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ABSTRACT

Fast growing miniaturization technologies in various fields have been facilitating the
development of actuators in micro/nanoelectromechanical systems. Advanced futuristic
actuator requires not only high in actuation performances, but also easy in designing,
fabrication, monitoring and controlling at nanoscopic or even atomic scale. Many conven-
tional electric and magnetic actuation materials are not suitable for miniaturization mainly
due to the unfavourable scaling factor. Functional materials (or namely smart material),
on the other hand, have received extensive attentions thanks to their inherent ability to
deform at small scales upon an appropriate extremal stimulus. Piezoelectric materials,
shape memory materials, and electro-active materials are three most widely used smart
materials for actuation. Not surprisingly, these materials have been successfully employed
in a myriad of applications at nanoscopic scales. For instance, many commonly studied
atomically thin materials have been reported to exhibit piezoelectric effect, both theoret-
ically and experimentally. Nanoscopic shape memory effect of traditional shape memory
materials, like shape memory alloys and shape memory polymers, is observed. Addition-
ally, quantum mechanical effect of nano electro-active materials, such as carbon nanotubes,
has inspired many new opportunities in quantum mechanical actuation of graphene-based
and two-dimensional materials. Here, we look at electromechanical properties of mono-
layer graphene oxide crystals that could potentially enable the possibility of designing
two-dimensional actuators. In this thesis, three types of electromechanical properties of
graphene oxide crystals (i.e. piezoelectric, shape memory, and quantum mechanical effects)
are explored via Density Functional Theory calculations. Firstly, highly ordered graphene
oxide crystals were found to exhibit a maximum in-plane strain of 0.12 % induced by
piezoelectric response. Secondly, a two-dimensional shape memory graphene oxide was
discovered. The recoverable strain is as large as 14.5 %. Lastly, some graphene oxide crys-
tals can have two-way quantum mechanical actuation performances. Specifically, a single
piece of graphene oxide crystal is capable of both expansion and contraction upon electron
injection only, thanks to the existence of intrinsic bi-stable phases. Throughout this thesis,
a case is made for monolayer graphene oxide crystals to be utilised in developing different

types of electromechanical nano- or two-dimensional actuators.
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Chapter 1

Introduction

“What could we do with layered structures with just the right layers? What would the
properties of materials be if we could really arrange the atoms the way we want them?
At the atomic level, we have new kinds of forces and new kinds of

possibilities, new kinds of effects.”

Richard P. Feynman

In this chapter, miniaturization of actuator and the rise of graphene are to be intro-

duced. This is followed by a brief overview of the outline and layout of the thesis.

1.1 Miniaturization of Actuator

Macro
Micro
Nano .
. ~s\\
Atomic S,
2000

Time

Figure 1.1: Progress of Miniaturization.

As predicted by Richard Feynman more than 50 years ago, miniaturization is con-
sidered as the most significant enabling technology of the last century. [19] Because of the
rapid development of miniaturization technology Fig. 1.1, [20] the ability to design and
fabricate intelligent and autonomous micro/nano-electronics has given birth to micro/nano-

electromechanical systems (MEMS/NEMS), which attracted intensive attention range from

1



1.1. MINIATURIZATION OF ACTUATOR

Table 1.1: Comparison of Actuation Mechanisms.

Actuation Developed Range of Power
.. force/ . Response .
Principle Motion density
torque
Electric/ Electromagnetic Small Large Fast High
Magnetic Electrostatic Medium Small Fast Low
i Piezoelectric Large Small Fast High
Functional
Materials- Shape Memory Medium Large Medium  Very High
Based Electro-active Small Large Fast Low
Quantum Small to Small to
Mechanical Large Large Fast Large

biomedical applications to aerospace industry. [21-23] Consequently, there is no doubt that
further miniaturization of such devices/systems to the ultimate atomic scale with greater
control and precision will not only continue, but also it will become a dominant technolo-

gical development in the near future.

An actuator - a device that converts external energy (e.g. electrical, thermal, chem-
ical and magnetic energies) to controllable mechanical deformation or motion - is the core
component of many such devices/systems. [24-28] Enormous amount efforts have been
made towards the development of actuator with desired properties and characteristics at
a microscale or even nanoscale, from which it has been concluded that while the same
material constant or physical law applied in the micro and macro world, the effect of these
parameters on the whole system and its performance changes dramatically. [20] That is
being said, there are several considerations that must be carefully taken into account when
making the correct choice of which actuation mechanism is to be implemented for a par-
ticular application at small scales. Among them, scaling law acts as the major deciding
factor in this emerging technology. Table 1.1 summarizes six commonly used actuation
mechanisms available for the miniaturization of actuator, associated with their inherent
properties. [20,29-32]

Overall, these actuation mechanisms are divided into two group. Conventional elec-
tric/magnetic actuation in which the actuation is achieved by connecting links through
kinematic pairs, similar to the macroscopic devices. Alternatively, functional materials-
based (sometimes also called smart materials) actuation is generated by the shape deform-
ation of the materials upon the external stimulus (i.e. stimuli-responsive materials), such

as electric field, mechanical force and heat.

Electromagnetic actuation is based on the attractive and repulsive forces generated

on conductors carrying current in a magnetic field. It is the most widely used actuator in
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devices and machines of macroscales thanks to its smooth and quick response on top of
the high power density, electric-motor is a good example. [24] However, it is rarely used in
micro/nanometre scales due to poor scalability of the electromagnetic force (i.e. F o< (%).
Besides the unfavourable downwards scaling, it is very difficult to implement electromag-
netic actuators at small scales due to the complexity of arranging the current-carrying
conductor in perpendicular with the moving elements. [20,31] As such, electromagnetic
actuators are not advantageous for MEMS/NEMS.

The electrostatic actuation results from Coulomb force of between two oppositely
charged surfaces. Although the electrostatic force is relatively small, clear advantages like
fast response and a much better electrostatic force scale of F' o [2, make it potentially use-
ful for micro/nano-actuators. [33] However, electrostatic actuation inherently exhibits low
power density and limited displacement. More importantly, the accurate position control
of the two oppositely charged surfaces is extremely difficult because of the scaling effects
on surface-related forces at small scales, such as adhesion and stiction. [20] This problem
remains as serious obstacle in developing electrostatic actuators for MEMS/NEMS because

it may cause some operational issue.

Expectedly, advanced actuators for MEMS/NEMS in the future need to revolutionary
in comparison to the conventional system. For example, this is a clear trend that a large
amount of elements (e.g. actuators and sensors) need to be integrated into extremely small
systems for multi-functional purposes. Based on the conventional actuation mechanisms
as discussed in the previous two paragraphs, it is quite challenging to assemble different
elements of the system even at microscale using current lithographic technology. Although
some sophisticated fabrication techniques can achieve the assembly of MEMS/NEMS down
to a few nanometer size recently, notably issues like batch production and reliability still

remain. [34]

To meet the requirement that MEMS/NEMS need to be monolithic and integrated to
become more intelligent and autonomous, functional-based materials look very promising
in this case because these materials can not only form the main body of the MEMS/NEMS,
but certain parts of the materials can also provide actuation or sensing simultaneously. [35]
Subsequently, it is foreseeable that smart materials will play dominate role in developing
advanced actuators at nanoscopic or even atomic scales. Three typical actuation mechan-
isms of functional-based materials that directly related to the major works of this thesis

are introduced as following.

Piezoelectricity was first demonstrated in 1880 by the French physicists Pierre and
Jacques Curie. The word ’piezo’ in Greek means 'to squeeze or press’, which implies elec-
tricity resulting from pressure. [36] A piezoelectric material is classified as a crystalline
material without inversion symmetry that exhibits a linear electromechanical strain when

subjected to the electric field. The piezoelectric effect is a reversible process, whereby,
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piezoelectric materials is able to convert a mechanical strain into an electrical signal. [36]
Owing to this interesting phenomenon, piezoelectric materials are widely used to operate as
actuators and sensors in various applications. [37] Despite relatively small strain perform-
ance (i.e. usually less than 1 %), piezoelectric actuation exhibits many highly desirable
traits, including fast response, high power density and linear electric field-displacement.
Predominately, the largely developed force/torque scaling renders piezoelectricity a very
promising candidate for actuation at small scales. [38,39] A more in-depth literature review

of using piezoelectric materials at micro-/nanoscopic scales will be discussed in Chapter 2.

Another widely implemented smart material actuation mechanism is based on shape
memory materials (SMMs). They are featured by the ability to recover their original
shape from a significant deformation upon an appropriate external stimulus. [40] This
shape memory phenomenon (also known as shape memory effect (SME)), occurs as a res-
ult of reversible phase transformation, is apparently ideal for actuation applications. [41]
Two major SMMs (i.e. shape memory alloys and shape memory polymers) are commonly
used. In general, reasonably large strain output associated with very high power density
can be generated. Although most SMMs are stimulated by heat (which results in a short-
coming of medium or slow response as indicated in Table 1.1), the response speed of more
recent SMMs can vary depends on the use of external stimuli, for example, electricity and
light. [42] Additionally, SMMs have a fascinating feature, so-called programmability. [43]
This feature enable the possibility that SMMs can be programmed for actuation following
a predetermined sequence, just like machines but with greater intelligence and flexibility,
whereby, the material can actuate, sense and react accordingly just like a machine. [35]
This is particularly desirable for the purpose of integration within MEMS/NEMS, and thus

utilizing SME in miniaturized actuators is very attractive.

The terminology of electroactive (EA) materials is a rather general description for a
range of smart materials. The most commonly used EA material for advanced actuation is
EA Polymers (EAPs). In general, EAPs actuators can be classified into two main groups
based on their actuation mechanisms, which are well-known as Electronic and Ionic EAP,
respectively. More recently discovered carbon nanotube (CNT) and graphene-based ma-
terials (detailed in Section 2.4) also belong to the family of EA materials. [44] The three
most promising actuation mechanisms employed by EA materials are electrostatic effect
for Electronic EAP, [45] ionic intercalation for Ionic EAP and quantum mechanical effects
for CNT and graphene-based materials. [10,14] While EAP materials exhibit large strain
output and fast response speed, they inherently have small force/torque scaling and low
power density. Moreover, they also suffer from operational problems like short cycle life

and low energy conversion efficiency. [44]

On the other hand, covalent carbon-carbon bond length change at the atomic scale in
highly publicised CNT and graphene-based materials can be used as actuation. [10,14] The

most contemporary actuation mechanism is called quantum mechanical effect, in which the
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strain output is induced by charge injection into the material. [14] Although the currently
reported strain output of quantum mechanical actuation is significantly smaller than that of
based on EAPs, the response speed is extremely fast and there is no need to consider scaling
law in this case thanks to the nanoscopic scale nature of these carbon-based materials.
Thus, quantum mechanical actuation is promising to offer exciting actuation possibilities in

advanced actuation technology, such as biomimetic technology and artificial muscle. [46,47]

1.2 The Rise of Graphene

As noted in the previous section, the ultimate goal of miniaturization will be manipulating
atoms, it is therefore naturally and unavoidable for us to focus on the materials used and

the corresponding energy employed, especially at nanoscopic or even atomic scale.

Graphene, a two-dimensional sheet of carbon honeycomb network, has become the
superstar in physics, material science and nanotechnology since its first discovery by A.K.
Geim and K. S. Novoselov in 2004. [48] Graphene has many extraordinary physical prop-
erties. It was reported that graphene exhibits a Young’s modulus of about 1.0 TPa and
a breaking strength of approximately 40 Nm™'. Amazingly, it is also elastically stretch-
able (i.e. approximately 20 %), which is more than any other crystal. [49] Graphene is a
perfect thermal conductor as well. A thermal conductivity value of about 5000 Wm™k~!
was obtained for a suspended monolayer graphene flake, produced by using mechanical
exfoliation. It is much higher than the value observed in all other carbon structures like
carbon nanotubes, graphite, and diamond. For instance, graphite shows a smaller thermal
conductivity about 1000 Wm =1k, [50]

The primary reason makes graphene extremely attractive in varies fields is due to
its extraordinary and unique electronic properties. The most discussed is graphene’s elec-

tronic spectrum. Electrons propagating through the honeycomb lattice completely lose

Figure 1.2: (a) Crystallographic structure of graphene. Atoms from different sublattices
(A and B) are marked by different colours.(b) Band structure of graphene. Reprinted from
Materials Today, Vol 10, Mikhail I. Katsnelson, Graphene: carbon in two dimensions,
Pages 20-27, Copyright(2007), with permission from Elsevier. [1]
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their effective mass, which results in the Dirac spectrum for massless fermions or quasi-
particles. [51-53] More specifically, charges carriers in graphene are described by a Dirac-
like spectrum as a direct consequence of graphene’s near perfect crystal structure, two
equivalent carbon sublattices A and B (Fig. 1.2 (a)). Two energy bands are formed at
K and K’ points (Fig. 1.2 (b)) as a result of quantum-mechanical hopping between sub-
lattice A and B. Besides, the conical energy spectrum is constructed near the edge of the
Brillouin zone. Consequently, quasiparticles in graphene are act as massless relativistic
particles (because of the linear dispersion relation is given by E = hkVy, where E is the
electron energy, h is the Planck’s constant, k is the wavevector, and Vy is the Fermi velocity
), and the role of the speed of light ¢ is replaced by the Fermi velocity Vyac/300. This
means that the electrons travel through the graphene sheet as fast as just one hundredth
that of the speed of light, and as if they carry no mass. [1,54] A carrier mobility in excess
of 200,000 cm?V~! is measured in 2008. [55]

These outstanding properties immediately generated extensive interest in the utiliz-
ation of graphene in a broad range of devices. Such as electromechanical resonators, [11]
ultrahigh-frequency transistors, [56] development of next generation semiconductor, [57]
advanced sensors [58] and actuators. [26,59] Although countless astonishing graphene-
based devices have already been created in the last decade, there still remains plenty of
unexplored areas that need for further research. A substantial reason is that pristine
graphene can be subjected to various structural modifications and surface functionaliza-

tion, [60] which leads to myriad possibilities beyond graphene.

The vast diversity of graphene oxide (GO) atomistic structures is a good example
of this. (A more in-depth literature review of GO and multiple GO crystals simulated in
this thesis will be discussed in Section 2.1) By considering two-dimensional GO crystal as
a smart material for developing advanced actuators at atomic level, three comprehensive
studies in thesis lead to the successful demonstration of piezoelectric properties of GO,
the discovery of two-dimensional shape memory GO and the observations of quantum

mechanical actuation associated new phenomena and high strain performance.

1.3 Thesis Overview

The scope of this thesis has been to investigate the virtually unexplored opportunities of
using two-dimensional graphene oxide crystals as smart materials-based electromechan-
ical actuators. Three basic actuation mechanisms (i.e. piezoelectric, shape memory and
quantum mechanical effects) are reviewed and they are successfully realized in graphene
oxide associated with the comprehensive physical understandings at atomic scale, as well
as, considerably high actuation performances, thus the main scope of this thesis. The
external electric field is applied perpendicular to the GO surface to achieve the highly
desirable two-dimensional piezoelectric and shape memory actuators. By providing the

evidence that GO crystal is programmable, GO has been revealed as the first reported
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two-dimensional shape memory material. Furthermore, upon the electron injection, two-
way quantum mechanical actuation phenomenon is observed thanks to the existence of

multiple phases in various GO crystals.

1.3.1 Chapter 2: Background, Theory and Method

In Chapter 2, a thorough literature review and the background theory on three actu-
ation mechanisms of functional materials-based actuators and more specifically at mi-
cro/nanoscopic scales is done. A discussion of density functional theory along with a brief
overview of Vienna Ab initio Simulation Package (VASP) used throughout this thesis is

included.

1.3.2 Chapter 3: Piezoelectric Properties of Graphene Oxide

In this Chapter, two types of highly ordered graphene oxide (GO) crystals (i.e. clamped
and unzipped) are shown to exhibit piezoelectric effect via first-principle density functional
calculations. The maximum in-plane strain of 0.12 % and piezoelectric strain coefficient
(d31) of 0.24 pmV~! can be obtained by applying an electric field perpendicular to the GO
basal plane. These values are comparable with those of some advanced piezoelectric mater-
ials. An in-depth crystal structural analysis revealed that the strain output or piezoelectric
strain coefficient ds; is highly depends on the oxygen doping rate, in where higher oxygen
concentration giving rise to a larger d3; in clamped GO whereas leading to a reduced ds;
in the unzipped GO. Thanks to the fact that piezoelectric effect is a reversible process,
this thinnest two-dimensional piezoelectric material enables great potential of adopting
GO as not only actuators, but also sensors a wide range of extremely small applications.

Publication of results [16] from this study is included in this thesis chapter.

1.3.3 Chapter 4: Two-dimensional Shape Memory Graphene Oxide

Here, in Chapter 4 the discovery of shape memory effect in a two-dimensional atomically
thin graphene oxide is demonstrated using density functional theory (DFT) calculations.
Graphene oxide with ordered epoxy groups, CgO, is found to have two intrinsically stable
phases (or so-called bi-stable phases). Upon a combination stimulus of applied electric field
and mechanical force, reversible phase transformation between these two phases lead to a
maximum large recoverable strain of 14.5 %. Detailed electronic and structural analysis
revealed that the phase transformation is trigged by on or off states of a unique intra-
molecular bond: long pair-pi switch. In addition, programmability, the most important and
fascinating feature of shape memory materials, is enabled as a result of co-existence of the
two stable phases in a coherent crystal lattice. Furthermore, a prototype design of a two-
way nano-actuator simulated solely by an external electric field is presented to demonstrate
its potential in emerging smart material-based actuation technology. Providing graphene
oxide crystal inherently exhibits many attractive properties similar to graphene (e.g. an
atomic thickness, excellent mechanical properties and electric-responsive), the discovery

of a two-dimensional shape memory graphene oxide may offer a myriad of opportunities
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for developing exceptional micro/nano-electromechanical devices in the near future. The
manuscript on this work has been accepted for publishing in Nature Communications and
is included in this thesis chapter. [17]

1.3.4 Chapter 5: Two-way Quantum Mechanical Actuation of Graphene
Oxide

This Chapter will discuss the observation that graphene oxide crystals with ordered epoxy
groups exhibit electron injection-induced two-way quantum mechanical actuation. Inspired
by the discovery of two-dimensional shape memory graphene oxide, [17] the search of
bi-stable phases among graphene oxide crystals with different oxygen concentrations is
applied to CgO, C120 and C140 GO crystals in this study. An appropriate oxygen doping
concentration leads to GO crystal with two stable phases (i.e. so-called meta-stable or
stable). Upon electron injection up to —0.12 e per atom, quantum mechanical actuations
of meta-stable and stable phases of GO crystals response complete oppositely. A maximum
contraction of approximately 5 % was obtained for the stable phase of CgO-asym GO, in
the contrary, a huge expansion of 8 % was measured for the meta-stable phase of the same
GO crystal. The work demonstrates that considerably large deformation in opposite two
direction can be obtained from a single piece of GO crystal. A manuscript on this work

has been submitted for review and is included in this chapter.

1.3.5 Chapter 6: Conclusion and Future Work

Chapter 6, a summary of the contribution to the field of smart materials-based actu-
ation technology for MEMS/NEMS using two-dimensional graphene oxide by the research
presented in this thesis is discussed. Finally, suggested future work to be carried out along
with further potential contributions to the field of futuristic two-dimensional actuators is

presented.



Chapter 2

Background, Theory and Method

2.1 Graphene Oxide

Similar to graphene, which is an atomic layer of carbon-atoms arranged in the honeycomb
networks. Graphene oxide (GO) can be considered as a single layer graphite oxide. It has
received tremendous research interests in the last decade, especially since the discovery of
graphene in 2004. [48] Although GO is a very popular material in various research fields
recently, graphite oxide was successfully fabricated more than one and a half centuries
ago. |61] There are three major approaches to synthesis graphite oxide, namely Brodie,
Staudenmaier and Hummers method. Due to highly toxic gas are generated (ClOg2) using
Brodie and Staudenmaier methods, Hummers method is widely used to produce graphite
oxide nowadays. However, it is important to note that graphite oxide synthesized using
this method show variance depends on the oxidants used, graphite source, and synthesis
conditions. [62] After the fabrication of graphite oxide, exfoliating of graphite oxide is ne-
cessary to produce monolayer GO sheet. A variety of thermal and mechanical exfoliation
methods have been proposed to achieve GO for different purposes. For example, exfoliation
of graphite oxide in water by sonication, [63] thermal exfoliation of graphite oxide to not
only GO but also graphene. [64,65]

OOH

OOH
OOH
OOH

OOH

Figure 2.1: Structure of Graphene Oxide. Reprinted with permission from [2] Copyright
(2010) American Chemical Society.
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After the synthesis of GO, it is essential to determine the structure of GO because
the different structural configurations of GO can lead to different mechanical and electric
properties. [49,66] Extensive studies using the state-of-art spectroscopic and microscopic
techniques have been employed to understand what and how oxygen functional groups
distributed on the GO surface. For example, Cai at al. identified that epoxy and hydroxyl
are the two major functional groups across the basal plane of GO using high-resolution
solid-state NMR. [67] Ruoff’s groups further investigated the distribution of the major
functional groups, which suggest that small islands of pure epoxide and hydroxyls can
exist. [68] While it is generally accepted that epoxy and hydroxyl groups are the two
major oxygen functional groups on the basal plane of GO (Fig. 2.1), varies GOs with
homogeneous or inhomogeneous surface of oxygen functional groups on the basal plane
are observed under different synthesis methods and conditions. [2,5,69-72] For instance,
hydroxyl groups dominant the basal plane of GO under hydrogen rich environment. [71]
On the contrary, GO with epoxy groups only can be fabricated under some well-controlled

experimental conditions, like oxidation under ultra-high vacuum condition. [5]

2.1.1 Graphene Oxide with Ordered Epoxy Groups

Direct observations of ordered line patterns of epoxides on the basal plane of GO have
been reported in experimental works. For example, atomic images of highly ordered GO
crystal with linear arrangement of epoxy groups in a region that covers over 50 % of the
total scanned area are captured by Pandey el al. using scanning tunnelling electron mi-
croscope. [73] Fujii and Enoki observed regularly spaced (about 5-10 nm) line defects on
chemically oxidized graphene sheet using non-contact atomic force microscopic imaging.
As shown in 2.2, these line defects with the length of more than 100 nm were identified
as the linear arrangement of epoxy groups. [2] In addition, many theoretical studies have
been carried out to provide the underlying formation mechanism of such GOs with linear
patterned epoxy groups in experiments. [3,74-76] The general explanation is that the pres-
ence of epoxy group in the graphene basal plane severely strains the graphene lattice. The
strain can be effectively reduced via the cooperative alignment of epoxy groups in rows,
which results in a more stable structures namely GO with order epoxy groups. The linearly
aligned epoxy groups tend to unzip the carbon-carbon bonds beneath the oxygen atoms
and reduce the energy further by approximately 1.2 eV per bond, which was believed to

cause the faulty lines in graphene observed via dark field optical microscope images. [74]

There are two possible configurations of GO with ordered epoxy groups that closely
resembles the one observed in Fujii and Enoki’s experiments. [2] They are named as sym-
metric (Sym) and asymmetric (Asym) GO as shown in Fig. 2.3 (a) and (b), respectively.
The Sym-GO is defined as linear alignment of epoxy groups on one side of the basal plane,
and Asym-GO is recognised if epoxide lines can be found on both sides. [76,77] Figure 2.3
shows GOs with the carbon to oxygen (C:0) ratio of eight. It is not a surprise that struc-

tural differences cause by the C:O ratio can lead to different electromechanical properties
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Figure 2.2: (a) NC-AFM image of the oxidized single graphene sheet with ordered winkles.
(b) Magnified NC-AFM image of the area indicated by the white square in (a). Average
heigh profile obtained for the dotted area indicated in (b) is superimposed on the image
(z-scale bar = 300 pm). Imaging conditions: cantilever = NSC11, Af = —20 Hz, V;,, =0
V.(c) Possible structural model of the linear epoxy groups for the observed height profile
in (b) is shown. In the stick and ball model, carbon and oxygen atoms are gray and red,
respectively. Reprinted with permission from [2| Copyright (2010) American Chemical
Society.

of the GO crystals. Hence, C:O ratios of 2, 4, 8, 12, and 16 are studied in this thesis.

Based on current available technologies, some possible fabrication methods are pro-
posed to synthesis GO with ordered epoxy groups in experiments. These methods are

generally divided into two main steps.

Since the precondition of GO crystals studied in this thesis contain epoxy groups
only, the first and prerequisite step is to achieve homogeneous functionalization of epoxy
groups on the GO surface. Although Hummers method is most widely used at present,
the chemical inhomogeneity of oxygen functional groups make this choice obviously unfa-

vourable for this case. Fortunately, there are two alternative methods in order to obtain

11
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Figure 2.3: Crystal structure of symmetric (a) and asymmetric CgO (b) with a and b as
the lattice constant in x and y-axis. Black and red spheres represent the carbon (C) and
oxygen (O) atoms, respectively. Angle o measures the bond angle of oxygen atom and its
two neighbouring carbon atoms. The symmetric CgO unit cell contains 8 carbon atoms
and 1 oxygen atom, and the asymmetric CgO unit cell contains 16 carbon atoms and 2
oxygen atoms.

the homogeneous functionalization. Hossain et al. reported that uniform functionalization
of epoxy groups can be achieved via oxidation of epitaxial graphene using atomic oxygen
under ultrahigh-vacuum condition. Additionally, it is crucial to notice that oxidation of
the graphene is completely reversible via thermal annealing or injection of electrons from
STM tip. |5] Another possible option is to use vacuum thermal annealing process. Mattson
et al. found the only epoxy groups were remained and these epoxides tended to form an

ordered line pattern. |70]

Given that GO with only epoxy functional groups can be achieved, the next goal is
to form linear alignment of the epoxy groups on the basal plane of GO crystal. Previously,
studies on the formation mechanism of linear epoxy groups have been reported for the pur-
pose of unzipping graphene sheets into GNRs. [2—4, 78] These studies provide many solid
evidences to support that the stability of GO with ordered epoxy groups, even take the
finite temperature effects into consideration. For instance, a theoretical study by Huang et
al. suggested that GO with well-ordered linear pattern of epoxy groups is the ground state
(or most stable) structure among approximately 17000 different GO structures tested. |[72]
In addition, the initial formation of linear epoxide is found attract and trap nearby oxygen
adatoms to diffuse to the end of epoxide, which leads to further growth of the epoxy lines.
However, it is energetically more favourable for the ordered epoxy lines to grow in three

directions of the graphene symmetry (Fig. 2.4 (e)). [3]
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To match the structure of GO with ordered epoxy groups as shown in Figure 2.3,
it is thus necessary to control and to guide the growth direction of the epoxy lines. One
possible approach is to transfer graphene onto a flexible substrate and then stretching or

bending the substrate before oxidation. The applied stress or strain in graphene layer not

Figure 2.4: (a,b) Energetic for the formation and growth of an extended linear defect
from the O diffusion to the NNN ET trimer (c,d). Schematic representation of further
nucleation and growth of O-driven unzipping in graphene. Reprinted with permission
from [3] Copyright (2012) American Chemical Society.

13
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Figure 2.5: (a) Graphene monolayer transferred to a flexible polymer substrate. (b) The
polymer substrate is bent and thus strain is exerted on the attached graphene sheet. (c)
Annealing of adsorbed O atoms forms parallel epoxy chains on the graphene. (d) Under
further oxidation, the graphene layer is unzipped into nanoribbons. Note that further ox-
idation in (d) is not necessary for this study. Reprinted with permission from [4] Copyright
(2011) John Wiley and Sons.

only breaks the symmetry of the honeycomb graphene but also reduces the reaction energy
barrier, hence serves as an external guide to promote the growth of epoxy lines. Figure
2.5 (a-c) indicates that parallel linear alignment of epoxy lines can be obtained using this

concept. [4]

Similarly, well-ordered linear epoxy groups could also be achieved by periodic rip-
pling of the graphene layer from mechanical compression. Specifically, periodic rippling of
graphene can be generated upon the applied mechanical compression. The residual strain
on the ripple ridges would make the C-C bond more reactive to oxygen adatom during ox-
idation. Subsequently, linear aligned epoxy groups could be allocated to the ripple ridges,
which lead to the formation of linear epoxides pattern. The rippling wavelength can be

precisely controlled down to approximately 1 nm range. [79]

Furthermore, as mentioned previously, Hossain et al. suggested that both thermal
annealing and injection of electrons from STM tip can be used to fully inverse the ox-
idation process. It means that the chemisorbed oxygen atoms (or epoxy groups) can be
selectively desorbed or relocated on the graphene surface follow a pre-determined design
by STM tip (Fig. 2.6 (c¢)). This enables highly desired nanopatterning of epoxy groups at
atomic precision using current available lithographic technologies. [5] Hence, it is plausible

to use STM tips to pattern parallel epoxy groups and subsequent oxidation under high
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10 nm

Annealed at Oxygen dosed at
260 °C room temperature

Figure 2.6: (a,b) STM images of UHV epitaxial graphene before (a) and after (b) annealing
at 260 °C. (c) STM image showing a region of the UHV oxidized epitaxial graphene surface
where chemisorbed oxygen has been reversibly desorbed by injection electrons from the
STM tip at a sample bias of +4.0 V and tunnelling current of 1 nA. (d,e) STM images
before (d) and after (e) hopping of chemisorbed oxygen on epitaxial graphene at room
temperature. The displace oxygen adatom is indicated in (e). All STM images were
acquired at a sample bias of +2.4 V and a tunnelling current of 50 pA. Reprinted by
permission from Macmillan Publishers Ltd: Nature Chemistry, [5] Copyright (2012).

vacuum (UHV) condition will lead to spontaneous growth of epoxy lines.
To conclude with, GO crystals with ordered epoxy groups have been observed ex-
perimentally, many theoretical works have been reported to understand the structural

mechanisms, and they could be synthesized using current available technologies. Thus, it

is necessary to investigate their electromechanical properties for two-dimensional actuators.
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2.2 Piezoelectric Effect

Piezoelectricity can be observed in crystals which lack inversion symmetry. The root of
the word ’piezo’ means ’'pressure’ in Greek, hence piezoelectricity implied 'pressure elec-
tricity’. Upon and applied external mechanical stress, piezoelectric materials can generate
electrical charges on the surface of the crystal. This is the direct piezoelectric effect dis-
covered in single crystal quartz by the Curies brothers in 1880. Conversely, a mechanical
strain can be induced by applying an external electric field. This is termed as converse
piezoelectric effect, which is discovered by Gabriel Lippmann in 1881. [36,37] Originally,
piezoelectric materials are all crystals (such as quartz and Rochelle salt). Until 1947, a new
piezoelectric material namely barium titanate (BaTiOs) was discovered by R.B. Gray (the
father of piezoceramics). [80] This discovery directly led to the rapid development of inor-
ganic piezoelectric materials (piezoelectric ceramics). For example, lead zirconate titanate
(PZT), one of the most commonly used piezoelectric material since its discovery by B. Jaffe
in 1954. [81] Piezoelectricity is not limited to inorganics, another important type of piezo-
electric material is piezoelectric polymers. Such as the most widely used semi-crystalline
piezoelectric polymer namely polyvinylidene fluoride (PVDF) artificially synthesized by H.
Kawai in 1969. [82] More recently, the development of lead-free piezoelectric ceramics and
piezoelectric composite (e.g. mixing piezoelectric polymer with ceramic to combine the
advantages of both materials) has attracted extensive attentions due to the environmental

and performance requirements. [37]

The piezoelectric effect follows a linear relationship between electric field and mech-
anical stress or strain. This unique phenomenon enables its widely usage for various elec-
tromechanical devices, such as sensor (from direct piezoelectric effect), actuator (from
converse piezoelectric effect), acoustic transducers and energy harvesters. [83] To under-
stand and describe the mechanical/electrical coupling in such devices, the fundamental

knowledge on piezoelectric coefficients is necessary.

Piezoelectric strain coefficient d represents the magnitude of the induced strain by
an external electric field. It has the unit of coulombs per newton (Cm~1) or meters per
volt (mV~1). Naturally, this is the key coefficient for actuator applications. On the other
hand, the electric field generated upon an external stress is represented by the piezoelectric
voltage constant g, which serves as an important parameter when using piezoelectric mater-
ials for sensors. [36,37] While there are other piezoelectric coefficients defined for different
purposes (for example, piezoelectric stress coefficient e and inverse piezoelectric strain coef-
ficient h), piezoelectricity related work only considers the piezoelectric strain coefficient d
for comparison reason between different piezoelectric materials since the primary aim of
this thesis is to investigate electromechanical properties of graphene oxide as advanced

actuators.

Two equations based on thermodynamics potential and energy exchange principles

can be used to describe piezoelectricity. [84]
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D; = eogij’ B + dijo g (2.1)

oy = S]JEUJ +dE; (2.2)

where D is the electric displacement; E is the electric field; o is the stress; § is the strain;
€o is the free space electric permittivity; d is the piezoelectric strain coefficient; €7 is the
material’s dielectric constant at a constant stress and S¥ is the material’s mechanical
compliance matrix; I and J are indices with values from 1—6 while ¢ and j are indices
from 1-3. D and E are (3 x 1) tensors indicating the three coordinate direction z, y and
z. o and delta are (6 x 1) tensors indicating the normal stresses or strains (elements from

1-3) and shear stresses or strain (elements from 4—6).

a b

l T+ l + + +

T 1 T ]
33 Model 31 Model

Figure 2.7: Piezoelectric transduction (a) 33 model (b) 31 model.

The piezoelectric strain coefficient d; 5 is a (3 X 6) tensor, which defined as the induced
mechanical strain of index J when the external electric field is applied in direction i.
There could be a total 18 independent d values. However, many of them are zero in most
piezoelectric materials (due to crystal symmetry), which greatly reduces the number of
values of interest. [84,85] Subscripts 4—6 represent the mechanical shear. Although it
is possible to induce shear strains upon the applied electric field, these d values are not
significant for piezoelectric actuators. Generally, piezoelectric strain coefficient dss and ds;
are used to compare the piezoelectric behaviours in electromechanical transducers. The
corresponding two popular and commonly used transduction models, namely 33 and 31
model, are graphically demonstrated in Fig. 2.7. For actuator applications, the induced

strain upon an applied electric field can be represented by the following equations:

01 = ds1E3 (2.3)
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03 = d33 3 (2.4)

where the ds3; coefficient implies the induced mechanical strain in a direction perpendicular
to the direction of the applied electric field and the ds3 coefficient describes the induced

mechanical strain in the same direction of the applied electric field.

2.2.1 Piezoelectricity at Nanoscale

In the past two decades, the combination of rapidly growing nanotechnology and piezo-
electricity lead to many interesting one-dimensional, two-dimensional and zero-dimensional
piezoelectric nano-structures based on commonly available piezoelectric materials. [86]
Firstly, numerous one-dimensional piezoelectric nano-strucutures have been proposed in
the form of nanowires or nanofibers (i.e. typically with a character dimension less than
100 nm and a length more than 1 mm) to enhance the piezoelectric effect and mech-
anical properties. For example, Zinc Oxide (ZnO) nanowires, Aluminium nitride (AIN)
nanowires, PZT nanofibers, BaTiO3 nanowires and PVDF nanofibers. [87-91] Among
them, ZnO nanowires has attracted most interest thanks to the successfully utilisation
of ZnO naonowire for self-power nanogenerator (conversion of mechanical energy into elec-
tricity). [87] Moreover, two-dimensional piezoelectric nano-structures (i.e. nanofilm with
a nanometre thickness) have been reported. Commonly used piezoelectric nanofilms are
PZT nanofilms, ZnO nanofilms, and BaTiOs nanofilms. Similarly, the mechanical and
piezoelectric are enhanced at nanoscale. [92,93] Recent interests on piezoelectric nanofilms
are focus on transfer them onto flexible substrates for the purpose of energy harvesting. [94]
Furthermore, the zero-dimensional nanoparticles are fundamental the piezoelectric nano-
composites of other types of piezoelectric nano-structure, which have received extensively
attentions in recent years. The nanocomposites by adding inorganic piezoelectric nano-
particles into piezoelectric polymers are popular choices to achieve desired electromechan-
ical properties. For example, the incorporation of ZnO nanoparticles into the piezoelectric
polymer matrix (PVDF thin films) enhances the piezoelectricity of the bulk film while
preserving the mechanical flexibility of the polymer. [95]

When consider utilizing smart material for miniaturized actuators, electrostatic forces
between charged surfaces have been implemented to actuate MEMS /NEM. [96-98] Despite
this technology has successfully provided many new application possibilities, the electro-
static approach is however limited because continued down-scaling of such electromechan-
ical devices to NEMS requires the increase of integration density, faster actuation, larger

displacement and more powerful actuating elements (as discussed in Chapter 1).

Piezoelectric materials, on the other hand, possess two extremely attractive advant-
ages in continuing down-scaling of electromechanical devices to nanoscopic scale. First and
most importantly, piezoelectric materials are much more favourable in downwards scaling.
For example, wurtzite-structured crystals (e.g. AIN) shows bulk piezoelectric response

even down to tens of nm range. In addition, piezoelectric effect of ferroelectric materials
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remains validate in nanofilms only a few unit cells in thickness. Note that piezoelectric
response occurs in all ferroelectric materials. [99] The decrease of size dimension also asso-
ciated with the scaling of energy density, which enables the possibility of generating usable
piezoelectric actuation with very small volume nano-structures. This further leads to the
decrease of complexity in NEMS, thus results in higher integration density. [85] Secondly,
piezoelectric actuators have significantly higher power density than the electrostatic actu-
ators thanks to the linear electromechanical coupling of piezoelectric materials. [36] On top
of the high power density, piezoelectric materials in form of thin films (i.e. piezoelectric
thin films) exhibit the free space electric permittivity g (Equation 2.1) exceeds that of air
by factors of abour 10—1000. [100] As a consequence, the required electric field (or driving
voltage) to operate piezoelectric actuators to achieve a given displacement in structure of

the same stiffness typically drop by at least an order of magnitude. [85]

Overall, it seems like that the piezoelectric thin films, especially nanofilms based
on inorganic piezoelectric materials, are promising candidate for further development of
piezoelectric actuators in NEMS. Nevertheless, there are two major constraints may signi-
ficantly affect the piezoelectric response of these thin films. Firstly of all, the preparation
of many nanofilms involves the transformation of films on to flexible substrate. This pro-
cess may cause unwanted tensile or compressive stress due to mismatch between the film
and the substrate, which may result in a higher electric field for inducing the piezoelectric
response. [101,102] More importantly, there exist a critical film thickness below which the
ferroelectricity (thus piezoelectricity) would disappear. [103] This well-known phenomenon
strictly restricts the development of nanoscale electromechanical devices with thickness

lower than the critical value.

A question arises: Will atomically thin materials exhibit piezoelectric effect so that

electromechanical devices could be scaled down to the thickness of a single atomic unit cell.
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2.2.2 Atomically Thin Piezoelectric Materials

The answer is yes. The original investigations of piezoelectricity on atomically thin ma-
terials were started with density functional theory calculations. Many commonly studied
two-dimensional materials including monolayer transition metal dichalcogenide (TMDC)
(e.g. MoSs, MoSey, MoTey, WSs, WSes and WTey) and hexagonal BN are predicted to
exhibit piezoelectricity. The calculated piezoelectric strain coefficients d range from 0.6
pmV~! for monolayer BN to 2—10 pmV ! for the dichalcogenides. [104] While the piezo-
electric strain coefficients of these two-dimensional materials still smaller than that of for
lead zirconium titanate, some of these two-dimensional materials show similar or stronger
piezoelectric coupling in comparison to conventional bulk piezoelectric materials, such as
wurtzite structures. [105] The discovery of strong piezoelectricity in these two-dimensional
materials greatly encourages researcher all over the work to explore piezoelectric two-

dimensional materials experimentally. [106]

Indeed, experimental observations of two-dimensional piezoelectric materials have
been reported recently. [107-109] Hangyu et al. reported a free-standing single layer of mo-
lybdenum disulphide (MoSs2) in 2014. The measured piezoelectric coefficient of eq; equals
t0 2.9 x 1071 Cm ™!, which agrees well with previous simulation prediction. [107] In addi-
tion, MoSs flakes with only odd number of atom layers can produce piezoelectric voltage
and current output upon the cyclic stretching and releasing. [108] Moreover, anomalous
piezoelectricity has been studied in two-dimensional graphene nitride (C3Ny4) nanosheets.
Despite C3Ny should be a non-piezoelectric material due to inversion symmetry, the regu-
larly space triangular hole (non-centrosymmetric) in C3N4 nanosheet can lead to piezoelec-
tric response. The predicted piezoelectric coefficient of e;; equals to 0.758 x 10710 Cm~—2

is significantly larger than that of the commonly compared a-quartz. [109]

2.2.3 Graphene-based Piezoelectric Materials

For pristine graphene, however, the short answer is no. This is due to pristine graphene
exhibits inversion symmetry (i.e. point group of 6/mmm) as discussed at the beginning
of this section, a key characteristic of piezoelectric material is that they belong to a non-
centrosymmetric point group (a material without an inversion symmetry). [7] Graphene is
an intrinsically non-piezoelectric material, and the inversion symmetry element must be

broken in order to induce piezoelectricity.

Fortunately, recent studies have successfully demonstrated that piezoelectricity can
be engineered into intrinsically non-piezoelectric graphene. There are two different ap-
proaches to achieve piezoelectric graphene. Firstly, the concept of all dielectric materials
are capable of producing polarization under a non-uniform strain or strain gradients due
to flexoelectric effect was used to induce piezoelectricity in graphene nanoribbons (GNRs)
by Swaonil et al. in 2012. [6] By introducing specific in-plane defects, they proposed that
even under the application of uniform stress, differences in material properties at the in-

terface will results in the presence of strain gradient. As long as certain symmetry rules
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uniform strain Development of Polarization

Figure 2.8: (a) Pristine GNR, circular hole GNR, and graphene sheet with triangular hole.
The white colored atoms refer to hydrogen atoms which mark the termination of GNR.
(b) The development of polarization for triangular-hole-graphene sheet under the action
of strain. Reprinted from [6] with the permission of AIP Publishing Copyright (2012)

are followed, the net average polarization will be non-zero and the GNRs with holes will
exhibit an over electromechanical coupling under uniform stress behaving like a piezoelec-
tric material. While the pristine graphene and GNRs with circular porous did not show
any piezoelectric behaviour, graphene sheet containing triangular holes developed a large

amount polarization under the action of mechanical strain. (Fig. 2.8)

The second approach to break the inversion symmetry of pristine can be achieved
via adatom adsorption onto the graphene surfaces (Fig. 2.9). An external electric field
applied perpendicular to the graphene sheet induces an equibiaxial strain in the plane of
the sheet. Comparing to pure graphene, it is clear to see that these adatoms (i.e. Li,
K, H, and F) on the surface successfully break the inversion symmetry and changes the
electromechanical properties. This leads to a linear electromechanical coupling between
applied external electric field and induced strain (Fig. 2.9 (c)), the slope of which gives
the piezoelectric coefficient d3;. The calculated maximum piezoelectric strain coefficient
d3; of 3.0 x 107! pmV~! is comparable to a theoretical value for wurtzite boron nitride
3.3x 10! pmV~!. The piezoelectric coefficients have also been calculated to show that the
piezoelectric performance of engineered piezoelectric graphene is comparable to common

piezoelectric materials. [7]

21



2.2. PIEZOELECTRIC EFFECT

0.002— .

graphene

04 02 0 02 04
Electric Field (V/A)

Figure 2.9: (a) Unit cells for each of the adatom cases studied are highlighted in yellow.
Periodic boundary conditions are employed in all cases. (b) Point group symmetry of
lattice unit cells for each case of atom adsorption considered here. In all cases, inversion
symmetry is destroyed, leading to piezoelectricity. (c¢) An external electric field applied
perpendicular to the graphene sheet induces an equibiaxial strain in the plane of the sheet.
This results in a linear relationship between the electric field and strain at low fields, the
slope of which gives the ds; piezoelectric coefficient.Reprinted with permission from [7].
Copyright (2012) American Chemical Society.

Given the bright prospects that intrinsic piezoelectric properties are found in many
two-dimensional materials both theoretically and experimentally along with the ability to
engineer piezoelectricity within pristine graphene utilising different approaches, it becomes
natural to investigate the potential of using GO with ordered epoxy groups (discussed in
2.1.1) as atomically thin piezoelectric materials for advanced actuators in NEMS. The ex-

ploration of piezoelectric properties of graphene oxide is detailed in Chapter 3.
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2.3 Shape Memory Effect

As an important member of the stimuli-responsive smart materials family, shape memory
materials (SMMs) are characterized by the ability to recover their original shape from a
significant or quasi-plastically deformation upon an appropriate external stimulus. [40—-
42] This interesting shape memory phenomenon occurs as a result of reversible phase

transformation and it is well-known as the shape memory effect (SME).

SME

State 2

SCE

State 1

Figure 2.10: Comparison between SME and SCE from an energy point of view.

In many occasions, SME is discussed with other stimuli-responsive shape change effect
(SCE), that is the phenomenon of shape change materials (SCMs) return its original shape
either instantly or gradually as soon as the applied stimulus is removed. A very important
feature namely programmability is generally employed to distinguish SMMs from SCMs.
Specifically, it means that SMM can be programmed or fixed into different temporary
shapes. Figure 2.10 explains this key feature from an energy point of view. Clearly, the
difference between SME and SCE is due to the magnitude of energy barrier between state 1
and state 2, in which SME has a high energy barrier (indicated by the red arrow) and SCE
has a very low or negligible barrier (represented by the dashed lines) between these two
states. Consider state 1 as the original shape, the presence of external stimulus leads to
the phase transformation from state 1 to state 2 thanks to the SME. Upon the removal of
the external stimulus, SMM is programmed or fixed at the temporary shape (i.e. state 2)
because additional energy or driving force is required to overcome this high energy barrier
and return to its original state. On the other hand, SCM requires no extra energy since
there is no energy barrier or the energy barrier is very small. The original state 1 of SCM
can be realised instantly or gradually. [43,110,111] There is no programming or shape

fixing step in SCE.
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2.3.1 Shape Memory Materials and Shape Memory Mechanisms

The first discovery of SMA need to be traced back to Arne Olander’s work in 1932. [112]
However, its great potential was not recognised by public until SME was uncovered in
nickel-titanium (NiTi) alloy by William Buehler and Frederick Wang in 1962. [113] After
more than 50 years of development, many different types of NiTi-based, [114,115] iron-
based(Fe) [116] and copper-based [117,118] SMAs have been implemented in various fields,
range from aerospace industry to mini actuator in micro-robotics. [32,119-121] Note that
most SMAs are thermal-responsive and NiTi-based SMA is the most favourable choice due
to intrinsically drawbacks of other types like instability, impracticability and poor thermos-

mechanic performance. [8,122,123|

The shape memory mechanism of SMA need to be explained from the prospect of
phase transformation (or martensitic transition). Fundamentally, there are two phases,
namely martensite and austenite, exist in SMAs. Figure 2.11 shows the schematic illustra-
tion of thermal induced SME in SMA as a result of phase transformation. The temperature
at which the phase transformation takes places is named the transition temperature Ty qns.
Consider martensite as the original shape, SMA is in its martensitic phase when the tem-
perature is above the room temperature but below Tyqns. In this range, the alloy can
be easily deformed, and shape fixing can be obtained. Upon the heating, phase trans-

formation can occur and the alloy is in its austenitic phase when temperature is above

Cooling Heating
T < Ttrans T > Ttrans
Austensite
-
Deformation
T < Ttrans
Martensite Deformed Martensite

Figure 2.11: Schematic of shape memory mechanism for thermal-responsive SMA.
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Figure 2.12: Schematic of shape memory mechanism for thermal-responsive SMP.

Tirans- Interestingly, cooling the SMA (i.e. below Typqps) leads to the second phase trans-
formation from austenite to martensite, which obviously indicates the recovery of original
shape. [8,40,42,116]

Another commonly used SMM is shape memory polymer (SMP). Similar to SMA,
the SME of most SMP is triggered by the temperature change. [123-125] However, the un-
derlying shape memory mechanism of SMPs must consists a dual-segments system, which
is significantly different from SMAs. Described above. The dual-segments based shape
memory mechanism is presented in Fig. 2.12, the network segment is usually hard in or-
der to maintain or recover the parent (or original) shape of the polymer. The switchable
segment can be soft or ductile, that is the stiffness of SMP depending on the presence of
a right stimulus. [126] Taking the thermal-responsive SMP as an example, Figure 2.12 (a)
indicates that the polymer remains at its original shape when the temperature is below
Tirans- Heating the polymer above Tyqns, the switchable segment is activated so that the
polymer can be easily deformed if a stress is applied as shown in Fig. 2.12 (b). Cooling the
polymer below Typqns results in the shape fixing at this deformed shape even the applied
stress is completely released, in another word, the programming to a temporary shape is
obtained (Fig. 2.12 (c)). Finally, the temporary shape constraint can be removed by heat-
ing up the polymer again above Typqns. Therefore, shape recovery is achieved as illustrated
in Fig. 2.12 (d). [42,43,126]

Depending on the selection requirements for different applications, SMAs and SMPs
have their own advantages and disadvantages constitutionally. In general, SMAs inherently
exhibit excellent mechanical properties, which result in high force/stress output. Never-
theless, the theoretical recoverable cycle strain is relatively small (approximately up to 8
%). |8] The performance can degrade due to fatigue and reliability issues of the alloys.

Moreover, permanent plastic deformation caused by overstretching or overheating can lead
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Figure 2.13: Specific modulus (ratio of elastic modulus over density) as a function of
maximum recoverable elastic strain for common actuation materials (including SMA and
SMP highlighted in yellow). Adapted from references [8,9].

to the failure of SMAs. Hence, it is critical to note that the actual usable strain of SMAs
is mostly restricted to 4 % or less. [127] Although ultralow-fatigue SMA films have been
reported recently, the strain output has to be compensated considerably. [128] SMPs, on
the other hand, possess a few benefits over SMAs such as lower density (i.e. 0.9—1.25
gem?) and easier in processing and in tailoring properties. The most noticeable advantage
of SMPs is large attainable strain up to 400 %. However, their poor mechanical properties
(i.e. lower stress/force output) have hugely limited the potential of using SMPs in real-
life. [43,124]

An ideal actuator should be able to generate large deformation while maintain excel-
lent mechanical properties for high power output and small in density for easier tailoring
and integration. Thus, the specific modulus (ratio of elastic module over density) are
the two major performance parameters. The actuation performance based on these para-
meters for current available materials including SMMs (highlighted in yellow) is shown in
Fig. 2.13. Basically, an actuation material with high strain output usually has a very

small specific modulus, while excellent mechanical properties always associated with small
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deformation. The red dashed line indicates the upper bound for conventional actuation
materials. [9] The development or discovery of new materials above this limitation line is

necessary for futuristic actuator.

2.3.2 Multi-shape Memory Effect

Thanks to a much larger strain performance and a wider shape recovery temperature
range, it is possible for SMPs to have more than one temporary shapes in each shape
memory cycle. This phenomenon is classified as multi-shape memory effect (multi-SME).
Despite the first multi-SME (or triple-SME with two temporary shapes) was only re-
vealed in 2006 by Lendlein, [129] most research groups active in SMPs have reported
multi-SMPs. [130-133] Obviously, multi-SEM can provide much better controllability and
programmability to enable much flexible shape morphing technology. [42,43]

Temporary
.......... Shapel .
Original Shape Shape Recovery
H : Temporary
; : Shape 2 )
il — I — @ L —
a b ¢ d e f

Figure 2.14: Schematic of multi-shape memory effect for thermal-responsive SMP.

The fundamentally shape memory mechanism is not different from traditional SME,
where the phase transformation is originated from glass transitions between a soft and hard
state in SMPs. The only difference is that the switchable segment is more versatile for a
multi-SMP. Take triple-SMP as an example, instead of one programming and shape fixing
step, a two-step programming and shape fixing (Fig. 2.14 (b,c) and (d,e)) is required by
controlling the external stimulus. [134,135] It is essential to note that intermediate shapes
along the same recovery pathway does not count as multi-SME, shape change between

temporary shapes must be a discontinuous fashion. [43,132]

2.3.3 Shape Memory Effect at Nanoscales

Stimulated by the fast growing miniaturization technology, recent interest and utilization
of conventional SMMs is motivated by the increasing popularity and large potential asso-

ciated with micro- and nanotechnologies. Extensive studies, especially at nanoscale, have
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been reported to demonstrated micro-/nanoscopic SME at the surface of bulk SMAs and
SMPs. [136-139] The shape memory mechanisms at small scales are identical to those
at macroscopic scale. For example, thermal induced martensitic transformation at nano-
scopic scale is observed on NiTi thin film using nanoindentation technology. The depth
of nano-indents are found to be less than 100 nm. [136] For SMPs, nano-indents as small
as approximately 20 nm can be created to generate glass transition induced SME through
leaser heating and indentation techniques. [140] These observations can be classified as

shape memory surfaces.

While shape memory surfaces of conventional SMMs can be directly used for many
surface morphology applications via nanopatterning, [137,141] it should be noted that the
materials themselves are still at relatively large scales (e.g. macroscopic or sub-micron
range). That is to say, the presence of SME is greatly depend on the sample size. It has
been reported that the martensitic transformation for SMAs, thus the SME, completely
vanishes when the size is smaller than several nanometres due to the influence of surface
and interface energy. [142-146] Additionally, utilizing SMP based shape memory surfaces
in NEMS may be extremely difficult because it is unlikely to fabricate a single piece of
polymer at nanoscopic size. More recently, BiFeO3 (BFO) with the thickness of 150 nm is
found to exhibit SME as a result of martensitic-like phase transformation. However, the
dissolving of phase mixture (i.e. R/T mixture) for shape memory oxide (BFO) fades away
the SME when the lateral size of the sample is smaller than 10 pm. [147] Therefore, it is
extremely challenge to miniaturize conventional SMMs down to approximately nm range

due to their inherent constraints.

As mentioned previously, most often employed SMMs are stimulated by heat as men-
tioned previously. Consequently, inefficient heating and cooling processes during each shape
memory cycle directly leads to low actuation frequency. [32] This is another major draw-
back besides the intrinsic size effect. Furthermore, the controllability of thermal-responsive
SMMs is rigorously limited due to carefully monitoring and controlling are mandatory to
avoid overheating and damaging. [148] Given that high actuation frequency is exceedingly
desired in miniaturized actuators, it is foreseeable that SMM-based nano-actuators stimu-

lated by heat will suffer when fast response speed is required for NEMS.

Therefore, rather than focusing on optimizing nanoscale SME in a bulk or non-
nanoscale SMMs, a brand new approach by finding a shape memory nano-material or
SME of a two-dimensional material is proposed in this thesis. One may expect that two-
dimensional SMM that exhibits large deformation at sub-nanometer scale in conjunction
with high actuation frequency will offer great potential for future nano-actuators. The

findings from this investigation is detailed in Chapter 4.
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2.4 Quantum Mechanical Effect
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Figure 2.15: Quantum Mechanical Actuation of Graphene upon charge injection.

Actuation induced by quantum mechanical effect can be simply classified as the length
change of covalent bond upon external charge injection (i.e. electron or hole injection). The
underlying mechanism is originate from the changes in orbital occupation and band struc-
ture of an atom lattice. [10,14,15] Since the works of this thesis is focus on graphene oxide,
quantum mechanical actuation of both electron injection and hole injection are presented
here by taking monolayer graphene as an example (Fig. 2.15), When the graphene is charge
neutral (Fig. 2.15 (a)), the Fermi level is at the same level as the Dirac point. Electrons
have fully occupied the bonding state (below the Fermi level) and the anti-bonding state
is empty at this stage. Upon the electron charge injection (Fig. 2.15 (b)), the Fermi level
will shift above the Dirac point and excess electrons into the system start to fill in the anti-
bonding state (or the valence band), which is unoccupied under charge neutral condition.
This directly leads to a change in orbital occupation of the atomic lattice. Specifically, 7
orbitals of carbon atoms. Owing to the anti-bonding nature of these 7w orbitals, a repulsive
force is generated between the m orbitals of each carbon atom and a resultant carbon-
carbon covalent bond expansion can be observed. Thus, actuation of graphene along the
basal plane. Alternatively, if the graphene is subjected to the hole injection (electrons are
gradually removed from the system), the Fermi level will decrease below the Dirac point
(Fig. 2.15 (c)). Electrons are removing from the bonding state (or conduction band),
the strength of neighbouring carbon-carbon covalent bonds become weaker and weaker.

Consequently, the expansion of graphene. [1,54,149]

2.4.1 Actuation of Carbon-based Materials

One of the first demonstrations of quantum mechanical actuation in carbon-based materials
was reported in 1999, Baughman et al. proposed the revolutionary carbon nanotube (CNT)
actuator. [10] As shown in Fig. 2.16 (a), the carbon single-walled nanotubes (SWNT) sheets
were immersed in an aqueous electrolyte (blue background). Two actuation mechanisms

of the CNT actuators are claimed based the charge density. For low charge densities, it
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Figure 2.16: (a) Experimentally derived changes in basal plane strain as a function of
nominal charge for graphite intercalation compounds. (b) Schematic illustration of charge
injection in a nanotube-based electromechanical actuator and the effect of nanotube bund-
ling. From [10]. Reprinted with permission from AAAS.

was found that the actuation strain is major induced by the quantum mechanical effect
(i.e. the dimensional changes in the carbon-carbon covalent bond upon charge injection).
Both expansion and contraction of the carbon-carbon bond are observed for electron in-
jection and hole injection, respectively. This observation agrees with basal plane strain of
graphite intercalation compounds upon charge injection (Fig. 2.16 (b)) For high-density
charge injection, the quantum chemical effect and electrostatic-double layer (EDL) effect
dominate the actuation performance, where the electrostatic repulsive force between like
charges on the CNTs work against the stiff carbon-carbon bonds to elongate and expand
the nanotubes. No contraction is observed for charge injection of either sign. By applying
a low operation voltage of a few volts, the maximum observed strain for CNT bundle is
approximately 0.2 % and the predicted strain performance of non-bundled SWNT would
be about 1 % due to dramatically increase in surface area. For comparison, piezoelectric
actuators only provide a strain of 0.1 % at very high voltage. On top of exceptional strain
performance, the actuation frequency is greater than 1 KHz and much higher value may
be achieved for single nanotube actuator. Furthermore, a close-packed SWNTs bundle are
able to generate extremely high work density thanks to their inherent high modulus (0.64
TPa). Following this seminal work, many experimental works have sought to optimise
this novel actuator. [150-152] From the theoretical side, density functional theory study
with periodic boundary conditions suggested that asymmetric strain-charge relationship
with respect to sign of charge transfer and the strain charge curves strongly depend on the

nanotube type when the tube diameter is small. [153]

Inspired by the CN'T actuators, great progress has been made in graphene-based ac-
tuators since its discovery in 2004. [48]| Here, a few examples based on different mechanism
are discussed. One of the first related study was utilising suspended exfoliated graphene
sheets as electromechanical resonators by the McEuen group (Figure 2.17). The graphene
sheets were mechanically exfoliated over predefined trenches etched into a SiO9 surface and

the graphene resonators were stimulated by either electrical or optical modulation. They
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Figure 2.17: (a) Schematic of a suspended graphene resonator. (b) An optical image of a
double-layer graphene sheet that becomes a single suspended layer over the trench. Scale
bar, 2 uym. Each colored circle corresponds to a point where a Raman spectrum was
measured. (c¢) Raman signal from a scan on the graphene piece. Each colored scan is data
taken at each of the matching colored circles. The top scan is used as a reference and
corresponds to the Raman shift of bulk graphite. (d) An optical image of few-layer (~ 4)
graphene suspended over a trench and contacting a gold electrode. Scale bar, 1 ym. (Inset)
A line scan from tapping mode AFM corresponding to the dashed line in the optical image.
It shows a step height of 1.5 nm. (e) A scanning electron microscope image of a few-layer

(~ 2) graphene resonator. Scale bar, 1 um. From [11]. Reprinted with permission from
AAAS.

found that the single-layer graphene exhibits a resonant frequency of 70.5 MHz, and the
resonant frequencies (i.e. range from tens to hundreds of MHz) vary with the thickness of
the graphene sheets (or number of layers). In addition, the graphene resonators give the
highest modulus, greater than Si cantilevers and similar to carbon SWNT and diamond
in NEMS. [154,155] Importantly, the graphene resonators show no degradation in Young’s

modulus with decreasing thickness unlike the ultrathin Si cantilevers. [156]

A novel unimorph electrochemical actuator based on a monolithic graphene film with
asymmetrically modified surfaces was developed by Xie et al. [12] Taking the advantage
of asymmetrical electrochemical responses, the actuation of graphene film was generated
by treating one side of graphene surface with Hexane plasma and treating the other side
with O9 plasma (Fig. 2.18 (a)). Specifically, the asymmetric-modified graphene strip was
immersed into the aqueous 1M NaClOy electrolyte. By applying the potential region of
+1.2 volts, the graphene strip showed a maximum deflection of 15 mm at the tip, which
reversed on reversal of the applied potential (Fig. 2.18 (b)). The untreated graphene film
and the sample with both sides treated by hexane or Oy plasma do not show significant

actuation under same setup. Additionally, the length changes of graphene strips treated
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Figure 2.18: (a) Cross-section SEM image of a graphene film (scale bar: 1 pm) asym-
metrically treated with hexane and oxygen plasma (schematic illustration). (b) Curvature
change of an Asy-modified graphene strip as a function of applied CV potential within 1.2
V. Insets show the status of the graphene strip at 1.2, 0, and 1.2 V, respectively. Reprinted
with permission from [12]. Copyright (2010) American Chemical Society.

solely with Hexane and O plasma under applied potential was investigated. Similar to the
CNT actuator discussed above, the electron injection causes an expansion and a contrac-
tion occurred for the hole injection. The maximum length change up to 0.2 % is obtained

for O2 plasma treated graphene strip.

In contrast with many conventional material, graphene contracts upon heating(i.e.
negative coefficient of thermal expansion). [157,158] A graphene/epoxy hybrid bimorph
microactuator based on this distinctive behaviour has been reported by Zhu et al. [13] The
conducting graphene films were directly heated and the organic epoxy film was warmed
up by the diffused heat upon applying the electric power. The asymmetrical thermal
expansion between the graphene and epoxy films is expected to cause upward deflection
of the actuator upon heating the setup. Figure 2.19 (a) shows that the deflection of the
cantilever increased linearly with temperature or the input voltage from 1 to 4 volts. The
cantilever also produced a very rapid response even at a low input voltage because of the
high thermal conductivity of graphene. For an input of 1 volt, the cantilever tip moved up to
1 pm in 0.02 s and returned to its starting position in 0.1 s. Since graphene is used for both
actuation and structural support to generate a flapping and bending movement that could
be controlled by the applied voltage which is in a similar form to the transparent dragonfly
(Fig. 2.19 (b)), the graphene/epoxy hybrid bimorph actuator highlight its potential for

biomimetic actuators. [159,160]

2.4.2 Quantum Mechanical Effect of Graphene and Graphene Oxide
with Order Epoxy Groups

Despite graphene-based materials were proven have the potential to develop high per-
formance actuators in MEMS/NEMS, the strain contribution from individual actuation
mechanism remains unclear. Thus, further studies are required to provide a comprehens-

ive understanding of actuation mechanisms in graphene actuators fundamentally.
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Figure 2.19: (a) Tip displacement of the cantilever beam as a function of temperature.
Each data point is the average value of five measurements, and the standard deviation is
shown as error bars. The solid line shows the fit to the data obtained from FEA. The
insets show the SEM images of the initial position of the cantilever beam (top left) and
bend up state upon applying electrical power (rightbottom). (b) Graphene-on-organic film
which is in the form of a dragonfly wing. Reprinted with permission from [13]. Copyright
(2011) American Chemical Society.

Recently, ab inito density functional theory studies were carried out by Rogers G. and
Liu Z. to investigate the quantum mechanical and EDL effects in detail for monolayer layer
graphene and graphene oxide. [14,15,47] Recall that the high carbon SWNT sheet strains
were likely due to some two combinations of two phenomena: the quantum-mechanics and

the electrostatic double-layer (EDL) that forms aside a charge surface. [10]
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Figure 2.20: Quantum mechanical and Electrostatic Double-Layer (EDL) effects of
graphene actuation. Reprinted with permission from [14] Copyright (2011) American
Chemical Society.

In the case of pristine monolayer graphene (Fig. 2.20), it was shown that the formation
of an EDL is the dominant actuation mechanism. The EDL induced strain (approximately

1 %) was found to exceed the quantum-mechanical strain (0.2 %) due to electron injection
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Figure 2.21: (a) Actuation of GO (clamped and unzipped) and pristine graphene due
to positive (hole) and negative (electron) charge injection. Inset: close-up of the strain
responses between —0.15 and +0.05 e per C-atom charge injection. (b) Total strain analysis
and excess charge density profile of clamped and unzipped GO upon electron injection.
Reprinted with permission from [15] Copyright (2012) American Chemical Society.

(charge injection of —0.12 e per C-atom). [14] Although EDL can lead to larger strain
output, fast actuation frequency of quantum mechanical may still be favourable for nano-

actuators since no ions diffusion is required.

For monolayer GO with ordered epoxy groups, the quantum mechanical effect of
two distinct oxygen atom doping configurations of GO, metastable clamped and stable
unzipped were examined. The in-plane strains due to charge injection of both GO con-
figurations were calculated and compared with pristine monolayer graphene. Figure 2.21
(a) shows that very high strain were generated for hole injection, with the strains of 3.6
%, 4.7 % and 28.2 % for unzipped GO, pristine graphene and clamped GO. A unique
contraction (—0.25 %) of unzipped GO upon electron injection was observed, while both
pristine monolayer graphene and clamped GO expands 0.2 % and 0.4 %, respectively, for a
—0.15 e per C-atom charge. The unique contraction behaviour was believed to be caused
by the structural rippling effect of GO. The method of excess charge density distributions
was used to verify the contraction origin (Fig. 2.21 (b)) It is clear to see that the extra
—0.15 e per C-tom aggregates atop the O atom and also atop and beneath the O bonded C
atoms. It means that the excess charge on the C atoms is repelled by that on the O atom.
This repulsive force between the bonded O and C atoms produces in a torque about the
O atom, which cause the bond angle a to decrease and the rippling to increase, thus the
contraction of unzipped GO. In contrast, the excess injected charge aggregates aside the O
atom and atop and beneath the non-O-bonded C atoms. Repulsive force acting between
two non-O-bonded C atoms leads to an expansion of their C-C bond and an unchanged
structural rippling of clamped GO, which is identical to the actuation of pristine graphene

upon electron injection in the absence of structural rippling. Therefore, modulation of
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structural rippling effect is an interesting characteristic of GO quantum mechanical actu-
ation. [15]

Chapter 4, Two-dimensional Shape Memory Graphene Oride, has identified that many
GO crystals with ordered epoxy groups intrinsically exhibit two stable (or bi-stable) phases.
The major structural difference of the bi-stable phases is the variation of carbon-oxygen-
carbon bond angles, which directly leads to a single piece of GO crystal associated with two
different structural rippling configurations. Specifically, the GO crystal structure of stable

phase is much closer to a planar orientation than that of for the meta-stable phase. [17]
The natural question that arises is that:

How would these two phases with different structural rippling configurations response
upon quantum mechanical effect? Would they exhibit similar or completely different actu-

ation behaviours?

The exploration of two-way quantum mechanical actuation of graphene oxide is de-
tailed in Chapter 5.
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2.5 Density Functional Theory

Hohenberg and Kohn (1964) proved that the total energy, including exchange and correl-
ation, of an electron gas (even in the presence of a static external potential) is a unique
functional of the electron density. [161] The minimum value of the total-energy functional
is the ground-state energy of the system, and the density that yields this minimum value

is the exact single-particle ground-state density.

Kohn and Sham (1965) showed how to transfer the intractable complexity of many
electron problems into the form of a set of self-consistent one-electron equations that is
a unique functional of the electron density. Minimization of the functional with respect
to the electron wavefunctions leads to the well-known Kohn-Sham equations, which are

governing equations to calculate the electronic structure of the system. [162-164]

By considering an ion-electron interaction system, Kohn-Sham method expressed the

electron density in terms of occupied single-particle orthonormal orbitals:

n(r) = 3 ()l (2:5)

Since the velocity of electron is roughly 1000 times larger than the ion velocity in a
solid and ions are much more massive than the electrons (typically m/M about 1,/2000 to
1/500000), the electron and ion degrees of freedom can be decoupled. [165]

The electrons in each instantaneous configuration of the nuclei are always in their
ground state. This is the so-called Born-Oppenheimer (BO) approximation, which allows
nuclear and electronic degrees of freedom to be decoupled in ab initio simulations. Thus

the total energy of a system can be expressed as:

k2
" 2m

Bl (el = X [ i) |59 ) + Ui )] 20

e {R;} are the nuclear coordinates.

e {a,} are all the possible external constraints imposed on the system, such as the

volume (), the strain €, etc.

e U contains the internuclear Coulomb repulsion and the effective electronic potential
energy, including external nuclear, Hartree, and exchange and correlation contribu-

tions

The minimization of the energy functional Equation 2.6 with respect to 1;(r) subject

to the orthonormality constraint, generates the self-consistent Kohn-Sham equations to
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determine the electronic structure of the system:

2
{—fmvz + &i[(]r)}l/}i(r) = €i(r) (2.7)
The standard solution approach for Equation 2.7 had been based on repeated direct
matrix diagonalization and this required a computational effort rapidly growing with the
size of the problem. Furthermore, the entire procedure has to be repeated for any new
atomic (nuclei) configurations. Therefore, at this stage, the structural ground state calcu-
lation completely based on the first-principles can be done for systems with only a small

number of configurationally degrees of freedom. [163,166]

In 1985, R.Car and M. Parrinello adopt an entirely different approach. [167] They
proposed to treat the minimization of the Kohn-Sham functional as a complex optimiza-

tion problem, which can be solved using the concept of simulated annealing.

By applying so-called the dynamical simulated annealing method, the total-energy
functional is the objective function and the variation parameters are the coefficients of the
expansion of the Kohn-Sham orbitals in some convenient basis functions (such as plane
wave), the ionic positions and/or the {a,}’s. It was found that the dynamical simulated
annealing strategy based on MD not only can be applied to minimize the Kohn-Sham
functional efficiently, but this approach also can be used to study of the properties of the

system at finite temperature.

Recall the energy functional Equation 2.6, the parameters [{¢;}, {Rr}, {aw}] were

considered to be dependent on time and the Lagrangean was introduced:

=3 s | drlif’ + > MBS+ > S — Bl (R} {on)] (28)

e The dot indicates time derivative.
e M7 are the physical ionic masses.

e 1 and pu, are arbitrary parameters of appropriate units.

where the 1); are subject to the orthonormality constraints:

inthBT@Df(r, t);(r,t) = 0 (2.9)

By combining Equation 2.8 with the Newtonian equations of motion of the nuclei,

this approach produced a dynamics for the parameters {1;}’s, {Rr}’s, and {«a,}’s. This
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means a set of pseudo-Newtonian equations of motion for the coupled electron-ion system:

- oF
pi(r, t) = _W + Z Aigth(r,t) (2.10)
1 ? k
M]R[ = F; = —-Vpg,E (2.11)
OF
Mvdv = - <aav> (2'12)

1 is a fictitious electron mass.

A are Lagrange multipliers introduced in order to satisfy the orthonomality con-

straints of the electronic orbitals in Equation 2.9.

E is the total energy of the system.

F7 is the force acting on the nuclei that coupled nuclear and electronic equations of

motion.

Although the dynamics of ion in Equation 2.10—2.12 has a real physical meaning, the
dynamics of electron are fictitious and have to be considered only as a tool of the dynamical

simulated annealing to find the electronic ground state.

By variation of the velocities, [{%}, {R;},{d,}|, the temperature of the system can
be slowly reduced and for T' — 0 the dynamic equilibrium state of minimal F is reached.
At the dynamic equilibrium, ¥; = 0 and Equation 2.10 is identical within a unitary trans-
formation to the Kohn-Sham equation Equation 2.7. Only in this case, Equations 2.10 and

2.11 describe a real physical system and the forces F are accurate.

In order to remain close to the ground state it is essential that the dynamics of nuc-
lei and electrons are decoupled (the BO approximation) so that Equation 2.8 describe a
real physical system whose representative point in configurationally space lies on the BO
energy surface. Otherwise, the system would drift away from the BO energy surface and
the calculated forces would become inaccurate. Generally, ions and electrons are effect-
ively decoupled in semiconductors and insulators. However, metallic systems tend to drift
away from the BO energy surface, special methods are required in this case. Therefore,
instead of using empirical pair-potential MD approximation, it is now possible to conduct

simulation of covalently bonded and metallic systems. [165]
For large systems, the electronic structure calculation by the dynamical simulated

annealing approach is computationally more efficient than standard diagonalization tech-

niques. For example, if the N occupied single-particle orbitals are expanded into M plane
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waves (M >> N), a standard diagonalization requires O(M?3) operations, whereas Equa-

tion 2.10 requires O(N MinM). Hence, it permits DFT simulations for much larger system.

Additionally, the iterative optimization of diagonalization, self-consistency, ionic re-
laxation, volume and strain relaxation are done simultaneously. As well as, the amount of
classical kinetic energy can be used as a measure of the departure of a system from the

self-consistent minimum of its total energy.

The algorithm proposed by R.Car and M. Parrinello has been implemented in the
Car Parrinello Molecular Dynamics (CPMD) simulation code, [168] which has been widely
used to simulate the physical properties of various material systems, such as metal, semi-
conductor and insulators. It is particularly widely used in biological systems, owing to the

large size of the system.

Inspired by the initial proposed R.Car and M. Parrinello’s method, the direct diag-
onalization of the Hamiltonian matrix was totally replaced by the iterative scheme, for
example, the conjugate gradient method by Teter, Payne and Allan in 1989, [169] the effi-
cient iterative algorithms using a plane-wave basis by Kresse and Furthmuller in 1996, [170]
and so on. These algorithms have been implemented in the Vienna Ab Initio Simulation
Package (VASP). [171] This package has been successfully applied on metallic, insulator
and semiconductor systems. In addition, the projector augement-wave method (PAW)
developed by Blochl in 1994, which allows highly accurate simulation of all-electron calcu-
lations for all elements in the periodic table, [172] has also been implemented in the VASP

code.

The first-principles calculations in this thesis are carried out with VASP, [171] us-
ing the projector augement-wave method (PAW) and a plane wave basis set. The GGA
exchange-correlation energy and the Monkhorst-Pack scheme is adopted throughout this
thesis. [173,174]
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Chapter 3

Piezoelectric Properties of Graphene
Oxide

3.1 Overview

Since the discovery of piezoelectricity in many atomically thin materials, graphene (in-
trinsically non-piezoelectric) has been successfully engineered into piezoelectric material
as discussed in Section 2.2.3. Inspired by doping adatoms onto the surface of graphene,
which breaks the inversion symmetry and thus piezoelectricity, unit cell of GO with ordered
epoxy groups (or chemisorbtion of oxygen atoms onto the graphene surface) belongs to the
non-inversion symmetry point group. Hence, GO with ordered epoxy groups should ex-
hibit piezoelectric effect just like graphene doped with adatoms. Indeed, both clamped and
unzipped GO crystals are found to have piezoelectric responses upon the applied external
electric field perpendicular to the basal plane of GO. The maximum in-plane strain and
piezoelectric strain coefficient d3; are calculated to be 0.12 % and 0.24 pmV~!. These
values are comparable with the piezoelectric responses in graphene with some physisorbed
atoms. lastly, a detailed strain analysis shows that piezoelectric strain coefficient ds; is

depend on the oxygen doping rate (or C:0 ratio).

3.2 Publication

The following publication was reprinted from [16] with the permission of AIP Publishing
Copyright (2014).
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Piezoelectric properties of graphene oxide: A first-principles computational

study
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Some highly ordered compounds of graphene oxide (GO), e.g., the so-called clamped and unzipped
GO, are shown to have piezoelectric responses via first-principles density functional calculations. By
applying an electric field perpendicular to the GO basal plane, the largest value of in-plane strain and
strain piezoelectric coefficient, ds; are found to be 0.12% and 0.24 pm/V, respectively, which are
comparable with those of some advanced piezoelectric materials. An in-depth molecular structural
analysis reveals that the deformation of the oxygen doping regions in the clamped GO dominates its
overall strain output, whereas the deformation of the regions without oxygen dopant in the unzipped
GO determines its overall piezoelectric strain. This understanding explains the observed dependence
of d3; on oxygen doping rate, i.e., higher oxygen concentration giving rise to a larger ds; in the
clamped GO whereas leading to a reduced d3; in the unzipped GO. As the thinnest two-dimensional
piezoelectric materials, GO has a great potential for a wide range of micro/nano-electromechanical

system (MEMS/NEMS) actuators and sensors. © 20/4 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890385]

Actuators have been adopted in a diverse range of
micro/nanoelectromechanical ~ systems (MEMS/NEMS),
including medical devices,! microrobotic,2 artificial mus-
cle,> and many other smart structures.®” There has been an
immense effort towards the development of advanced actua-
tion materials in the past decade. The extensively studied
electromechanical  actuation has  several actuation
schemes.®? For example, the electrostatic force between
charged objects can generate a mechanical motion, a piezo-
electric strain is generated when piezoelectric materials are
subject to an external electric field (i.e., the material remains
charge neutral), and the electro-active actuation arises from
electron or hole injection into electro-active materials (i.e.,
the material is charged). The piezoelectricity is widely
used, because it exhibits a linear strain-electric field relation
and a high response rate.>'” To be applied in NEMS, the
dimension of piezoelectric materials should be reduced to a
nanometer scale. Two-dimensional piezoelectric materi-
als,'"™" such as BN, MoS,, MoSe,, MoTe,, WS, WSe,
and WTe,, are promising to address this demand. Graphene,
as a representative of two-dimensional materials, have
attracted a lot of interest because of its unique atomistic
structure and excellent physical properties.lzt_23 It is an ideal
candidate for the design of two-dimensional piezoelectric
materials.

Recently, Ong et al. used density functional theory
(DFT) calculations to study the piezoelectric properties of
graphene-based materials.** It is well known that the piezo-
electric effect only exists in crystalline materials with no
inversion symmetry. To break the inversion symmetry of
pristine graphene, Ong et al. introduced adatom (e.g., Li, K,
H, and F) onto the graphene surface. As a result, a maximum
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piezoelectric linear strain around 0.15% was generated.”**
However, the main drawback of their materials is the weak
interactions between the adatom and graphene surface,®
which may lead to desorption at a relatively high operation
temperature or under a high actuation frequency, causing
potential failures of materials and devices.>’

Graphene oxide (GO), usually as the pre-product of syn-
thesizing graphene, has generated huge interest for different
types of applications.”®* The vast diversity of GO atomistic
structures gives rise to different electronic and mechanical
properties that are potentially useful for actuation material
designing.m’34 Recent experiments by Pandey et al. have
shown highly ordered doping of oxygen (O) atoms on the
hexagonal lattice of pristine graphene. Approximately 50%
of the GO surfaces characterized using scanning tunneling
microscope was found to comprise these periodic struc-
tures.'® There are two possible O atom doping configura-
tions: so-called clamped and unzipped (Fig. 1).%° These two
types of GO compounds break the inversion symmetry of
pristine graphene, therefore inducing piezoelectricity in GO.
For the unzipped GO, the oxygen atoms form strong covalent
bonds to two neighboring carbon atoms as shown in Fig.
1(b). For the clamped GO (Fig. 1(a)), the calculated adsorp-
tion energy of oxygen atoms at the bridging sites is 4.8eV,
which is more than three times larger than that of Li, K, and
H, and about two times higher than F.?° In addition, the
migration energy of oxygen on a graphene surface is about
1eV, which is much higher than that of Li and K (e.g.,
0.3eV and 0.12¢V, respectively).26 It is known that if the
migration energy is less than 0.5 eV, the adatom is mobile on
a graphene surface at room temperature.% The ease of bulk
fabrication, diversity of atomistic structures, and good stabil-
ity render GO compounds good candidates for two-
dimensional piezoelectric materials.

© 2014 AIP Publishing LLC
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In this paper, we use first-principles calculations to
investigate piezoelectric response of GO with different struc-
tural configurations. The obtained strain piezoelectric coeffi-
cients d3; are compared with results of the graphene with
some physisorbed atoms. We also conduct an analysis to
understand the structural origin of the piezoelectric strain in
GO, which can explain the dependence of d3; on oxygen
doping rate for the clamped and unzipped GO.

Figure 1 shows the unit cells of clamped and unzipped
GO with a C/O ratio, R¢)o of 4:1. For the unzipped GO, the
C-C bond below oxygen atom is broken. Following the ter-
minology from Xu and Xue, we term them as symmetrically
clamped GO (sym-clamped) and symmetrically unzipped
GO (sym-unzipped), respectively.>> With the epoxy groups
attached to one side, the crystal symmetry will be changed
from a point group of 6/mmm for pristine graphene to a non-
inversion symmetric point group of mm2. In this study, the
clamped GO crystals with a Rc/o of 2 and 4 are examined.
Our DFT calculations show that for R0 >4, the clamped
GO is unstable. For the unzipped GO crystals, a R¢)o of 4, 8,
or 16 is studied. It is found that an unzipped GO crystal with
Rcjo <4 is unstable.

The Vienna ab initio simulation package (VASP
v.5.3.3) is used to perform density functional calculations on
piezoelectric responses of symmetric GO. Projector aug-
ments wave pseudopotentials and the generalized gradient
approximation are employed,’®*” with a plane-wave cutoff
energy of 800eV. A Monkhorst-Pack gamma-centered k-
points grid of dimensions 24 x 42 x 1 is adopted for the
C,0-sym-clamped and C4O-sym-clamped cells, while a
10 x 40 x 1 is used for the CgO-sym-unzipped GO cell. As
periodic boundary conditions are employed in VASP, very
thick vacuum layers are included to minimize interlayer
interactions. An interlayer spacing of 20 A is used through-
out, which represents a good balance between computational
accuracy and efforts.®® To hold this interlayer space constant,
the VASP source code is modified to allow the simulation
cells to relax within the plane of GO, but not in the perpen-
dicular direction.®® In all cases, the C and O atoms are
allowed to relax in all directions. Prior to being subjected to
an external electric field, all structures are fully relaxed to
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FIG. 1. Symmetrically clamped (a)
and unzipped (b) GO configurations
with a C/O ratio, R¢/o of 4:1. Unit cells
are depicted by dotted lines with in-
plane lattice parameters shown as a
and b. Black and red spheres represent
the C and O atoms, respectively.

determine their equilibrium lattice constants. The relative
change of in-plane lattice constants under an applied electric
field with respect to the equilibrium values are defined as
piezoelectric strains.

Figure 2(a) shows the in-plane piezoelectric strains as a
function of electric field strength from —0.5 to 0.5 eV/A. A
linear relation is observed for the sym-clamped GO crystals
with R¢)o of 2 and 4 and for the sym-unzipped GO crystals
with R¢/o of 4 and 8. Note that the magnitudes of the applied
electric fields are experimentally achievable in graphene-
based devices.*® Overall, the sym-clamped GO has a better
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FIG. 2. (a) Piezoelectric strain of symmetric GO configurations being sub-
ject to an applied electric field perpendicular to the basal plane (inset). (b)
The strain piezoelectric coefficient, d3; as a function of oxygen doping level
for sym-clamped GO and sym-unzipped GO.
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strain output than the sym-unzipped GO. The maximum
strain output of 0.12% at an applied field of 0.5 eV/A is close
to the results from Ong et al. for graphene with some physi-
sorbed adatoms (0.15%).%*

Figure 2(b) shows that the strain piezoelectric coeffi-
cient, d3, (i.e., the slope of strain vs. electric field curve) as a
function of oxygen concentration. Overall, the d5; coeffi-
cients for the clamped GO are significantly larger than those
of the unzipped GO. A higher oxygen concentration in sym-
clamped GO leads to a larger d3,, whereas an opposite trend
is observed for the sym-unzipped GO. The C,O-sym-
clamped GO crystal has the maximum d5; (i.e., 0.24 pm/V),
which is comparable with the maximum d3; coefficient
obtained for the engineered piezoelectric graphene (i.e.,
0.3 pm/\/)24 and the dsz; coefficients of some three dimen-
sional piezoelectric materials such as wurtzite boron nitride*!
and wurtzite GaN*? (0.33pm/V and 0.96pm/V, respec-
tively). But the ds; value is far smaller than the most widely
used piezoelectric ceramics, Lead Zirconate Titanate (PZT),
119 pm/V.** It should be noted that for piezoelectric ceramic
thin films with a thickness lower than 10 nm, the depolariza-
tion field generated by the accumulated surface charges will
completely suppress the piezoelectric effects. Our proposed
piezoelectric GO will not suffer this problem, giving rise to
great potentials in NEMS applications.

To gain an in-depth understanding of piezoelectric prop-
erties of sym-clamped and sym-unzipped GO, we decom-
posed the in-plane deformation of GO crystals into two
contributions. As shown in the insets of Fig. 3, the in-plane
projection of interatomic distance of the two carbon atoms
bonded by the oxygen atoms is defined as segment-1. The
segment-2 is the in-plane projection of rest of the crystal. The
total deformation, A as shown in Fig. 3, is the summation of
the length change in segment-1 and segment-2. For the sym-
clamped cases (Figs. 3(a) and 3(b)), it is evident that the
length change of segment-1, A; dominates the overall piezo-
electric strain output. It appears that A; for C,0O-sym-clamped
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is almost twice of that of C40-sym-clamped GO, which is
consistent with increase of oxygen concentration (or the
increase of portions of segment-1). The length change in
segment-2, A, is approximately the same for the two clamped
GO crystals. Thus, it is reasonable to understand that the strain
output as well as the strain piezoelectric coefficient d3; is
nearly doubled in C,0-sym-clamped GO when comparing
with the results of C4O-sym-clamped GO (Fig. 2). In contrast,
for the unzipped GO (Figs. 3(c) and 3(d)), A, is virtually neg-
ligible and the deformation mainly comes from segment-2.
The increase of oxygen concentration reduces the proportion
of segment-2 in the unzipped GO, thus leading to a reduction
of ds; in Fig. 2(b).

With the oxygen concentration of GO reduced to 0.0625
(i.e., Rcjo = 16), some distinctive electromechanical proper-
ties were observed. Figure 4 shows the in-plane electrome-
chanical strain as a function of the applied external electric
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FIG. 4. In-plane strain of C;50-sym-unzipped GO as a function of applied
electric field perpendicular to the basal plane. The dashed line represents a
second order polynomial fitting result.
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field. It appears to be a parabolic relation with a clear shift
toward the side of positive electric fields. We believe that the
observed strain should originate from a combination of the
electrostriction and piezoelectric effects. Fitting the non-
linear strain-electric field relationship using a second order
polynomial yields &, = —0.00303E3 + 0.0009E3 — 1.79
%107, in which &;; is the in-plane strain and E3 is the
strength of electric field along the perpendicular direction.
The linear term arises from the piezoelectric effect. The
deduced coefficient d3; =0.09 pm/V is shown in Fig. 2(b),
which is consistent with the d3; results of other GO com-
pounds. The electrostriction effect* shows &, =M ]3E§,
from which the electrostriction coefficient M5 is determined
as —3 x 102 m?/V>. The results shown in Figure 4 indicate
that the electrostriction dominates the electromechanical
strains of C;¢0-sym-unzipped GO. In contrast to most elec-
trostrictive polymers, our GO crystal has a negative M3
coefficient. In other words, our C,;c0-sym-unzipped GO
crystal shows a contraction in the transverse direction upon
the application of a perpendicular electrical field, whereas
most electrostrictive polymers exhibit a transverse elonga-
tion. Physical origins for this distinctive electrostriction
effect are not clear, which is worth of future investigations.

It is known that bulk materials without a band gap can-
not exhibit piezoelectricity because a conductor is unable to
produce sufficient electric polarization. Our DFT simulations
show that only C,0O-sym-clamped and C,O-sym-clamped
GO have a band gap, i.e., 2.9eV and 1.5eV, respectively,
whereas other compounds have a zero band gap. It appears
that the observed piezoelectricity of our GO compounds with
a zero band gap is contradictory to the well-accepted knowl-
edge. However, it is worth to note that the GO crystals are
only conducting in the basal plane of the sheet. Upon an
applied electric field in the perpendicular direction to the ba-
sal plane, polarization can be induced and thus piezoelectric-
ity can exist. This is a unique feature of two-dimensional
materials, which is recognized by Ong er al.** Note that in
VASP calculations, being subject to an electric field parallel
to GO basal plane, indeed no piezoelectric effect is observed
(i.e., d;;=0). We also notice that the insulators (sym-
clamped GO) have a larger d5; than the conductors (sym-
unzipped GO) (Fig. 2(b)). But due to the limited results, it is
hard to conclude this correlation.

In summary, piezoelectric properties of GO with different
structural configurations and oxygen concentration are studied
using the first-principles density functional calculations. The
maximal values of in-plane strain and strain piezoelectric coef-
ficient are obtained for C,0-sym-clamped GO, i.e., a strain of
up to 0.12% and d3; = 0.24 pm/V. An increase of oxygen con-
centration in the clamped GO enhances the piezoelectric strain
output and the ds; coefficient, whereas an opposite trend is
observed for the unzipped GO. Through an in-depth structural
analysis, we find that the deformation of the oxygen-doped
region dominates the piezoelectric strain of the clamped GO.
On the contrary, deformation from the “graphene” region with-
out oxygen dopant makes the major contribution to the piezo-
electric strain of the unzipped GO. Interestingly, at a low
oxygen concentration, the GO exhibits a much more profound
electrostrictive deformation than the piezoelectric deformation.
A negative electrostriction coefficient, M3, is obtained for
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C,60-sym-unzipped GO, in contrast to most of the electrostric-
tive polymers. Due to the excellent piezoelectric properties, the
robust molecular structures, and an atomic thickness, GO crys-
tals are promising two-dimensional piezoelectric materials for
MEMS/NEMS actuators and sensors.
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Chapter 4

Two-dimensional Shape Memory

Graphene Oxide

4.1 Overview

Section 2.3 clearly described that shape memory effect is caused by phase transforma-
tion. That is to say. a material should inherently exhibit at least two stable phases to
enable the possibility of generating shape memory effect. During the structural analysis of
GO crystals, we found that asymmetric CsO GO exhibits two stable (or bi-stable) phases
intrinsically. In addition, these bi-stable phases are separated by a significantly energy
barrier, similar to Fig. 2.10 that used to illustrate shape memory effect from an energy
point of view. One may expect that shape memory effect in the CgO GO if reversible phase
transformation between these two phases can be achieved upon an appropriate external

stimulus.

In Chapter 3, we successfully demonstrated piezoelectric responses in various sym-
metric GO crystals upon the applied external electric field. In this Chapter, external
electric field (perpendicular to the basal plane) is subjected to the asymmetric CgO GO.
Impressively, shape memory effect of two-dimensional GO is discovered as the result of
phase transformation. The maximum recoverable strain output equals 14.5 %. This value
is significantly larger that that of for commonly implemented shape memory alloys. Mean-
while, the mechanical properties is vastly better than that of for shape memory polymers.
Overall, the actuation performance is beyond the limit of conventional actuation materials
(Fig. 2.13). Furthermore, we also demonstrated the signature programmability feature in

the CgO GO, which suggests that CgO GO is a two-dimensional shape memory material.

4.2 Publication

This manuscript has been officially accepted for publication by Nature Communications
on 17" of May 2016 [DOI:10.1038 /ncomms11972]. [17]

48



4.2. PUBLICATION

Monash University

Declaration for Thesis Chapter 4

Declaration by candidate

In the case of Chapter 4, the nature and extent of my contribution to the work was the

following:

. . Extent of
Nature of contribution L.
contribution
Conceive the idea, design the model, run simulations, results 70%
analysis, interpretation and writing.
The following co-authors contributed to the work:
Extent of
Name Nature of contribution .
contribution

Dr. Junkai Deng Run simulations, results analysis 10%
Ganaka G. Chandrakumara Run simulations, results analysis 10%
Assoc. Prof. Wenyi Yan Project Supervision N/A
Dr. Zhe Liu Project Supervision N/A

The undersigned hereby certify that the above declaration correctly reflects the nature and

extent of the candidate’s and co-authors’ contributions to this work.

Candidate’s Signature:
Candidate’s Name: Zhenyue Chang

Date: 28" May 2016

Main Supervisor’s Signature:
Main Supervisors’s Name: Dr. Zhe Liu

Date: 28 May 2016

49



4.2. PUBLICATION

“pature
COMMUNICATIONS

ARTICLE

Received 18 Dec 2015 | Accepted 17 May 2016 | Published xx xxx 2016 DOI: 10.1038/ncomms11972 OPEN

Two-dimensional shape memory graphene oxide
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Driven by the increasing demand for micro-/nano-technologies, stimuli-responsive shape
memory materials at nanoscale have recently attracted great research interests. However,
reducing the size of conventional shape memory materials down to approximately nanometre
range, the shape memory effect diminishes. Here, using density functional theory calcula-
tions, we report the discovery of shape memory effect in a two-dimensional atomically thin
graphene oxide crystal with ordered epoxy groups, namely CgO. A maximum recoverable
strain of 14.5% is achieved as a result of reversible phase transition between two intrinsically
stable phases. Our calculations conclude co-existence of the two stable phases in a coherent
crystal lattice, giving rise to the possibility of constructing multiple temporary shapes in a
single material, thus, enabling highly desirable programmability. With an atomic thickness,
excellent shape memory mechanical properties and electric field stimulus, the discovery of a
two-dimensional shape memory graphene oxide opens path for the development of excep-
tional micro-/nano-electromechanical devices.
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hape memory materials (SMMs) are featured by the ability

to recover their original shape from a significant quasi-

plastic deformation upon an appropriate external stimulus'.
This interesting shape memory phenomenon occurs as a result of
reversible phase transition, known as the shape memory effect
(SME)2. The recoverable mechanical deformation from SMMs,
for example, ~0.5-8% strain from shape memory alloys
(SMAs)3, 10% strain from shape memory ceramics (SMCs)*
and up to 400% strain from shape memory polymers (SMPs)>,
endows them with an indispensable role in various applications
such as actuators, sensors, mechanical joints, dampers and
morphing devices>~8, More interestingly, the most important
feature of SMM, namely programmability, has been explored as a
novel device design concept, so-called material-as-machine’, in
which SMM can be programmed for actuation/motion following
a pre-determined sequence, just like machines but with greater
intelligence and flexibility whereby the material can sense and
react accordingly'®. This is particularly desirable for mechanical
devices at a smaller size scale.

Indeed, recent interest and utilization of conventional SMMs
(that is, SMAs, SMPs and SMCs) are motivated by the increasing
popularity and large potential associated with micro- and
nanotechnologies. Several studies have successfully demonstrated
micro-/nanoscopic SME by introducing micro-/nanostructures at
the surfaces of bulk SMAs and SMPs!!"13, Nevertheless, it should
be noted that the materials themselves are still at relatively large
scales (for example, macroscopic or sub-micron). Further
miniaturization of conventional SMMs down to the nanometre
range is hampered by their inherent constraints. For instance,
recent studies on nanometre-sized SMA demonstrated that
martensitic phase transformation (physical origin of the SME)
completely diminishes below a critical size (4-60 nm), resulting
from the influence of surface and interface energy'*~!7. SMAs
also experience other issues, such as oxidation and instability at
nanoscale. In SMC film, the free charges at the surface lead to a
depolarized electric field (E-field). It has been reported that by
reducing the film thickness below a critical value (for example,
~20nm), SMCs lose ferroelectricity, thus, the SME'®. To date,
there has been no reported study regarding SMPs down to the
nanometre range, which could be attributed to fabrication
challenges at this scale. In addition, the requirement of thermal
stimulation that is commonly employed with conventional SMMs
could restrict their implementation in nano-devices because of
difficulties of precise control of the heating and cooling process
and a low actuation frequency (about 1Hz)3.

Here, using first-principles density functional theory (DFT)
calculations, we report the discovery of SME in a two-
dimensional atomically thin graphene oxide (GO) crystal (namely
C;0), triggered by a combination of E-field and mechanical force
stimuli. In depth analysis, reveals a unique intra-molecular
chemical interaction between oxygen sp® lone pair (Ip) and
carbon 7 orbitals as the structural origin for the SME. We also
theoretically demonstrate the programmability (a key attribute of
SMM) of CgO, enabling CzO as an advanced SMM at nanometre
scale. This shape memory CgO has superior shape memory
mechanical properties well above the upper bound drawn in a
recent survey of mechanical properties among available SMMs'°,
It is noteworthy that the E-field and mechanical force stimuli
could overcome the limitations of commonly employed thermal
stimuli at small size scales.

Results

Bi-stable phases of CgO with ordered epoxy groups. GO
inherits a diverse range of crystal structures with excellent
physical, chemical and mechanical properties. Such outstanding

2

properties of GO have stimulated researchers to investigate its
usage in a broad range of applications, such as energy storage,
filtration membranes, actuators, sensors and transistors?0-28,
Extensive studies in last decade identified epoxy and hydroxyl
groups as two major functional groups on the basal plane of
GO?, Depends on the choice of synthesis methods under
different conditions®'=3°, various GOs structures are observed.
For example, hydroxyl groups dominant the GO surface under
hydrogen-rich environment*. On the other hand, recent
experimental progress suggests it is possible to produce GO
with only EPOXY  groups under well-controlled experimental
conditions>3.

Interestingly, some experimental studies show the existence of
ordered line patterns of epoxy groups on the graphene basal plane
with various C:O ratio’~’. Pandey et al. used a scanning
tunnelling electron microscope to capture atomic images of
highly ordered GO structure with linearly aligned epoxy groups
in a region that covers over 50% of the total scanned area’’. Fujii
and Enoki observed regularly spaced line defects on chemically
oxidized graphene sheets with length of ~100nm using non-
contact atomic force microscope, which were identified as the
linear arrangement of epoxide groups®®. Meanwhile, many
theoretical studies were carried out to investigate the formation
mechanism of the ordered epoxy lines in experiments®>4%41, In
general, the presence of epoxy groups severely strains the
graphene lattice. A cooperative alignment of epoxy groups in
rows can efficiently reduce the strain. In addition, the aligned
epoxy groups are able to unzip the C-C bonds beneath the
oxygen atoms and reduce the energy further by ~1.2eV per
bond, which was believed to cause the faulty lines in graphene
observed via dark-field optical microscope images>®.

Figure la shows an unzipped GO structure that closely
resembles the one observed in Fujii’s experiments’®. We studied
two different C/O ratio cases, namely C,O and CgO. The adjacent
rows of epoxy groups are placed on opposite sides of graphene
basal plane. Such a configuration has been reported to be more
stable as compared with the case with epoxy groups on a single
side*1#2, In Fig. 1a, lattice constant a represents the unit cell length
in x axis and o measures carbon-oxygen—carbon (C-O-C) bond
angle of the epoxy group. Intriguingly, the unzipped CgO has two
local minimum points in the relative total energy as a function of a,
separated by an energy barrier of ~100meV (Fig. 1b). They
represent two stable (or bi-stable) phases, denoted as phase 1 (P1)
and phase 2 (P2). Besides the lattice constant, the most noticeable
structural difference is the C-O-C bond angle « equal to 133° for
P1 and 104° for P2 in Fig. 1f,g. Both P1 and P2 show the unzipped
characteristics, because the C-C bonds underneath the oxygen
atoms, having a length greater than 2.2 A, are clearly ruptured.

Supplementary Fig. 1 shows the phonon density of states
(DOSs) for both phases*>. Based on harmonic approximate,
we estimated the free energies of P1 and P2 at 300K
are —-158.2925 eV and -158.1958 eV, respectively. P1 is the more
stable phase and the free energy difference is 97 meV, moderately
increased from 76 meV at zero K (Fig. 1b).

To investigate physical origins of the bi-stable phases, the
electronic DOSs of P1 and P2 are shown in Supplementary
Fig. 2a,b. There are no obvious differences. A close inspection of
the projection density of state (PDOS) of the oxygen atom and its
two neighbouring carbon atoms reveals distinctive features near
the Eg in these two phases. Figure le and Supplementary Fig. 2
show clearly overlapped density peaks of s- and p-electrons
at -0.5eV below the Eg in P2, suggesting chemical interactions
among the oxygen and its two neighbouring carbon atoms. In
contrast, P1 only shows a p-electrons density peak of the C atoms
near -0.5eV, instead a similar overlap appears at +0.5¢eV above
the Ey (Fig. 1d).
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Figure 1 | Bi-stable phases of atomically thin CgO with ordered epoxy groups. (a) Crystal structure of CgO with a and b as the lattice constant in x and y
axes (rectangular supercells are used). Black and red spheres represent the carbon (C) and oxygen (O) atoms, respectively. Angle o measures the bond
angle of oxygen atom and its two neighbouring carbon atoms. The CgO GO crystal unit cell contains 16 carbon atoms and 2 oxygen atoms. (b) The relative
total energy as a function of lattice constant a for CgO. The two local minimum points represent the two stable phases: phase 1 and phase 2. The lattice
constant a of phase 1 and phase 2 CgO is 18.384 and 15.718 A, respectively. The lattice constant in y-direction is 2.475 A for both cases. (c) For a
comparison, the relative total energy versus lattice constant a for a similar C40 crystal. (d,e) The projection density of state (PDOS) results for the two
stable phases of CgO. The black curves represent p-electrons DOS of the carbon atoms and the red curves represent p-electrons DOS of the oxygen atom.
The vertical lines represent the Fermi level (Eg). Below Ef, red- and grey-shaded areas indicate occupation of electrons on the p-orbitals of oxygen and
carbon atoms, respectively. (f,g) Partial charge density surrounding the oxygen and its neighbouring carbon atoms (within the energy range from —1.0 to

0.0eV with reference to Eg) for both phase 1 and phase 2 CgO.

Supplementary Table 1 lists the partial charge density for the
oxygen and carbon atoms within an energy range from -20 to
0eV referenced to Eg. The oxygen atom shows sp* hybridization
in both phases (Supplementary Note 1). Its two half-filled sp?
orbitals interact with those of carbon atoms to form two ¢ bonds.
The oxygen atom also has one sp? Ip distributed within, and one
py lone pair distributed perpendicular to the C-O-C plane,
respectively. Figure 1f,g shows the partial charge density within

the energy range from -1 to 0eV (with reference to Eg) for both
phases. P1 shows strong n orbitals surrounding carbon atoms,
which is consistent with the PDOS results in Fig. 1d. In contrast,
as shown in Fig. 1g, P2 exhibits a clear mixing/merging between
the oxygen sp> Ip orbital and the carbon = orbitals
(Ip-m interaction). Based on these evidences, we believe that
reducing angle o in P1 (thus the shorter C-C distance beneath the
oxygen) promote interactions of 7 orbitals of the two C atoms
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function of lattice constant a under E-field strength of 0, 0.2 and 0.3eVA =1, respectively, to help understand the phase transition from the energetic

perspective. The black, red and blue dots represent the fully relaxed crystal structures of P1, P2 and P3 upon applied E-field. The dotted lines with arrows
show the cycle of corresponding reversible phase transition. (¢) The PDOS results of the oxygen atoms (red) and its neighbouring carbon atoms (black) of
CgO phase 3. The vertical lines represent the Er. Below Ey, red- and grey-shaded areas indicate occupation of electrons on the p-orbitals of oxygen and
carbon atoms, respectively. (d) Partial charge density surrounding the oxygen and its neighbouring carbon atoms within the energy range from —1.0 to
0.0 eV with reference to Ef for phase 3 CgO. These results are distinctive from those of phase 1 and phase 2 shown in Fig. 1 and Supplementary Fig. 2.

and the empty sp®* Ip orbital of oxygen atom (above Ep) in
Fig. 1d. A charge transfer takes place from the carbon 7 orbitals
to the oxygen Ip orbital, evidenced by a shift of the oxygen
p-electron DOS from above the Er in P1 to below the Ep in P2
(and thus overlaps with the carbon 7 DOS peaks). Because there
are no other notable differences in the DOS and the partial charge
density of both phases, we believe that this I[p-m interaction
stabilizes the P2 phase.

The Ip-n interaction is different from the well-known C-O-C
ether group (with a bond angle « ~110°), in which the oxygen
atom exhibits sp> hybridization. It should also be distinguished
from the weak inter-molecular Ip-7 interaction that has attracted
lots of attention in the past two decades owing to its crucial role
in several essential phenomena in biological systems, such as
protein folding, DNA/RNA stacking and drug-receptor interac-

ions*4~4%, where the inter-molecular Ip- interaction takes place

between n-deficient aromatic rings and lone pair-containing
species. The unique lp-7 interaction in C4O exists within a single
crystal/molecule and it stems from the n-sufficient carbon
interacting with the empty oxygen sp®* Ip orbital. We will term
it as intra-molecular Ip-m bond. Its bond energy can be
approximated as the calculated energy barrier value 76 meV
(Fig. 1b).

Figure 1c and Supplementary Fig. 3 show the relative total
energy versus a, PDOS and partial charge density for the C,O.
The C,O shares a similar crystal structure as CgO. The Ip-n

4

interaction is also observed in C,O (Supplementary Fig. 3b),
which tends to stabilize the second phase (Fig. 1c). But it appears
not strong enough, as there is no energy barrier to separate P1
and P2 in Fig. 1c. Nevertheless, these results confirm critical role
of the Ip-m interaction in GO crystals with aligned epoxy groups.

Reversible phase transitions of CzO and C,O. Interestingly, our
DFT simulations show that applying an external E-field and a
mechanical force can lead to a reversible phase transition. In our
calculations, the E-field is applied perpendicular to the basal
plane (that is, z axis in Fig. 1a) with a magnitude varying from -
05 to +0.5eVA~1 which has been demonstrated to be
achievable in devices fabricated using two-dimensional graphene-
based materials in experiments*”#3, The structure is allowed to
relax in the x-y plane.

Figure 2a shows the change of the in-plane lattice constant a
with varying E-field strength for CgO. The lattice constant b
(y axis) exhibits a negligible change under different E-fields
(Supplementary Fig. 4). P1 shrinks in x-direction under a weak
E-field, showing a nearly parabolic relation. This could be
attributed to the electrostriction effect?®. At around 0.2eV A ~1,
the lattice constant a has a sudden drop. Beyond this point, the
lattice constant a decreases, following another parabolic relation.
A subsequent release of the E-field sees a gradual increase of a till
~0.2eV A~ L Surprisingly, at this critical point, lattice constant

| 7:11972| DOI: 10.1038/ncomms11972 | www.nature.com/naturecommunications

23



4.2. PUBLICATION

ARTICLE

a
10.254
< o
< 10.0
€ Apply E-field
I}
2 Release E-field
<}
o
[0
S 9.754
=
<
-
9.50
T T T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4
Electric field (eV per A)
b
0.10 + Efield =0.0 eV A"
o Efield = 0.2 eV A1
4 Efield=0.3eV A~
S 0054 T T,
2 ™~
) ‘\‘\’\o_'ia:e !
o 0.00
c
(] .
5
5 —0.05 v
qé) l\.\. B
© -0.10 o T— " Phase 1
[ b ]
o e
—0.154 A\A\A‘A_- s ""AL 4 —t
Phase 3
T T T T
9.50 9.75 10.0 10.25

Lattice constant a (A)

Figure 3 | Phase transition of C,0 triggered by E-field. (a) Lattice
constant a as a function of applied E-field strength. The black and blue lines
represent phase 1 and phase 3, respectively. Black dashed lines indicate the
parabolic electrostriction effect of each phase upon external E-field.
Applying E-field on P1induces a phase transition to P3. Upon releasing the
E-field, the C4O reverts to P1. (b) Relative total energy as a function of
|attice constant a under E-field strength of 0, 0.2 and 0.3eVA~T,
respectively. The black and blue dots represent the fully relaxed crystal
structures of P1 and P3 upon applied E-field. The phase 2 is not stable,
which is consistent with the result in Fig. 1b. The dotted lines with arrows
show the corresponding phase transition.

a drops again and CgO transits to P2 till completely releasing the
E-field. Applying a positive or negative E-field leads to the same
results (Fig. 2a) because of the crystal symmetry of CgO. Then
applying a stretching force to P2 gives rise to a phase transition
back to P1, closing the loop of a reversible phase transition
(Fig. 2a). Applying a stretching force to a two-dimensional
material is feasible in experiments>C.

It is a surprise to observe three parabolic curves in Fig. 2a. The
top and bottom curves represent P1 and P2, respectively. The
middle one appears to be the third phase. Indeed, the DOS
(Supplementary Fig. 5), PDOS and partial charge density
(Fig. 2¢,d) distinguish it from both P1 and P2. It is thus termed
as P3. The band gap of P3, ~0.5¢eV, is clearly larger than that of
P1 and P2 (Supplementary Fig. 2a,b). From Fig. 2c,d, we find that
there is no 7 orbital of C atoms just below Er and the 7* orbital is
notably more profound than that of P1 and P2. Our DFT results
did not show P3 under a zero E-field (Fig. 1b). P3 may be stable
only under certain E-fields (Supplementary Note 2).

Through a comparison of the PDOS results of these three
phases, P3 appears as a transition state from P1 to P2. The
external E-field pushes the Er to a lower energy level, tending to
empty the 7 orbitals of P1. At the critical point (P1 transition to
P3), the emptied n orbital would merge with the n* orbital,
manifested as the more profound n* orbital in P3. With the
release of E-field back to the critical point (P3 transition to P2),
electrons would start to refill both 7* orbital of C atoms and the
oxygen Ip orbital (because they share same energy levels in
Fig. 2c), thus forming the Ip-n bond and stabilizing the P2.

To understand the reversible transition from an energetic
perspective, Fig. 2b shows the relative total energy versus a of
CgO under an E-field strength of 0, 0.2 and 0.3 eVA—L
respectively. Overall, the applied E-field pushes up energy of P1
with respect to another phase. Above the critical E-field strength
of 0.2eV A~ 1, the energy barrier starts to disappear. The lower
local minimum point at 0.2eVA~! is P3 instead of P2. At
0.3eV A~ the energy barrier diminishes and a spontaneously
phase transition takes place as observed in Fig. 2a. Figure 2b also
shows that further increasing E-field moves the local minimum
energy point of P3 towards a smaller lattice constant, which is
consistent to the reduction of a for P3 (Fig. 2a). Then, with
releasing the E-field till 0.2eV A~ 1, the lattice constant of P3
increases (Fig. 2a). The local minimum energy points of P3 and
P2 are always located to the left of the energy barrier. Re-
establishment of the energy barrier as a result of releasing E-field
will prevent CgO from recovering P1 but instead transit to P2.

Same analysis was carried out for C4O to further verify our
understanding of the phase transition. The change of lattice
constant a with varying E-field strength is shown in Fig. 3a.
Figure 3b summarizes the relative total energy versus a under
some typical E-field strength. Like the CgO (Fig. 2), C,0 P1
gradually shrinks under a small E-field strength. It then
undergoes a sudden phase transition to a new phase P3 upon
an E-field greater than 0.2 eV A ~ 1. The DOS and PDOS results of
C,40 P3 (Supplementary Fig. 5¢,d) are similar to those of CzO P3.
But upon releasing the E-field, the C,O reverts to P1, owing to the
lack of an energy barrier. These consistent evidences reveal
common features of structural and electronic properties of these
GO crystals with orderly aligned epoxy groups, and the potential
of utilizing an E-field to trigger the phase transition.

It is clear that on-or-off state of the Ip-m bond/interaction
determines the reversible phase transition in CgO. The overall
similarity of DOS/PDOS results of both phases (Supplementary
Fig. 2 and Supplementary Table 1) and the localized partial
charge density near the C-O-C groups in P2 (Fig. 1g) evidently
indicate the local nature of this unique bond. It is thus reasonable
to observe the local crystal structure changes during a phase
transition. This is utterly different from SMAs and SMCs, in
which the whole crystal lattice undergoes a transformation,
usually resulting in distinctive crystal symmetry and electronic
structures of the two phases®. Interestingly, the local intra-
molecular Ip-m bond is analogous to state-of-the-art design
concept of SMPs—molecular switch,”! in which switching on-or-
off some local inter-molecular bonds in polymer networks
enables fixing of temporary shapes or recovery of the original
shape. Thus, we term the [p-n bond as [p-n switch, which could
provide fresh ideas in the design of SMMs at nanometre scale,
benefiting from the knowledge obtained in SMP research field.

Shape memory CgO. This reversible phase transition in CgO
enables the highly desirable SME. A shape memory cycle is
divided into two steps, namely shape fixing and shape recovery'®.
Figure 4 demonstrates these two steps for CgO. Taking P1 as the
permanent shape (Fig. 4a), the E-field can be used as the external
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Figure 5 | Stable co-existence of P1 and P2 in one supercell from DFT
simulations, implying multiple temp y shap hievable in one piece
of material—programmability. (a) A stable four-unit supercell in DFT
simulations that includes two units of P1 and two units of P2. The signature
partial charge density of the local Ip-m bonds in P2 can be clearly seen.
Other P1/P2 mixing cases in this four-unit supercell are presented in
Supplementary Fig. 6. (b) The recoverable strain results of all possible
temporary shapes from a four-unit supercell via programming the
percentage of P2 (Supplementary Table 2a). The strain value is calculated
corresponding to the two cases represented in Fig. 4, where the first case
takes P1 as the permanent shape and the second case takes P2 as the
permanent shape.

stimuli to fix the temporary shape (P2). The recoverable
contraction strain arising from this shape-fixing step is
~14.5%. This value is much higher than most of the SMAs
(less than 8%)>. The shape recovery can be activated by a
mechanical stretching force. In novel applications such as
material-as-machine at nanometre scale, using E-field for
temporary shape fixing is more practical in comparison with
other common stimuli like mechanical force.

6

Most SMMs can only memorize one temporary shape in one
shape memory cycle. A current research interest is to develop
multi-SME that can exhibit more than one distinctive shape
change in the recovery step. The resultant multi-SME provides
much better controllability and more flexible shape morphing
ability*1>2, Thanks to its three different phases, CgO could have a
triple-SME. As illustrated in Fig. 4b, taking P2 as the permanent
shape, CgO can be pre-stretched and fixed to its first temporary
shape P1 using a mechanical force. In the recovery step, applying
and releasing an E-field will observe a lattice reduction, then an
expansion and finally a reduction to the final permanent shape.
Such a discontinuous shape change is recognized as signature of
the multi-SME®!. The triple-SME CgO could enable rich design
possibilities in practices.

The most important feature to distinguish SMMs from other
stimuli-responsive shape change material is the programmabi-
lity’!. In other words, one piece of SMM can be programmed/
fixed into different temporary shapes. The co-existence of
different phases and variants in one SMM is the key to achieve
programmability, because different types and ratio of
combinations allow tailoring the microstructures for multiple
temporary shapes. On this wise, the co-existence of both P1 and
P2 were carefully examined in our DFT simulations. Several
supercells were created to incorporate different numbers and
distribution patterns of P1 and P2 (Fig. 5 and Supplementary
Fig. 6). As an example, Fig. 5a illustrates the supercell including
two units of P1 and two units of P2 (2/2). Our DFT calculations
conclude stability of all these coherently mixed P1/P2 phases. The
signature partial charge density of [p-7 bonds can be observed in
the supercells, further confirming its local nature. The stability of
various P1/P2 mixing can be attributed to this local chemical
bond.

We propose that in applications at nanoscale, an STM or AFM
tip can be employed to apply a local E-field or local point force to
tune different mixtures of P1/P2 for the desirable temporary
shapes. As a simple illustration, Fig. 5b and Supplementary
Table 2a summarize the lattice constants of all possible temporary
shapes of a supercell including four unit cells of CgO (different P2
percentage) and the programmable recoverable strain results.
Larger supercells including six unit cells of CsO are also examined
and results are summarized in Supplementary Fig. 7 and
Supplementary Table 2b. All these evidences confirm the
programmability of CsO SMM.

The maximum elastic strain and specific modulus (ratio of
elastic modulus over mass density) are often chosen as the key
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Figure 6 | A simple prototype design of a two-way actuator using shape
memory CgO. The actuator includes one mass element (M) and two
segments of shape memory CgO. The two phases P1 and P2 are indicated
as blue and grey region, respectively. Applying an E-field on the P1 segment
will cause a phase transition to P2, generating a shrinkage deformation and
thus a stretching force to the P2 segment. As long as the force is large
enough (for example, 0.5eV A~ ), a simultaneous phase transition from P2
to P1 will take place (Supplementary Fig. 9). Element M in the middle may

move back and forth if applying the E-field alternatively on either segment,
as indicated by the arrow.

parameters to assess the mechanical properties of materials. Leng
et al. surveyed available SMMs in a review article!®. Generally, a
SMM with a large maximum recoverable strain usually had a low
specific modulus and thus concluded an upper bound
(Supplementary Fig. 8). At its maximum recoverable strain of
14.5%, our CgO has a specific modulus about ten times higher
than the upper bound. Given the same specific modulus
4.3 GPa cm3g7 1 C40 has a maximum recoverable strain
approximately threefold larger than the upper bound. Another
important practical consideration is the actuation frequency.
Commonly used thermal-responsive SMMs exhibit small
actuation frequencies ~1Hz, which is recognized as a
bottleneck, severely restricting their applications. The required
external stimuli of CgO SMM (that is, E-field and mechanical
force) should, in principle, allow much higher actuation
frequencies.

At the end of this section, we propose a simple prototype
design of two-way actuator based on CgO SMM (Fig. 6). In this
design, two segments of CgO (one in P1 and the other one in P2)
are connected to the opposite sides of a mass element M, whereas
the other end is fixed. Applying a local E-field to the P1 CgO (left
segment in Fig. 6) will cause it to contract and consequently
generate a stretching force F on M and then to the P2 C3O (right
segment in Fig. 6). As long as the applied E-field strength is
sufficiently high, for example, 0.5V A ~ ! (Supplementary Fig, 9), the
generated force can transform the right segment from P2 to P1.
As a result, phases of the left and right segments swap as
illustrated in Fig. 6. Applying the E-field alternatively on either
segment can generate a repeated back and forth linear motion of
element M (Supplementary Note 3). A clear advantage of this
design is that only an E-field is required to trigger the shape
memory cycle and operate this actuator, which is feasible and
highly desirable for designs of nano-mechanical devices.

Discussion

From a practical perspective, it is imperative to discuss the finite
temperature effects. Using molecular dynamics simulations,
Huang et al. simulated the thermal fluctuation of a CgO structure

NATURE COMMUNIC

with linear alignment of epoxy groups on single side of graphene
layer at 1,500 K and concluded no structural destruction®. Qur
CgO has a lower total energy than that in Huang’s study. It should
have good structural stability at room temperature. In addition,
thermal fluctuation causes out-of-plane distortion of a suspended
two-dimensional materials, which could compromise the control
of in-plane strain in applications of our SMM CgO. This effect
can be controlled by appropriate designs. Xu et al. reported that
thermally excited out-of-plane distortion of a suspended
graphene or chemically functionalized graphene depended on
its length-to-width ratio. At room temperature, for a graphene
layer with an edge length of 50 nm and an aspect ratio of one, the
out-of-plane displacement is on the order of 2A (ref. 53) In
Huang’s simulations, thermally induced out-of-plane ripple in a
CgO periodic supercell (aspect ratio close to 1 and supercell edge
length approximately 41 A) was around 2.5 A at 1500 K (ref. 35),
from which the distortion can be estimated as 1A at 300K.
Fasolino et al. used molecular dynamics simulations to study the
intrinsic thermally excited ripples in a sufficiently large graphene
supercell and found a ripple magnitude of 0.7A and a wave
length of ~80 A (ref. 54). These out-of-plane displacements are
small in comparison with the lateral size or ripple wave length.
Thus, control of the aspect ratio is a very convenient means to
suppress this distortion. Another option is to use a substrate,
which will be discussed later.

To examine the structure and phase stability of our CsO SMM
in atmosphere, four types of gas molecules, O,, CO,, H,O and N,
were added in the supercells of P2 CgO. The P2 CzO was selected
because its weak [p-m bond could be affected by the gas
molecules. The crystal structure and partial charge density results
in Supplementary Fig. 10a—d demonstrate negligible effects. We,
therefore, expect that the SME remains valid in atmosphere.
Nevertheless, despite the negligible effect of water molecules on
the Ip-n bonds, the hydrogen-rich or humid environment should
be avoided because hydrogen can transform epoxy groups to
hydroxyl groups>34,

A substrate is required in many applications. Supplementary
Fig. 11 shows the equilibrium crystal structure and partial charge
density results of P1 and P2 on top of a graphene nano-ribbon
substrate. In comparison with Fig. 1, there are no notable
differences. In addition, our DFT results show that the energetic
order of these two structures is swapped by applying an external
E-field of 0.3eVA 1 The E-field induced phase transition,
therefore, should take place (Supplementary Note 4).

The bi-layered structures were also investigated in our DFT
simulations. Bi-stable phases are observed (Supplementary
Fig. 12). The P1 crystal structure resembles the monolayer case.
Interestingly, two types of C-O-C angles, 130.3° and 106.3°, are
distributed alternatively along the x axis in the metastable phase.
Together with the partial charge analysis, we can conclude this
metastable phase consisting of both P1 and P2 components of the
monolayer CgO. The total energy difference of these two phases
(128 meV) is close to the monolayer CgO (76 meV). These
evidences suggest that E-field and stress could lead to phase
transition and thus the SME in bi-layered CgO.

Next, we consider the influence of some typical defects. First,
previous studies suggested that a mixing pattern of CgO and C,O
could exist>>*!, A supercell was then constructed to include one
unit cell of CgO and C,O in x axis direction (Supplementary
Fig. 13). Our DFT calculations identified two stable structures.
We also found that tuning the E-field could change the energetic
order of these two structures, suggesting a phase transition
triggered by E-field.

Regarding the epoxy lines, there are two common defects:
oxygen vacancy and redundant oxygen adatom. These two types
of defects were produced in supercells of perfect P1 and P2 phases
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of a size of 1 x5, 1x7 and 1 x 9, respectively, to account for
different defect concentrations (20%, 15% and 11%, respectively).
The oxygen vacancy was generated by removing one epoxy group
from the supercells (Supplementary Fig. 14). The redundant
oxygen adatom was introduced in the supercells to form either
epoxy pair or carboxyl pair (Supplementary Fig. 15). These
defects cause local structural distortions only up to the first
nearest-neighbour epoxy group. The P1 and P2 supercells remain
stable as long as the defect concentration is lower than 20% (or
epoxy line is longer than 1.2375nm). The signature Ip-n bonds
appear in partial charge density of the P2 supercells (beyond the
first nearest neighbour of defects). Supplementary Note 5
provides detailed descriptions. We can expect that at a reasonable
defect density (for example, smaller than 20%), these defects
should have negligible influences on the SME of our CgO SMM.

In the following, we will discuss possible fabrication routes of
CgO SMM in experiments. The first step is to achieve
homogeneous functionalization of epoxy groups on graphene.
The widely used Hummers method usually leads to chemical
inhomogeneity of oxygen functional groups, making this choice
unfavourable. There are two promising alternative ways. Recently,
Hossain et al. reported that oxidation of epitaxial graphene using
atomic oxygen in ultrahigh-vacuum produced uniform epoxy
functionalization®. Another route is to use vacuum thermal
annealing process to remove functional groups other than
epoxy™.

The next step is to realize the linear alignment of epoxy groups.
This topic has attracted many studies in the past for the purpose
of unzipping graphene layers’®3%°5-57 DFT simulations
indicated that linear alignment could effectively reduce strains
in a graphene layer caused by the epoxy groups. Huang et al.
employed DFT calculations and cluster expansion approach to
explore a configuration space including ~ 17,000 different GO
structures. Interestingly, they concluded that a CgO crystal
structure with well-ordered linear pattern of epoxy group is the
ground-state structure provided that graphene is oxidized in one
side®®. These theoretical studies provide a solid thermodynamic
ground for fabricating GO with well-ordered epoxy lines. In their
study of growth mechanisms, Sun ef al. found that the formation
of an epoxy linear trimer would attract and trap nearby oxygen
adatom to diffuse to the end of trimmer, leading to the growth of
an epoxy line>®. To guide growth direction, there are several
options. One possibility is to apply uniaxial strain in graphene
layer to break symmetry of the honeycomb structure. This can be
done by placing a pristine graphene on a flexible substrate and
then either stretching or bending the substrate. Ma et al. found
that the uniaxial strain can reduce the reaction energy barrier to
promote growth of epoxy lines along certain directions®’. The
second option is to generate periodic rippling in graphene layers
via mechanical compression. Residual strain on the ripple ridges
would make the C-C bonds more reactive to oxygen adatoms to
form the linear epoxy chains. Our recent theoretical study showed
that the rippling wavelength could be controlled down to 1nm
range, which can match the periodicity of CgO (ref. 58). The third
option is to take advantage of the experimental techniques from
Hossain et al., in which STM tips were used to induce desorption
of chemisorbed oxygen, move oxygen adatoms and thus g)attern
the epoxy groups at atomic precision on graphene layers 0 It is
plausible to use STM tips to pattern parallel epoxy trimmers and
subsequent oxidation will lead to spontaneous growth of epoxy
lines. All three options can be combined with the vacuum
oxidation setup from Hossian et al. The first and second option
could be combined with the vacuum annealing method from
Mattson et al.>.

Note that in these previous studies , some further
steps were required to unzip the GO with linear epoxy chains into

38,39,55-57
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nano-ribbons. For instance, Fujii’s experiment used an AFM tip
to press the oxidized graphene layers and the resultant local stress
led to the structural rupture. Ma et al. suggested that further
oxidization of the epoxy chains would lead to unzipping’.
Clearly, these extra experimental steps are not needed for our
case.

In summary, this paper reports a two-dimensional shape
memory CgO triggered by E-field and mechanical force. A unique
chemical bond, [p-7 interaction, is revealed as the physical origin
of the SME. Besides traditional single SME, an interesting triple
SME is also achievable. The overall mechanical properties of the
shape memory CgO are significantly better than those of currently
available SMMs. In addition, the E-field and mechanical force
stimuli could overcome the limitations (such as, actuation
frequency only about 1Hz) of commonly employed thermal
stimuli at small size scales.

Methods

The Vienna ab initio simulation package (VASP v.5.3.3) was used to perform DFT
calculations in this study. Projector au%ments wave method and the generalized
gradient approximation were employed®>%%, A plane-wave cutoff energy was set as
800eV. A Monkhorst-Pack gamma-centred k-points mesh of 42 x 6 x 1 was
adopted for CgO unit cell (Fig. 1a). A similar k point mesh density was adopted for
other supercells. As periodic boundary conditions were employed in VASP, thick
vacuum layers were included to minimize interlayer interactions. An interlayer
spacing of 20 A was used throughout, which represents a good balance between
computational accuracy and efforts. To hold this interlayer space constant, the
VASP source code (constr_cell_relax.F) was modified to allow the cells to relax
within the basal plane only. In all cases, the atomic positions were allowed to relax
in all directions. Before being subjected to an external E-field, all structures were
fully relaxed to determine their equilibrium lattice constants. The relative change of
in-plane lattice constants under an applied E-field with respect to the equilibrium
values were defined as deformation strain. The dipole and quadrupole corrections
were adopted for all our simulations. We used VASP and Phonopy-1.10 to
calculate phonon frequency®>.

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.
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Supplementary Figure 1: Phonon density of states (g(w)) vs. frequency(w). As indicated, the
black and red lines represent for P1 and P2-CsO GO. Based on Supplementary Equation 1 shown
below,! the calculated phonon free energy using harmonic approximation is -0.836 and -0.816 eV,
respectively.

FEtree=Nkg Tfowmax In [Zsinh (%:T)] g(w)dw Supplementary Equation 1

29



4.2. PUBLICATION

Phase 1 Phase 2

012
o |
]
 0.08-
k]
> |
I
C
8 004

0.00 '

16 -10 -5
E-E_(eV)
c
1
12 Phase 1

—— Carbon p electrons
— Oxygen p electrons

0.8

0.4

Projection Density of State

0.0

— Carbon s electrons
— Oxygen s electrons

Projection Density of State

Supplementary Figure 2: The density of state (DOS) and projection density of state (PDOS) for
bi-stable phases of CsO. (a, b) DOS of Phase 1 and Phase 2, respectively. (c, d) The p-electrons and
s-electrons PDOS of oxygen atom (red) and its neighbouring carbon atoms (black) of Phase 1 and
Phase 2, respectively. The energy levels are divided in to four regions (separated by the dashed lines)
with reference to Er, indicated as 1, 2, 3 and 4 in (c, d). The partial charge density of these four regions
is shown in Supplementary Table 1.
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Supplementary Figure 3: The PDOS and partial charge density distribution of C4O crystal. (a)
The p-electrons of oxygen atom (red) and its neighbouring carbon atoms (black) of Phase 1. (b) The
p-electrons of oxygen atom (red) and its neighbouring carbon atoms (black) of non-fully developed
Phase 2. The vertical lines represent the Fermi level (Er). Below Eg, red and grey shaded areas indicate
occupation of electrons on the p-orbitals of oxygen and carbon atoms, respectively. (c) and (d) Partial charge
density of the corresponding PDOS within the energy range from -1.0 to 0.0 eV with reference to Er.
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Supplementary Figure 4: Lattice constant b as a function of the applied E-field for CsO and C40.
(a) CgO: The black line is for Phase 1 and the red line is for Phase 2. The calculated maximum strain
of lattice constant b is 0.242% at E-field of 0.5 eV per A. (b) C40: The calculated maximum strain of
lattice constant b is 0.045% at E-field of 0.5 eV per A.
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Supplementary Figure 5: Evidences of Phase 3 for CsO and C4O at E-field of 0.3 eV per A (a)
The DOS results of CsO Phase 3. (b) The PDOS results of the oxygen atoms (red) and its neighbouring
carbon atoms (black) of CsO Phase 3. (c) The DOS results of C40 Phase 3. (d) The PDOS results of
the oxygen atom (red) and its neighbouring carbon atoms (black) of C4O Phase 3. The vertical lines
represent Er. Below Er, red and grey shaded areas indicate occupation of electrons on the p-orbitals of oxygen
and carbon atoms, respectively. (e) and (f) Partial charge density surrounding the oxygen and its
neighbouring carbon atoms within the energy range from -1.0 to 0.0 eV with reference to Er, for CsO
Phase 3 and C4O Phase 3, respectively. These results are distinctive from those of Phase 1 and Phase
2 shown in Fig. 1, Supplementary Figure 2 and Supplementary Figure 3.
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Supplementary Figure 6: Equilibrium atomistic structures of (CsO)s supercells including
different types of phase mixtures. The Blue shaded region represents Phase 1 and grey shaded
regions represent Phase 2. The P1:P2 ratios from (a) to (e) are 4:0, 3:1, 2:2, 1:3 and 0:4, respectively.
The atomistic structures have been fully relaxed in DFT simulations. These results conclude that Phase
1 and Phase 2 can stably co-existed in a single crystal. The equilibrium constants are summarised in
Supplementary Table 2.

Strain (%)

—m— Phase 1 as reference
164 —®— Phase 2 as reference

0 167 333 50 567 833 100
Percentage of P2 in (C,0), supercell (%)

Supplementary Figure 7: Recoverable strain outputs arising from programming the percentage
of Phase 2 in (CsO)s six-unit supercells. A maximum in-plane strain of -14.5% can be obtained if set
the supercell with pure Phase 1 as the reference state (black line). If taken the supercell with pure Phase
2 as areference (red line), a maximum in-plane strain of 17% can be obtained. Although the maximum
recoverable strain is identical to the four-unit supercells, a larger supercell can be programmed into
more temporary shapes and thus more recoverable strain outputs.
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Supplementary Figure 8: A comparison of actuation performance between conventional
actuation materials and two-dimensional shape memory CsO. The specific modulus (ratio of
elastic modulus over density) and maximum recoverable elastic strain are two key performance
parameters. The performances of common materials (including SMMs highlighted in yellow) are
adapted from Supplementary Ref. 2 and 3. An actuation material with a high maximum elastic strain
usually has a small specific modulus. The red dashed line denotes the upper bound for conventional
actuation materials. Two major shape memory materials, shape memory alloy and shape memory
polymer, are noted as SMA and SMP in this figure, respectively. Martensite-austensite phase
transformation is the underlying mechanism for SMA and shape memory effect of SMP is originate
from glass transition between a hard to a soft phase. Blue stars represent the Phase 1 and Phase 2 of
the shape memory CgO. The calculated recoverable strain and specific modulus is 14.5% and 4.3
GPa-cm’-g’!, respectively.
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Supplementary Figure 9: Total energy vs. displacement of the mid-point for a (CsO)4 supercell
with P1/P2 ratio of 2:2. (a) Atomistic structure of the (CsO)4 four-unit supercell. The mid-point is
located at the interface between P1 and P2. Displacement of the mid-point is labelled. (b) Total energy
of the P2 segment (right) and P1 segment (left) as a function of displacement (d) under a zero E-field
and an E-field strength of 0.5 eV per A, respectively. The dashed line represents zero displacement. (c)
Total energy of the whole system as a function of d when the P1 segment (left) is being subject to a
local external E-field strength of 0.5 eV per A. This result is obtained by summarizing the two curves
in (b).
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Supplementary Figure 10: Examining the influence of atmosphere. (a) — (d) Fully relaxed P2 CsO
supercells with oxygen, carbon dioxide, water and nitrogen molecules added. Partial charge density
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results (within the energy range from -1.0 to 0.0 eV with reference to Er) show intact Ip-z bonds. This
suggests that these molecules have nearly no effect on the phase stability of P2 CgO.

a Phase 1 - C30 on substrate b Phase 2 - C30 on substrate
jos % § o)

& %6@ T @3

(]
| L | g:-c:8
Supplementary Figure 11: Examining influences of a substrate. A layer of graphene nanoribbon
was placed underneath C80 GO crystals as a substrate in this simulation. Its edges were terminated by
hydrogen atoms. Crystal structure and partial charge density (within the energy range from -1.0 to 0.0
eV with reference to Ef) of fully relaxed P1-C80 (a) and P2-C80 (b) with an identical graphene
substrate. The calculated total energy of P1/P2-C80 GO crystals on graphene substrate are -250.359
and -250.350 eV, respectively. Under an E-field of 0.3 eV per A, the total energy values change to -
250.428 and -250.626 eV, respectively. The P2-C80 crystal on substrate becomes energetically more
stable (phase transformation can be triggered even C80 GO crystals are transformed onto a substrate).
The swap of energetic order caused by E-field suggests the P1 to P2 phase transition should take place.

P1-bilayer-CsO GO P2-bilayer-CsO GO

Supplementary Figure 12: Bi-stable phases of bilayer CsO GO. Partial charge density of fully
relaxed P1-bilayer- C80 (a) and P2-bilayer- C80 GO (b) within the energy range from -1.0 to 0.0 eV
with reference to Er. The lattice constant a is found to be 18.4 and 17.2A, respectively. The calculated
total energy of these two stable phases are -314.977 and -314.849 eV (that is total energy difference
of 128 meV). The maximum recoverable strain is about 6.5%.
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Supplementary Figure 13: Stable co-existence of CsO and CsO GO mixtures. Structural
configurations and partial charge density of fully relaxed phase 2 (a) and phase 1 (b) of CsO GO mixed
with C40 GO within the energy range from -1.0 to 0.0 eV with reference to Er. The mixture ratio is
1:1 (i.e. P1-CgO/C40 and P2-CsO/C40). The C-O-C angle and partial charge density results indicate
that the first structure consist of one CgO P1 unit and one C4O P1 unit. The second structure consists
of one CsO P2 unit and one C40 P1 unit. P1-CgO/C4O crystal is more stable at zero E-field, the
calculated total energy of P1 and P2-CsO/C40O crystal is -241.002 and -240.867 eV, respectively. At
E-field of 0.3 eV per A, the corresponding total energy values are -241.044 and -241.108 and eV,
which suggests that P2-CgO/CsO crystal becomes energetically more stable (that is phase
transformation from P1 to P2) upon an appropriate external electric field.
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Supplementary Figure 14: Phase 1 and phase 2 CsO GO supercells with oxygen vacancy defects
by removing one oxygen atom from the epoxy line. One oxygen atom is removed at site 3 in the P1
supercells (a) and P2 supercells (b). The perfect epoxy line length is measured by the length between
site 1 and site 2. Note that the lattice constant a for perfect P1&P2-CsO GO is 18.384 and 15.718 A.
(c) and (e) Partial charge density results of P1-CgO 1x5 and 1x9 supercells (within the energy range
from -1.0 to 0.0 eV with reference to E), respectively. It appears like that a sp? carbon-carbon bond
forms at site 3 upon removal of the oxygen atom (i.e. the defect rate of 20% and 11%). The fully
relaxed lattice constant a is 17.934 and 18.223 A, respectively. (d) and (f) Partial charge density results
of P2 1x5 and 1x9 supercells (within the energy range from -1.0 to 0.0 eV with reference to Ef),
respectively. The signature Ip-z orbital charge density can be seen beyond the first nearest neighbour
of defect. The fully relaxed lattice constant a is 15.374 and 15.510 A, respectively. The crystal structure
and partial charge density results indicate that this defect only affect the structure locally and it almost
has no effects as long as concentration lower than 20% (the length of perfect epoxy line equals or
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larger than 9.9 A). The length of perfect epoxy line is measured to be 9.9 or 17.723 A for these two
different size supercells.
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Supplementary Figure 15: Phase 1 and phase 2 CsO GO with defects by introducing excess
oxygen atoms on the epoxy line. The excess doping position is at site 3 for Phase 1 supercells (a) and
Phase 2 supercells (b). The perfect epoxy line length is measured by the length between site 1 and site
2. Note that the lattice constant a for perfect P1&P2-CsO GO is 18.384 and 15.718 A. (c) & (e) Partial
charge density results of P1-CgO 1x5 and 1x9 supercells (within the energy range from -1.0 to 0.0 eV
with reference to Ef), respectively. Clearly a carboxyl pair forms at site 3. The fully relaxed lattice
constant a is 18.341 and 18.352 A respectively. (d) and (f) Partial charge density results of P2-CsO
supercells (within the energy range from -1.0 to 0.0 eV with reference to Ef), respectively. At site 3,
an epoxy pair is formed instead. The fully relaxed lattice constant a is 15.654 and 15.679 A,
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respectively. The signature Ip-z orbital charge density can be seen beyond the first nearest neighbour
of defect. The crystal structure and partial charge density results indicate that this defect only affect
the structure locally and it almost has no effects as long as concentration lower than 20% (the length
of perfect epoxy line equals or larger than 9.9 A). The length of perfect epoxy line is measured to be
9.9 and 17.723 A for these two different size supercells.
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Supplementary Table 1: Analysis of chemical bonding in the bi-stable phases CsO. The orbital
hybridization of oxygen and its neighbouring carbon atoms; Partial charge density correspond to the
four energy level regions in the DOS of Phase 1 and Phase 2 (as shown in Supplementary Figure 2 (c,
d)). The isosurface value is in unit of electron per bohr.

Orbital Hybridization

Phase 1

Phase 2

Oxygen:
sp? for C-O bond

Carbon:
sp? for C-O bond
sp? for C-C bond

Isosurface level: 0.02

Oxygen:
sp? lone pair

Carbon:
sp? for C-C bond

Isosurface level: 0.02

Oxygen:
Py lone pair

Carbon:
17 obitals

Isosurface level: 0.01

Oxygen:
sp? lone pair

Carbon:
1T obitals

Isosurface level: 0.003

lone pair - 17 interactions
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Supplementary Table 2: Equilibrium lattice constant a and interface energy values of (CsO)4
and (CsO)s supercells with different types of Phase 1 and Phase 2 mixing. (a) Five different phase
mixture cases in (CgO)a supercells. (b) Seven different phase mixture cases in (CsO)s supercells. Note
that CgO is a two-dimensional material. It is controversial to define its thickness. Thus, the interface
energy value is expressed as energy per unit length.

a
4 pe e a ace a 0 a
e
1 4 x P1 73.53
2 3XP1+1xP2 12.69 70.90
3 2XP1+2xP2 12.67 68.22
4 1XxP1+3xP2 12.35 65.54
5 4 x P2 62.87
b
6 superce a ace a 0 a
e
1 6 X P1 110.30
2 5xP1+1xP2 10.53 107.62
3 4%xP1+2xP2 8.21 104.88
4 3XP1+3X%xP2 11.81 102.30
5 2X P2+4x P2 11.61 99.52
6 1xP1+5xP2 8.73 96.96
7 6 X P2 94.31
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Supplementary Note 1: Analysis of chemical bonding in the bi-stable phases CsO.
Energy level region 1:

e Two half-filled sp? orbitals of oxygen atom interact with sp? orbitals of its neighbouring carbon
atoms to form C-O ¢ bond.
e sp? orbitals of carbon atoms interact with each other to form C-C bond.

Energy level region 2:

e Isolated sp? lone pair of oxygen within the C-O-C plane.
e Weak sp? orbitals of carbon atoms interact with each other to form C-C bond.

Energy level region 3:

o |solated py lone pair of oxygen perpendicular to the C-O-C plane.
e 1 bond of carbon atoms.

Energy level region 4:

e Phase 1 - Isolated sp? lone pair of oxygen and 7 orbitals of carbon atoms.
e Phase 2 - sp? lone pair of oxygen interacts with 7 orbitals of its neighbouring carbon atoms.

Supplementary Note 2: Evidences of Phase 3 for CsO and C:O at E-field of 0.3 eV per A.

For CgO (Supplementary Figure 5a and 5b), the DOS of P3 suggests that there is a clear band gap
near the Er, which is different from the DOS results of P1 and P2 as shown in Supplementary Figure
2a and 2b. The PDOS and partial charge density of P3 also indicates an entirely different electronic
structure in comparison to P1 and P2 shown in Fig. 1d and 1e. It is worth to point out that P3 only
exists under E-fields. When a sufficiently large E-field is applied to the crystal, it seems that the grey
shaded r electrons peak of oxygen-bonded carbon atom in P1 shifted to the right and became empty
7™ electrons above Er. The ™ electrons of oxygen-boned carbon atoms is then found to overlap with
sp? Ip* of oxygen atom in the LUMO region as long as E > 0.2 eV per A. Different from both P1 and
P2, Supplementary Figure 5e reveals that oxygen atom of P3 has strong py orbital in the HOMO region.

Similarly, the DOS, PDOS and partial charge density results (Supplementary Figure 5c¢, 5d and 5f)
also suggest the existence of P3 for C40 upon the applied E-field.

Supplementary Note 3: Total energy vs. displacement of the mid-point of a (CsO)a supercell with
P1/P2 ratio of 2:2.

This section is devoted to prove feasibility of the two-way actuator design in the main text. In Fig.
6, we propose that the E-field induced contraction of P1 could generate adequate mechanical force to
stretch P2 and trigger phase transition from P2 to P1 simultaneously. In DFT simulations, it is
impossible to apply local E-field to one portion of a supercell. Therefore, a theoretical model is
presented here.

As shown in Supplementary Figure 9, the supercell (CgO)4 includes P1 and P2 segments. Total
energy of the whole system should be a summation of the total energy of both segments and the
interface energy. By assuming an E-field strength of 0.5 eV per A is locally applied to the P1 segment,
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the energy of P1 segment as a function of its length shrinkage d (i.e., displacement of the interface) is
shown in Supplementary Figure 9b, which is obtained by a separated DFT calculation of a (Cg0O)2
supercell including only P1 under an E-field strength of 0.5 eV per A. The total energy of the P2
segment as a function of d can be obtained from Fig. 1b. Note that the result in Fig. 1b is for CgO unit
cell, whereas the P2 segment of supercell in Supplementary Figure 9 includes two CgO units. Thus,
the total energy in Fig. 1b should be doubled to obtain the results in Supplementary Figure 9b. Adding
these two curves in Supplementary Figure 9b together, we should obtain total energy of the whole
system as a function of d. Here the interface energy is assumed a constant and it will not change the
trend of total energy vs. d relation. The energy monotonously decreases with the increase of d,
indicating that the motion of mid-point should spontaneously happen. There is no energy barrier to
prevent the phase transition from P2 to P1. In others words, by applying an E-field locally to the P1
segment, the resultant phase transition from P1 to P2 can supply sufficient mechanical force to trigger
simultaneous phase transition from P2 to P1 of the P2 segment.

Supplementary Note 4: Substrate effects on shape memory properties.

Supplementary Figure 11 shows the supercells including P1 and P2 phases of CgO and a graphene
ribbon substrate. After fully relaxation in DFT calculation, both structure are stable. The lattice
constant values are 17.8 and 15.6 A, which are very close to the P1 and P2 of CgO. The partial charge
also reveals negligible difference. The total energy of these two cases are -250.359 and -250.350 eV,
respectively. A single point calculation under an external E-field of 0.3 eV per A yield their total energy
values of -250.428 eV and -250.626 eV, respectively. The energetic order is swapped. This calculation
confirms that phase transition between P1 and P2 of CgQO crystals with substrate can be triggered by
the external electric field and thus leads to the shape memory effect.

Supplementary Note 5: Influence of defects on the epoxy lines.

To examine the influences of defects such as oxygen vacancy and redundant oxygen adatom on the
structure stability, supercells of P1 and P2 CgO with size of 1x5, 1x7, and 1x9 were created. They were
fully relaxed in our DFT calculations. Supplementary Figure 14 and 15 show the relaxed crystal
structure for the 1x5 and 1x9 cases. Note that the 1x7 supercells have very similar results to those of
1x9 cases. Supplementary Figure 14 and 15 (a and b) shows the top view of the 1x5 supercells, in
which the position and configuration of the two types of defects are depicted. Supplementary Figure
14 shows that by removing one oxygen atom in the P2 supercell a C-C bond is formed (bond length
approximately 1.43 A), whereas the C-C bond is elongated to 1.45 A in the P1 supercell. For the oxygen
redundant case, the P2 supercell has an epoxy pair, while a carboxyl pair is formed in P1 supercell.
Supplementary Figure 14 and 15 (c-f) summarises the partial charge density of P1 and P2 supercells.
Clearly beyond the first nearest neighbour of the defect, the partial charge profiles of the C-O-C angles
share the similar features to the perfect P1 and P2 phases. The lattice constants of the supercells, which
are listed in the caption of Supplementary Figure 14 and Figure 15, are becoming closer to those of
perfect P1 and P2 unit cells along x-axis with the reduction of defect concentration, the difference
within 1% at defect concentration of 11%. Note that smaller supercells of 1x3 were also tested and we
found the P1 phase is not stable in the oxygen vacancy case. Therefore, we can conclude that these
two typical defects have limited effects on the structural stability of P1 and P2 at a defect density
smaller than 20%.
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Chapter 5

Two-way Quantum Mechanical

Actuation of Graphene Oxide

5.1 Overview

Basically, two previous studies lead to the exploration of two-way quantum mechanical

actuation of graphene oxide.

The first one is detailed in Chapter 4, the discovery two-dimensional shape memory
graphene oxide. [17] It is necessary to emphasis again that phase transformations between
two or more phases trigger the shape memory effect. CsO GO crystal exhibits two stable
phases, namly stable and meta-stable phase. Secondly, it has been reported that structural
rippling effect of GO crystal can cause significant difference in actuation performance due

to quantum mechanical effect (discussed in 2.4.2).

It is obvious to notice that the two stable phases of CgO GO crystal lead to two crystal
configurations with different rippling, which could result in new phenomenon in quantum
mechanical actuation. Indeed, our density functional theory calculations show that a
single piece of GO crystal can expand or contract depends on which phase the electron
is injected into. An in-plane contraction is observed for the stable phase, however, an
in-plane expansion is obtained for the meta-stable phase under the same charge condition
(e.g. maximum electron injection of —0.12 e per atom). Moreover, this study also revealed
that many other GO crystals exhibit bi-stable phases. Generally, a GO crystal with bi-
stable phases can actuate in two-way, that is contraction and expansion, upon the same
amount electron injection. Therefore, the ability of having two-way quantum mechanical
actuation in a single piece of GO crystal may offer brand new opportunities in designing

actuators that require easy in controlling and tuning.

5.2 Publication

The following manuscript has been submitted and currently under review with Applied

Physics Letters, an AIP Publishing journal.
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Abstract

Using density functional theory calculations, two stable phases were found for several graphene
oxide (GO) crystals with linearly aligned epoxy groups. Upon electron injection, they exhibit two-
way actuation behavior. This two-way actuation is named by the observations that one piece of
monolayer GO crystal is able to expand or contract upon electron injection, namely, contraction of
the stable phase, and expansion of the meta-stable phase. The obtained maximum in-plane strains
are as high as 8% and -5%. Such large deformation in opposite directions obtained from a single
piece GO material offers new opportunities in designing highly tunable and integrated actuators for
microelectromechanical or nanoelectromechanical systems (MEMS/NEMS).
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Owing to excellent down scalability, miniaturized actuators based on functional materials are
now broadly implemented in varies types of micro/nanomechanical systems (MEMS/NEMS).*S For
instance, piezoelectric materials are capable of generating linear motion with high response
frequency at the nanoscopic scale.® Shape memory actuators at nanoscopic scale can produce
significantly larger strain output.”® Recently, graphene-based actuators arising from various
actuation mechanisms have been proposed.®** Exploration and comprehensive understanding of the
underlying mechanisms become essential for designing novel high performance graphene-based
actuators.

The most closely related graphene-based material is graphene oxide (GO), an atomic thin
oxidized graphene, which has been realized as an excellent candidate for myriad applications?*
thanks to its excellent electronic, and mechanical properties associated with a diverse range of
possible crystal structures produced by oxygen functional groups.’®2! The epoxy and hydroxyl
groups are generally accepted as the two major oxygen functional groups on the basal place of
G0.2°22 While hydroxyl groups dominant the surface of GO under hydrogen-rich environment,?®
recent experiments suggest it is possible to synthesis GO with only epoxy groups under some well-
controlled experimental conditions.?*2® Notably, experimental observations of ordered epoxy lines
on the basal plane of GO crystal (e.g. Fig.1) have triggered many interesting investigations,
including the formation mechanisms of such linear epoxy groups and utilizing this mechanism in
unzipping graphene.?’-32

We have previously reported that monolayer GO crystals with ordered epoxy groups exhibit
many extraordinary electromechanical properties, including quantum mechanical (QM),3%3
piezoelectric, and shape memory effects.®® These interesting observations enable enormous
potential of using monolayer GO crystals as two-dimensional actuators. Here, we report the
discovery of two-way QM actuation of GO crystals upon electron injection. Our DFT simulations
show that electron injection into two stable phases of a single piece of GO crystal can induce either
in-plane contraction or expansion. The calculated maximum expansion and contraction are
approximately 8 and 5 %, respectively. On top of high strain outputs, the demonstration of one
single GO crystal can actuate in two different ways endows the possibility of designing multi-
functional GO actuators in NEMS.

GO crystals studied in this work are divided into two groups based on their structural
configurations. Figure 1a shows a symmetric GO (Sym) with C/O ratio of 8, in which only one side
of graphene basal plane is available to form the linear epoxy groups.®>%" Alternatively, an
asymmetric GO (Asym) with a C/O ratio of 8 is shown in Fig. 1b when epoxy groups are located on
both sides of graphene basal plane.?>* Lattice constants a and b represent the unit cell length in x-
axis and y-axis, where a and  measure carbon-oxygen-carbon (C-O-C) bond angle of the epoxy
groups attached on the symmetric and asymmetric GO crystals. In total, six monolayer GO crystals
(i.e. CgO-Sym, C120-Sym, C160-Sym, CgO-Asym, C120-Asym, and C160-Asym) were generated
by assigning C/O ratio of 8, 12, and 16 to both configurations. Note that both configurations have
been observed in experiments with different C/O ratios. 272

The Vienna ab initio simulation package (VASP v.5.3.3) was used to perform density functional
(DFT) calculations in this work. Projector augments wave method and the generalized gradient
approximation were employed.®®*° A plane-wave cutoff energy was set as 600 eV. Monkhorst-Pack
gamma-centered Kk-points mesh of 40 X 10 X 1 and 42 x 6 x 1 was adopted for CgO-Sym and
CgO-Asym unit cell, respectively (Fig. 1). Similar k point mesh density was adopted for other
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supercells. Electron charge injection was compensated using a jellium background to maintain
charge neutrality in the unit cell. As periodic boundary conditions were employed in VASP, thick
vacuum layers were included to minimize interlayer interactions. An interlayer spacing of 60 A was
used throughout,3 which represents a good balance between computational accuracy and efforts. To
hold this interlayer space constant, the VASP source code (constr_cell_relax.F) was modified to
allow the cells to relax within the basal plane only. In all cases, the atomic positions were allowed
to relax in all directions. Prior to being subjected to any electron charge injection, all structures
were fully relaxed to determine their equilibrium lattice constants. GO crystals simulated in this
study intrinsically have two stable (or bi-stable) phases, hence, electron charge injection needs to be
applied separately to individual phase. This can be done by treating pre-converged charge neutral
P1 (Fig. 2) as the starting point and gradually increase the charging electron by 0.02 -e/atom until
the value reaches -0.12 -e/atom. The in-plane strain is calculated by the length change of lattice
constant a in Fig. 1 as strain in the direction of lattice constant b is negligible. Then, the same
charging and analysis processes can be done by treating pre-converged charge neutral P2 (Fig. 2) as
the starting point.

Our recent study has revealed a GO crystal with ordered epoxy groups namely CgO-Asym
intrinsically exhibits bi-stable phases caused by a unique intra-molecular bond.*® By varying the
C/O ratio, Figure 2 suggests that bi-stable phases can exist in both symmetric and asymmetric GO
crystals for some other C/O ratios. For the symmetric GO crystals, although the bi-stable phases are
not fully-developed in Fig. 2a and 2b, the red dashed lines indicate that there is a trend to form two
local minimums in both CgO-Sym and C120-Sym. Interestingly, two local minimums in Fig. 2c
denote the existence of fully-developed bi-stable phases (i.e. P1 and P2) in C10-Sym. The
measured C-O-C bond angle « equals 138° for P1 and 107° for P2. For the asymmetric GO crystals,
double-well energy curves clearly indicate bi-stable phases for CgO-Asym (8 = 133° for P1 and
104° for P2), C120-Asym (8 = 133° for P1 and 102° for P2) and C160-Asym (8 = 134° for P1 and
104° for P2). Overall, fully-developed bi-stable phases can be found intrinsically for asymmetric
GO crystals with C/O ratio equals or larger than eight, while high C/O ratio (e.g. 16) leads to the
fully-developed bi-stable phase in symmetric GO crystals.

Figure 3 (a-c) represents the in-plane strain as a function of electron injection for symmetric GO
crystals. For GO crystals with non-fully-developed bi-stable phases (Fig. 3 (a, b)), both CsO-Sym
and C120-Sym contract upon electron injection (black lines). The obtained maximum strain outputs
are -0.7 and -0.8%, respectively. The trend agrees well with previous study on unzipped CsO-
Sym,* and the amount of contraction is enhanced by more than three times under the same amount
of electron injection. The significant enhancement of contraction is directly caused by the increase
in structural rippling as the C:O ratios become larger in CsO-Sym and C1,0-Sym.®® Intriguingly, the
strain-charge relationship shown in Fig. 3c suggests that P1 and P2 of Cis0-Sym responses
completely different upon electron injection. P1 phase contracts to a maximum value of 0.9% at
0.12 -e/atom. Injection of electrons into to P2 leads to a significant expansion (red line) of 4.4% at
0.12 -e/atom. It has been reported that pristine graphene expands about 0.2% upon electron
injection,*° and the expansion upon electron injection for GO with ordered epoxy groups is only
about 0.4%.% It is important to notice that the expansion performance of P2 of C1s0-Sym is
improved by more than ten times.

Given that all Asym-GO crystals investigated in this study exhibit bi-stable phases with
significant rippling differences, it is reasonable to expect that the unique QM actuation observed in
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C160-Sym could also be obtained in the Asym-GO crystals. Figure 3 (d-f) shows the strain-charge
curves upon electron injection for CgO, C120, and C160-Asym. Indeed, black lines clear illustrate
the contraction of P1, and red lines confirm expansion of P2 for all asymmetric crystals. Depends
on the choice of initial phase (i.e. P1 or P2), one single piece bi-stable GO crystal is able to produce
a significant amount of contraction and expansion without making any adjustment to the external
stimuli. This unusual but fascinating phenomenon is defined as electron injection-induced two-way
QM actuation. Particularly, a huge amount expansion close to 8% can be obtained by either CgO-
Asym or C120-Asym, while maintaining the capability of contracting more than 5% without
alternating the external stimulus.

To reveal the underlying mechanism of such unique two-way actuation, an in-depth structural
and electronic analysis of bi-stable GO crystal upon electron injection is essential. Taking CsO-
Asym upon electron injection as an example, projected density of states (DOS) of P1 and P2 in the
vicinity of Fermi level (Er) are plotted in Fig. 4. The major DOS difference between these two
stable phases is p-electrons DOS of the oxygen-bonded carbon atoms (grey shaded area) inherently
interact with p-electrons DOS of the oxygen atom (red shaded area) below Er as shown in Fig. 4b,
which directly leads to the existence of P2.38 As the electron injection commenced, Er of the crystal
shifts to the right (i.e. from the blue dashed line to the solid black line at E-Er = 0) gradually. In
other words, excess electrons injected into P1 start to occupy the unfilled lone pair (Ip) orbital of the
oxygen atom and 7 orbitals of oxygen-boned carbon atoms as shown in Fig. 4a. This process tends
to promote the intra-molecular Ip-z bond. Inset of Fig. 4a, partial charge density surrounding the
oxygen and its neighboring carbon atoms (within the energy range from virtual Er to the true Ef),
evidentially confirms the formation of such intra-molecular bond. Given that this unique bond
serves to reduce the C-O-C bond angle /8 significantly as indicated by the arrow in Fig. 4a inset,%
the crystal becomes more ripple and thus results in the in-plane contraction of P1 upon electron
injection.® However, for P2, only 7 orbitals of carbon atoms are available for the injected electrons.
Inset of Fig. 4b visually confirms the enrichment of n orbitals upon electron injection, especially
between the two oxygen-bonded carbon atoms. The enhanced 7 orbitals between the two carbon
atoms can induce a -x repulsive force,* which leads to the increase of the C-O-C bond angle 8 as
indicated by the arrow in Fig. 4b inset. Consequently, the obtained in-plane expansion of P2 as a
result of increased angle 5.

In summary, we have demonstrated electron injection-induced two-way QM actuation of the GO
crystals with linearly aligned epoxy groups. Intrinsic bi-stable phases are found in these GO with
different C/O ratios. These two stable phases can response oppositely (i.e. contraction and
expansion) upon electron injection. The obtained maximum expansion and contraction at 0.12 -
e/atom are approximately 8% and -5%, respectively. Through an in-depth electronic analysis, we
find that excess electrons into P1 promote the intra-molecular Ip-z bond, leading to the decrease of
C-0-C bond angle £ and thus in-plane contraction of P1. On the contrary, a repulsive force between
two oxygen-bonded carbon atoms arising from the enhancement of n-n interaction in P2 tends to
flatten the crystal. Thus, an in-plane expansion is achieved. The disclosure of injection-induced
two-way QM actuation may offer great potential of utilizing bi-stable GO crystals for easily tunable,
fast responding and highly integrated two-way actuators in NEMS.
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Figure 1: Crystal structure of Sym-CsO (a) and Asym-CgO with a and b as the lattice constant in x and y-axis
(rectangular supercells are used). Black and red spheres represent the carbon (C) and oxygen (O) atoms,
respectively. Angle a and g measures the bond angle of oxygen atom and its two neighboring carbon atoms
for Sym-CgO and Asym- CgO, respectively.

Relative total energy (eV)

b)

00 1

03

02

01

C120-Sym

P1
oo+ C160-Sym

Cs0-Asym

16 7 18 19

02

01

124

e)

128 132 136 140

P2

C120-Asym w

23 2 25 26 27

Lattice constant a (A)

160 164 168 172 176 180 184

C160-Asym

00+
32 k<) % 35

Figure 2: The relative total energy as a function of lattice constant a for Sym-CgO (a), Sym-C1.0 (b), Sym-
C160 (c), Asym-CgO (d), Asym-C120 (e), and Asym-C;60 (f) monolayer GO crystal. The two local minimum
points represent the two stable phases: P1 and P2.
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Figure 3: In-plane strain as a function of electron injection for Sym-CsO (a), Sym-C;.0 (b), Sym-C160 (c),
Asym-CgO (d), Asym-C120 (e), and Asym-Ci60 (f) monolayer GO crystal. The red and black lines indicate
expansion and contraction of the P2 and P1, respectively.
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Figure 4: Projection density of state (PDOS) results for P1 (a) and P2 (b) of Asym-CgO upon electron
injection of -0.12 e/atom. The black curves represent p-electrons DOS of the carbon atoms and the red curves
represent p-electrons DOS of the oxygen atom. The solid vertical lines represent the Er. Below Ef, red and
grey shaded areas indicate occupation of electrons on the p-orbitals of oxygen and carbon atoms,
respectively. The yellow shaded areas represent excess electrons injected into the system and the vertical
blue dashed line drawn here is used as an indicator for Er of both P1 and P2 in the charge neutral state. Inset
of (a) and (b): partial charge density surrounding the oxygen and its neighboring carbon atoms for both P1
and P2.
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Chapter 6

Conclusions and Future Work

This chapter will summarise the contribution of the work discussed throughout this thesis.

Following this, ongoing work and recommendation on future work will be presented.

6.1 Contributions

The fundamental knowledge gap in utilising GO crystal as a electromechanical nano- or
two-dimensional actuator is apparent. Therefore, the focus of the work carried out within
this thesis was to gain a comprehensive understanding of three common electromechanical
properties of GO with ordered epoxy groups. Throughout this thesis, piezoelectric effect of
GO was revealed, which enables GO as one of the thinnest piezoelectric material that could
potentially be employed for two-dimensional actuation. Additionally, shape memory effect
is discovered in GO crystal along with the programmability feature. For the first time
ever, monolayer GO with ordered epoxy groups is discovered as a two-dimensional shape
memory material. Lastly, the great potential of quantum mechanical effect was further
extended by observing electron injection-induced two-way quantum mechanical actuation
of GO. The following will discuss the specific contributions that stem from each of the

chapters included in this thesis.

Chapter 3

In this chapter, piezoelectricity was revealed in GO with ordered epoxy groups, namely
clamped and unzipped. By varying the percentage of oxygen doping, the obtained max-
imum in-plane was measured to be 0.12 % at the electric field strength of 0.5 eVA~! .
The calculated piezoelectric strain coefficient ds; of 0.24 pmV ! is comparable with some
bulk and most graphene-based piezoelectric materials. A detail electronic and structural
analysis was carried out to fully understand the strain deformation of the piezoelectric
GO crystal at atomic scale, which could be highly desirable for designing and controlling

two-dimensional actuators with extremely fast responses.
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Chapter 4

The discovery of first atomically thin shape memory material, namely two-dimensional
shape memory GO, was demonstrated in this chapter. Phase transformation (thus the
shape memory effect) between two intrinsic phases of the GO is triggered by a combina-
tion of electric field and mechanical force. A unique intra-molecular bond was classified as
atomic switch, which is responsible for controlling the shape memory effect upon external
stimuli. The recoverable strain was calculated to be 14.5 %, which is significantly larger
than that of for conventional shape memory alloys. Owing to the excellent mechanical
properties of monolayer GO, shape memory GO may overcome the low power density out-
put of commonly used shape memory polymers. Indeed, the overall actuation performance
of shape memory GO is beyond the limit of commonly implemented materials. Finally, a
prototype electric field stimulated two-way nano-actuator based on the shape memory GO
was proposed to show its potential in developing advanced two-dimensional electromech-

anical devices.

Chapter 5

Here, the great potential of quantum mechanical actuation was further extended as the
exploration of electron injection-induced two-way quantum mechanical actuation of GO.
A throughout search of GO crystals was conducted first to find bi-stable GO with ordered
epoxy groups. By applying electron injection only, the stable phase of GO contracts and
expansion was observed for meta-stable phase of the same GO. High actuation strain
outputs were achieved, that is a maximum contraction and expansion of approximately 5
and 8 %, respectively. The fact that one single piece of bi-stable GO crystal is able to
contract and expand upon the same external stimuli may greatly simplify the integration
complexity of actuators system in the future, and could potentially offer opportunities in

designing high tunable and multi-functional two-dimensional actuators in NEMS.

6.2 Ongoing and Future Work

As outlined in this thesis, investigations into electromechanical properties of GO has res-
ulted in several contributions. However, the need for further development into both GO
and other atomically thin materials is evidently necessary. This section will briefly discuss

some ongoing and potential avenues for future research.

In Chapter 4, two-dimensional shape memory GO was discovered and the concept
of atomic switch was adopted to control the phase transformation between the intrinsic
phases. Many other atomically thin materials with functional groups exhibit bi-stable or
multiple phases inherently, which can be potentially used as two-dimensional shape memory
materials. Indeed, one of our recent work has successfully demonstrated shape memory
effect in Li doped phosphorene upon the applied electric field. [18] As discussed in 2.3, the
first necessary step of exploring other two-dimensional or atomically thin materials with

shape memory effect is to determine two or more intrinsic stable phases. Then, a right
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external stimulus is required to triggered phase transformations so that shape memory
effect or multi-shape memory effect can be identified. It is crucial to distinguish shape
change effect from shape memory effect based on the energy barrier between phases. In
addition, one method to demonstrate the programmability of an atomically thin mater-
ial is to demonstrate the co-existence of multi-phases in one crystal. Furthermore, only
electric field is employed in this thesis to trigger the phase transformation, shape memory
effect of atomically thin materials could be simulated by other external stimulus. There-
fore, the discovery of shape memory graphene oxide has provided the basic knowledge for
searching and utilising two-dimensional shape memory materials. Many additional works
can be done in this direction to offer brand new opportunities in shape memory based

nano-electromechanical devices.

In Chapter 5, electron injection-induced two-way quantum mechanical actuation of
GO was explored. Even only consider one single piece of GO crystal, this work suggested
that the performance of quantum mechanical actuation is highly depend on the structural
difference caused by the original phase status of a crystal. The actuation performances
(either expansion or contraction) can be selectively programmed to suit various actuation
requirements. This concept would greatly reduce the complexity of electromechanical
devices at extremely small scales. Since other bi-stable two-dimensional materials have
been, and it is expected that more will be revealed, it is thus necessary to explore their
quantum mechanical actuation performance because new phenomenons, for example, multi-

quantum mechanical actuations, could be explored in the nearly future.

"The process of scientific discovery is, in effect, a continual flight from wonder"

Albert Einstein
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