDMS and areal
mass densities of G or GO sheets, respectively. We can define a stiffening factor
𝛼 as
𝛼=

ℎ𝜌PDMS
𝜌G(GO)

Equ3.8

which can be used to describe the self-stiffening effect on the PDMS. According
to the conservation of mass, h should meet the relation: hρPDMS = Ip, where Ip is
the integral of peak in the mass density profile (Figure 3.8 (a)) Using
parameters ρPDMS = 965 kg/m3, ρG = 7.7×10-7 kg/m2, ρGO = 8.79×10-7 kg/m2, we
obtain the effective thickness of ordered PDMS interface: hG = 0.18 nm and hGO
= 0.37 nm. Then we plot the results in Figure 3.9 (b). The stiffening factor of
G/PDMS and GO/PDMS are 0.23 and 0.41, respectively. The results suggest that
GO have a stronger stiffening effect on the PDMS than graphene.
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Figure 3.8 Molecular structures of PDMS layers deposited onto graphene and
graphene oxide sheets. (a) Mass density profile of atoms in PDMS layers
plotted along their distances from the surface. The thickness of polymer layer
is ~5 nm. (b) The parallel and perpendicular components of radius of gyration
for the PDMS molecules plotted as a function of the distance between the
center of mass of PDMS chain and the surface.

Figure 3.9 (a) Stress-strain relationships for bulk PDMS with and
without the ordering and alignment as identified at the interface with
graphitic surfaces. (b) Stiffening factor by adding G or GO to bulk PDMS.
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In the theoretical analysis, G/PDMS or GO/PDMS composites were divided
into an ordered phase and an amorphous phase. Using this two-phase model,
the upper-bound effective modulus of the composite was estimated 122. In this
model, the thickness of ordered PDMS interface nucleated near G or GO sheets
is a key parameter, which is estimated from the mass density profiles obtained
in our MD simulations (Figure 3.8 (a)). It should be noted here that the
thickness of ordered PDMS is similar at both G/PDMS and GO/PDMS interfaces,
which may depend on the length of PDMS chains that is not addressed here.

3.9 Dynamic self-stiffening mechanism
The dynamic self-stiffening experiment establishes a clear understanding
of the stiffening mechanism. In the G/PDMS and GO/PDMS composites, there is
a hybrid network including both chemical and physical crosslinks (Figure 3.2
(c)). Physical crosslinks, caused by the interfacial interaction between G/GO
and PDMS chains, is the key for the dynamic self-stiffening properties.
Equation 3.5 and 3.6 show that the elasticity of composites is correlated with
crosslinking density. After cyclic compression tests, the physical crosslinking
densities of G/GO-PDMS composites increase significantly while the chemical
crosslinking densities show only slight increase, indicating that the stiffening
effect originates from the physical crosslinking density increase (Figure 3.6).
On the other hand, the interphase layer with a thickness from several dozens
to several hundreds of nanometers104,106,120, in which polymer chains exhibit a
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relatively loose arrangement and thus higher mobility, making it possible to realign and re-arrange under cyclic loading104,123.
Moreover, the dynamic self-stiffening properties are correlated with
polymer chain mobility. There is a competing relationship between chemical
and physical crosslinks. It has been reported that the incorporation of
nanoparticles in chemically crosslinked network leads to two effects: the
formation of interface/interphase due to interaction with polymer chains, and
the reduction in chemical crosslinking density caused by the entanglement of
polymer chains on nanoparticle surface, which suppresses the reaction with
crosslinkers 107,108. Tg reflects the combined effect of these two factors (Figure
3.4). When the chemical crosslinking density is high, polymer chains are
constrained at chemical crosslinking sites, inhibiting the formation of
interphase and thus leading to very little stiffening effect. The chemical
crosslinking density of G/PDMS (1) is 2.6 so there is only very modest
stiffening. By reducing chemical crosslinking density to 1.8 (0.75) and 0.9 (0.5),
G/PDMS exhibit significant dynamic stiffening (Figure 3.5). However, when
the chemical crosslinking density is extremely low, e.g. the chemical
crosslinking density of GO/PDMS (0.5) sample is 0.4, dynamic load cannot be
effectively transferred to physical crosslinks, so the stiffening effect are also
been suppressed as shown in Figure 3.5. Additionally, the re-alignment and reorientation effect is enhanced by elevated temperature, which greatly
increased polymer chain mobility (Figure 3.7).
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3.10 Chapter conclusion
In summary, interphase induced dynamic self-stiffening properties in
graphene-based PDMS nanocomposites with chemical and physical hybrid
crosslinking networks have been reported here. Under cyclic compression, realignment of PDMS chains along G/GO surface in the interphase area is
responsible for the observed stiffening behaviors. Due to interfacial interaction,
the addition of G/GO leads to physical crosslinking, which allows higher
polymer chain mobility as compared to chemical crosslinks, making the
polymer chain re-alignment and formation of a more ordered interphase
region possible. In comparison to G, GO is able to form thicker interphase layer
due to stronger interfacial interaction, leading to more pronounced stiffening
effect. At elevated temperature, the stiffening effect is enhanced because the
chain mobility is thermally enhanced and thus promoted re-alignment and reorientation. The understanding of self-stiffening mechanism gives new insight
into the importance of interphase, which is not only significant for the load
transfer but also for dynamic structural evolutions. Future work will focus on
designing a class of smart, adaptable materials with hybrid chemical and
physical crosslinking networks for structural and tissue engineering
applications.
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Chapter 4

Self-stiffening properties in graphene
oxide/polyacrylamide hydrogel

Abstract: In chapter 3, we systematically examined the self-stiffening effect in
G/GO-PDMS composites and concluded that the dynamic self-stiffening effect
came from the realignment of polymer chains at the interphase area. To verify
this conclusion, I applied the dynamic self-stiffening mechanism to hydrogel
system in hope to obtain self-stiffening hydrogels. In this chapter, I will present
the both compressive and tensile dynamic self-stiffening effect in hydrogels.
This is the first time stiffening effect under dynamic tension loading has been
reported in synthetic materials.
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This chapter is mainly based on a forth coming paper 124 and Yanlei Wang and Dr.
Zhiping Xu from Tsinghua University performed the melecular simulation.

4.1 Introduction to hydrogel
Hydrogels are water-swollen 3D crosslinked polymer networks. Softness,
smartness, and the ability to store large amount of water make hydrogel unique
materials

125.

The ablity of hydrogels to store water is attributed to hydrophilic

functional groups on the polymer backbone while their resistance to dissolve arises
from crosslinks between polymer chians. Moreover, due to the high water content,
hydrogels are very biocompatibal. As the result, they are the first biomaterials
designed to use in the human body. Unlike usual materials, hydrogels are neither
completely solid nor completely liquid. The partial solid-like and partial liquid-like
properties cause many interesting mechanical behaviors that are not found in either
a pure solid or a pure liquid, making them unique candidates for avaiouety of
applications.
Some hydrogels may exhibit dramatic volume change in response to specific
external stimuli, such as temperature, pH, electrical field, etc126–128. That’s why
hydrogels are called smart materials. The stimuli-responsive is caused by the
solubility of the polymer change when the external environment change. Take
poly(N-isopropyl acrylamide) (PNIPAM) hydrogel as an example129. Crosslinked
PNIPAM changes its solubility at its lower critical solution temperture (LCST) at 32℃.
At temperatures lower than 32℃, the gel is swollen whereas at temperatures higher
than 32℃, the gel dehydrates to the collapsed state due to the breakdown of the
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delicate hydrophilic/hydrophobic balance in the network. this change is reversible.
By interpenetrating with other polymers, researchers have been able to tune the LCST
or add other responsive stimuli, such as pH129,130. These stimuli-responsive
properties make hydrogel ideal candidates for drug delivery, sensors, actuators,
etc127,128,131.
However, due to the high water content, hydrogels are usually brittal.
Tremendous effort has been devoted to improve the strength and toughness of
hydrogels. In the following part, I will introduce how to mechanically characterize
hydrogels and the priciples to design tough hydrogels.

4.1.1 Mechanical characterization of hydrogel
Normally, hydrogels will undergo nonlinear and large deformation before
fracuture, so the commonly used fracture toughness for linear elastic materials is
generally not applicable for hydrogels. In hydrogel mechanics, the toughness is
characterized by a number of parameters, including Young’s modulus, shear modulus,
swelling ratio, fracture stress and fracture strain in tension, compression and shear
and so on. A tough hydrogel should be able to sustain both high stress and high strain.
In this regard, fracture energy which is definded as the energy needed to advance the
notch by a unit area at the undeformed state, is a more suitable parameter to
characterize the toughness of hydrogels because it is related to both stress and
strain18.
There are three main methods to test the fracture energy: classic pure-shear
test18, single-edge notch test132 and trouse tear test133. The difference between these
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three methods are the shape of the tested samples. Among these methods, pure-shear
test is most commonly used one. In my study, I used the pure-shear test model to
determine the fracture energy. The test is performing on two samples with the same
thickness T, width W and length L and one sample has ~0.5 W notch and another
sample left non-notched. The notched sample is pulled until the notch begins to
propagate, which shows as a drop in the force-length curve and the length marks as
Lc (Figure 4.1 (a)). Then the unnotched sample is pulled at the same speed to length
Lc and the fracture energy (Γ) is the area beneath the force-length curve (U(Lc)) gave
the work done by the applied force divided by the area of cross-section (Equation
4.1).

Γ=

𝑈(𝐿𝑐 )
𝑊∗𝑇

Equ4.1

From Equ 4.1 we can see that a hydrogel with high fracture energy is able to
sustain higher levels of both force (stress) and deformation (strain), and thus has a
high toughness. Moreover, the measured fracture energy is independent of defects in
hydrogels. Due to these merits, fracture energy is a critical parameter to characterize
the toughness of hydrogels.
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Figure 4.1 Two samples with the sample size are used to determine the fracture
energy. One is notched and another is unnotched. (a) The notched sample is used to
determine the critical length at which the notch begins to propagate, which shows as
the first drop in the force-distance curve. (b) The unnotched sample is used to
calculate the work done by the force (U(L)).

4.1.2 Pricinples to design tough hydrogels
The intrinsic fracture energies of hydrogels are very low due to the large amount
of water content and almost impossible to be greatly increased without significantly
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decrease the water content. As a result, different principles and strategies need to be
developed. Figure 4.2 shows the principles to design hydrogels can sustain higher
stress and strain and therefore tougher hydrogels are obtained. Figure 4.3 exhibits
the widely used methods to design tough hydrogels. As shown in Figure 4.2(a), in a
regular chemical crosslinked hydrogel, under tension, polymer chain break to
dissipate the mechanical energy. However, once the chain is broken, fracture appears.
That’s why pure hydrogels are normally brittle. On the other hand, in double network
design (Figure 4.3 a), which is a mixture of long polymer chains crosslinking network
and short polymer chain network, short chains break first under tension and thus
dissipate the mechanical energy while long chain stay intact134–136. In 2003, Gong et
al. synthesized double-network hydrogel for the first time. The two components’
fracture stress are 0.4 and 0.8 MPa while the double-network hydrogel’s fracture
stress can reach 17.2 MPa134. Figure 4.2(b) shows the reversible crosslink and
uncrosslink of physical crosslinker and polymer chains. Unlike chemical crosslinks
which are based on covalent bonds, physical crosslinks are weaker. Under mechanical
loads, polymer chains can be detached from physical crosslinkers and thus
mechanical energy is dissipated. Furthermore, these physical crosslinks can be
recovered after decrosslinking137. Figure 4.3(b) shows a hybrid chemcial and
physical corsslinking network. In the hybrid crosslinking network, physical
crosslinks provide energy dissipation under mechanical loads so the chemical
crosslinks can maintain their structure. In some designs, polymer chains and
crosslinker may contain certain domains that transform between different
configurations under mechanical loads (Figure 4.2(c)). During the transformation,
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mechanical energy is dissipated. Another method is to embed meso-/macro-scale
fibers and fillers in hydrogel matrix (Figure 4.2(d)). Fracutre and pullout of the fibers
and fillers in front of the crack can dignificantly dissipate mechanical energy in the
hydrogel.

Figure 4.2 Mechanisms for dissipating mechanical energy in hydrogels and
thus sustain higher stress and strain. (a) Fracture of polymer chain. (b)
Reversible crosslinking of polymer chians. (c) Transformation of domains in
polymer chains or crosslinkers. (d) Fracture and pullout of fibers or fillers18.
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Figure 4.3 Methods to design tough hydrogels: (a) double-network design; (b)
hybrid physical and chemical crosslinkers; (c) high-functionality crosslinkers;
(d) networks with long monodisperse polymer chains; and (e) meso-/macroscale composite design18.

Recently, along with the development of GO, researchers explored using GO as
high-functionality crosslinkers in order to obtain tought and high stretchablity
hydrogels138. There are several advantages of using GO as high-funtionality
crosslinker: (1) as 2D nanomaterials, GO has large surface area. (b) Funtional groups
on GO surface can form hydrogen bonds with a lot of polymer chains and thus strong
interfacial interaction and thus effective load-transfer can be achineved.
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Besides, my research goal is to make dynamic self-stiffening hydrogels. In former
study, I found that GO composites exhibit better self-stiffening effect than graphene
composites. So I synthesized GO/poly(acrylamide) (PAM) composite hydrogels and
examined their dynamic self-stiffening properties as well mechanical properties.

4.2 Importance of self-stiffening hydrogels
Hydrogels, are three-dimensional crosslinked, water-swollen polymer networks
that have been widely explored for various applications, including contact lens,
wound healing, drug delivery and tissue engineering139–142. In tissue engineering,
hydrogels are commonly used as a platform to culture cells due to their
biocompatibility and mechanical similarity to the extracellular matrix (ECM). Studies
have shown that ECM undergoes a stiffness change during many developmental and
disease processes through structural remodeling and composition change143–145. The
stiffness of ECM is known to play a decisive role in many cellular behaviors, including
migration146,147, proliferation148,149, and differentiation150,151. Currently, great
research effort has been devoted to improve the mechanical strength of hydrogels
through multi-scale structural design152–155. Despite notable advances in hydrogel
material design, these materials are mechanically static and lack of dynamic nature,
hindering in vitro study of related biological processes. Therefore, it is of great
interest to synthesize mechanically tunable hydrogels.
However, only a few hydrogel systems have demonstrated dynamic stiffness
changes. Gillette et al. used calcium cations to modulate the stiffness of collagenalginate composite hydrogels through a reversible crosslinking reaction between
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calcium ions and alginate156. External stimuli, such as temperature and pH, have been
utilized to alter temperature-responsive or pH-responsive hydrogels stiffness by
trigger the hydrophobicity changes157,158. Light can also be used to initiate or break
down crosslinks and as a result change the network stiffness159,160. However, all of
these stiffness changes are sudden and discontinuous, which is different from ECM
mechanical changes.
GO, a nanolayered sp2-hybridize carbon with hydroxyl, carbonyl, and epoxide
groups on its surface, has been widely used to improve the toughness and ductility of
hydrogels161–164. Cong et al. successfully demonstrated the strong hydrogen-bonding
interaction between GO and polyacrylamide (PAM) chains lead to greatly improved
elasticity and stretchability162. However, this enhancement is still limited to static
mechanical responses. Here we explored the dynamic responses of GO reinforced
PAM nanocomposite hydrogel at low-amplitude (10%) and low-frequency (1 Hz)
regimes. In GO/PAM hydrogels, N, N’-methylenebisacrylamide (BIS) is used as the
chemical crosslinker by forming covalent bonds with PAM chains and GO is the
physical crosslinker offering hydrogen bonds between hydroxyl, carboxyl groups on
GO and anime groups on PAM (as shown in Figure 4.4). As mentioned in our previous
study, the chemical and physical crosslinking network is critical to the dynamic
response of the hybrid network, where chemical crosslinks act as a frame while
physical crosslinks, which have higher mobility, providing the stiffening effect165.
Similarly, in the current study we found that the dynamic mechanical response as well
as static mechanical properties of the hydrogels are strongly dependent on the hybrid
crosslinking network. The relationship between the crosslinking network and
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dynamic mechanical as well as mechanical properties are carefully examined and
discussed.

4.3 Hydrogel preparation and mechanical test setup
Composite hydrogel preparation: Graphene oxide (GO) was prepared using an
improved Hummer’s method described by Marcano55. Firstly, mix 3g of graphite
powder (45µm, 99.99%, Bay Carbon SP-1) with 18g of potassium permanganate
(KMnO4) in a 1000mL beaker. Then concentrated sulphuric acid (H2SO4) and
phosphoric acid (H3PO4) (360ml: 40ml) were added into this mixture resulting in a
slightly exothermic reaction. Temperature was kept at 50℃ and the mixture was
continuously stirred for 12 hours. The reaction mixture was poured over 500mL of
iced deionized water and was kept until room temperature was reached. After that,
the mixture was magnetically stirred and 10 mL of hydrogen peroxide (H2O2) was
added. Stirring continued for 10 minutes and then the solution was allowed to sit at
room temperature for 10 hours. The contents were then filtered using a 0.1µm pore
size Omnipore membrane from Milipore. The unwanted ions H+, S2-, P3-, K+, Mn2+ in
GO were removed by doing several washes. First with 400 mL of DI water, then 400
mL of 30% hydrochloric acid, 400 mL of ethanol, and finally with 400 mL of ethyl
ether. After washing, GO was allowed to dry for 2 days in a desiccator, and then
collected from the filter paper.
GO aqueous suspension was obtained by adding GO powder into DI water and
followed by 3h sonication. And then it was diluted with DI water to a desired
concentration. Acrylamide (AM) monomer and N, N’-methylenebisacrylamide (BIS)
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crosslinker were added into DI water or GO aqueous suspension, subsequently, the
mixture was held in vacuum to degas for at least 2h. The content of GO and BIS in
different samples is shown in Table 4.1. Then tetramethylethylenediamine (TEMED)
as catalyst and ammonium persulfate (APS) thermal initiator were added under
stirring in ice-water bath. The mixed solution was then transferred into a glass mould.
The gel was cured at 50℃ for 2h. Samples for dynamic mechanical tests (compression
and tension) were soaked in DI after synthesis to reach equilibrium. Samples for
mechanical tests, unless otherwise stated, the water content is fixed as 79.8 wt%. The
schematic of composite hydrogels is shown in Figure 4.4.
The GO/PAM composite hydrogels were designated as GO/PAM GmBn, where m
and n represent the weight content (%) of GO and BIS.

Figure 4.4 Schematic of PAM and GO/PAM composite hydrogels. (a) Chemical
crosslinking network connected by covalent bonds in PAM hydrogels. (b)
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Chemical and physical crosslinking network in GO/PAM composite hydrogels.
Physical crosslinks can be attributed to the hydrogen bonds between GO and
amine groups on PAM chains.

Table 4.1 The composition of hydrogel samples for mechanical tension and
compression test.
AM: 2.5g; DI H2O: 10ml; APS: 8.3 mg; TEMED: 9.8 ul
GO/PAM GmBn where m, n represent weight percent.
Name

GO(mg)

BIS(mg)

PAM B0.008

0

1

GO/PAM G0.16

20

0

GO/PAM G0.03B0.008

3.75

1

GO/PAM G0.08B0.008

10

1

GO/PAM G0.16B0.008

20

1

GO/PAM G0.16B0.002

20

0.25

GO/PAM G0.16B0.010

20

1.25

GO/PAM G0.16B0.016

20

2

GO/PAM G0.16B0.032

20

4

Mechanical test: Gels used for mechanical tests were left in mould for 24h after
curing to stabilize the reactions. All mechanical tests were carried out on a Bose
Electroforce 3200 instrument (TA Electroforce, Eden Prairie, MN) in air and room
temperature. For tension tests, the gels were cut to 6 × 4 × 3 mm3 by razor blade and
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then glued to two clamps. The loading rate is fixed at 1 mm/s until the samples failed.
Gels used for compression tests were cylindrical with a diameter of 15 mm and 5 mm
height. The loading and un-loading rate was 1 mm/s.
Dynamic mechanical test: Samples used for dynamic mechanical tests were
soaked in DI water for at 48h after synthesis. Moreover, all dynamic compression and
tension tests were conducted in water bath, as shown in Figure 4.5 For dynamic
compression tests, the gel was cut to 5 × 5 × 3 mm3 by razor blade. Dynamic
compression tests were performed on a Bose Electroforce 3200 instrument (TA
Electroforce, Eden Prairie, MN) with two parallel plates at 10% strain and 1 Hz
frequency. Gels used for dynamic tension tests were 15 × 6 × 3 mm3. Dynamic tension
tests were conducted on the Bose Electroforce 3200 at 10% strain and 1 Hz
frequency.

4.4 Dynamic mechanical properties of graphene/polyacrylamide hydrogel
4.4.1 Dynamic compression properties
To evaluate the relationship between dynamic mechanical responses and the
crosslinking network in hydrogel nanocomposites, we performed compressiove and
tensile dynamic mechanical analysis (DMA) under low-amplitude strain (10%) and
low-frequency (1 Hz) loading conditions, and measured the storage modulus (E’). As
shown in Figure 4.5, after 63,000 compressive dynamic loading cycles, the modulus
of PAM gel decreases 3% due to fatigue166. On the contrary, GO/PAM composite gels
exhibit dynamic self-stiffening effect as the modulus increases with the loading cycles.
Moreover, we found that the stiffening effect is enhanced by increasing the GO content
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in the gels. The modulus of GO/PAM G0.03B0.008 increased by 5% after dynamic loading
while that for GO/PAM G0.16B0.008 increased by 15%. Furthermore, the chemical
crosslinker BIS also plays an important role in the stiffening phenomenon. The
modulus of GO/PAM G0.16B0.002 gel exhibits a similar increase with a GO/PAM sample
G0.16B0.008 during the first 15,000 loading cycles but it decreases gradually afterwards.
As mentioned in our previous study, under dynamic compression, the chemical
crosslinks act as a frame for load-bearing while physical crosslinks provide dynamic
self-stiffening through the re-alignment of polymer chain97. In GO/PAM hydrogels,
the stiffening effect is greatly enhanced by increasing GO content, which is in a good
agreement with the previous study97. On the other hand, the modulus of GO/PAM
G0.16B0.002 gel increases first and then decreases gradually is because that during the
first 15,000 cycles, GO leads to the stiffening effect. But due to the low chemical
crosslinking density, the polymer chain relaxation leads to the stiffness decrease
gradually after 15,000 cycles, which is also consistent with the stiffening mechanism
proposed in our previous study97.
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Figure 4.5 Schematic of the experimental setup and the compressive dynamic
response of hydrogels. After 63,000 loading cycles, the modulus of PAM gel
decreases 3% due to fatigue effect. The modulus of GO/PAM G0.03
B0.008 increased 5% after dynamic loading while GO/PAM G0.16B0.008 increased
15%. The modulus of GO/PAM G0.16B0.002 gel exhibits a similar increase with
GO/PAM G0.16B0.008 sample during the first 15,000 loading cycles but it
decreases gradually afterwards.

4.4.2 Dynamic tension properties
Under dynamic tension loading, as shown in Figure 4.6, PAM and the composite
gel with low GO and high BIS contents (GO/PAM G0.03B0.008) break down after 2 and
600 cycles, respectively. With the same amount of BIS, by increasing the GO content
to 0.16% (GO/PAM G0.16B0.008), the gel survived after more loading cycles (about
45,000 loading cycles). The gels break down dues to polymer chain cleavage under
tension. Furthermore, the gel composite with high GO and low BIS contents (GO/PAM
G0.16B0.002), the hydrogel exhibits a stiffening effect. This is the first time that the
stiffening effect is observed in synthetic materials under dynamic tensile loading. This
stiffening effect can be attributed to a low chemical crosslinking density, which
results in high polymer chain mobility and thus realignment under dynamic loading.
The results from dynamic tension tests allow us to confirm that GO plays an essential
role in maintaining the mechanical integrity and the stiffening effect.
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Figure 4.6 Schematic of the experimental setup and the tensile dynamic
response of hydrogels. PAM and GO/PAM G0.03B0.008 break down after 2 and
600 cycles, respectively. GO/PAM G0.16B0.008 survives more loading cycles
(about 45,000 loading cycles). On the other hand, the modulus of GO/PAM
G0.16B0.002 increased 6.3% after 63,000 loading cycles.

4.5 Static mechanical properties of graphene/polyacrylamide hydrogel
In order to investigate the static mechanical properties, uniaxial tensile and
compressive tests of hydrogels with the same water content were conducted. The
baseline PAM gel is weak and brittle, as shown in Figure 4.7 (a). By replacing the
chemical crosslinker BIS with the physical crosslinker GO (GO/PAM G0.16), the gel
becomes stiffer, stronger at low amplitude, and very ductile. With the same amount
of BIS, increasing GO content from 0% to 0.08% increases the tensile strength from
10 kPa to 120 kPa. Moreover, the gel becomes very stretchable with a strain-to-failure
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increasing from 5 to 20. By continuing increasing both the contents of GO and BIS to
GO/PAM G0.16B0.016, the stiffness is further enhanced but the strain-to-failure
decreases to 5. This can be attributed to the fact that a large amount of GO and BIS
leads to high crosslinking density and short mesh size of inter-crosslinking polymer
chain network162. Interestingly, decreasing BIS content to 0.002% gives rise to
superior stretchability and high strength. These results indicate that GO as the
physical crosslinker can effectively improve the tensile properties of hydrogels.
Under compression, the stiffness of gels at low amplitude (30% strain) is gradually
increased with increasing GO (Figure 4.7(b)). The stiffness of GO/PAM G0.16B0.002
exhibits very similar stiffness with GO/PAM G0.16 due to the small amount of BIS
content. In Figure 4.7 (c-d), we summarized the maximum stress and strain as a
function of GO and BIS contents in the nanocomposites. The maximum stress and
strain are increased over one order by increasing GO content from 0 to 0.08 wt%.
However, they decrease dramatically when GO content surpass 0.08 wt% (Figure
4.7(c)). This can be attributed to the competition between GO and BIS crosslinking
mechanisms. A high content of GO leads to a low chemical crosslinking density and,
as a result, the maximum stress and strain decrease. Similarly, by changing BIS
content there is also a peak in Figure 4.7(b) when the BIS content is 0.003 wt%. This
result indicates that a high chemical crosslinking density gives rise to a denser
polymer network, or a short chain length between inter-crosslinking sites, which
leading to low maximum stress and strain162. Figure 4 (e) exhibits elasticity of some
biomaterials ranging from 0.2 kPa (brain) to 45 kPa (osteoid). The elasticity of
GO/APM composite hydrogels surpasses these biomaterials and we can tune the
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elasticity of the composite hydrogels in order to meet different application
requirements by changing chemical and physical crosslinking ratios.

Figure 4.7 Mechanical properties of PAM and GO/PAM hydrogels. (a) Tension
stress-strain curve of PAM hydrogel and GO/PAM hydrogel with different GO
and BIS content. By replacing chemical crosslinker BIS with physical
crosslinker GO or adding GO, the strength and stretchability of hydrogels are
significantly improved. (b) Compression stress-strain curve at low amplitude.
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Hybrid chemical and physical crosslinking networks are stiffer than pure
chemical crosslinked hydrogel (PAM B0.008) and pure physical crosslinked
hydrogel (PAM G0.16). Summary of the maximum stress and strain as a function
of (c) GO content and (d) BIS content. Sample size = 4. The fracture stress and
fracture strain are increased with increasing GO content from 0 to 0.08 wt%.
However, the fracture energy decreases when GO content surpasses 0.08 wt%.
When changing BIS content, the fracture stress and fracture strain also exhibit
a peak at 0.003 wt%. (e) ) Elasticity scale of some biomaterials ranging from
soft brain19,20, fat21 to stiffer skin22, muscle23 and stiff cartilage24–26 and
osteoid27.

Fracture energy (Γ) is an important parameter in hydrogel mechanics and it is
defined as the energy needed to advance the notch by a unit area18. It is measured by
pure-shear tests through preforming tensile tests on a notched sample155. The
schematic of the experimental setup and the formulism to calculate the fracture
energy are introduced in Section 4.1. Similar with the tensile test results, the fracture
energy of gels increases remarkably (over one order) by increasing GO content from
0 to 0.08 wt% (Figure 4.8 (a)). However, keeping increasing GO leads to decrease in
fracture energy. When changing BIS content, the value of fracture energy also exhibits
a peak with 0.003 wt% BIS.

111

Figure 4.8 Fracture energy as a function of (a) GO content and (b) BIS content.
Sample size = 6. The fracture energy is increased from 300 to 3600 J/m2 when
GO content is increased from 0 to 0.08 wt%. However, the fracture energy
decreases when GO content surpasses 0.08 wt%. When changing BIS content,
the fracture energy also exhibits a peak at 0.003 wt%.

To evaluate whether the mechanical properties changing trend as a function of
GO content wasn’t a unique phenomenon, I also performed tensile tests on hydrogels
samples with 0.016 wt% BIS content and different GO content (0-0.16 wt%). The
results are shown in Figure 4.9. Figure 4.9 (a) shows fracture stress and fracture
strain as a function of GO content. The fracture stress and fracture strain are
increased with increasing GO content from 0 to 0.08 wt%. However, the fracture
energy decreases when GO content surpasses 0.08 wt%. These results are consistent
with 0.008 wt% BIS content hydrogels’ static mechanical properties shown in Figure
4.7. Figure 4.9 (b) shows Young’s modulus and fracture energy as a function of GO
content. Young’s modulus and fracture energy also increased with increasing GO
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content and reached peak when GO content is 0.08 wt%. Moreover, when comparing
the mechanical properties of hydrogel with 0.008 wt% BIS and 0.016 wt% BIS, we
will find that the overall mechanical properties of hydrogels with 0.016 wt% BIS are
much lower than 0.008 wt% BIS samples. This is because increasing chemical
crosslinker content will greatly increase chemical crosslinking density, leading to low
polymer chain mobility. Under tension load, polymer chains have less freedom to
deform in order to dissipate mechanical energy. As a result, the gels are easier to
break down.

Figure 4.9 Summary of mechanical properties of hydrogels with 0.016 wt%
BIS as a function of GO content. Sample size = 4. (a) Fracture stress and
fracture strain as a function of GO content. The fracture stress and fracture
strain are increased with increasing GO content from 0 to 0.08 wt%. However,
the fracture energy decreases when GO content surpasses 0.08 wt%. This
changing trend is in good agreement with 0.008 wt% BIS content in Figure 4.7
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(c). (b) Young’s modulus and fracture energy as a function of GO content. The
results are also consistent with Figure 4.8 (a) when BIS content is 0.008 wt%.

4.6 Model analysis
From the results presented in Figures 4.7 (c) and 4.8 (a), we can see that the
tensile strength of hydrogel/GO with 0.008 or 0.016 wt% BIS increases with the GO
content from 0 to 0.08 wt%, and decreases with the GO content beyond 0.08 wt%.
One possible reason for the achievement of high strength is that GO and PAM could
form a relative stable structure. As the GO content is low, the interface between GO
and PAM does not change the network of PAM and increases the strength of hydrogel
only. However, as the GO content becomes high, the excessive GO sheets will hinder
the BIS crosslinking in PAM and the weakened crosslinking of PAM itself leads to a
reduced crosslink density and decreased the tensile strength. To quantify the this
mechanism of change in tensile strength as GO content, we can adopt a simple
composite

model

to

demonstrate

the

strength

modulate

of

hydrogel

nanocomposites167,168:

σeff = σGO fGO + σM fM

Equ4.2

where σeff is the effective tensile strength of hydrogel/GO/BIS nanocomposites, σGO
and σM are the tensile strengths of GO and PAM (including BIS crosslinking and water
molecules), fGO and fM are the volume fractions of GO and PAM, respectively. The
volume fraction can be calculated from the GO content according to the equation2, fGO
= wGO/[wGO + (ρGO/ρM)(1-wGO)] and fM = 1- fGO, where wGO is the GO mass content in
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hydrogel, ρGO = 1.91 g/cm3 and ρM = 1.062 g/cm3 are the density of GO and PAM. As a
further simplification, we can assume that the strength σM = 1.0σM0, and σGO
=1000.0σM0, where σM0 is the tensile strength of hydrogel without GO, and when the
GO content beyond the critical value 0.08 wt%, the strength of PAM changes to σM =
1.0σM0/(1000wGO) due to the effect of an excessive content of GO on the PAM
crosslinking as mentioned above. As shown in Figure 4.10 (a-b), the volume fraction
of GO will increase and that of PAM will decrease as the GO content increases, and
using the above model, we can see that the strength of hydrogel will increase first
with the GO content, and up to the maximum strength at ~0.08 wt%, and decreases
with the GO content. This theoretical prediction is in good agreement with the
experiment data measured for the PAM nanocomposite with a BIS content of 0.016
wt% as shown in Figure 4.10(b), although we ignore many potential factors such as
the size of GO sheet, the spatial distribution of GO sheets in hydrogel, which may
further render the predictions with minor corrections on the strength of hydrogel due
to the very low GO content in the hydrogel.
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Figure 4.10 (a) The volume fraction of GO and PAM matrix plotted as a
function of the GO content. (b) The theoretical prediction and experiment
results of the tensile strength of hydrogel plotted as a function of the GO
content. Here σM is the strength of hydrogel without GO reinforcement.

4.7 Chapter conclusion
Based on the dynamic self-stiffening mechanism we obtained from
graphene-based PDMS composites, I successfully synthesized dynamic selfstiffening hydrogels. In addition, self-stiffening effect under dynamic tension
loading has been discovered for the first time in synthetic materials. In
hydrogel system, I also found that both physical and chemical crosslinking
networks play a critical role in the final stiffening effect. On one hand, the
physical crosslinks provide the stiffening effect through polymer chain
realignment and GO realignment under dynamic loading. On the other hand,
rigid chemical crosslinking network acts like a frame for mechanical support.
Furthermore, the addition of GO in PAM hydrogel also significantly improved
the mechanical strength, toughness and thus fracture energy. This can be
attributed to the large surface area of GO and effective interfacial interaction
between GO and PAM chains. The discovery of self-stiffening effect in hydrogel
will enable us to in vitro study in many cellular behaviors, including migration,
proliferation, and differentiation and will greatly broaden our understanding
in tissue engineering.
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Chapter 5

High-performance graphene hydrogel
actuator

Abstract: In chapter 4, I synthesized self-stiffening GO/PAM hydrogels under
both dynamic compression and tension loads. One of hydrogel applications is
as electroactive actuator and it has attracted great research attention.
However, due to the actuation mechanism, the speed of hydrogel actuator is too
slow for real applications. In this chapter, I will optimize hydrogel actuation
through structural design in order to improve its response time.
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5.1 Introduction to electroactive polymers
Electroactive polymers (EAPs) are polymers respond to electric field or current
with strain and stress, and some of them will show the reverse effect of converting
mechanical motion to an electrical signals28. This electromechanical process, which
exhibit large strain when subjected to electrical simulation, is similar to how natural
muscle work. As a result, EAPs is also be called artificial muscle. Furthermore, the
electromechanical properties of some EAP materials enable them to serve both
actuators and sensors. When materials repond to simulation with shape or
dimensional change, they can be used as actuators. When they show inverse effect,
they can be used as sensors or even power generators.
Based on the activation mechanisms, EAPs can be divided into field-activated
EAPs and ionic EAPs28. Their actuation mecahnisms and leading materials are shown
in Figure 5.1-5.3.. Compared to filed-actived EAPs, ionic EAPs requires low-voltage
operation, making them more appealing for a lot of applications. However, the slow
response time and low efficiency greatly inhinder their wide applications. As a result,
great research effort has been devoted to improve ionic actuators’ response time.
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Figure 5.1 Schematic fo the actuation mechanism of field-activated EAPs. (a)
Red (H) and green (F) circles represent oppositely charged side groups in
poly(vinylidene fluoride) (PVDF). When subjected to eletric field, the
molecular shape change leads to changes in dipolar density and induces large
strain in polymers. (b) Electrostatic force can generate large deformation on
soft polymers28.
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Figure 5.2 Schematic of the actuation mechanism in ionic EAP materials. (a)
The movement of either anions or cations during oxidation and reduction
generates volume change in a conjugated polymer. (b) Ionic polymer-metal
composites (IPMCs) bend in reponse to an electric field as one eledtrode
showing volume increae while another electrode exhibiting volume decrease.
(c) Single (1), bundled (2), and sheets (3) of carbon nanotubes with an
electrolyte generates charged surface change shape in response to applied
electric filed. (d) Application of voltage causes bending in salt-free acidic
hydrogel28.
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Figure 5.3 Summary of ionic and filed-actived EAP materials types28.

5.1.1 Introduction to polymeric actuator: aritifical muslce
In nature, muscle is secrect of all motions. Octopus move their tentacles to move
and grab objects. Jellyfishes swim in water by swinging the bell-shaped bodies. Frogs’
tougue can flipped out very quickly to catch insects and other prey. These structures
have something in common: they have a very large numner of degrees of freedom, the
ability to bend in all directions. Researchers are interested to design and fabricate
structures like them and they are called soft robotics. Unlike traditional robotics, soft
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robotics are made of polymer materials so they are soft and lightweight. Most
importantly, they have large number of degrees of freedom, making them perfect to
work in dynamic environment and work with fragile objects. Figure 5.4 and 5.5 show
2 examples of soft robotics mimicing octopus arm and mechanical hand, respectively.

Figure 5.4 Movement of a octopus tentacle made from PDMS. (a) Tentacle is
conncted to external pressure source. (b) Finite-element analysis describing
the expansion of channel. (c) Progressive bending of the tentacle by control
the external pressure connector29.
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Figure 5.5 A soft robotics hand made from PDMS grabs an egg (top) and a live
anesthetized mouse (bottom). The dashed arrow represents a string suspends
the gripper and the solid arrow provides compressed air30.

As I mentioned early, EAPs, which transfer electrical stimuli into mechanical
motions, has attracted great research attention as aritificial muscle and soft robotics
candidate. Using external electric field to control motions is very appealing because
it is reliable to control the signal strength and direction. Ionic EAPs, due to its
requirement of low operating voltage, making them appealing candidates as artifical
muscles.
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5.1.2 Hydrogel actuator
There are several advantages of choosing hydrogels as artificial muscle materials.
Firstly, they resemble natural living tissues due to their high water contents, soft
consistency and their activation motion (electroactive) is similar to natural muscle.
Furthermore, they are biocompatible and not biodegradable169. Moreover, it is easy
to tune their chemical and physical properties by varying their compositions.
In hydrogel actuators, electric field creat a osmotic pressure gradients that
control the contraction and swelling of the hydrogel, as shown in Figure 5.6. Because
the electroactuation is a osmosis process, so the actuation is slow (Figure 5.7). As a
result, some strategies have been developed to improve the actuation efficiency,
which I will introduce in details in the following section.

Figure 5.6 Schematic of electroactuation mechanism of hydrogel when electric
field is applied.
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Figure 5.7 Hydrogel actuator bends in electric field31. The gel bended about
30° after 180 s.

5.1.3 Strategies to improve hydrogel actuator efficiency
One way to improve the actuation efficiency is to increase ion density in hydrogel.
As shown in Figure 5.6, the bending of the hydrogel actuator is caused by the osmotic
pressure gradients. When electric field is applied to ionic hydrogels, the opposite
chargers in the electrolyte solution and inside hydrogel will form double layer. The
electrostatic force between same chargers in the hydrogel makes it faster to swell, as
shown in Figure 5.8.
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Figure 5.8 Schematic of electroactuation in ionic hydrogels. The size difference
between cations (big) and anions (small) will make anode side swellen faster.
Therefore, the actuation efficiency is improved.

To further increase the actuation efficiency, some studies added organic salt,
with one charger is ions can freely move while the opposite charger is polymer with
large molecular weight as a result they can’t move freely under electric field. One of
the most commonly used organic salt is sodium acrylate (NaAc) and it’s structure is
shown in Figure 5.9. Also PAM/NaAc composite hydrogels are also widely studied as
electroactive hydrogels as PAM is added to improve the mechanical strength of the
actuator170.
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Figure 5.9 Molecular structure of sodium acrylate (NaAc). Na+ is free ions
while anions are attached to polymer chains and thus can’t freely move.

Very recently, Wu et al. fabricated layer-structure actuator with ionic liquid as
electrolyte layer and N-doped porous graphene composite cundctive layer as
electrode and increased the actuation response from second to microsecond (0.5% in
300 ms) and high actuation stability (100,000 cycles) under 3V32. The structure and
actuation mechanism of the layer-structure ionic liquid actuator is shown in Figure
5.10. The fast actuation response can be attributed to the porous electrode layer
structure. When electric field is applied on the actuator, ions aggregate on two side of
the actuator, that is the two electrode layers. Due to the porous strucure, so ions will
be absorbed inside the pores, as shown in Figure 5.10. Compared to non-porous
structure, the distance between ions is closer in porous structure so the electrostatic
force is stronger. As a result, the actuation response time is greatly inproved.
Inspired by these studies, I decided to use PAM/NaAc composite hydrogel as the
electrolyte layer and porous peanut shell graphene oxide (PSGO)/PAM hydrogel as
the electrode layer and in hope to make fast ionic hydrogel actuator.
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Figure 5.10 Schematic of the layer-structure of the ionic liquid actuator with
porous electrode layers32. The electrode layer is composites of porous Ndoped graphene with conductive polymer. When electric field is applied to the
actuator, cations moved to cathode while anions aggregate on the surface of
anode side. In this presented structure, ions will get into the pores and thus
the distance between ions is smaller. Therefore the repulsive force between
ions is stronger due to Coulomb’s law. Due to the size difference between
cations and anions, cathode volume increase more than anode side and as a
result the actuator bend towards anode.
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5.2 Fabrication of multi-layer hydrogel actuator
As mentioned in last section, in the multi-layer hydrogel actuator design,
PAM/PSGO composite hydrogel is used as electrode layers and PAM/NaAc hydrogel
with Na+ as free ions are used as electrolyte layer.
To synthesize PAM/PSGO electrode hydrogel, I first added 5 mg PSGO (synthesis
method seen in Chapter 2) to 12 ml DI water and followed by 3h sonication. Then 1.65
g acrylamide (AM) monomer and 1.1 mg N, N’-methylenebisacrylamide (BIS)
crosslinker were added into PSGO aqueous suspension, subsequently, the mixture
was held in vacuum to degas for at least 2h. Then 11.6 µl tetramethylethylenediamine
(TEMED) as catalyst and 10 mg ammonium persulfate (APS) thermal initiator were
added under stirring in ice-water bath and the electrode hydrogel solution was
obtained.
The electrolyte layer is PAM/NaAc hydrogels. Firstly, 0.825 g (0.012 mol) AM
monomer, 0.828 g (0.012 mol) acrylic acid (AA) monomer, and 1.1 mg BIS are added
to 12 ml DI water and followed by magnetic stirring for 30 min. Then the mixture
solution was held under vacuum for 2 h to degas. After leaving in an ice bath for 10
min, 10 mg APS and 11.6 µl TEMED was added and slowly stirred and the electrolyte
hydrogel pre-solution was obtained.
The biggest challenge is how to fabricate multi-layer structure with distinguish
layers but also has good interlayer interaction. I found the key is to pre-cure one layer
and then add another layer. The process is shown in Figure 5.11. First, electrode
hydrogel pre-solution (AM/PSGO solution) was poured into a thin rubber (1 mm
thick) mould. After pre-cure for 10 min, the viscosity of the solution increased but not
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fully cured. After that, the pre-cured layer 1 was carefully transferred into a thicker
rubber (4 mm) mould and the electrolyte AM/NaAc pre-solution was added on top of
the layer 1. After another 10 min pre-curing, layer 1 and layer 2 were transferred into
the finally rubber (5 mm) mould and the 3rd layer (AM/PSGO pre-solution) was added
on top of layer 2. Finally, the sample was fully cured at 50 ℃ for 30 min.
The control group is PAM/NaAc hydrogel without electrode layers. AM/NaAc
pre-solution was directly poured into 5 mm thick rubber mould and cured at 50 ℃
for 30 min. All samples were cut by razor blade before actuation test.

Figure 5.11 Schematic of multi-layer hydrogel synthesis process. Firstly,
electrode hydrogel pre-solution was poured into a thin mould (1 mm) and
pre-cured for 10 min. Then pre-cured electrode layer was carefully
transferred into a thicker mould (4 mm) and then electrolyte pre-solution was
added on top of it and pre-cured for 10 min. Lastly, pre-cured layer 1 and 2
were transferred into 5 mm thick mould and the third electrode layer presolution was added on top of electrolyte layer and the sample was fully cured
at 50 ℃ for 30 min.
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Figure 5.12 Optical image of multi-layer hydrogel actuator. PAM/PSGO
composite hydrogel used as 2 electrode layers and in between is PAM/NaAc
ionic hydrogel used as electrolyte layer.

5.3 Performance of multi-layer hydrogel actuator
The stripe hydrogel samples were places in in 0.01 mol NaCl solution to reequilibrate. Then one side of the stripe was put inside a tube so it can’t move. Then 2
Pt electrodes were placed parallel to the hydrogel samle (as shonw in Figure 5.12).
The performance of multi-layer actuator and its control group: single layer
hydrogle actuator are shown in Figure 5.13. The smaples were tested in actuation
experiment were cut to same size (3mm×5mm×25mm). In the test, 3V voltage was
applied to 2 paralle Pt electrode and the bending of the hydrogels were observed.
Figure 5.13 (a) shows the actuation of signle-layer PAM/NaAc hydrogel. As we can
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see, after 60 s under electric field, the gel bended 60° and it bended 90° at 80 s. In
comparison, the multi-layer hydrogel actuation efficiency is greatly improved. It only
took 24 s to bend to 60° and 36 s to 90°.
In chapter 2, I showed the morphology of the PSGO (Figure 2.4). Due to PSGO
was made from peanut shell, the surface of the sheets is not flat as GO made from
Hummer’s method but its naturally wrinkled. When electric field is applied to
hydrogels, opposite ions move and aggregate on 2 electrode layers. Due to GO sheets
and their wrinkled surface, ions are easier to be trapped and thus the distance
between ions is closer compared to single-layer hydrogel. Therefore, the actuation
time is faster.
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Figure 5.13 Actuation performance of (a) single-layer PAM/NaAc hydrogel and
(b) multi-layer hydrogel. Bending to 90° has been improved from 80 s to 36 s
by adding two PAM/PSGO electrode layers.

5.4 Chapter conclusion
In this chapter, I designed multi-layer hydrogel actuator showing more
than 2 times faster actuation speed compared to their single-layer actuator
counterpart. The fast actuation efficiency comes from the addition of PSGO as
electrode layers. Taking advantage of the wrinkled surface of PSGO, ions are
easier to be trapped and therefore the distance between ions is reduced so the
repulsive force is stronger. As a result, the bending speed is greatly improved.
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Chapter 6

Conclusion

In this thesis, the synthesis of GO directly from bio-waste materials as well
as their applications as electrochemical catalyst and electrode in hydrogel
actuator have been reported. Furthermore, dynamic self-stiffening effect in GO
reinforced elastomer and hydrogel has been reported and systematically
examined.
Firstly, the synthesis of GO nanosheets directly from pyrolysis of bio-waste
materials without catalyst or template has been discovered for the first time.
The obtained GO has large specific surface area and short-range sp2 crystal
structure. It has been found that the full pyrolysis of main compositions of the
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bio-waste precursor and the nano-scale morphology of the bio-waste
precursor are critical to the quality of product. Moreover, mixing with
melamine and following by pyrolysis can lead to high-content N doping. The Ndoped GO exhibited good electrochemical catalysis properties.
Then the interphase induced dynamic self-stiffening effect in graphenebased PDMS composites was demonstrated. Under cyclic compression, realignment of PDMS chains along G/GO surface in the interphase area is
responsible for the observed stiffening behaviors. Due to interfacial interaction,
the addition of G/GO leads to physical crosslinking, which allows higher
polymer chain mobility as compared to chemical crosslinks, making the
polymer chain re-alignment and formation of a more ordered interphase
region possible. In comparison to G, GO is able to form thicker interphase layer
due to stronger interfacial interaction, leading to more pronounced stiffening
effect. At elevated temperature, the stiffening effect is enhanced because the
chain mobility is thermally enhanced and thus promoted re-alignment and reorientation. The understanding of self-stiffening mechanism gives new insight
into the importance of interphase, which is not only significant for the load
transfer but also for dynamic structural evolutions.
The self-stiffening mechanism obtained from graphene-based PDMS
composites was then applied to synthesize self-stiffening GO/PAM hydrogels.
GO/PAM composite hydrogels with superior mechanical performance and
dynamic self-stiffening responses have been reported here. The addition of
physical crosslinker GO significantly improved the mechanical strength,
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stiffness and stretchability of the hydrogels. By changing the physical and
chemical crosslinker ratio, the mechanical properties of hydrogels are easy to
be modulated to meet different application requirements. More importantly,
self-stiffening effect under both cyclic compression and tension loadings have
been observed in hydrogels materials for the first time. In GO/PAM composite
hydrogels, both chemical and physical crosslinks play a critical role in the selfstiffening effect as the physical crosslinks provide dynamic self-stiffening effect
through polymer chain realignment while chemical crosslinks act as a frame
for load-bearing. Under both cyclic compression and tension loadings, we
observed better performance with increasing GO content.
Lastly, PS-GO were used to improve the actuation efficiency of electroactive
hydrogel actuators. Due to the wrinkle surface of PS-GO, ions were easier to
trap inside and thus the electrical repulsive force between ions are stronger.
Therefore, the actuation efficiency was improved more than 2 times faster.
Further study could include GO synthesis mechanism from bio-waste
materials, heteroatom-doping mechanism in bio-waste GO, understanding of
the relationship of physical /chemical crosslinking network and mechanical
properties of hydrogel, the mechanism of fast actuation efficiency in multilayer hydrogel actuator.
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