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Abstract
Graphene has shown its potential in bio-sensing. However, the cytotoxicity of graphene
could restrict its applications in biotechnology. To improve the biocompatibility, one
feasible solution is to functionalise graphene with biomolecules, such as lipids, to prevent
direct contact of graphene from cell membranes. Therefore, understanding the structure
of graphene in aqueous media the adsorption behaviour of lipids on graphene becomes
important.
In this study, synchrotron X-ray reflectivity (XRR) has been applied to investigate the
surface structure of graphene in air and in aqueous media, and also the interaction between
graphene and liposomes of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or 1,2dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). X-ray photoelectron spectroscopy,
photoemission electron microscopy, ellipsometry, atomic force microscopy, and contact
angle measurement have been performed as complementary techniques to evaluate the
composition, morphology, and the surface chemistry of the graphene substrates. The
influences of temperature, the presence of ions (provided by phosphate buffered saline),
and overnight water submergence on the surface structure of graphene and the
graphene/lipid interaction have been examined.
The characterisation of bare graphene indicates the samples consisted of 3 - 4 layers of
graphene, which should be accurately described as few layer graphene (FLG). In addition,
a “contaminant” layer, comprising polymethylmethacrylate and graphene multilayers,
was found present atop FLG. In aqueous systems, a diffuse layer of air bubbles was found
immediately adjacent to FLG, which diminished after soaking. Tentative results showing
the effects of temperature on the FLG thickness and affinity to ions have also been
reported.
Both DOPC and DPPC were observed to form monolayer on the un-soaked FLG, but
bilayer on the soaked FLG, due to the enhanced FLG hydrophilicity after soaking. The
morphologies of lipid membranes were found to be temperature dependent. Our results
have provided a new understanding of the morphology of lipid membranes on graphene
and also demonstrated the capability of XRR – as a rigorous and quantitative method - to
probe the surface and interfacial structures of graphene coated with biomolecules.

i

ii

Acknowledgements
First of all, I would like to thank my supervisor Dr. Wuge H. Briscoe for his guidance
throughout this project, without which this dissertation wouldn’t be accomplished. Also,
I would like to thank all my collaborators. I am grateful to Dr. Oier Bikondoa, the
beamline scientists in XMaS ESRF, who kindly provided useful advice during the XRR
experiments. I also appreciate all the help received from Dr. Robert Harniman and Dr.
Mattia Cattelan, on AFM imaging and NanoESCA facilities, respectively. Furthermore,
I would like to thank Dr. Luisa Islas Flores, Dr. Magdalena Wołdek, Anna Slastanova,
Laura Fox, Nick Tylor, for their help and accompany at the beamline. I would also like
to thank Eloise Creed and Michael Greaves for their demonstrations on DLS and the
extruder.
Many thanks go to all the other (former) members of the Briscoe group, especially to
Charlotte, Christian, Dajana, Lauren, and Tim who have created cheerful academic
atmosphere and honourable traditions in office E024, Silvia who has cultivated my
obsession with tiramisu, Sarah and Patryk who kindly chair the weekly group meetings,
and Ben who is also working with lipids. It is my luck to work and befriend with these
wonderful individuals.
I really appreciate the emotional support and encouragements from all my families,
friends and Dr. Tian.
Last but not least, I would like to thank my father, Di, who sponsored me to do this
research degree in University of Bristol, which has become and will remain to be one of
the most valuable experiences in my life.

iii

iv

Author’s Declaration
I declare that the work in this dissertation was carried out in accordance with the
requirements of the University's Regulations and Code of Practice for Research Degree
Programmes and that it has not been submitted for any other academic award. Except
where indicated by specific reference in the text, the work is the candidate's own work.
Work done in collaboration with, or with the assistance of, others, is indicated as such.
Any views expressed in the dissertation are those of the author.

SIGNED: ............................................................. DATE: ..........................

v

vi

Publications and Outputs
The following chapter is the basis of the publication listed below:
Chapter 3:
− Zhou L., Fox L., Włodek M., Islas L., Slastanova A., Robles E., Bikondoa O.,
Harniman R., Fox N., Cattelan M., and Briscoe W. H., Surface structure of few
layer graphene. Carbon, 2018. 136: p. 255-261.
Chapter 4:
− Zhou L., Islas L., Taylor N., Bikondoa O., Robles E., and Briscoe W. H.,
Graphene surface structure in aqueous media: Evidence for an air-bubble layer
and ion adsorption. Carbon, 2019. 143: p. 97-105.

The following chapters will form the basis of the publications listed below:
Chapter 5:
− Zhou L., Islas L., O., Robles E., and Briscoe W. H., Adsorption morphology of
lipids on graphene surface. (In preparation)

Additional publications:
− Włodek M., Kolasinska-Sojka M., Szuwarzynski M., Kereïche S., Kovacik L.,
Zhou L., Islas L., Warszynski P., and Briscoe W. H., Supported lipid bilayers
with encapsulated quantum dots (QDs) via liposome fusion: Effect of QD size on
bilayer

formation

and

structure.

10.1039/c8nr05877f)

vii

Nanoscale,

2018.

(In

press,

doi:

viii

Contents
Abstract............................................................................................................................. i
Acknowledgements ........................................................................................................ iii
Author’s Declaration ...................................................................................................... v
Publications and Outputs ............................................................................................. vii
List of Tables ................................................................................................................ xiii
List of Illustrations .......................................................................................................... xv
Chapter 1 ......................................................................................................................... 1
Introduction ....................................................................................................................... 1
1.1 Project Motivations ................................................................................................. 1
1.2 Brief Introduction to Graphene ............................................................................... 2
1.2.1

Chemical vapour deposition of graphene ................................................... 2

1.2.2

Influence of structure on graphene properties ............................................ 3

1.3 Interaction between Biomolecules and Graphene .................................................. 4
1.4 Brief Introduction to X-ray Reflectivity ................................................................. 5
1.4.1

X-ray ........................................................................................................... 5

1.4.2

X-ray scattering........................................................................................... 6

1.4.3

Specular reflection ...................................................................................... 7

1.4.5

X-ray reflection from layered interfaces ..................................................... 9

1.4.6

Scattering length density ........................................................................... 12

1.5 Thesis Outline ....................................................................................................... 13
Reference .................................................................................................................... 15
Chapter 2 Methods ........................................................................................................ 19
2.1 X-Ray Reflectivity ................................................................................................ 19
2.1.1

Experimental setup ................................................................................... 19

2.1.2

Data analysis ............................................................................................. 20
ix

2.1.3

Calculation of the SLD .............................................................................. 24

2.2 Atomic Force Microscopy ..................................................................................... 27
2.3 Ellipsometry .......................................................................................................... 27
2.4 NanoESCA Facilities ............................................................................................ 27
2.5 Dynamic Light Scattering ..................................................................................... 28
2.6 Contact Angle Measurement ................................................................................. 30
References ................................................................................................................... 31
Chapter 3 Surface Structure of Few Layer Graphene .................................................... 33
3.1 Introduction ........................................................................................................... 34
3.2 Experimental ......................................................................................................... 37
3.2.1

Materials .................................................................................................... 37

3.2.2

Methods ..................................................................................................... 37

3.3 Results and Discussion .......................................................................................... 38
3.3.1

The composition of the graphene samples ................................................ 38

3.3.2

Structure of the graphene samples ............................................................ 40

3.4 Conclusions ........................................................................................................... 46
References ................................................................................................................... 48
Chapter 4 Graphene surface structure in aqueous media............................................... 53
4.1 Introduction ........................................................................................................... 54
4.2 Experimental ......................................................................................................... 55
4.2.1

Materials .................................................................................................... 55

4.2.2

Methods ..................................................................................................... 55

4.3 Results and Discussion .......................................................................................... 56
4.3.1

XRR of the graphene-water interface........................................................ 56

4.3.2

AFM imaging at the graphene-water interface ......................................... 59

4.3.3

Effect of submerging CVD graphene on Si/SiO2 under water .................. 62
x

4.3.4

Effect of temperature and PBS on CVD graphene on Si/SiO2 ................. 66

4.4 Conclusions ........................................................................................................... 67
References ................................................................................................................... 69
Chapter 5 Adsorption morphology of lipids on graphene surface ................................ 73
5.1 Introduction ........................................................................................................... 74
5.2 Experimental ......................................................................................................... 76
5.2.1

Materials ................................................................................................... 76

5.2.2

Sample preparation ................................................................................... 76

5.2.3

Dynamic light scattering ........................................................................... 77

5.2.4

X-Ray reflectivity ..................................................................................... 77

5.3 Results and Discussion ......................................................................................... 79
5.3.1

Influence of graphene wettability on the morphology of the adsorbed lipids
79

5.3.2

Influence of temperature on thickness and coverage of the lipid membrane
86

5.4 Conclusions ........................................................................................................... 97
Reference .................................................................................................................... 99
Chapter 6 Conclusions and future work ...................................................................... 103
6.1 Conclusion .......................................................................................................... 103
6.2 Future Work ........................................................................................................ 104
Reference .................................................................................................................. 107
Appendix ....................................................................................................................... 109
I.

XPS Fittings and PEEM Results ........................................................................ 109

II.

Histogram Analysis of AFM Results ............................................................. 111

III.

Contact Angle Measurement .......................................................................... 112

IV.

DLS Results ................................................................................................... 115

V.

XRR Data Fitting ........................................................................................... 116
xi

VI.

DOPC Multilayers Formed on Graphene ....................................................... 126

VII.

Publications and manuscripts ......................................................................... 135

References ................................................................................................................. 159

xii

List of Tables
Table 2.1. The abbreviation, molecular formula, headgroup and carbon tail structures,
molecular weight (Mw) and the transition temperature Tm of the lipids used for interacting
with graphene surfaces.................................................................................................... 25
Table 2.2. The molecular volume (V) and corresponding real part of SLD (ρr) of the
segments that compose lipids. The V values are cited from the studies reported by a Armen
[11], and b Nagle [13]. .................................................................................................... 25
Table 2.3. Calculated ρ (with a beam energy of 14 keV). .............................................. 26
Table 3.1. A summary of few well-established structural characterisation methods for
graphene. ......................................................................................................................... 36
Table 3.2. Fitted XRR results of graphene on Si/SiO2 samples in air at RT. The samples
were purchased in 2 batches, namely a and b. ................................................................. 44
Table 3.3. Fitting parameters for XRR results of FLG in air at different temperatures,
using the three layer model (cf. Figure 3.3a). The SLD () of graphene and SiO2 were
fixed during fitting, and that of the contaminant layer was fitted in the range between air
to FLG, since it is presumed a layer of a mixture with limited coverage instead of a
homogeneous film. Also listed are the two fitted interfacial roughness values, Ra,c for the
roughness at the interface between air and the “contaminant” layer (thus the subscript c)
and Ra,g for that at the interface between the “contaminant” layer and the graphene layer.
........................................................................................................................................ 45
Table 4.1. Fitting parameters for the XRR data collected from graphene in air, in water,
in PBS, and 24 h water-soaked graphene in water at 25 ºC. ........................................... 59
Table 4.2. The maximum difference in the relative height, Δhmax, the root-mean square
average, Rsq, and the arithmetic average values of height deviations, Rave, of the surface
height deviations in the AFM topological images of graphene in air and in water following
the plane fitting. .............................................................................................................. 61
Table 5.1. Membrane morphologies formed on graphene in water or PBS. .................. 83
Table 5.2. Fitted bilayer structures of DPPC and DOPC formed on graphene. tn, Ra,n, and
ϕn denote the thickness, the roughness, and the lipid volume fraction of the nth slab,
respectively. The bilayers were prepared via vesicle fusion in PBS on the soaked
xiii

graphene, and the data were collected at 25 °C after incubating at 60 °C for 3 h and rinsing
with PBS at 25 °C. .......................................................................................................... 85
Table 5.3. Fitted parameters of the lipid membranes for XRR curves shown in Figure 5.5.
tH, Ra,H, ϕH, and tT, Ra,T, ϕT are the thickness, roughness, the coverage of the lipid
headgroup (H) and hydrocarbon tails (T), respectively. The total thickness of the
monolayer membrane is represented by tmono. ................................................................. 88
Table 5.4. Summary of the tn, Ra,n, and ϕn of the slabs comprising the DPPC bilayer at
different temperatures, obtained from fitting the XRR curves shown in Figure 5.7....... 93
Table 5.5. Comparison between the lipid membrane thickness obtained from our results
and in literature................................................................................................................ 95

Table S1. Peak fittings of XPS results. ......................................................................... 110
Table S2. Peak fittings for the histograms of the selected areas shown in Figure S3a,
showing the peak height scales of the silica (hs) substrate and graphene (hg), the difference
between the two peaks (Δh), and the coverage of graphene (ϕg). ................................. 111
Table S3. Contact angle measurements of graphene at 26.3 ºC. ................................... 112
Table S4. WCA of graphene before and after soaking. After soaking, the graphene
samples were dried by two methods: (i) shaking the water off, and letting it dry naturallya,
or (ii) using an argon flow to dry the surface carefullyb. .............................................. 115
Table S5. The fitted Dz and PDI of the liposomes that had been used in the synchrotron
experiments. .................................................................................................................. 116
Table S6. Best fits for the studied XRR data in aqueous systems. ............................... 117
Table S7. Best fits for all the collected XRR data. The fitted thickness, SLD, and
roughness of the nth slab are denoted by tn, ρn, and Ra,n, respectively. DOPC-H, DOPC-T,
DPPC-H, and DPPC-T represent the headgroup, hydrocarbon tail slabs of the DOPC and
DPPC monolayers, respectively. DOPC-H (i), DOPC-T (i), DOPC-H (o), DOPC-T (o),
DPPC-H (i), DPPC-T (i), DPPC-H (o), DPPC-T (o) represent the headgroup, hydrocarbon
tail slabs of the DOPC inner/outer leaflets, and DPPC inner/outer leaflets, respectively.
....................................................................................................................................... 120
Table S8. Summary of the DOPC multilayer structure. ................................................ 131
xiv

List of Illustrations
Figure 0.1. Illustration of a typical synchrotron with the arrays showing the direction of
the moving electron bunches [42]. .................................................................................... 5
Figure 0.2. The Bragg scattering geometry. ki, kf, θ, and d denote the wavevector of the
incident and reflected beams, the angle of incidence, and the lattice spacing, respectively.
.......................................................................................................................................... 7
Figure 0.3. Illustration of a reflection from an interface. ki and kf represent the
wavevectors of the beam of incidence and reflection, respectively. Q denotes the
wavevector transfer. .......................................................................................................... 7
Figure 0.4 Reflection and refraction of a beam from an ideal surface with a refractive
index of n, ki, kf, and kt are the wavevectors of the incident, reflected, and transmitted
beams, respectively. θ represents the angle of incidence. x and z are the parallel and
perpendicular axis. ............................................................................................................ 9
Figure 0.5 Reflection of X-rays from an interface region modelled as a series of uniform
layers. The figure is reproduced from reference [45]. .................................................... 10
Figure 0.6 Example reflectivity curve with intensity plotted as logR against the
wavevector transfer Q. Qc is the respective wavevector of the critical angle θc, and the
layer thickness d can be estimated from the spacing of the Kiessig fringes (the interference
oscillations), ΔQ. ............................................................................................................ 12
Figure 2.1. Key components of the XRR cell, consisting of three stainless steel plates (BD), and the cooling (A) and heating jackets (E). Two Mylar® windows (d) are clamped
between plates B, D and plate C, creating a liquid chamber with a capacity of 5 ml. Sealing
is facilitated by means of O-rings placed in grooves (e). The samples (b) 1 cm × 1 cm in
size are clamped by two small plates (c), onto a stainless steel stage (a). A nozzle (f)
allows in situ liquid/gas exchange. The heating jacket can be controlled by two heaters
(g) while the cooling jacket can be connected to a water circulating bath via an inlet (i)
and an outlet (h). ............................................................................................................. 19
Figure 2.2. Schematic of the XRR experiment setup with an incident synchrotron X-ray
beam reflected from the sample with an incident angle i to the avalanche photodiode
detector (APD) that collects the specular reflection. ...................................................... 20
xv

Figure 2.3. A schematic showing an X-ray beam striking a sample with a width of L at
angle θ. The incident beam has an intensity of I0 and beam height of H0, while the beam
that hits on the sample has a height of H. When H0 > H, the beam footprint along the y
axis is L0, the intensity of the reflected beam, Ir, that collected by the detector needs to be
corrected as the beam only hits the sample partially. ...................................................... 21
Figure 2.4. a) An illustration of a cross section of a beam whose intensity satisfied a
Gaussian profile. a) A z-scan profile (red circles) and its spline fitting (black solid line)
are plotted at the top, comparing with the beam intensity profile (black circles) among the
z-axis and its fitted Gaussian distribution (blue solid line) at the bottom. ...................... 22
Figure 2.5. The headgroup (highlighted in the pink ovals) and hydrocarbon (highlighted
in the blue ovals) tail regions of DOPC and DPPC lipids. The PC headgroup is comprised
of a phosphocholine group (circled in purple), a glyceryl group and a carbonyl groups
(highlighted in the brown shapes). .................................................................................. 24
Figure 2.6. Key components of the DLS instrument, which applied a backscatter mode
that collected scatterings at 173°. The hydrodynamic size of different type of particles is
also shown. ...................................................................................................................... 29
Figure 3.1. a) The XPS surveys for the graphene sample measured before (black line) and
after (pink line) annealing. b) shows the C 1s photoemission region highlighted in the
dashed rectangle in a), and the fittings for the photoemission lines before and after
annealing are shown in c) and d), respectively. The fittings suggest the existence of carbon
oxides in the sample, including O-C=O and C-OH, with the peak energy values listed in
Table S4 in SI-3. After annealing, the amount of the oxides decreased. e) The work
function map of graphene annealed at 450 ºC for 1 h, with 2 types of contaminants
labelled as A and B.......................................................................................................... 40
Figure 3.2. a) An example AFM scale topological image on a 1 µm × 1 µm scale; b) Three
line profiles followed the direction of the coloured arrow lines in a), with the grey
highlighted areas attributed to the graphene layer; c) An example AFM topographic image
on a 5 µm × 5 µm scale, highlighting PMMA residues (e.g. 2, 3) on a continuous graphene
layer with holes (e.g. 1) and defects (e.g. 4) exposing underlying SiO2; d) the
corresponding histogram shows the height distribution of SiO2, graphene, and the
contaminant layer. ........................................................................................................... 41

xvi

Figure 3.3. a) The fitted SLD profile of the graphene sample at different temperatures
with the corresponding physical model used for the fitting. Here, tc and tg are the thickness
of the 2 slabs representing the contaminants and graphene, respectively. b) The open
circles and solid lines are corresponded to the collected XRR data points and fits on a log
scale of graphene plotted against Q at different temperatures (with the curves offset
vertically for clarity). The fitting parameters are listed in Table 3.3 and Table 3.2. ...... 43
Figure 3.4 XRR results of the commercially available graphene sample (black circles),
fitted as FLG with a contaminant layer on top (black line), as monolayer graphene (blue
line), and as FLG without contaminants (pink line), respectively. ................................. 43
Figure 4.1. a) Physical model used to fit the XRR curves of graphene in water. b) The
experimental (open symbols) and fitted (solid lines) XRR curves plotted as RQ4 vs. Q for
graphene in air (circles), in water (triangles), and 24 h-water soaked graphene (squares).
The complete fitting parameters are listed in Table S6 in Appendix V). c) The fitted SLD
ρn of the graphene sample in air (dashed line) and in water (solid line), plotted against z,
the distance from the SiO2 surface, with the SLD variations highlighted in different
coloured regions across the interfaces of the graphene sample in air and in water. Each
coloured region, with the width representing tn, represents a modelled layer as defined in
a). The contaminant layer on graphene (represented as Gr) in air [27] is highlighted in
pink, and a diffuse layer is present on the graphene in water. ........................................ 57
Figure 4.2. a) Example AFM topological images on a 1 µm × 1 µm area indicating
graphene defects (1 and 2), PMMA residues (3), and air bubbles (4) on a continuous
graphene layer with holes (white circle). b) Plotted line-profiles following the direction
of the coloured arrow lines in a). .................................................................................... 60
Figure 4.3. a) Example AFM 3D topological images of graphene in air and in water,
showing a possible bubble (indicated by an oval) appear after the adding of water; and b)
the corresponding histograms of height distributions on the sample surface with the
Gaussian peak fittings for the measurements in air (left) and in water (right). .............. 61
Figure 4.4. a) Fitted XRR SLD profiles in water of the un-soaked graphene (red solid
line) and soaked graphene (blue dashed line), with the coloured regions representing
different layers in the Slab Model used to fit the data. b) The water CA = 84.9º of a bare
graphene sample reduced to CA = 55.6º after soaking in Milli-Q for 24 h. The diminishing

xvii

of the air bubble layer, the hydration of the SiO2 substrate, and the formation of the ion
adsorbed layer upon soaking are schematically illustrated in (c). ................................... 65
Figure 4.5. a) The experimental (open circles) and fitted (solid lines) XRR curves (offset
vertically for clarity) of water-soaked graphene in PBS at different temperatures, with the
fitting parameters (tn, ρn and Ra,n) tabulated in Table S6. The fits show that the graphene
thickness tg remained at ~ 4.2 Å at all temperatures; while its SLD was relatively constant
at ρg ~ 15 × 10-6 Å-2 at lower temperatures, it increased to ρg = 17.6 × 10-6 Å-2 at 60 °C.
Similarly, the SLD and thickness of the ion adsorbed layer ρa and ta increased at 60 °C,
and the increment remained after cooling back to RT as shown in b). The SLD profiles of
graphene samples at 25 °C and 60 °C are shown in (c) and (d), respectively, which show
that the thickness of the silanol layer also increased at 60 °C, with the interface between
graphene and the ion adsorbed layer becoming smoother. ............................................. 66
Figure 5.1. 4 models of the lipid adsorption morphologies on graphene that have been
reported. Monolayers (a) and trilayers (with a tilted monolayer sandwiched between
graphene and the lipid bilayer) (c) were observed to form on hydrophobic graphene,
whereas bilayers were found to form with a trapped water layer sandwiched between the
substrate and the membrane. Intact liposomes (d) were also detected in the primary stage
after deposition. ............................................................................................................... 75
Figure 5.2. Illustration of the preparation procedure of the liposomes. .......................... 76
Figure 5.3. Schematic of the XRR setup with an incident synchrotron X-ray beam hitting
the supported lipid bilayer (SLB), which generates specular reflections from the interfaces
of the measured sample to the APD, where the data can be collected. ........................... 78
Figure 5.4. XRR data points (open markers) and the fittings (solid lines) of graphene
incubated in DOPC suspensions in water (a) or in PBS (b), in comparison to the
corresponding XRR curves of graphene in aqueous medias, plotted on RQ4 against Q
(with curves offset vertically for clarity). The fitted XRR curves of DOPC suspensions in
PBS on un-soaked graphene and soaked graphene are shown in (c) and (d), respectively,
with their SLD profiles shown as insets. On the SLD profiles, the modelled slabs are
highlighted with different colours across the interfaces of the DOPC layer on graphene
(Gr), with the DOPC structure divided to two regions: the headgroup (H) that possesses
higher electron density and the hydrocarbon tail (T). The complete fitting parameters of
the curves are listed in Table S7 in Appendix V. ............................................................ 79
xviii

Figure 5.5. XRR data points (open markers) and the fittings (solid lines) of DOPC (a) and
DPPC (b) liposomes suspended in PBS incubating on the un-soaked graphene at 25 °C,
40 °C, and 60 °C, plotted as RQ4 against Q. The XRR curves collected at different
temperatures were offset vertically for clarity. The fitted SLD profiles (cf. Figure 5.6) of
the XRR curves in (a) and (b) suggest that both DOPC and DPPC liposomes have fused
into monolayer membrane on un-soaked graphene. c) and d) illustrate the graphene
surfaces before and after the vesicle fusion, respectively. .............................................. 86
Figure 5.6. SLD profiles of DOPC (a) and DPPC (b) samples on un-soaked graphene
collected at diffeent temperatures with the inset cartoons of lipid showing the possible
morphologies. The thickness (categories), t, rougness (error bars), Ra, and the coverage
(markers and lines), ϕ, of each slabs are compared in (c). .............................................. 89
Figure 5.7. DPPC bilayer formed on the soaked graphene via vesicle fusion (b) and its
thinning (c) and extending (d) behaviour upon heating and cooling suggested by fittings
(solid lines) of the XRR results (open markers) shown in (a). The XRR curves were offset
vertically for clarity. The DPPC bilayer has been investigated in PBS at 25 °C, 40 °C, 60
°C, after 3 h incubating at 60 °C, cooling back to 25 °C, and rinsing with PBS. ........... 90
Figure 5.8. Illustration of the DPPC bilayer structure as insets in (a) and (b) at different
temperatures suggested by their fitted SLD profiles of the XRR data (cf. Figure 5.7a). The
thickness (categories), t, rougness (error bars), Ra, and the coverage (markers and lines),
ϕ, of the DPPC proximal and distal leaflets are compared in (c). The interfacial roughness
between the inner and outer layer hydrocarbon tails remained <0.8 Å, except for the
measurements at 60 °C and at 25 °C after cooling, suggesting the two chains exhibits
different states of phase during the two measurements. ................................................. 91
Figure 5.9. Comparison of the thickness tn (categories) with the corresponding roughness
shown as error bars and the coverage ϕn (markers and lines) between the graphene layer
(g) and the ion adsorbed layer (denoted as a) of the bare graphene (denoted as g) and the
lipid adsorbed graphene (denoted as l). .......................................................................... 94
Figure 6.1 XRR curves of the possible LPS-Ra adsorption on graphene, in water and in
the presence of 10 mM CaCl2. ...................................................................................... 105

xix

Figure S1. a) The XPS surveys for a CVD graphene sample measured at RT (black), after
annealed at 200 °C (blue), after further annealed at 400 °C (yellow) and at 450 °C (red).
b) shows the C 1s photoemission region highlighted in the dashed rectangle in a). ..... 109
Figure S2. The work function maps of graphene samples annealed at 400 ºC for 1 h (a)
and at 450 ºC for a further 20 min. Additional annealing reduced PMMA contaminants
on the graphene surface. ................................................................................................ 110
Figure S3. a) AFM topological image on a 5 μm × 5 μm scale. The squares (1-5) are the
selected area for the histogram analysis of the graphene sample. The highlighted regions
in b) and c) attributed to the silica substrate and contaminants (graphene multilayers and
PMMA) from the analysi``s,

respectively.

....................................................................................................................................... 112
Figure S4. A contact angle measurement of graphene, the droplet is water. ................ 112
Figure S5. WCA of graphene, before and after soaking. .............................................. 114
Figure S6. The SLD profiles of soaked graphene in PBS at 25 °C (a), 40 °C (b), 60 °C
(c), and after cooling back to 25 °C (d). The modelled slabs are highlighted in boxes, the
height and width of each box represents the represents the ρn, and the tn of the nth layer,
respectively.................................................................................................................... 119
Figure S7. a) XRR curves (circles) of the drop-cast DOPC multilayer on graphene at
different temperatures, in comparison to that of bare graphene (triangle), the reflectivity
curves are offset for better comparison. Although the presence of Bragg peaks indicated
periodic structures, the broad peak width and split peaks imply highly disordered
structures. b) An example of peak fitting, showing the 1st order (n = 1) Bragg peak of the
measurement at 25 °C highlighted in the rectangle in (a): the simulated Gaussian peaks
(blue lines, i = 1, 2, 3) composing the fitting (red line) of the example Bragg peak (circles),
and the base line (green line) fitted with a cubic spline of the vicinity. c) An illustration
of the DOPC multilayer on graphene, comprised by domains (lipid bilayer) with a spacing
of d and a coherence length of La (the mean domain size perpendicular to the substrate).
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Chapter 1

Introduction
The structure of graphene is related to its physical properties, thus crucial to its
integration in composite materials and its bioanalytic applications. In this project, we
have performed in situ structural characterisation of graphene in air, in water, and after
it is coated with lipid membranes via vesicle fusion. This chapter gives a brief review of
the structural characterisation of graphene and adsorption of molecules on graphene,
which highlights the importance of understanding the structure of graphene under such
conditions. An introduction to the main characterisation technique applied in this study,
X-ray reflectivity, is also presented.

1.1 Project Motivations
Since the first exfoliation of graphene [1, 2], it has attracted intense interest in both
scientific research and industrial applications as a promising 2D material. Over the last
decade, one of the most developed applications of graphene and its derivatives is sensing
the adsorption of molecules in the adjacent environments. Among which, bioanalytic
applications of graphene have attracted wide attention, yet the biocompatibility issue of
graphene restricted its actual application in this field. To solve this problem, one method
is to functionalise the graphene surface with biomolecules, thus cutting down the
probability of direct contact between graphene and the surrounding biomolecules. For
this purpose, lipid, the fundamental component of the cell membrane, has been utilised in
the graphene surface modification [3-5]. However, there is controversy as to whether
lipids form monolayer or bilayer membranes on graphene, since both morphologies have
been observed previously. In addition, it has been reported that the physical properties of
graphene are related to the structure of itself [6, 7], the adsorbed molecules [8, 9], and the
underlying substrate [10, 11]. Therefore, the structural information of graphene that has
been coated with lipids is important for the development of biofunctionalised graphene
devices.
This project aims to apply synchrotron X-ray reflectivity (XRR) to probe the surface
structures of lipid membranes adsorbed on graphene and the buried graphene surfaces.
The adsorption behaviour of liposomes on the commercially available graphene
supported by Si/SiO2 (with a 300 nm SiO2 layers) and their response to changes of the
1
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surrounding environments (e.g. temperature and the adding of electrolytes) have been
investigated. Despite that XRR is a vigorous technique in structural characterisation, it
has rarely been used on graphene and the related systems. In this study, the graphene
substrates have been investigated at the air/solid and the liquid/solid interfaces, using
XRR and complimentary techniques such as atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), and photoemission electron microscopy (PEEM), in
order to compare with the lipid adsorbed graphene, thus understanding the interaction
between graphene and lipids thoroughly.

1.2 Brief Introduction to Graphene
Despite that graphene is considered as a novel material, it has been studied theoretically
since 1947 (by then it was referred as a single layer graphite) [12]. It was only until 2004
that the first piece of graphene has been produced successfully in lab by Geim and
Novoselov [1], who have also revealed the extraordinary electronic properties of
graphene experimentally [13, 14]. The sp2 hybrid orbitals alongside the one-atomically
thin structure provide graphene unusual electronic properties such as ultrahigh carrier
mobility, massless Dirac fermions, and half-integer quantum Hall effect [13-15]. These
unique 2D electronic properties have since stimulated numerous studies aiming to
develop its usage in applications such as supercapacitors, batteries, interconnects,
transistors, phonon detectors, and especially sensors in various fields [2, 16]. For instance,
the surface charging of graphene due to ion adsorption has been exploited to monitor pH
changes [17] and lipid membrane disruptions [18].
1.2.1 Chemical vapour deposition of graphene
Concurrently, the advances in the applications of graphene have stimulated the production
and modification of graphene and its derivatives. The first method used by Geim and
Novoselov to create graphene is known as mechanical cleavage method [1]. It can
generate highly ordered graphene planes, but it is time-consuming, and the planes can be
fragile nonetheless [16]. One of the most promising methods for producing high quality
graphene on an industrial scale is chemical vapour deposition (CVD), which involves
depositing graphitic layers atop another crystalline substrate, such as SiC [19], Ni [20],
and Cu [21]. Graphene prepared by the CVD method has been reported to exhibit an
electronic spectrum that can be described by a 2D analogue of the Dirac equation, similar
to that of free-standing graphene [16]. Among all the substrates, Cu attracted particular
2
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attention. As confirmed by Raman spectroscopy, graphene deposited on Cu by the CVD
method could yield over 93% coverage (with the rest consisting of 2-3 layer graphene),
thanks to its weak interaction with graphene which benefits 2D crystal growth, thereby
generating “monolayer" graphene on the Cu surface [22]. However, the limited choices
of substrate for graphene deposition launched a necessity of transferring graphene to an
arbitrary substrate [23, 24]. There are mainly two types of techniques to transfer graphene,
namely dry transfer and wet transfer. In the dry transfer method, the graphene layer would
be peeled off and directly placed onto the targeted substrate, which could easily result in
structural defects that are undesirable for further applications [23, 25, 26]. In the wet
transfer method, usually, a polymethylmethacrylate (PMMA) layer would be deposited
atop graphene via spin coating as a support before the original substrate is removed by
chemical etching, and then the graphene would be transferred onto a desired substrate,
such as SiO2 [23-26]. The wet transfer method also has disadvantages, it has been reported
that this procedure could leave residues of PMMA and etching agents [23-26], which can
affect the electronic properties of graphene. Treatments to clean the CVD graphene
surface has been developed, including annealing at high temperature in ultra-high vacuum
conditions [27], and applying other polymers that are easier to remove to assist PMMA
(e.g. polyvinylacetate [28] and poly(bisphenol A carbonate) [29]).
1.2.2 Influence of structure on graphene properties
Graphene is a two-dimensional monolayer of carbon with atoms arranged in a honeycomb
lattice [30]. Previous studies have shown that the physical properties of graphene
materials are determined by its structure, specifically the thickness and the defects or
contaminants. For example, the thermal conductivity of graphene materials increases with
the layer number, with monolayer, double-layer, and few layer graphene (FLG) (3-10
layers) showing different 2D electronic properties [6, 7]; the transport properties in
epitaxial graphene are influenced by its sp2 aromatic lattice structure, which is in turn
affected by its substrate and growth conditions [10, 11]; and the presence of ripples and
wrinkles on graphene is expected to have a negative effect on its electronic properties
[22]. Thus, a precise determination of the thickness and morphology of graphene samples
under different conditions is important.
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1.3 Interaction between Biomolecules and Graphene
Because of the superb electronic properties and the inert chemical nature of graphene,
researches have been carried out to develop it for the use in bioelectronics [16, 31].
Furthermore, the interaction between graphene and different biomolecules, such as such
as DNA, nucleic acids, proteins, peptides, and lipids has been reported [8, 31], showing
the affinity of graphene to biomolecules. The driving force that can trigger the assembly
of biomolecules on pristine graphene has been attributed to the π–π stacking and
hydrophobic force. Other forces such as hydrogen bonding, electrostatic interaction, and
covalent binding can also contribute to the adsorption of biomolecules on functionalised
graphene derivatives [8, 31]. The combination of the properties discussed above make
graphene a potential material to be used in biomolecule detecting, drug delivery, tissue
engineering, and so on [31].
Despite that graphene is chemically inert, it has been reported to exhibit mild cytotoxicity
[32, 33]. The destructive behaviours of cell membranes initiated by the nanosheet
graphene insertion and the extraction of lipids has been demonstrated both theoretically
and experimentally [34]. The rupture of cells on a graphene surface has been attributed
to the membrane stress generated from direct physical contacts with the sharp structures
on the graphene surface, and the cellular oxidization stress that leads to the oxidation of
key cell components, such as lipids and proteins, thereby disrupting a specific microbial
process [33, 35, 36]. In order to increase the biocompatibility issue of graphene, one of
the feasible solutions is surface modification, which can efficiently reduce the undesired
contact of graphene to the biomolecules. Therefore, understanding the interaction
between graphene and biomolecules becomes important to further researches on
improving the safety of graphene related systems.
The interaction between graphene and biomolecules had been investigated by various
techniques [4, 37-39]. AFM [5, 37, 40, 41] and quartz crystal microbalance with
dissipation monitoring technique [4, 37, 38], for instance, are among the most commonly
used methods to monitor the physical adsorption of biomolecules on solid substrates,
including the deposition of lipids on graphene [4, 5, 37]. The quality of the adsorbed
biomolecule membranes on graphene, such as the homogeneity and the coverage can be
determined by AFM, and the internal reflection fluorescence correlation spectroscopy
(ITIR-FCS) [5]. However, these techniques focus on the characterisation of the deposited
4
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biomolecules, lacking the in situ structural information of the buried graphene substrate,
which is important to the integration of graphene in electronic devices as mentioned
earlier in section 1.2.2.

1.4 Brief Introduction to X-ray Reflectivity
1.4.1 X-ray
X-rays were discovered by Wilhelm Conrad Röntgen in 1985. They are a type of
electromagnetic radiation, that exhibit a wavelength, λ, in the region of 0.1 – 100 Å. The
numerical relation between λ and the photon energy Ɛ can be expressed as:
λ [Å] =

hc
hc
12.398 [keV·Å]
=
=
,
eE
Ɛ
Ɛ [keV]

Equation 0.1

where e = 1.602×1019 C represents the electronic charge, c =2.998×108 m s-1 the speed of
light and h = 2πħ = 6.626×10-34 m2 kg s-1 the Planck’s constant. From Equation 0.1, it is
straightforward that X-rays have an energy range of 0.1-120 keV. The energy of an Xray is relevant to its capability to penetrate a material. When Ɛ < 10 keV, the X-radiation
(known as soft X-rays) exhibits a lower penetrating ability (~ 10 nm) and is commonly
applied to investigate the electron bindings of atoms or bond resonance energies in
molecular structures near the studied surface (e.g. XPS). When Ɛ >10 keV, the X-rays
(known as hard X-rays) can penetrate through materials and interact with electrons. The
interactions between the hard X-rays and the atomic electrons are the basis of many Xray analysis techniques, such as XRR and XRD.

Figure 0.1. Illustration of a typical synchrotron with the arrays showing the direction of
the moving electron bunches [42].
5
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Since the discovery of X-rays, the rapid development of the beam sources (the 3rd
generation synchrotron source) provides researchers with X-rays that are ~ 1012 times
brighter than the early lab-built ones. Figure 0.1 illustrates a typical beamline at a 3rd
generation X-ray synchrotron source. Electrons emitted from the electron gun of a metal
electrode are accelerated up to a relativistic speed by a linear accelerator (LINAC) and
then injected into a booster ring, which increases its electron energy. These electrons are
injected into a storage ring and simultaneously serve multiple beamlines for scientific
applications. In the storage ring, radiation can be produced in the bending magnet part as
well as the insertion device, such as wigglers or undulators, due to the angular momentum
changes of the electrons [42, 43].
1.4.2 X-ray scattering
The scattering event of X-rays with a single electron is conventionally described as the
interaction between the electric field of the incident X-rays and the targeted electrons,
which then generates the scattered wave. Theoretically, the scattering of an X-ray is
necessarily elastic, also called as Thomson scattering, which means the wavelength of the
incident and the scattered beams are of the same value. However, in a quantum
mechanical description, energy of the incident beam may be adsorbed by and transferred
to the electron during a scattering, which is known as inelastic or Compton scattering. In
this case, the incident beam consists of a momentum of ħk and an energy of ħω, and the
momentum transfer from an X-ray to an electron is represented by the wavevector transfer
or scattering vector Q, usually expressed in units of Å-1, and can be given as,
ℏQ = ℏkf - ℏki ,

Equation 0.2

where ki and kf are the incident and reflected momentum of the photon, respectively.
For materials with periodical structure, such as a crystal, which is composed of a repeating
lattice structure, Bragg’s law can be applied to describe the constructive interference
waves, when the phase shift from the lattice is proportional to 2π, the relation between
the lattice spacing d and the incident beam wavelength λ can be given as,
2d [Å] sinθ = nλ [Å] ,
where n is a positive integer, θ is the incident angle of beam.
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Figure 0.2. The Bragg scattering geometry. ki, kf, θ, and d denote the wavevector of the
incident and reflected beams, the angle of incidence, and the lattice spacing, respectively.
1.4.3 Specular reflection

Figure 0.3. Illustration of a reflection from an interface. ki and kf represent the
wavevectors of the beam of incidence and reflection, respectively. Q denotes the
wavevector transfer.
The most simplified model for beam reflection is a specular reflection from an ideal
surface (i.e. flat and smooth), in which the reflection is elastic, hence no loss of energy.
As shown schematically in Figure 0.3, the wavevector transfer, Q, in this case, can be
expressed as
Q = kf - ki ,

Equation 0.4

where the momentum of the incident wave, ki, equals to that of the reflected wave, kf, |ki|
= |ki| = |k|, this yields a geometrical relationship between the Q and k values, that is
Q [Å-1 ]= 2k [Å-1 ] sinθ ,

Equation 0.5

where θ is the angle of incidence, with k = 2π/λ,
Q [Å-1 ] =

4πsinθ
λ [Å]
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If we combine Equation 0.6 with the Bragg’s law, the relation between the lattice spacing
d and Q can be acquired
d [Å] =

2π
Q [Å-1 ]

.

Equation 0.7

This relation can be used to calculate the d of ordered periodical multilayers.
1.4.4 Reflection and refraction
The elementary unit for an X-ray to interact with is an electron, whose scattering length
can be used to express the ability to scatter the X-ray. To describe the scattering length of
more complex units, the classical electron radius or Thomson scattering length, r0, needs
to be introduced,
e2
r0 = (
) = 2.82 × 10-5 Å ,
4πϵ0 mc2

Equation 0.8

where ϵ0 =8.854 × 10-12 Å s V-1 m-1 is the permittivity of vacuum, m = 9.109 × 10-31 kg is
the mass of an electron.
The interaction between X-rays and the interfaces of a material can be characterised by
its refractive index, n, given by
n = 1 - δ + iβ,

Equation 0.9

where δ and β denote the dispersion and the adsorption, respectively, and can be defined
as
δ=

λ2
4π

ρr and β =

λ2
4π

ρm ,

Equation 0.10

where ρr and ρm are the real and imaginary parts of the scattering length density of the
material, respectively, which is described in detail in section 1.4.6.
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Figure 0.4 Reflection and refraction of a beam from an ideal surface with a refractive
index of n, ki, kf, and kt are the wavevectors of the incident, reflected, and transmitted
beams, respectively. θ represents the angle of incidence. x and z are the parallel and
perpendicular axis.
When the incident angle is smaller than the critical angle, θc, the X-ray can be totally
reflected from an interface, this phenomenon is known as a total reflection, where the
adsorption can be neglected. The wavevector corresponding to θc can be given as
Q [Å-1 ] =

4πsin𝜃c
λ [Å]

.

Equation 0.11

And by applying Snell’s law and small angle approximation, the critical angle can be
expressed as
θ2c
n = 1 - δ = cosθc ≈ 1 ,
2

Equation 0.12

which yields
2

λ
θc ≈ √2δ = √ ρr .
4π

Equation 0.13

It can be seen that the critical angle of a specific reflection is related to the material hit by
the X-rays.
1.4.5 X-ray reflection from layered interfaces
When the incident angle is above the θc, a fraction of the X-rays will transmit into the
media, and if the media is composed of several layered materials with different reflective
index nj = 1 – δj + iβj, thickness tj, and roughness Ra,j, it can lead to reflections from all
the interfaces, as shown in Figure 0.5. The magnitude of the wavevector that of the X9
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rays propagating through the jth layer, kj can be given as kj = njk. As the x component, kx,j
of all the kj is constant, the z component, kz,j, can be deduced trigonometrically as
k2z,j = (nj k)2 - k2x = (1 - δ + iβ)2 k2 - k2x ≈ k2z - 2δj k2 + 𝑖2βj k2 .

Equation 0.14

The respective wavevector transfer Qj value can then be expressed as
Qj = 2kj sinθj = 2kz,j =√Q2 - 8δj k2 + i8βj k2 .

Equation 0.15

If neglecting multiple reflections, the reflectivity rj,j+1 can be obtained by the Fresnel
relationship
rj,j+1 =

Qj - Qj+1
Qj + Qj+1

.

Equation 0.16

If roughness (Ra) is taken into account, as described by Nevot and Croce [44], the
reflectivity can can be described as:
r'j,j+1 = rj,j+1 σj ,

Equation 0.17

And
1

- Qj Qj+1 Ra 2j,j+1

σj = e 2

.

Equation 0.18

Figure 0.5 Reflection of X-rays from an interface region modelled as a series of uniform
layers. The figure is reproduced from reference [45].
10

Introduction
Based on the Fresnel relationship, the reflectivity for a multilayer system can then be
deduced. From the very bottom layer, N, above the substrate, N+1, of the considered
system as shown in Figure 0.5, the reflectivity can be given as
r′N,N+1 =

QN - QN+1
σ
QN + QN+1 N

.

Equation 0.19

In this relationship, no multiple reflections are considered, since the substrate is assumed
to be infinite. However, in the calculation of the reflectivity from the interface between
layer N and layer N - 1, the contribution of multiple reflection will need to be taken into
account, which gives
rN-1,N =

r'N-1,N - r'N,N+1 p2N

1 + r'N-1,N r'N,N+1 p2N

,

Equation 0.20

where the phase factor p2N = eiQN dN . Similarly, if needed, the successive layers can be built
recursively as
rN-2,N-1 =

r'N-2,N-1 -rN-1,N p2N-1

1 + r'N-2,N-1 rN-1,N p2N-1

,

Equation 0.21

until the top interface, where N = 0. Finally, the overall reflectivity of the examined
system can be calculated from the absolute square of the reflectivity amplitude
R = |r|2 .

Equation 0.22

This approximation is referred to the Parratt’s exact recursive method [43], which allows
the intensity of the reflectivity to be plotted against the wavevector Q. An example of the
XRR curve plotted as logR vs. Q is shown in Figure 0.6, illustrating the interference
oscillations, known as Kiessig fringes, which can be used to estimate the layer thickness
d, from the curve.
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Figure 0.6 Example reflectivity curve with intensity plotted as logR against the
wavevector transfer Q. Qc is the respective wavevector of the critical angle θc, and the
layer thickness d can be estimated from the spacing of the Kiessig fringes (the interference
oscillations), ΔQ.
1.4.6 Scattering length density
XRR can be used to detect the interfacial structures of the sample comprised by materials
with different scattering length densities (SLD, ρ). And the analysis of the obtained Xray reflectivity data will need the ρ of each layer to do the fittings. SLD is defined as the
scattering length of the electrons in the basic unit, such as unit cell in a crystal, of the
material per unit volume, with a unit of Å-2. It has a real part ρr, which is related to δ,
representing the dispersion ability and an imaginary part ρm, which is related to β,
representing the absorption of the X-rays by the material (cf. Equation 0.10), ρ can be
given as
ρ = ρr + iρm

Equation 0.23

ρr =

r0 f 1
= r0 f1 ρa
V

Equation 0.24

ρm =

r0 f 2
= r0 f2 ρa
V

Equation 0.25

and
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where f1 and f2 are the real and imaginary parts of the atomic scattering factor of the
molecule (the values of f1 and f2 of each element at different wavelength can be found in
literature [46]), V is the molecular volume or unit cell volume. Considering molecules
composed by multiple atoms, the scattering length density can be described by the sum
of the atomic scattering length of each atom in the material:
ρ=

r0 ∑ni=1 Ni f1 (i) r0 ∑ni=1 Ni f2 (i)
+i
V
V

Equation 0.26

where Ni is the number of the i element per unit volume, f1(i) and f2(i) are the atomic
scattering factors of the i element in the molecule. For most of the molecules, the
molecular volume of them can be simply calculated from the atomic density ρa
1
ρa

Equation 0.27

NA
ρ
M m

Equation 0.28

V=

and
ρa =

where NA=6.022 × 1023 is the Avogadro constant, M is the molecular mass and ρm is the
mass density of the molecule.

1.5 Thesis Outline
The main purpose of this work is to probe the structure of the graphene surface in air and
in aqueous medias as well as that of the lipid membrane prepared by vesicle fusion
method on graphene.
In Chapter 2, the theoretical background of the techniques that have been used in this
project is given, mainly focusing on the introduction to the XRR technique. The
synchrotron beam source, the experimental setup, and the data analysis of XRR are
described in detail.
Chapter 3 to 5 present the results of this project. In Chapter 3, the structure of the
commercially available graphene samples on Si/SiO2 studied by XRR, XPS, PEEM and
AFM, and a tentative temperature responsive thickness expansion of graphene shown by
XRR are reported. In Chapter 4, the graphene-water interface has been studied by
13
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synchrotron XRR before and after soaking the sample in Milli-Q® water for 24 h,
complemented by AFM imaging and contact angle measurements. The influences of
temperature and the presence of phosphate buffered saline (PBS) on the graphene surface
structure are also discussed. Finally, in Chapter 5, the interaction between liposomes and
graphene surface (before and after soaking) in water and in PBS and at different
temperatures is investigated.
The conclusion and possible future work of this thesis is given in Chapter 6.
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Chapter 2

Methods
In this chapter, the instruments in this project and the corresponding experimental setups
are described. Moreover, the data analysis method and the calculation of the scattering
length density are also outlined.

2.1 X-Ray Reflectivity
2.1.1 Experimental setup
Synchrotron X-ray reflectivity (XRR) measurements were performed at beamline BM28XMaS, European Synchrotron Radiation Facility (ESRF), Grenoble, France. A custom
designed sample cell was used in all XRR experiments, as shown schematically in Figure
2.1 [1, 2]. The cell, originally designed to accommodate the “bending mica method” [3],
consists of a chamber to house the sample stage for both curved and flat substrates.
Temperature control in the range 10 - 90 ºC is facilitated by two brass jackets sandwiching
the chamber, one to house electrical heaters and the other connected to a water bath to
provide cooling. Graphene samples were mounted on the sample stage in the XRR cell,
which was sealed via two polyester (Mylar®) windows.

Figure 2.1. Key components of the XRR cell, consisting of three stainless steel plates (BD), and the cooling (A) and heating jackets (E). Two Mylar® windows (d) are clamped
between plates B, D and plate C, creating a liquid chamber with a capacity of 5 ml. Sealing
is facilitated by means of O-rings placed in grooves (e). The samples (b) 1 cm × 1 cm in
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size are clamped by two small plates (c), onto a stainless steel stage (a). A nozzle (f)
allows in situ liquid/gas exchange. The heating jacket can be controlled by two heaters
(g) while the cooling jacket can be connected to a water circulating bath via an inlet (i)
and an outlet (h).
The X-ray beam energy used in this project was 14 keV (wavelength λ = 0.8856 Å), and
the incident beam size defined by aperture slits was 100 µm (vertical FWHM) × 255 µm
(horizontal FWHM). Specular XRR scans were collected with the incident angle θi
varying from 0.06-3.0º and the reflection angle θr = θi, corresponding to a momentum of
transfer Q = 4πsin(2θ/2)/λ range of 0.015 - 0.74 Å-1, where 2 = θr + θi. The specular
reflection was detected at each angle using an avalanche photodiode detector (APD), as
shown in Figure 2.2.

Figure 2.2. Schematic of the XRR experiment setup with an incident synchrotron X-ray
beam reflected from the sample with an incident angle i to the avalanche photodiode
detector (APD) that collects the specular reflection.
2.1.2 Data analysis
The raw reflection data was saved in a space delimited text (SPEC), which was then
extracted into text files (txt) and processed for further analysis. When the incident angle
is smaller than a “critical” angle θs, where the beam height (H0) equals to the beam height
that hits on the sample (H) as shown in Figure 2.3, the footprint (the projection of the
beam onto the sample surface of the beam, e.g. along x axis, it is L0) will exceed the
physical dimensions of the samples, reducing the beam intensity. θs is defined as:
sin θs =
20

H
,
L

Equation 2.1
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where L is the length of the sample.
And when an incident beam hits the sample at angle θ, the corresponding H (Figure 2.3)
can be given by:
H(θ)=Lsinθ.

Equation 2.2

The grazing angle range for the reflection measurements was set between 0-3°, which
ensured the incident beam always exceed the sample length. As such, a “footprint
correction” for the beam intensity is needed. The most straight forward way to correct the
intensity of the beam can be given by a geometric argument:
Ic =

Ir ×sinθs
,
sinθi

Equation 2.3

where Ic is the corrected intensity, Ir is the detected beam intensity, and θi is the incident
angle.

Figure 2.3. A schematic showing an X-ray beam striking a sample with a width of L at
angle θ. The incident beam has an intensity of I0 and beam height of H0, while the beam
that hits on the sample has a height of H. When H0 > H, the beam footprint along the y
axis is L0, the intensity of the reflected beam, Ir, that collected by the detector needs to be
corrected as the beam only hits the sample partially.
In addition, as shown in Figure 2.4a, a real beam source normally generates a Gaussian
beam, instead of a uniform one. A well-defined height (z) scan (Figure 2.4b) is therefore
collected at an angle θ = 2θ = 0, where the highest beam intensity can be detected, to
generate the Gaussian profile of the applied beam source for the correction of the intensity
of the collected data [4]. The intensity profile can be deduced from the first order
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differential of the z-scan, which can then be fitted applying a Gaussian fit (x = 0 was set
as the peak of the beam intensity):
x
(- 2 )
2c

G(x)=Ae

,

Equation 2.4

where A is the peak amplitude and c follows the relationship with the full-width at half
maximum (FWHM) of the peak that given by:
FWHM=2√2ln2c .

Equation 2.5

Figure 2.4. a) An illustration of a cross section of a beam whose intensity satisfied a
Gaussian profile. a) A z-scan profile (red circles) and its spline fitting (black solid line)
are plotted at the top, comparing with the beam intensity profile (black circles) among the
z-axis and its fitted Gaussian distribution (blue solid line) at the bottom.
The total reflected intensity Ir from the sample with a width of L at angle θ, can thus be
expressed as the integration of the Gaussian fits at the corresponding angle within H(θ):

Ir = ∫
-

H(θ)
2

H(θ)
2

G(x)dx .

Equation 2.6

Then the corrected intensity Ic can be obtained from the reflected intensity Ir from the
relation of the integral of G(x) within the limits H(θ), divided by the total beam intensity:
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H(θ)
2
G(x)dx
∫ H(θ)
2
Ic =Ir /( H0 (θ)
),
2
∫ H0(θ) G(x)dx
2

Equation 2.7

where H0(θ) is the real beam height as shown in Figure 2.3.
After the correction of the raw data, Motofit in Igor Pro (WaveMetrics, Inc., Lake
Oswego, OR, USA) was used for curve fitting. For reflectivity data collected on a welldefined flat substrate such as silicon, the surface layer was modelled as stacked
homogeneous slabs. Each layer can be described by three parameters: the scattering
length density (SLD, ρ), thickness t, and inter-slab roughness Ra (cf. Figure 0.5). These
parameters were varied in the total reflectivity calculation using the Abeles matrix
method, which yields the same result as Parratt’s recursive method (cf. section 1.4.3) [5].
In this case, the wavevector, k, in layer n, is given by:
1/2

kn =[k20 -4π(ρn -ρ0 )] ,

Equation 2.8

k0 =Q/2.

Equation 2.9

where:

The Fresnel reflection coefficient (r) between layer n and layer n + 1 is then given by:
k -k

rn,n+1 = k n+kn+1 .
n

Equation 2.10

n+1

If taken roughness (Ra) into account, as described by Nevot and Croce [6], it can be
described as:
2

k -k

rn,n+1 = k n+kn+1 e-1/2knkn+1 Ra n,n+1 .
n

n+1

Equation 2.11

A genetic algorithm optimisation is adopted in this software to minimize the χ2 value,
which shows the goodness of fitting,
L
2

χ =∑
n=1

2
1
(y0,n − yn ) ,
L−P
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where L is the number of collected data points; P the number of variables which are varied
during fitting, e.g. n, ρn, tn, and Ra,n; y0 the measured value; and yn the corresponding
theoretically fitted value yielded from the used parameters.
2.1.3 Calculation of the SLD
For a material with homogeneous electron distribution, the calculation of SLD should be
straightforward, using the equations described in section 1.4.6. However, for amphiphiles,
such as lipids and surfactants, due to their uneven electron distribution, the SLD contrast
between the headgroup and the tail is often large enough to be considered separately [2,
7-9]. The structure of phosphatidylcholine (PC) lipids is commonly divided into two
regions for studies [8, 10]: the phosphatidylcholine polar headgroup (phosphate, choline,
glyceryl, and two carbonyl groups) and the non-polar hydrocarbon tails, as shown in
Figure 2.5. Not only the wettability of these two regions are different, but also the electron
density, which is richer in the headgroup part.

Figure 2.5. The headgroup (highlighted in the pink ovals) and hydrocarbon (highlighted
in the blue ovals) tail regions of DOPC and DPPC lipids. The PC headgroup is comprised
of a phosphocholine group (circled in purple), a glyceryl group and a carbonyl groups
(highlighted in the brown shapes).
In section 1.4.6, Equation 0.26, when calculating the SLD of a substance, V is required.
Works that determined the V of PC headgroup and the DOPC and DPPC hydrocarbon
tails can be found in literature, as phospholipid is the one of the main components of a
cell membrane, which has attracted wide interest on its structure in biology area. Studies
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have also been carried out to estimate the structure of hydrated lipid membranes in
aqueous medias, both from computer simulation [10, 11] and experiments [11, 12]. For
the calculations in this study, V of the lipid headgroups and tails were adopted from the
values reported by Nagle et al., as shown in. To prove the SLD of the phosphocholine
and triformate (glyceryl and carbonyl groups) can be recognized as a uniform layer by
XRR, which turned out to be positive, a more specific volume determination given by
Armen et al., was used. Moreover, in consideration of the transition temperature (Tm) of
DPPC (Tm = ~ 41 °C), where the physical state of the hydrocarbon chains changes from
the ordered gel phase to the fluid liquid-crystalline phase, the SLD used for fitting XRR
data collected below 40 °C was calculated from the volume reported for DPPC chain
below its Tm, and for those collected at and above 40 °C, the SLD was calculated from
the volume reported above its Tm. The Tm of lipids used in this study are listed in Table
2.1, the atomic volume and the corresponding SLD are listed in Table 2.2.
Table 2.1. The abbreviation, molecular formula, headgroup and carbon tail structures,
molecular weight (Mw) and the transition temperature Tm of the lipids used for interacting
with graphene surfaces.
Lipid

Formula

Carbon chain

Headgroup

Mw (g mol-1)

Tm (°C)

DOPC

C44H84NO8P

C17H33

C10H18NO8P

786.11

-17

DPPC

C40H80NO8P

C15H31

C10H18NO8P

734.039

41

Table 2.2. The molecular volume (V) and corresponding real part of SLD (ρr) of the
segments that compose lipids. The V values are cited from the studies reported by a Armen
[11], and b Nagle [13].
V (Å3)

ρr (10-6 Å-2)

39a

Carboxyl

14.45
a

Glyceryl

68.8

Phosphoryl

53.7a
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Choline

120.4a

Lipid headgroup

319b

14.52

DOPC carbon chain

492.0b

7.74

DPPC carbon chain > Tm

455.6b

7.48

DPPC carbon chain < Tm

412.5b

8.27

The calculated SLDs related to this study are listed in Equation 0.28 in section 1.4.6.
Table 2.3; the molecular volume V required in Equation 0.26 of graphene is obtained
directly from its bond length (1.43 Å [14]) and theoretical thickness (3.5 Å), as graphene
is not a conventional flat thin film. The V values of ions was calculated from their intrinsic
radius [15]. Volumes of the PC headgroup and the lipid carbon tails have been described
above in Table 2.2, and those of the other materials were calculated from their mass
density ρm from Equation 0.28 in section 1.4.6.
Table 2.3. Calculated ρ (with a beam energy of 14 keV).
Molecular formula

ρr (10-6 Å-2)

ρm (Å-2)

Water

H2O

9.44

9.427 × 10-09

Graphene

C

18.2

8.179 × 10-09

Silica

SiO2

18.74

8.089 × 10-08

PMMA

(C5O2H8)n

10.81

6.702 × 10-9

Silanol

Si(OH)x

28.72

9.798 × 10-08

PC headgroup

C10H18NO8P

14.52

2.314 × 10-08

DOPC chain

C17H33

7.74

2.628 × 10-09

DPPC chain > Tm

C15H31

7.48

2.499 × 10-09

DPPC chain < Tm

C15H31

8.27

2.766 × 10-09

K+

K+

55.06

1.020 × 10-06
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Na+

Na+

86.75

3.100 × 10-07

However, there are still controversies on the volumes of graphene, lipids and ions, beyond
which, the complex environmental conditions made the SLD of the materials uncertain.
To get better fitting resolutions, when processing the XRR data, the SLD of complicated
layers, namely the graphene layer (with ions adsorbed), the lipid layer, the silanol layer
and the air bubble layer were allowed to vary freely, for well-studied materials such as
water, silica, the SLD was allowed to vary with an error of 0.5 × 10-6 Å-2.

2.2 Atomic Force Microscopy
Atomic force microscopy (AFM) is widely used to investigate the topological
morphology and the force information of samples, it is also one of the first technique used
to reveal the structure of graphene [16]. The atomic force microscopy (AFM)
investigation was conducted in ambient conditions using a MultiMode VIII microscope
with a NanoScope V controller, utilizing PeakForce feedback control (Bruker, CA, USA).
The cantilever employed was SCANASYST_FLUID+ with nominal spring constant and
tip radius of 0.7 N m-1 and 2 nm, respectively.

2.3 Ellipsometry
Ellipsometry is a a non-invasive and non-destructive technique to determine the structural
properties of thin films such as thickness, composition, roughness, and refractive index.
The experiments were performed using a J.A. Wollam M-2000 ellipsometer (J.A.
Woollam Company, Incorporated, Lincoln, NE, USA), to obtain the total thickness of the
graphene sample, using a white light source (wavelengths of 245 - 1000 nm) at a fixed
incident angle of 75º. The obtained data was processed and fitted using VASE 32 software
from J.A. Wollam adopting a three-layer model consists of a silicon substrate, a silicon
dioxide layer and a graphene layer.

2.4 NanoESCA Facilities
The X-ray photoelectron spectroscopy (XPS) and the photoemission electron microscopy
(PEEM) measurements of the samples were performed at the Bristol NanoESCA II
facilities. XPS measurements were performed with an Argus spectrometer before and
after annealing at 450 ºC at an ultra-high vacuum (UHV) base pressure of 4.0×10–11 mbar
for 1 h. Core-level photoemission spectra were acquired at 45° w.r.t. the sample surface,
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using a monochromatic Al Kα (1486.7 eV) X-ray source with a pass energy of 20 eV at
room temperature (RT) and an estimate total energy resolution of 600 meV. The relative
composition of C, O, and Si can be calculated from the corresponding photoemission line
intensity.
The PEEM was performed at RT under the UHV condition with a pass energy of 50 eV,
a lateral resolution of 150 nm, and an overall energy resolution of 140 meV. The energy
calibration was confirmed by fitting a Fermi edge of a clean metallic substrate at the same
measurement condition. A He I (21.2 eV) discharge lamp was used as excitation source,
and the absolute work function measurement for a particular sample area was obtained
from electronic counting of the emitted photoelectrons [17]. The work function values in
the maps were obtained by fitting the 600 × 600 camera pixels spectra with an “error
function”. The low excitation photon energy makes PEEM extremely surface sensitive
(to 2-3 atomic surface layers), and the PEEM images were acquired after cleaning by
annealing to show the surface morphology.

2.5 Dynamic Light Scattering
The hydrodynamic diameter (Dz) and polydispersity index (PDI) of the vesicles were
determined by dynamic light scattering (DLS), using a Malvern Nano Zetasiser ZS
(Malvern, Instruments, Malvern, Worcestershire, UK), since it has been reported that
uniform liposomes forms more homogenous membrane structure [8]. The DLS
instrument is with a λ = 633 nm laser set measuring in the Non-Invasive Backscatter
(NIBS) mode at 173°. Main components of the DLS instrument (Malvern Nano Zetasiser
ZS) is illustrated in Figure 2.6.
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Figure 2.6. Key components of the DLS instrument, which applied a backscatter mode
that collected scatterings at 173°. The hydrodynamic size of different type of particles is
also shown.
Dynamic light scattering (DLS) is widely used in colloidal science to determine the
hydrodynamic size of particles, vesicles can proteins. DLS has a list of advantages in
terms of size determination in biotechnology, to name but a few, it is non-invasive, it is
fast, it is insensitive to noise and it generates results in liquid solutions, where most of
bioreactions happen. Hydrodynamic diameter (Dz) is the diameter of a sphere that exhibits
the same translational diffusion coefficient (Dt) as the measured particle (shown in Figure
2.6). When the measured particle is non-spherical, which is the most common situation
in scientific research, the Dz is not the actual size of the particle, but also includes a
hydration layer. The relationship between Dt and Dz is given by the Stokes-Einstein
equation [18]:
k T

Dz = 3πηB D ,
s t

Equation 2.13

where kB is the Boltzmann’s constant, T is the environmental temperature, and ηs is the
solvent viscosity.
The mechanism of the DLS is based on the theory that because of Brownian motion,
which is related to the hydrodynamic diameter of the particles, the intensity of scattered
beam from dispersed particles fluctuates as a function of time. Therefore the obtained
Dt,ave from DLS is the intensity weighted diffusion coefficient, the given average
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hydrodynamic diameter (often expressed as the “z-average size” ) should be the intensity
weighted harmonic mean size as it is inversely proportional to Dt [19].

2.6 Contact Angle Measurement
The water contact angle measurements can be used to evaluate the wettability of a solid
material. In order to exam the hydrophobicity of graphene surface, the static contact angle
measurements have been performed, using the Sessile drop method on a KRÜSS®
DSA100 instrument.
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Chapter 3

Surface Structure of Few Layer Graphene
(A paper based on this chapter, as attached in Appendix VII, has been published in
Carbon, 2018. 136: p. 255-261: https://doi.org/10.1016/j.carbon.2018.04.089)

Understanding surface structure of graphene is important for its integration into
composite materials. In this chapter, we have used synchrotron X-ray reflectivity (XRR)
to study the structure of commercially available graphene samples (prepared via
chemical vapour deposition, and marketed as graphene monolayers) on SiO2/Si at
different temperatures. X-ray photoelectron spectroscopy, photoemission electron
microscopy and atomic force microscopy (AFM) were employed to evaluate the
composition and morphology of the graphene layer. The results suggest that the samples
we characterized consisted of 3 - 4 layers of graphene, which should thus be more
accurately described as few layer graphene (FLG). Furthermore, a “contaminant” layer,
comprising polymethylmethacrylate and graphene multilayers, was found present atop
FLG. We also report tentative results on the effect of temperature on the graphene sample
thickness. At 25 ºC, the FLG thickness from XRR measurements was 13.0 ± 1.0 Å, in
agreement with that obtained from AFM (13.9 ± 0.7 Å). Upon heating to 60 ºC, the FLG
thickness expanded to 13.8 Å, which further increased to 14.3 Å upon cooling to 25 ºC.
We attribute this temperature dependent thickness to the out-of-plane rippling of
graphene as previously reported. These unprecedented results on the FLG surface
structure are valuable to its potential bioanalytical applications.
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3.1 Introduction
Since the 1970s, studies on growing graphene monolayers on crystals have been carried
out, and the first graphene was successfully exfoliated in 2004 by Novoselov and Geim
[1]. Different techniques have been employed for the structural characterisation of
graphene and its derivatives, as listed and compared in Another powerful technique is Xray reflectivity (XRR), which is widely used for probing buried interfaces and thin film
monolayers [28], bilayers [29, 30] and multilayers [31] structures. XRR has been used to
study the structure of graphene coated with other popular materials in electronic devices
(e.g. HfO2 [32], Au [33], and perylenetetracarboxylic dianhydride (PTCDA) [34]), and
exposed and buried interfacial structures of graphene grown on SiC [35, 36], showing its
potential to be used on the structural characterization of graphene.
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Table 3.1. For instance, graphene on silica was first revealed by optical microscopy,
scanning electron microscopy (SEM), and atomic force microscopy (AFM) [1]. Nondestructive techniques such as electron microscopy (EM) [2-10], Raman/Rayleigh
scattering microscopy [4, 11-15], ellipsometry [16, 17], and near edge X-ray absorption
spectroscopy (NEXAS) [18, 19] have been used to study the graphene structure and/or its
adsorbates. For the in-plane structural characterisation, scanning tunnelling microscopy
(STM) and scanning tunnelling spectroscopy (STS) [2, 5, 20, 21] have been used to image
the graphene lattice. X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES) [22-24] assisted by low energy electron microscopy (LEEM) and
photoemission electron microscopy (PEEM) measurements [6, 20, 25-27] have also been
employed for the compositional, structural and morphological characterisation of
graphene on conductive substrates. However, these techniques have a limited capacity to
probe the out-of-plane structure of the adsorbed layer.
Another powerful technique is X-ray reflectivity (XRR), which is widely used for probing
buried interfaces and thin film monolayers [28], bilayers [29, 30] and multilayers [31]
structures. XRR has been used to study the structure of graphene coated with other
popular

materials

in

electronic

devices

(e.g.

HfO2

[32],

Au

[33],

and

perylenetetracarboxylic dianhydride (PTCDA) [34]), and exposed and buried interfacial
structures of graphene grown on SiC [35, 36], showing its potential to be used on the
structural characterization of graphene.
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Table 3.1. A summary of few well-established structural characterisation methods for
graphene.
Technique
Optical
[1, 15]

microscopy

EM

Description

Advantages

Restrictions

Graphene can be seen on
300 nm SiO2

Non-destructive,
efficient, low cost

Limited substrate

SEM [1] transmission
electron
microscopy
(TEM) [2-10]

Non-destructive,
can
observe the graphene
surface structure and
possible
contaminants
with Ångström resolution

Complementary
methods are needed
for determining the
number of layers

AFM [1]

One of the most common
methods to determine the
graphene thickness

Can
provide
direct
thickness information

Destructive, and the
obtained
apparent
thickness
is
overestimated, due to
the chemical contrast
and the unknown
separation between
graphene and its
substrate

Raman spectroscopy
[4, 11-14], Rayleigh
scattering microscopy
[15],
ellipsometry
[16, 17]

Quick
methods
of
counting the number of
layers
of
graphene.
Raman spectroscopy is
also used to determine the
defects and contaminants
of graphene

Non-destructive,
efficient, and the methods
are well-established

No information about
the
surface
morphology

STM and STS [2, 5,
20, 21]

Scanning
tunnelling
microscopy
could
provide clear image of the
graphene in-plane lattice
structure and defects

Non-destructive,
Ångström resolution

Only provide the
surface morphology

Electron
Spectroscopy
for
Chemical
Analysis
(ESCA)

XPS,
AES
[22-24],
LEEM, and PEEM [6, 20,
25-27]

Can
determine
the
thickness, the impurity
(XPS, AES), the moiré
structure (PEEM, LEEM)
and stacking structure
(LEED) with atomic
precision

No information about
the
thickness
of
graphene.

X-ray
diffraction
(XRD), selected area
diffraction (SAD) [3,
7, 8, 37] and NEXAS
[18, 19]

Usually applied to detect
the
functionalisation
(XRD, SAD) or chemical
absorption (NEXAS) on
graphene.

Non-destructive

No information about
the
surface
morphology
and
thickness of graphene

In this chapter, commercially available graphene samples on Si/SiO2 widely used in the
studies of graphene applications have been studied using synchrotron XRR. XPS, PEEM
and AFM were also used to provide complementary information on the composition and
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morphology of the samples. Our findings are valuable to graphene research and
applications, and also demonstrate the suitability of XRR as a sensitive method for
characterising the graphene surface structure, paving the way for further investigations of
biomolecular structures on graphene using XRR.

3.2 Experimental
3.2.1 Materials
Graphene samples onto 1 cm × 1 cm Si wafers with 300 nm SiO2 atop were purchased
from Graphenea Inc and were prepared by chemical vapour deposition (CVD), the
preparation process is described in section 1.2.1. Graphene produced is being marketed
as “monolayer graphene”, and is widely used in the studies to evaluate potential
application of graphene monolayers in electronic devices.
3.2.2 Methods
Synchrotron XRR, AFM, XPS and PEEM have been used to study the structure and the
composition of commercially available graphene samples. The experimental setups of the
techniques are given in Chapter 2. XRR scans were collected at 25 ºC, 40 ºC and 60 ºC
in air, with the incident angle θi varying from 0.06-3.0º, corresponding to a Q range of
0.015-0.74 Å-1, where the vertical momentum transfer vector Q = 4πsinθ/λ.
It is useful to compare the footprint size of different complementary methods when
interpreting the results. For XPS it was approximately an oval with major/minor axes of
3mm/2mm for PEEM it was 60 µm × 60 µm; for XRR it was 255 µm × 1 cm (the
projection of the vertical beam size onto the sample); for ellipsometry the circular spot
size was ~3 mm in diameter; for AFM, the scan size was either 5 µm × 5 µm or 1 µm ×
1 µm; and for the contact angle measurement, the diameter of the water droplet was of
~3.3 mm. As such, AFM and PEEM provided localised morphological and chemical
information, whilst XRR, XPS, ellipsometry, and contact angle provided average
structural information across a larger sample area. It is also worth bearing in mind the
different conditions for these measurements: XPS and PEEM were carried out under
UHV (3 × 10-11 mbar), whilst the rest of the measurements were performed under ambient
conditions.
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3.3 Results and Discussion
3.3.1 The composition of the graphene samples
The XPS measurements were performed before and after annealing the graphene in UHV
sequentially at 200 ºC, 400 ºC, and 450 ºC, which showed that the annealing is more
efficient at higher temperatures (> 200 ºC) as shown Figure S1. The photoemission lines
are fitted by the programme package Multipeak in Igor Pro. The XPS spectra from the
survey scans of a wide bonding energy range on the graphene sample survey collected
before and after annealing at 450 ºC are shown in Figure 3.1a. In both cases, only the
presence of C, O, and Si was observed, and no metal residues from the original copper
substrate and the etchant were observed on the sample. The elemental compositions
estimated from the spectra show that, before annealing, the atomic composition of C, O,
and Si was 32.2%, 36.7% and 31.1%, respectively; and after annealing, the percentage of
C decreased to 17.4%, but those of O and Si increased to 42.6% and 40.0%, respectively.
The C 1s photoemission lines before and after annealing in Figure 3.1b show clear
differences in their shape and relative intensity. Deconvolution of these photoemission
lines (Figure 3.1c and d; Table S1) indicates the presence of C 1s (sp2 and sp3), C-OH
and O-C=O [3, 37, 38] before annealing, whereas after annealing, the intensity of the COH and C=O peaks dropped remarkedly.
The CVD method is known to produce graphene with an ordered structure and
exceptional electronic properties. However, the substrates on which graphene can be
grown are limited, and typically transition metals are used. Subsequently, epitaxial
graphene often needs to be transferred from the original growth substrate, a process that
could cause contamination [39-41]. In this case, there were four possible types of
contaminants: the multilayer graphene formed on top of the single layer graphene, the
PMMA used for transferring, residues due to incomplete Cu dissolution [42, 43], and
etchant liquid residues (typically FeCl3). We ascribe the observed changes in the XPS
carbon peaks in Figure 3.1 to PMMA residues being removed by the annealing procedure.
This explanation is consistent with the observed decreased C composition (from 32.2%
to 17.4%) and C/Si ratio (from 1.03 to 0.44) after annealing. Note that the XPS detection
limit was ~ 0.1 atomic% in our measurements.
The annealed samples were further investigated by PEEM, an extremely surface sensitive
technique, to reveal their surface morphology, which also helps to identify any possible
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contaminants on the graphene surface due to the contrast in their work function. Work
function is the energy needed to excite an electron from the Fermi level of the material to
free space. An example work function map in Figure 3.1e shows darkened (lower work
function) lines and spots appearing on a continuous light background (higher work
function). We attribute the dark lines to defects (cracks) likely caused by the transferring
process [39], and the spots to two types of contaminants (examples labelled as A and B
on Figure 3.1e). Contaminants A (of size ~ 2 µm) were found sparsely over the sample
surface, while B (of size ~ 500 nm) were found in the vicinity of the defects. The work
function of annealed graphene (i.e. the light background in Figure 3.1e) was ~ 4.7 - 4.8
eV, which is slightly larger than the reported work function of intrinsic graphene (4.56
eV) [44]. This difference could be related to the redistribution of electrons between the
substrate and graphene [27, 45, 46]. Upon annealing, the defects and contaminants A
remained, whereas contaminants B with a lower work function of ~ 4.3 - 4.6 eV gradually
disappeared. We thus attribute B to PMMA residues from the transferring process of the
graphene from its Cu substrate during fabrication. These PMMA residues were removed
upon annealing at 450 ºC, an interpretation consistent with a previous study which
showed that PMMA was burnt off from the graphene surface at high temperatures in UHV
[42, 43].
The formation of multilayer graphene with a size of few micrometres on monolayer
graphene grown on Cu has been previously characterised by Raman spectroscopy [47].
Few layer graphene (FLG) with more than 3 graphene monolayers exhibited a work
function of 4.6 eV, similar to that of graphite [27, 48, 49]. Thus, contaminants A with a
work function of ~ 4.6 eV were likely graphene multilayers.
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Figure 3.1. a) The XPS surveys for the graphene sample measured before (black line) and
after (pink line) annealing. b) shows the C 1s photoemission region highlighted in the
dashed rectangle in a), and the fittings for the photoemission lines before and after
annealing are shown in c) and d), respectively. The fittings suggest the existence of carbon
oxides in the sample, including O-C=O and C-OH, with the peak energy values listed in
Table S4 in SI-3. After annealing, the amount of the oxides decreased. e) The work
function map of graphene annealed at 450 ºC for 1 h, with 2 types of contaminants
labelled as A and B.
3.3.2 Structure of the graphene samples
Figure 3.2a shows a topographic AFM image on a 1 µm × 1 µm scale, and three line
profiles along the coloured lines (with arrows pointing towards the directions of the
profiles taken) are shown in Figure 3.2b shown in the corresponding colours. By
analysing the topological histograms of the AFM images, the position and the thickness
of the graphene layer can be obtained, as described in the section Appendix II. The
highlighted areas in the line profiles represent the position of the graphene layer from the
histogram analysis, and the PMMA residues with thickness in the range of 0 - 57 Å were
seen on top of the graphene surface. Figure 3.2c shows an AFM topological image over
a larger scale (5 µm × 5 µm), indicating the deposited graphene appeared continuous with
a number of defects (dark holes, i.e. 1 in Figure 3.2c) of size ~ 100 nm and a small number
of PMMA residues appearing as elevated (lighter) spots. The PMMA residues varied in
size (~10-100 nm), and two such spots (2 and 3) are circled in the figure. The red
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rectangle (4) in Figure 3.2c highlights a crack defect on the graphene surface with PMMA
partially filling the crack. This interpretation agrees with the work function map (Figure
3.1e), where PMMA was detected around the defects. The apparent thickness of the
graphene layer from the height histogram on a scale described in Appendix II is 13.9 ±
0.7 Å, which includes any (small) spacing between graphene and the underlying SiO 2
substrate. The graphene layer thickness points to the presence of the FLG instead of a
graphene monolayer, in agreement with numerous AFM studies determining the
thickness of graphene and FLG on flat substrates, with the reported thickness ranging
from 3.5 Å to 15 Å, depending on the fabrication method and the AFM imaging [1, 5052].

Figure 3.2. a) An example AFM scale topological image on a 1 µm × 1 µm scale; b) Three
line profiles followed the direction of the coloured arrow lines in a), with the grey
highlighted areas attributed to the graphene layer; c) An example AFM topographic image
on a 5 µm × 5 µm scale, highlighting PMMA residues (e.g. 2, 3) on a continuous graphene
layer with holes (e.g. 1) and defects (e.g. 4) exposing underlying SiO2; d) the
corresponding histogram shows the height distribution of SiO2, graphene, and the
contaminant layer.
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Assuming PMMA residues existed mostly atop the measured sample, from the height
histogram analysis, the graphene coverage on SiO2 was g 85.1 ± 2.1 %, as described in
Appendix II. However, if the graphene layer did not remain intact during the transferring
process, PMMA could have been transferred onto silica instead of graphene; in that case,
the graphene coverage would have been overestimated, whilst that of PMMA
underestimated.
The XRR curves of the graphene samples are shown in Figure 3.3b. These curves were
collected at 25 ºC, 40 ºC and 60 ºC, and after the sample was cooled back down to 25 ºC
after heating. It is interesting to study such a temperature effect, given its relevance to
potential biomedical applications of graphene. These results are representative from two
separate synchrotron experiments on two different batches of samples from the same
supplier. The open circles are the experimental data points, and the solid red lines the fits
using a three-layer model, with the details of XRR analysis given in SI-2. The
morphology and thickness measurement of graphene from AFM imaging (cf. Figure 3.2)
indicates that the graphene sample was not a graphene monolayer, but more likely FLG.
PEEM (cf. Figure 3.1) suggests that a “contaminant” layer was present atop the graphene
layer, which was likely a mixture of graphene multilayers and PMMA residues.
Therefore, when analysing the XRR data, we have used a three layer Slab Model (Figure
3.3a): a contaminant layer (of thickness tc) atop a graphene layer (tg) attached to the
substrate with a SiO2 layer (ts). The fitted thickness (t), inter-layer roughness (Ra) and
SLD (ρ) are listed in Table 3.3. Overall, the structural information from fitting the XRR
data is consistent with the observations from AFM and PEEM measurements. The fittings
of our sample show an FLG structure instead of monolayer graphene with a contaminant
layer on top. As shown in Figure 3.4, neither a monolayer graphene model, nor a model
without a contaminant layer can satisfactorily fit the experimental curve. Thus, the threeslab model as demonstrated in Figure 3.3 was applied.
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Figure 3.3. a) The fitted SLD profile of the graphene sample at different temperatures
with the corresponding physical model used for the fitting. Here, tc and tg are the thickness
of the 2 slabs representing the contaminants and graphene, respectively. b) The open
circles and solid lines are corresponded to the collected XRR data points and fits on a log
scale of graphene plotted against Q at different temperatures (with the curves offset
vertically for clarity). The fitting parameters are listed in Table 3.3 and Table 3.2.

Figure 3.4 XRR results of the commercially available graphene sample (black circles),
fitted as FLG with a contaminant layer on top (black line), as monolayer graphene (blue
line), and as FLG without contaminants (pink line), respectively.
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The average fitted XRR thickness of four different FLG samples from two different
sample batches at 25 ºC was tg = 13.0 ± 1.0 Å as shown in Table 3.2. The fittings are of
good qualities (χ2 < 0.0017), indicating a FLG (tg = 13.0 ± 1.0 Å) structure. This value is
slightly smaller than the AFM thickness of 13.9 ± 0.7 Å (Figure 3.2d), which nonetheless
is broadly consistent with the conclusion that the graphene layer was FLG with an average
of 3 - 4 graphene monolayers. This is probably due to XRR measurements giving an
average thickness over a much larger footprint (~ 106 m2), while AFM measures the
local apparent thickness (with a footprint of ~ 1 m2) that is affected by the interaction
between the tip and the surface. The total thickness of graphene and the contaminant
layers from XRR fitting was ~25 Å, close to the thickness (27.1 ± 0.8 Å) obtained from
the ellipsometry measurement on the same samples.
Table 3.2. Fitted XRR results of graphene on Si/SiO2 samples in air at RT. The samples
were purchased in 2 batches, namely a and b.
tg

Ra,g

ρg

ϕg

tc

Ra, c

ρc

χ2

(Å)

(Å)

(10-6 Å-2)

(%)

(Å)

(Å)

(10-6 Å-2)

(10-3)

1a

12.9

0.9

12.9

70.9

11.8

1.2

9.8

1.21

2a

12.2

0.0

12.9

70.9

10.4

1.2

9.3

1.62

3b

14.4

0.4

14.1

77.7

10.8

2.4

11.9

1.22

4b

12.3

2.7

15.6

85.6

15.0

4.3

11.6

1.55

Mean

13.0

1.0

13.9

76.3

12.0

2.3

10.7

1.40

1.0

1.2

1.3

7.0

2.1

1.5

1.3

0.22

No.

Standard
deviation

The coverage of each layer can be calculated by comparing the fitted ρ with theoretical
values, i.e.  = ρfitted/ρcalculated. The fitted ρ values of each layer are shown in, the theoretical

 of each material is listed in Table 2.3; the calculated SLD for graphene is ρg = 1.820×105

Å-2 at 14 keV. The FLG coverage at RT from XRR is g = 76.3 ± 7.0 %, broadly
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consistent with the value g ~ 85.1 ± 2.1% estimated from AFM imaging, with the
discrepancy again ascribable to the differences in the footprint size the two techniques
probe. As such, the XRR g value is an average over a much larger sample area, compared
to the localised information from AFM imaging.
Table 3.3. Fitting parameters for XRR results of FLG in air at different temperatures,
using the three layer model (cf. Figure 3.3a). The SLD () of graphene and SiO2 were
fixed during fitting, and that of the contaminant layer was fitted in the range between air
to FLG, since it is presumed a layer of a mixture with limited coverage instead of a
homogeneous film. Also listed are the two fitted interfacial roughness values, Ra,c for the
roughness at the interface between air and the “contaminant” layer (thus the subscript c)
and Ra,g for that at the interface between the “contaminant” layer and the graphene layer.
ρg

ϕg

tc

Ra,c

ρc

χ2

(10-6 Å-2)

(%)

(Å)

(Å)

(10-6 Å-2)

(10-3)

0.9

12.91

70.9

11.8

1.2

9.80

1.21

13.4

1.0

13.06

71.8

11.6

1.1

9.90

1.85

60

13.8

1.3

13.13

72.2

11.8

0.9

9.47

4.57

25 (Cooled)

14.3

1.3

13.08

71.9

11.7

0.7

9.19

9.72

T (°C)

tg
(Å)

Ra,g
(Å)

25

12.9
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An interesting observation is that the graphene layer thickness tg experienced a subtle
expansion from 12.9 Å at 25 ºC to 13.8 Å at 60 ºC, and the roughness Ra,g from 0.9 Å to
1.3 Å correspondingly. Meanwhile, the thickness of the contaminant layer remained
largely constant at tc = 11.7 Å, but its roughness Ra,c decreased from 1.2 Å to 0.9 Å from
25 ºC to 60 ºC, suggesting a possible “curing” procedure upon heating, leading to a
reduction of the roughness. The Ra,c value continued to decrease to 0.7 Å, suggesting
possible further relaxation. Furthermore, this change in the graphene layer thickness was
irreversible; since after cooling to 25 ºC, tg further increased slightly to 14.3 Å. This
observation might be explained by the out-of-plane motion of graphene, which may also
be considered as a perpendicular thermal expansion or enhanced surface ripples. Unlike
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most of the materials, including SiO2 and PMMA, graphene was demonstrated both
theoretically and experimentally to have a negative in-plane thermal expansion
coefficient (TEC) below ~500 K, as a consequence of decreasing phonon energies
exhibited by 2D materials with smaller lattice parameters (rippled) upon heating, in
contrast to increasing phonon energies in bulk materials [53-55]. In addition, the
asymmetric bond length distribution of graphene caused by the delocalized p-cloud and
the structural defects forces graphene to become non-planar to minimize free energy [56].
The rippling of graphene supported by Si/SiO2 upon heating above 200 K was observed
with SEM [57] and Raman spectroscopy [55]. When graphene attached to a SiO2 substrate
is heated, the graphene layer would experience an in-plane compressive stress because of
its negative TEC, while SiO2 would have experienced a tensile stress. Once the force
applied on graphene exceeds the vdW attractive force between graphene and the substrate
(normally at higher temperature), graphene might escape from the underlying layer to
enhance the amplitude of the ripples. This is also consistent with our observation that,
after cooling back to RT, the graphene layer thickness detected by XRR further increased.
This could be attributed to the tension on the graphene being smaller than the pining force,
and the graphene stayed attached to the substrate, manifesting in enhanced rippling. It
should be addressed that the conclusions on the temperature dependence of the graphene
sample thickness are tentative at this stage, and more measurements are needed to further
verify these interesting and important observations.

3.4 Conclusions
The physical properties of graphene are intimately dependent on its thickness and surface
structure. Understanding the surface structure of graphene is also important to its
integration in composite materials and its bioanalytic applications. In this chapter, XRR
was used to study the thickness of commercially sourced graphene prepared using the
CVD method on Si/SiO2 in air at different temperatures for the first time. Such graphene
samples have been widely used in research and applications on monolayer graphene.
Complementary techniques as AFM, XPS, and PEEM have been used to provide
information on topography and chemical compositions of the graphene layer. Our XRR
and AFM results show that the thickness of the graphene layer was ~ 13.0 ± 1.0 Å and
13.9 ± 0.7 Å, respectively, corresponding to 3 - 4 graphene monolayers. As such, the
samples we characterized appeared to consist of 3 - 4 monolayers of graphene. This may
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suggest that other such commercial graphene samples are not of monolayer character.
Given that XRR has not been previously widely used for studying the graphene structure,
we hope to stimulate further investigations rather than regarding our conclusions as
certainty and applicable to all commercial graphene samples. The XPS and PEEM results
suggest the presence of PMMA residues from the transfer process of graphene
fabrication. In addition, isolated islands of multilayer graphene were also present atop the
FLG layer. We also observed a slight but detectable increase of 0.5 - 0.9 Å in the graphene
layer thickness as it was heated from room temperature (RT) to 60 ºC. This thermal
expansion was irreversible, with the graphene thickness increasing a further 0.5 Å upon
cooling back to RT. Such temperature dependent graphene thickness could be attributed
to the out of plane rippling behaviour of graphene upon heating as previously reported. It
should be addressed that the conclusions on the temperature dependence of the FLG
thickness are tentative at this stage, and more measurements are needed to further verify
these interesting and important observations.
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Chapter 4

Graphene surface structure in aqueous media
(A manuscript based on this chapter, as attached in Appendix VII, has been submitted to
Carbon and is currently under review [Manuscript Number: CARBON-D-18-03004])

Understanding graphene surface structure in aqueous media is essential for its
biotechnological applications. Here, using synchrotron X-ray reflectivity (energy 14
keV), AFM imaging, and contact angle measurements, we have investigated the surface
structure of CVD graphene on SiO2/Si in water and phosphate buffered saline (PBS) at
25 - 60 ºC. We found a diffuse layer immediately adjacent to graphene with a scattering
length density (SLD) of 6.72 × 10-6 Å-2, attributed to the presence of air bubbles on
graphene under water. AFM imaging was indicative of interfacial inhomogeneity, but did
not provide conclusive topography information on the bubble-covered graphene-water
interface. The diffuse layer diminished after the graphene was submerged in water for 24
h at 25 ºC. This is also evident from its enhanced wettability, with the water contact angle
on graphene decreasing from 84.9 ± 0.4° to 55.6 ± 0.4° after submergence. An additional
layer atop graphene appeared after soaking, with a thickness 10.1 Å, and a higher SLD
of 19.5 × 10-6 Å-2 at 25 ºC, which increased to 11.8 Å and 21.8 × 10-6 Å-2 at 60 ºC in PBS,
respectively. We discuss this observation in terms of ion mobility, possible formation of a
silanol layer on the SiO2 substrate, and water structure disruption at higher temperatures.
The results provide useful information for the interpretation of the morphologies of the
lipids adsorbed on graphene in Chapter 5.
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4.1 Introduction
With a large active surface area, one-atom thickness, and delocalised π electrons,
graphene enables the detection of changes in the surrounding environment with molecular
level sensitivity [1], e.g. for sensing gases [1], humidity [2], and biomolecules [3].
Potential bioanalytic applications of graphene have also attracted a wide attention. For
these applications, graphene often needs to be exposed to or in contact with aqueous
systems. Therefore, it is important to understand the structure of graphene in water, since
the physical properties of graphene are influenced by its structure (i.e. thickness [4, 5],
lattice order [6, 7], defects [8, 9], and impurities [10]) and that of the underlying substrate
[11].
Several investigations have been reported on the effects of water on graphene and its
derivatives. Using contact angle (CA) measurements, it has been shown that the structure
(such as thickness and layer stacking) and charge transfer between graphene and its
surrounding environment could influence the interaction between water and graphene [2],
although the mechanism remains unclear. Specifically, it has been reported that the
hydrophobicity of graphene on a copper foil [2] and a SiC wafer [12] increased with the
number of graphene layers. Molecular dynamic simulations showed that free-standing
graphene was hydrophobic [12, 13], due to the hydrogen bond network within a water
double layer formed on the graphene surface.
However, CA only provides limited macro structural information at the graphene-liquid
interface. X-Ray reflectivity (XRR) is a rigorous and quantitative technique for probing
structural features of nanofilms at buried interfaces [14-18] with sub-Ångström
resolution. Previously, it has been used to study epitaxial graphene on SiC in air [19, 20]
and in water [12]. In this chapter, synchrotron XRR has been used to investigate the
graphene-water interface at different temperatures (25 - 60 °C), complemented by AFM
imaging and contact angle measurements at room temperature (RT). In addition, the effect
of phosphate buffered saline (PBS) on the graphene surface structure has also been
probed, which lays a base for the interpretation of the XRR study on the interaction
between liposomes and graphene (Chapter 5). This was motivated by a previous report
that soaking graphene in water for 24 h facilitated lipid bilayer formation in PBS solutions
[21], instead of monolayers without soaking [22]. In this work, the structure of graphene
was studied by XRR before and after submergence in Milli-Q® water for 24 h.
54

Graphene surface structure in aqueous media

4.2 Experimental
4.2.1 Materials
Graphene used in this study was purchased from the same supplier as that used in Chapter
3. In Chapter 3, the graphene is described as few layer graphene (FLG) as respect to it
thickness of ~ 13.0 ± 1.0 Å. However, here the focus of discussion is on the surface
chemistry of the graphene samples, where FLG (with 3 - 10 number of layers) has been
considered and described as a type of graphene in previous research [2, 23]. Therefore,
we describe the FLG as graphene in this and the following chapters. Ultrapure Milli-Q®
water with resistivity of 18.2 MΩ cm and a total organic content (ToC) of 3 - 4 ppb at 25
ºC and 0.01 M PBS (0.0027 M KCl and 0.137 M NaCl, pH = 7.4, at 25 °C, SigmaAldrich®) were used for solution preparation.
4.2.2 Methods
Synchrotron XRR, AFM, and water CA measurements have been used to study the
structure and the composition of commercially available graphene samples. The
experimental setups of the techniques are given in Chapter 2.
To investigate the influence of submerging graphene in water on its surface structure,
XRR curves were collected on graphene within 10 min after it was exposed to Milli-Q
water, which was the time required for sample alignment. The graphene then remained
submerged under water for a further 23 - 24 h before XRR measurements were made
again. Subsequently, water was replaced by PBS, and the XRR curves were collected at
25 °C, 40 °C and 60 °C, after which the samples were cooled back to 25 °C to compare
with the initial stage. As a control, bare graphene that had not been submerged in water
was also measured in PBS at RT. Each heating and cooling step took ~ 10 min and ~ 20
min, respectively, with a further 10 min allowed for thermal equilibrium before the
measurement was made.
A consideration for XRR measurements in aqueous media is the absorption of X-rays by
water. The liquid thickness in the custom-designed XRR cell (cf. Figure 2.1) was 1 cm,
permitting ~ 20% transmission at 14 keV X-ray energy, which is sufficient for XRR
measurements [24].
Reflectivity curves with mild fringes were plotted as RQ4 vs. Q instead of logR vs. Q, as
shown in Figure 4.1b and Figure 4.5a, to show more clearly the Kiessig fringes, since the
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reflectivity decays roughly proportional to Q-4 above the critical edge [25]. In total, 12
XRR measurements on 3 graphene samples were studied in 2 separate synchrotron
experiments, and the results shown below are representative of these measurements. The
XRR curves collected from different graphene samples were reproducible.

4.3 Results and Discussion
4.3.1 XRR of the graphene-water interface
XRR data fitting used a Slab Model, with ρn, tn, and Ra,n the SLD, thickness, and
roughness of the nth slab/layer as defined in Figure 4.1a. This yielded fits (χ2 < 0.0012)
for the reflectivity curves of the graphene samples in different conditions. Figure 4.1b
shows example XRR curves for bare graphene in air (circles) and water (triangles), and
the soaked graphene in water (squares), with the fitted reflectivity curves shown as
continuous lines. The XRR intensity oscillations (Kiessig fringes [26]) damped (i.e.
became less pronounced) in water compared to air due to reduced SLD contrast with
graphene.
From the fitted SLD profile of graphene in air shown in Figure 4.1c, the interfacial
structure of the sample consisted of a graphene layer (represented as Gr in Figure 4.1a)
with a contaminant layer comprising graphene multilayers and PMMA residues atop. The
latter layer exhibited a thickness tc = 11.8 ± 1.2 Å and an SLD ρc = 9.80 × 10-6 Å-2 [27].
After the injection of water or PBS in the XRR liquid cell (cf. Figure 2.1), the contaminant
layer on the graphene sample seemed undetectable, substituted by a diffuse layer at the
interface with an SLD profile which gradually increased from ρd = ~ 6.7 × 10-6 Å-2 to
ρwater = 9.44 × 10-6 Å-2 of the bulk water. The SLD of this diffuse layer was smaller than
that of graphene (ρg = 18.20 × 10-6 Å-2) or PMMA (ρPMMA = 10.81 × 10-6 Å-2), and was
between that of air (ρair = 0 Å-2) and water, whilst the high roughness Ra,d (> 30 Å) value
indicates a highly heterogenous interfacial structure (fitted values shown in Table 4.1).
We suggest that this reduced SLD of the interfacial layer could be attributed to the
formation of flattened air bubbles of nonuniform coverage on the graphene surface, as
shown schematically in Figure 4.1a.

56

Graphene surface structure in aqueous media

Figure 4.1. a) Physical model used to fit the XRR curves of graphene in water. b) The
experimental (open symbols) and fitted (solid lines) XRR curves plotted as RQ4 vs. Q for
graphene in air (circles), in water (triangles), and 24 h-water soaked graphene (squares).
The complete fitting parameters are listed in Table S6 in Appendix V). c) The fitted SLD
ρn of the graphene sample in air (dashed line) and in water (solid line), plotted against z,
the distance from the SiO2 surface, with the SLD variations highlighted in different
coloured regions across the interfaces of the graphene sample in air and in water. Each
coloured region, with the width representing tn, represents a modelled layer as defined in
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a). The contaminant layer on graphene (represented as Gr) in air [27] is highlighted in
pink, and a diffuse layer is present on the graphene in water.
To better address this observation, we have calculated the fraction of air in this diffuse
layer (ϕair) from the fitted SLD of the diffuse layer (ρmix). The mixed SLD (ρmix) of a
binary mixture can be calculated as,
ρmix = ϕi ρi + (1 - ϕi )ρj ,

Equation 4.1

where ϕi and ρi are the volume fraction and the SLD of constituent i, respectively. In this
case, the diffuse layer was not strictly a binary mixture, instead, it had a more complicated
structure consisted of graphene multilayers, PMMA residues, air, and water, as shown
schematically in Figure 4.1a. However, if we assume the diffuse layer is composed by
two segments: a bubble layer (with ρb and tb) that was comprised by air and water and a
contaminant layer (with ρc and tc, which were obtained from the fitted XRR data of bare
graphene in air), and assume that the fraction of the contaminant layer ϕc equals to the
ratio of its thickness tc and the thickness of the diffuse layer td, the SLD of the bubble
layer ρb can be the calculated from can be obtained from Equation 4.1. Once ρb was
obtained, ϕair could then be calculated, as the SLD of water and air were both known. The
calculated ϕair is ~30 % as shown in Table 4.1.
Such an SLD reduction has been previously observed on a rough polystyrene surface
[28]. Further AFM imaging suggested that this diffuse layer was a consequence of both
the contaminant and the air bubbles present on the surface [29].
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Table 4.1. Fitting parameters for the XRR data collected from graphene in air, in water,
in PBS, and 24 h water-soaked graphene in water at 25 ºC.

Sample

Layers in the
Slab Model

tn (Å)

ρn (10-6 Å-2) Ra,n (Å)

Graphene

Contaminants

10.8

11.87

2.4

in air at

Graphene

14.4

14.13

0.4

25ᵒC

SiO2

3000

19.01

2.4

Diffuse layer

84.9

6.72

31.9

Graphene

16.5

14.93

0.7

SiO2

3000

18.91

3.4

Graphene

Diffuse layer

118.3

6.75

49.3

in PBS at

Graphene

15.4

19.71

4.5

SiO2

3000

18.91

3.5

10.1

19.45

1.0

Graphene

5.0

14.91

2.3

silanol

78.9

21.32

4.6

SiO2

3000

18.96

69.7

Graphene
in water at
25ᵒC

25 ᵒC

Ion adsorbed
Soaked
graphene

layer

in water at
25ᵒC

ϕair (%)

χ2 (10-3)

100

1.11

36.7

0.47

30.9

0.71

0

0.19

4.3.2 AFM imaging at the graphene-water interface
AFM topological images (Figure 4.2a) have also been collected to reveal the morphology
of the graphene-water interface and were processed using the NanoScope Analysis
software. The topological image of the graphene sample in air was comprised of the SiO2
substrate, graphene, and the defects (marked as 1, 2, 3 in Figure 4.2a-b) that consisted of
PMMA and multilayer graphene flakes [27] (cf. Figure 3.2c). A water droplet of ~ 5 mm
in size was then displaced to create the aqueous environment. In water, the graphene
surface became rougher as shown in the section profile (Figure 4.2b). A larger elevated
area (4 in Figure 4.2a), which is most likely to be described as a nanobubble was observed.
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However, it was a lot more challenging to obtain good quality, reproducible images under
water, which is probably ascribable to a more complicated structure with inhomogeneous
coverage. In addition, the presence of soft air bubbles could make it difficult for the AFM
scanning tip to engage with surface. As a result, the AFM images of the graphene-water
interface did not provide conclusive supporting evidence for the presence of the bubbles.

Figure 4.2. a) Example AFM topological images on a 1 µm × 1 µm area indicating
graphene defects (1 and 2), PMMA residues (3), and air bubbles (4) on a continuous
graphene layer with holes (white circle). b) Plotted line-profiles following the direction
of the coloured arrow lines in a).
For the example under-water 3D image shown in Figure 4.3a, the maximum difference
in the height, Δhmax, increased by ~ 11 Å compared to air (Table 4.2). Meanwhile, the
graphene roughness given by the height deviation Rave and height root-mean square Rsq
also increased, consistent with a more inhomogeneous interface caused by the formation
of air bubbles.
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Table 4.2. The maximum difference in the relative height, Δhmax, the root-mean square
average, Rsq, and the arithmetic average values of height deviations, Rave, of the surface
height deviations in the AFM topological images of graphene in air and in water following
the plane fitting.
Δhmax (Å)

Rsq (Å)

Rave (Å)

In air

124

6.61

4.68

In water

135

10.8

8.37

Figure 4.3. a) Example AFM 3D topological images of graphene in air and in water,
showing a possible bubble (indicated by an oval) appear after the adding of water; and b)
the corresponding histograms of height distributions on the sample surface with the
Gaussian peak fittings for the measurements in air (left) and in water (right).
It can be observed from the Gaussian peak fittings shown in Figure 4.3b that the height
distribution on the solid-water interface (with FWHM values of peaks c and d 11.5 Å and
10.6 Å, respectively) was broader than that at the air-water interface (with peaks a and b
possessing FWHM values 8.4 Å and 7.5 Å, respectively), suggesting the existence of
more inhomogeneous structures on the graphene-water interface compared to air.
Particularly, as indicated by an oval in Figure 4.3a, a bubble-like area of size ~ 189 nm
(length) × 88 nm (width) × 10 nm (height) was detected. The air bubble layer from XRR
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fitting (cf. Table 4.1) has a smaller thickness (td = 84.9 Å) but a higher roughness (Ra,d =
31.9 Å). One possible reason for the differences is that the XRR measures and thus gives
the average value of a surface layer over a much larger footprint (~ 255 µm × 1 cm),
whilst AFM measures a much smaller sample area (~ a few µm2) and thus reflects a much
more localized structure [27]. It should be borne in mind that a more complex structure
could be present on graphene, including residual PMMA contaminants and graphene
multilayers, which could not be distinguished by topological images only. Although AFM
imaging did not provide conclusive topography information on graphene under water, it
indicated that the interfacial structure was different from that in air. It was also
qualitatively consistent with the XRR results which were indicative of an inhomogeneous
interface. Further effort with AFM imaging remains a focus of our future work.
4.3.3 Effect of submerging CVD graphene on Si/SiO2 under water
The sessile drop water contact angles (CAs) of graphene before and after soaking
graphene in water for 24 h are shown in Figure 4.4b. For the soaked graphene samples,
the water residues were removed by two methods: drying naturally or using an Ar flow
to dry the surface gently. A noticeable reduction of graphene water CA was observed
with both methods. The results (described in detail in Appendix III,
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Table S4) showed that the water CA on graphene decreased from 84.9 ± 0.4° to 55.6 ±
0.4° after it had been submerged under water for 24 h, indicating that the graphene sample
became more hydrophilic. Whether graphene is hydrophobic or hydrophilic is still
somewhat controversial in the literature. Graphene was once believed to have similar
wettability to graphite (water CA = ~ 80 - 100°), while some CA measurements suggested
it was hydrophobic, and even superhydrophobic [23]. More recent studies showed that
the interaction between water and graphene was affected by the graphene surface
structure and related parameters, such as the graphene layer thickness [12, 30], the
presence of defects [12, 23] and adsorbates [13, 23], underlying substrates [31], and the
doping of graphene [32]. Both the surface energy and the topological features should
contribute to the observed wettability of such a heterogeneous material. Thus, it is
possible that graphene hydrophobicity reflects its various surface roughness and related
chemical inhomogeneities due to different fabrication methods [23, 30].
It has been reported that trapped air bubbles could form at the solid-liquid interface
particularly when nanotextures or multi-scale roughness were present at the interface,
resulting in the Cassie–Baxter wetting state, which would then lower the solid-liquid
adhesion and manifest in apparent higher hydrophobicity [33, 34]. If water permeates the
surface textures, transforming the wettability from the Cassie-Baxter state to the Wenzel
state [35], the hydrophobicity of the material would decrease, consistent with our
observation of the decreased CA after 24 h water submergence. In addition, the SLD
profile in Figure 4.4a indicates that no diffuse air-bubble layer was present on top of
graphene after water-soaking, and that water had fully spread on the surface, as shown
schematically in Figure 4.4c. The fitted graphene thickness tg(water) = 5.0 Å with ρg =
14.91×10-6 Å-2, decreased appreciably after soaking, compared with the graphene
thickness tg(air) = 14.4 Å detected in air. In the meantime, an additional layer appeared,
with a higher SLD ρa = 19.5 × 10-6 Å-2, and thickness ta = 10.1 Å. The total thickness ttotal
= tg(water) + ta = 15.1 Å is very similar to tg(air), and we attributed this observation to the
adsorption of ions within the defect structures on graphene, which will be discussed below
in section 4.3.4.
Furthermore, the SLD of the underlying substrate increased from ρs = 18.91×10-6 Å-2
before water soaking, a value matching the theoretical SLD of SiO2, to ρs = 21.32×10-6
Å-2 after soaking (cf. Table 4.1). We attributed this to the formation of Si(OH)x by the
rehydration of the amorphous silica, as the SLD of silanol is ρ = 28.72 × 10-6 Å-2. Water
63

Graphene surface structure in aqueous media
molecules can permeate through graphene lattices and interact with the silica substrate
[36], leading to a higher electron density due to the formation of hydroxyl groups on the
surface. The silica substrate is usually stable in water, and the formation of a silanol layer
is not considered in most of the cases, because of the low diffusion rate of water molecules
(only 6 Å per 1000 min at 25 ºC) in bulk silica. However, molecular diffusion can be
accelerated by increasing temperature [37]. We thus postulate that the prolonged
submergence of the sample in water and subsequent increased temperature during XRR
measurements led to the formation of detectable silanol groups.
The fitted thickness of the silanol layer is ts = ~ 75 Å, a value much higher than the
theoretical one (8.64 Å after soaking in water for 24 h [37]), and the ρs profile also
decreased gradually towards the bulk silica. Meanwhile, the fitted roughness of the silica
substrate is also high Ra,silica = ~ 65 Å. It is possible for water to penetrate the amorphous
silica, leading to a relatively thick and rough interfacial layer. The observation of this
silanol layer underneath graphene has important implications, as the acidity of silanol
could lead to high affinity for ions and biomolecules [38]. It has also been reported that
the presence of silanol on the SiO2 substrate underlying graphene could change the
electric properties of graphene, due to the electric dipoles possessed by the adsorbed water
[39].
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Figure 4.4. a) Fitted XRR SLD profiles in water of the un-soaked graphene (red solid
line) and soaked graphene (blue dashed line), with the coloured regions representing
different layers in the Slab Model used to fit the data. b) The water CA = 84.9º of a bare
graphene sample reduced to CA = 55.6º after soaking in Milli-Q for 24 h. The diminishing
of the air bubble layer, the hydration of the SiO2 substrate, and the formation of the ion
adsorbed layer upon soaking are schematically illustrated in (c).

65

Graphene surface structure in aqueous media
4.3.4 Effect of temperature and PBS on CVD graphene on Si/SiO2

Figure 4.5. a) The experimental (open circles) and fitted (solid lines) XRR curves (offset
vertically for clarity) of water-soaked graphene in PBS at different temperatures, with the
fitting parameters (tn, ρn and Ra,n) tabulated in Table S6. The fits show that the graphene
thickness tg remained at ~ 4.2 Å at all temperatures; while its SLD was relatively constant
at ρg ~ 15 × 10-6 Å-2 at lower temperatures, it increased to ρg = 17.6 × 10-6 Å-2 at 60 °C.
Similarly, the SLD and thickness of the ion adsorbed layer ρa and ta increased at 60 °C,
and the increment remained after cooling back to RT as shown in b). The SLD profiles of
graphene samples at 25 °C and 60 °C are shown in (c) and (d), respectively, which show
that the thickness of the silanol layer also increased at 60 °C, with the interface between
graphene and the ion adsorbed layer becoming smoother.
Figure 4.5a shows XRR curves of water-soaked graphene in PBS, at 25 °C, 40 °C, 60 °C,
and then cooled back down to 25 °C. The change in the Kiessig fringes is noticeable upon
heating and cooling, and the XRR profiles are also different from those in pure water (cf.
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Figure 4.1c). The fitting parameters and SLD profiles for these XRR curves are given in
Table S6 and Figure S6 in Appendix V, respectively. The thickness ta and SLD ρa of the
ion adsorbed layer atop graphene (as illustrated in Figure 4.4c in section 4.3.3) increased
after water was replaced with PBS at RT. In addition, as listed in Table 4.1, the fitted
SLD value ρg = 19.17 × 10-6 Å-2 of un-soaked graphene is also higher in PBS than that in
air (ρg = 14.93 × 10-6 Å-2). This again is consistent with the assumption of ion adsorption
on graphene. It has been shown by molecular dynamics simulations that graphene could
attract, due to π-conjunction and polarizability, both cations [40-42] and anions [43, 44],
such as Na+ (ρ = 86.75 × 10-6 Å-2) and K+ (ρ = 55.06 ×1 0-6 Å-2) in PBS to the graphenewater interface. Furthermore, the fitted SLD profiles to the XRR curves of the soaked
graphene in PBS at 25 °C (Figure 4.5c) and 60 °C (Figure 4.5d) also show that ion
adsorption was promoted upon heating. The thickness and SLD of the ion adsorbed layer
increased to ta = 11.8 Å, and ρa = 21.8 × 10-6 Å-2 , with respective increment Δρa = 0.7 ×
10-6 Å-2 and Δta = 1.5 Å compared with 25 °C), whilst the graphene thickness tg = 4.2 Å
(cf. the theoretical thickness of a monolayer graphene of 3.35 Å) remained constant, with
the fitted SLD in PBS ρg = ~ 15 × 10-6 Å-2 also comparable to that in air.
The interfacial roughness Ra,g between graphene and the ion adsorbed layer decreased at
higher temperatures (Figure 4.5b), which could be due to the ions residing in the defects
and on the contaminants of the graphene surface and reducing the apparent roughness.
The thickness ts of the silanol layer also increased upon heating (Figure 4.5d), thereby
promoting ion adsorption to the substrate [38]. The effect of temperature on the ion
adsorption can be triggered by the enhanced mobility of ions at higher temperatures [45].
In addition, the structure of graphene itself can also play an important role in response to
the temperature-dependent ion adsorption. A simulation study has reported that water
could form an ice-like double layer structure on free standing graphene, preventing the
interaction between graphene and the bulk solution [13]. This interfacial water structure
was found disrupted at 340 K (67 °C), which is close to where we observed enhanced ion
adsorption.

4.4 Conclusions
In this study, we have applied synchrotron XRR to characterise the surface structure of
graphene in water and PBS. The surface structure of graphene submerged under water for
24 h was also studied. AFM imaging provided inconclusive topological morphology of
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graphene under water, due to the intrinsic experimental difficulties associated with the
technique while imaging a soft, bubble-covered surface. The surface roughness data
however was consistent with a much more inhomogeneous graphene-water interface
compared to air. Fitting the SLD to the XRR curves on graphene indicated the presence
of an air bubble layer (ρd = 6.72×10-6 Å-2, td = 84.9 Å, and Ra,d = 31.9 Å) on top of
graphene when firstly immersing it in water. AFM imaging also revealed the presence of
isolated bubbles (e.g. ~189 nm (length) × 88 nm (width) × 10 nm (height)) on graphene.
These bubbles of a few nm in height with a flattened morphology diminished after the
graphene sample was submerged under water for a prolonged period. Concurrently, the
water contact angle on graphene decreased from 84.9±0.4° (before soaking) to 55.6±0.4°
(after soaking), indicating a decrease in its hydrophobicity, which is consistent with the
XRR evidence for the diminishment of the air bubble layer. XRR results also suggested
that, after water soaking, a silanol layer formed on the SiO2/Si substrate, which could alter
the electric properties of the graphene/silica sample [39]. Furthermore, ion adsorption
was inferred from the increased SLD of the layer atop graphene observed on water-soaked
graphene in PBS, with the fitted interfacial structure consisting of an additional ion
adsorbed layer. The ion adsorption was enhanced by heating the solution to 60 ºC, which
was retained after cooling. We attributed this change to the higher ion mobility, the higher
ion affinity of the formed silanol layer on the substrate, and the disruption of the ordered
water structure at high temperatures as reported previously [13]. These unprecedented
results are relevant to bioanalytic and nanotechnological applications of graphene in
which its structure at the interface between water and electrolyte solutions is an important
consideration to the efficacy and functionality of the devices or the processes. The
capability of XRR to detect the air bubbles exist on the hydrophobic interfaces can be
also utilized on examining the wettability of a surface with sub-micrometer precision,
compared with CA measurements that only provide the bulk wetting.
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Chapter 5

Adsorption morphology of lipids on graphene surface
(A manuscript is under preparation based on the results described in this chapter.)

Graphene has shown its potential as bio-sensing devices, but its cytotoxicity restricts its
applications. One method to solve the biocompatibility issue is to functionalise graphene
with biomolecules such as lipids. Therefore, understanding the adsorption of lipids on
graphene becomes crucial. In this study, we have applied synchrotron X-ray reflectivity
(XRR) to investigate the interaction between the CVD graphene on Si supports (with 300
nm SiO2 layer) and the 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or 1,2dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC)

liposomes.

The

adsorption

morphologies of DOPC and DPPC was compared at different temperatures (at 25 °C,
40 °C, 60 °C and cooling to 25 °C), and on graphene that had or had not been processed
with water submergence. The results suggested the fusion of liposomes on graphene in
phosphate buffered saline, but not in Milli-Q, which could be a result of the electrostatic
repulsion between the liposomes and graphene. Both DOPC and DPPC have been
observed to form monolayers on the un-soaked graphene, but bilayers on the soaked
graphene, due to the increased graphene hydrophilicity after soaking. Our results provide
a new understanding on the morphology of lipid membranes on graphene and proved the
capability of XRR to probe the surface and interfacial structures of graphene coated with
biomolecules.
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5.1 Introduction
Graphene has gained wide interests since its discovery, especially for applications such
as drug delivery and bio-sensing [1, 2]. Its unique structure brings special physical and
chemical properties that benefit its usage in biological areas: the tailorable hydrophilicity
from surface functionalization provides chances for graphene to adsorb various
biomolecules, the large surface area provides graphene with abundant reactive regions to
interact with biomolecules, and its special electronic properties (for example charge
carrier density and mobility) that are sensitive to the surrounding environments enable
graphene to detect the adsorption of different biomolecules [1-7]. Although graphene is
promising in bionanotechnology, there are still obstacles to overcome before its actual
application, and the bio-incompatibility issue is one of them, as described in section 1.3.
Increasing numbers of studies have been carried out on the toxicity of graphene, not only
on improving the biocompatibility of graphene, but also on utilizing graphene derivatives
as antibacterial agents with comparatively mild cytotoxicity [8-10].
To enable the application of graphene in vivo, it becomes crucial to reduce its health risk.
Based on the mechanism described in section 1.3, the interaction with cells can be
influenced by the graphene properties such as functionalization, size, surface structure
(e.g. roughness), and wettability [11]. Therefore, one path to increase the biocompatibility
of graphene is to alter its physical properties, biological surface modification is one of the
most studied methods. By encapsulating or coating graphene with biomolecules, the
probability of graphene to contact biomolecules directly can be minimized, and one
example that can be used to modify graphene is lipid [12]. The ability of graphene fieldeffect transistor (FET) coated with lipid membranes for use in biosensing has been
determined, and the Dirac point of graphene remained, regardless of the adsorbed lipids
[7, 13]. However, the morphology of the lipid adsorbed on graphene is still a controversy.
Figure 5.1 illustrates 4 possible models of lipid or liposome adsorption on graphene [14],
the formation of monolayer [13, 15, 16], bilayer [7, 15, 17], trilayer [18], and intact
liposomes [13, 15] all have been observed, depending on the preparation method of the
lipid layer and the graphene surface character. To be specific, on hydrophobic graphene
surfaces, the hydrocarbon tails of lipids were found to attach to the graphene surface,
forming monolayer and trilayer structures, whilst on graphene treated to have increased
wettability, lipid bilayer membranes tend to form.
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Figure 5.1. 4 models of the lipid adsorption morphologies on graphene that have been
reported. Monolayers (a) and trilayers (with a tilted monolayer sandwiched between
graphene and the lipid bilayer) (c) were observed to form on hydrophobic graphene,
whereas bilayers were found to form with a trapped water layer sandwiched between the
substrate and the membrane. Intact liposomes (d) were also detected in the primary stage
after deposition.
The interaction between graphene and lipids had been investigated by various techniques.
For instance, atomic force microscopy (AFM) [7, 17-19], internal reflection fluorescence
correlation spectroscopy [7], and quartz crystal microbalance with dissipation monitoring
technique [13, 15, 17] are among the most commonly used methods to investigate the
deposition of biomolecules and the quality of the adsorbed membranes on graphene.
However, information provided by these methods is not sufficient when it comes to the
study of the buried substrate interface. It is worthy to explore the new techniques to
compensate the deficiency, and thus enhancing our understanding on the mechanism of
the formation of lipid membranes with different morphologies atop graphene. X-Ray
reflectivity (XRR), as mentioned in precious chapters, is a robust technique that can be
used to monitor the structural change of materials in situ in different conditions on the
interface [20, 21]. In this chapter, synchrotron XRR has been performed to probe the
interactions between 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes and the graphene supports
at different temperatures (25 - 60 °C). The influence of the wettability of graphene as well
as the effect of ions (ions provided by phosphate buffered saline (PBS)) on the fusion of
liposomes and the morphology of the adsorbed lipid membranes have been discussed.
Our results provide useful information on the morphologies of lipid membrane formed
on graphene from vesicle fusion, and the roles of ions and graphene surface structure in
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this interaction, which could benefit the future studies on improving the biocompatibility
of graphene via biofunctionalization.

5.2 Experimental
5.2.1 Materials
Chemical vapour deposited (CVD) graphene sheets on 1 cm × 1 cm silicon wafers with
300 nm oxide layer were purchased from the same supplier as those studied in Chapter 3
and Chapter 4. PBS with a pH of 7.4 at 25 °C, was purchased from Sigma SigmaAldrich®, DOPC and DPPC lipids (>99% purity) were purchased from Avanti® Polar
Lipids. The structure, molecular formula and physical properties of the lipids are given
in section 2.1.3, Figure 2.5 and Table 2.2. Ultrapure Milli-Q® water with resistivity of
18.2 MΩ cm and a total organic content (ToC) of ~ 3 ppb, chloroform (CHCl3, ≥99.8%)
from VWR Chemicals, and pressurised nitrogen from Air Liquide were used throughout
the sample preparation.
5.2.2 Sample preparation

Figure 5.2. Illustration of the preparation procedure of the liposomes.
Phospholipid stock solutions in CHCl3 (25 mg mL-1) purchased from Avanti® Polar
Lipids were used to make liposome suspensions without further purification. As shown
schematically in Figure 5.2, unilamellar vesicles (ULV) were prepared from the
conversion of multilayer vesicles (MLV) [22], the latter were obtained by rehydrating dry
lipid films of stacked bilayers. The CHCl3 solvents were firstly removed by N2 flows to
form a crystal-free lipid film in a 30 mL vial, which was then left in a vacuum oven to
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dry solvent residues for 1 h. The used vials were cleaned in acid bath (10% HNO4),
washed with Milli-Q water, and dried before use. If crystallisation happened during the
drying procedure, the lipid films would be dissolved in CHCl3 and the drying procedure
would be repeated until uniform lipid films were obtained. Milli-Q water or PBS were
then added into the vial and sonicated for 30 min to make 2 mM MLV suspensions. In
order to make ULV liposomes, the MLVs were sequentially extruded through
polycarbonate membranes with 0.2 μm and 0.1 μm pore-size (Avanti® Polar Lipids Inc.,
Alabaster, Alabama), 8 times each, using a LIPEX™ 10 mL Thermobarrel Extruder
(Northern Lipids Inc., Burnaby, Canada) under ~ 20 bar pressure provided by N2. During
the sample preparation, lipids were processes at a temperature at least 10 °C above their
transition temperatures (Tm), which is Tm = - 17 °C [23, 24] for DOPC and Tm = 41 °C
[25] for DPPC. The extruded liposome suspensions were diluted to 0.5 mM before being
injected on the graphene surfaces. A lipid multilayer sample was prepared from drop
casting DOPC liposome suspension (2 mM) in water on graphene, followed by drying in
vacuum for 40 mins at room temperature (RT). The samples were kept in sealed
containers at 4 °C before the experiments.
5.2.3 Dynamic light scattering
Prior to the measurement, the lipid concentration was diluted to 0.1 mg mL-1, all
measurements were performed at 25 °C with 120 s for equilibration. The DPPC dispersion
in water was also measured at 55 °C after a 5-min thermal equilibration. The obtained
data were then processed using the method described in section 2.5, and the average
hydrodynamic diameter (Dz) of the studied DOPC and DPPC liposomes were ~ 120 nm
and ~ 100 nm at 25 °C, respectively with a narrow size distribution (PDI < 0.1), as listed
in Table S5 (Appendix IV).
5.2.4 X-Ray reflectivity
The graphene substrates were fixed by two small plates on a sample stage in the liquid
chamber, where the soaking procedure of graphene and the incubation of liposomes were
performed. Lipid membranes formed by vesicle fusion method in PBS and in water were
studied at the liquid-solid interface (Figure 5.3), whilst the sample prepared by drop
casting was studied at the air-solid interface. The measurements were taken on graphene
that had or hadn’t been soaked in Milli-Q water for 24 h at 25 °C, as our previous study
suggested the wettability of graphene was promoted by the submergence procedure. This
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was attributed to the presence of air bubbles on graphene, which could be removed simply
by soaking in water, and the formation of a silanol (Si(OH)x) layer atop the amorphous
SiO2 substrate. In the vesicle fusion method, the liposome suspensions were incubated on
graphene sequentially at 25 °C, 40 °C and 60 °C. For the measurements conducted on the
soaked graphene, the incubations at 60 °C were prolonged to 3 h, followed by cooling
back to 25 °C and replacing the suspension by PBS for 5 times to remove excessive lipids
or liposomes, XRR scans were performed about 10 min after each procedure and repeated
until no changes were observed.

Figure 5.3. Schematic of the XRR setup with an incident synchrotron X-ray beam hitting
the supported lipid bilayer (SLB), which generates specular reflections from the interfaces
of the measured sample to the APD, where the data can be collected.
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5.3 Results and Discussion
5.3.1 Influence of graphene wettability on the morphology of the adsorbed lipids

Figure 5.4. XRR data points (open markers) and the fittings (solid lines) of graphene
incubated in DOPC suspensions in water (a) or in PBS (b), in comparison to the
corresponding XRR curves of graphene in aqueous medias, plotted on RQ4 against Q
(with curves offset vertically for clarity). The fitted XRR curves of DOPC suspensions
in PBS on un-soaked graphene and soaked graphene are shown in (c) and (d),
respectively, with their SLD profiles shown as insets. On the SLD profiles, the
modelled slabs are highlighted with different colours across the interfaces of the DOPC
layer on graphene (Gr), with the DOPC structure divided to two regions: the headgroup
(H) that possesses higher electron density and the hydrocarbon tail (T). The complete
fitting parameters of the curves are listed in
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Table S7 in Appendix V.
The XRR curves and fittings of the DOPC liposomes dispersed in water and PBS
interacting with the soaked or un-soaked graphene are shown in Figure 5.4a and b,
comparing to the bare graphene measured in water and PBS. These curves were collected
at RT after the samples had been heated to 60 °C and rinsed with the respective solvents
at RT as described in section 5.2.4. Due to the reduced SLD contrasts in water, the
reflectivity intensity oscillations, which are also known as Kiessig fringes [26], became
less pronounced. The reflectivity curves were therefore plotted as RQ4 vs. Q, where R is
the reflectivity intensity, to magnify the amplitude of the fringes, since the reflectivity
decays roughly proportional to Q-4 above the critical edge [27]. Different lipid membrane
morphologies on graphene have been observed by XRR depending on the incubating
environment of the liposomes, and were concluded in
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Table 5.1: no significant sign of lipid adsorption on the un-soaked graphene in water
(even after incubating sequentially at 25 °C, 40 °C, 50 °C and 60 °C for at least 20 min
at each temperature), whereas in PBS, the liposomes showed adsorption behaviour on
both the un-soaked and soaked graphene substrates. Moreover, as revealed by the SLD
profiles (cf. insets in Figure 5.4c and d), the DOPC liposomes in PBS ruptured and form
supported monolayer and bilayer membranes on the un-soaked and soaked graphene,
respectively. The SLD profiles shown in this study were derived from the corresponding
simulated reflectivity curves, and are plotted against z, the relative vertical distance to the
SiO2 surface. To fit the data of the formed lipid monolayers on the un-soaked graphene,
a 3-slab model has been used (Figure 5.4c), which consists of a graphene (Gr) layer, a
lipid hydrocarbon tail (T) layer, and a phosphocholine (PC) headgroup (H) layer, in the
order starts from the 300 nm SiO2. For the fitting of lipid bilayer samples on the soaked
graphene, an 8-slab model (Figure 5.4d) has been used, with an extra Si(OH)x layer
presenting atop the SiO2 substrate and an ion adsorbed layer between the graphene layer
and the lipid membrane (a model based on our previous study). The structure of graphene
underlying the adsorbed DPPC bilayers showed similarity upon temperature to the bare
graphene, as shown in Figure 5.9, which consolidates the proposed slab structure. Also,
in this model, the bilayer was separated to 4 sections: an inner headgroup layer (i-H), an
inner tail layer (i-T), an outer tail layer (o-T), and an outer headgroup layer (o-H), so that
the inner (proximal to the substrate) and outer (distal to the substrate) leaflets of could be
considered separately, since they were reported to exhibit different thermodynamic
behaviours because of the lipid-substrate interaction [25, 28].
It has been reported that the formation of lipid membranes on a solid support can be
influenced by the properties of the substrate and the surrounding environments for a given
liposome composition and size, and that the formation of the membrane on a support
requires the adding of salts and a certain surface density of vesicles [14, 29]. Although
various of intramolecular forces could maintain the adhesion of liposomes on graphene,
the lack of liposomes attracted to graphene surface restricted the adsorption of vesicles
and their fusion to membranes. Despite the fact that the PC lipids are zwitterionic, their
liposomes exhibit a negative surface charge [30]. Similarly, CVD graphene on a silica
substrate has also been estimated to be negatively charged, with the near graphene
electrostatic potential between -10 mV to -15 mV [31]. Therefore, the interaction between
the PC liposomes and graphene was limited in Milli-Q at low ionic strength, but increased
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in PBS, as the electrostatic repulsions were screened by the added electrolytes [31], which
is in agreement with our observation of the solvent selective membrane formation. An
explanation for the formation of the different lipid membrane morphologies on graphene
can be the increased hydrophilicity after soaking. Our previous study suggested that the
wettability of graphene changed from slightly hydrophobic (water contact angle ~ 84.9°)
to hydrophilic (water contact angle ~ 55.6°) simply after 24 h water submergence. This
phenomenon was attributed to the presence of air bubbles trapped in the nanotextures on
graphene, which diminished after soaking and the formation of silanol layer on the surface
of silica substrate probed by XRR at the liquid-solid interface. Lipids tend to assemble
into bilayer membrane on hydrophilic surface, but into monolayer membrane on
hydrophobic surface [14, 15, 32]. Additionally, the hydrated silica underneath graphene
could increase the affinity of the substrate to ions and to the PC group [33, 34], thus
triggering the formation of lipid bilayer.
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Table 5.1. Membrane morphologies formed on graphene in water or PBS.
lipid

solvent

substrate

lipid morphology

water

un-soaked graphene

no adsorption

un-soaked graphene

monolayer

soaked graphene

bilayer

un-soaked graphene

monolayer

soaked graphene

bilayer

DOPC
PBS

DPPC

PBS

Similar membrane structures were detected on graphene with the deposition of DPPC
liposomes in PBS (
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Table 5.1). In the case of un-soaked graphene, for better fittings (shown in section 5.3.1
Figure 5.5b), an extra diffuse layer (air-bubble layer) with an SLD, ρd = ~ 4.5 × 10-6 Å-2
was applied in the slab model between the graphene layer and the DPPC layer (Figure
5.5d). The diffuse layer has a thickness td = ~ 26.3 Å and a roughness Ra,d = ~ 23.3 Å,
implying a highly heterogeneous interface. This is consistent with our slab model for the
un-soaked bare graphene in water but with smaller ρd, td, and Ra,d, comparing to those
parameters of the bare graphene, where ρd = 6.72 × 10-6 Å-2, td = 84.9 Å, and Ra,d = 31.9
Å. However, this thick diffuse layer was not observed in the case of DOPC, instead, at 25
°C, a very thin diffuse layer (ρd = 0.98 × 10-6 Å-2, td = 2.5 Å, and Ra,d = 0.0 Å) was obtained
from the fitting, which would be better described as flattened air bubbles. Moreover, the
fusion of DOPC liposomes on un-soaked graphene was only captured by XRR after
heating to 40 °C without the detection of the thin diffuse layer (cf. Figure 5.5a and c), the
influence of temperature will be discussed later in section 5.3.2. Despite of the different
structures of the diffuse layer, the monolayer morphologies of the two lipids followed a
similar scenario with the hydrocarbon tails attached to the graphene surface or in the air
bubbles. This is probably why the thin diffuse layer became undetectable after the DOPC
monolayer formed on graphene. It is also worth pointing out that the XRR measurements
of DOPC and DPPC were conducted on graphene substrates produced in two different
batches with different surface characters, which could lead to a different structure of the
diffuse layer.
In terms of the bilayer structure formed on soaked graphene, the fitted parameters suggest
a larger bilayer thickness, tbi, of DPPC (tbi = 49.4 Å) than that of DOPC (tbi = 43.2 Å), as
given in Table 5.2. Although the full length of the DOPC hydrophobic tails (C18:1)
should be larger than the DPPC tails (C16:0), the compared measurements were collected
at 25 °C, where DPPC tails should be fully extended in gel phase, whilst DOPC tails were
fluid and disordered in the liquid crystalline phase. Consequently, it is conceivable that
the DPPC exhibited a higher bilayer thickness. A summary of our fitted bilayer and
monolayer lipid thickness compared with values obtained from literature is listed in Table
5.5 The fitted volume fractions of the lipid headgroups (ϕH) are larger than those of the
tails (ϕT) for most of the samples, because of the larger distance between the two adjacent
lipid headgroups than tails [24, 35], similar ϕH has been observed in previous neutron
researches on SLB [36, 37]. Besides, the volume fraction discussed in this study of the
considered molecule in the respective slab is calculated from an assumption that the lipid
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layer was only comprised by lipids and water, ϕn could then be calculated from the fitted
SLD of the mixture, using Equation 4.1 that was described earlier in section 4.3.1.
However, this method could be inaccurate if there were more than two components in the
slab. For example, with air bubbles on the graphene surface, the coverage of the
hydrocarbon tails of DOPC (ρDOPC, T = 7.74 × 10-6 Å-2) and DPPC tail (ρDPPC, T = 8.27 ×
10-6 Å-2 below 41 °C, ρDPPC, T = 7.48 × 10-6 Å-2 above 41 °C) could be overestimated, but
that of the phosphocholine headgroup (ρH = 14.52 × 10-6 Å-2) could be underestimated.
Table 5.2. Fitted bilayer structures of DPPC and DOPC formed on graphene. tn, Ra,n, and
ϕn denote the thickness, the roughness, and the lipid volume fraction of the nth slab,
respectively. The bilayers were prepared via vesicle fusion in PBS on the soaked
graphene, and the data were collected at 25 °C after incubating at 60 °C for 3 h and rinsing
with PBS at 25 °C.

DPPC

DOPC

slab

tn (Å)

Ra,n (Å)

ϕn (%)

o-H

8.9

7.0

41.0

o-T

12.6

10.1

89.4

i-T

20.2

0.0

90.9

i-H

7.5

4.9

71.4

bilayer

49.4

o-H

7.1

6.6

87.6

o-T

15.7

5.0

88.9

i-T

13.2

7.7

85.2

i-H

7.3

6.5

73.9

bilayer

43.2
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5.3.2 Influence of temperature on thickness and coverage of the lipid membrane

Figure 5.5. XRR data points (open markers) and the fittings (solid lines) of DOPC (a) and
DPPC (b) liposomes suspended in PBS incubating on the un-soaked graphene at 25 °C,
40 °C, and 60 °C, plotted as RQ4 against Q. The XRR curves collected at different
temperatures were offset vertically for clarity. The fitted SLD profiles (cf. Figure 5.6) of
the XRR curves in (a) and (b) suggest that both DOPC and DPPC liposomes have fused
into monolayer membrane on un-soaked graphene. c) and d) illustrate the graphene
surfaces before and after the vesicle fusion, respectively.
The XRR data of DOPC and DPPC liposomes in PBS solutions collected at the un-soaked
interface are shown in Figure 5.5, along with the fits. The samples were investigated at
different temperatures to study the influence of temperature on the lipid membrane
morphologies. For DOPC, the periodical fringes on the reflectivity curves that show the
formation of membrane structures were only observed on the measurements above 40 °C,
while the DPPC monolayer on graphene could be at all measured temperatures. The
adsorption of DOPC didn’t take place during the initial measurement and the repeat at
RT, which took about 20 min in total (cf. 5.2.2 Sample preparation). One can expect an
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enhanced liposome fusion upon heating, since the possibility of vesicles approaching the
graphene surface increases with temperature [38]. However, counting the time required
by heating and alignment (incubating at 25 °C for 20 min, heating for 10 min, and
incubating for 5 min at 40 °C before the scan), by the time when the measurement at 40
°C started, the DOPC liposomes had been injected into the liquid cell for 45 min.
Therefore, the equilibrium of the adsorption procedure should also be taken into
consideration for the observation of lipid monolayer. Unlike that of DOPC, the adsorption
of DPPC liposomes on un-soaked graphene started at 25 °C. In principle, the formation
of homogeneous lipid membranes should be more difficult when the lipid is in the gel
phase, yet the vesicle fusion of DPPC liposomes into high quality SLBs on mica [25, 28,
36] at RT has been observed before. In fact, the fusion of DPPC has been reported to be
favoured below its Tm, promoted by the structural defects that could reduce the potential
barrier of the fusion procedure [38]. Our XRR fittings (cf.
and Table 5.4) also suggest that DPPC liposomes formed membranes on graphene below
its Tm.
Except for assisting the liposome fusion on graphene, temperature was also found to have
influence on the morphology of the formed lipid membranes on the un-soaked (
) and soaked graphene (Table 5.4), suggested by the fitted XRR parameters. Based on the
slab model (cf. Figure 5.4c) described before, the SLD profiles (Figure 5.6a) of the DOPC
samples showed a slight expansion at 60 °C in the hydrocarbon tail thickness, tT,
increasing from 10.9 Å at 40 °C to 13.6 Å, while the thickness of the headgroup held at
around tH = ~ 6.8 Å. Likewise, the hydrocarbon tail of DPPC mildly extended by ΔtT =
0.6 Å after heating from 40°C to 60 °C. The phase transition of the graphene-supported
DPPC bilayer from gel to liquid-crystalline phase occurred before running the
measurement at 40 °C, evident from the collapse of the DPPC tail layer from tT = 18.9 Å
at RT to tT = 13.2 Å, with the roughness going up from Ra,H = 4.5 Å to Ra,H = 5.7 Å. In
addition, the ϕT and ϕH calculated from Equation 4.1 for both DOPC and DPPC lipids
decreased with the increasing temperature. This temperature triggered thinning behaviour
of lipid membrane is consistent with previous researches on lipid bilayers [24, 39], and
has also been captured for DOPC multilayers captured from XRR (Appendix V). The
decreased ϕT, and ϕH could be attributed to promoted lipid mobility at higher temperature.
However, it is also important to bear in mind that because of the presence of the diffuse
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layer, the calculated ϕT generally was larger than the realistic. The trend of lipid structure
obtained by the fitted monolayer results, therefore, is not conclusive.
Table 5.3. Fitted parameters of the lipid membranes for XRR curves shown in Figure 5.5.
tH, Ra,H, ϕH, and tT, Ra,T, ϕT are the thickness, roughness, the coverage of the lipid
headgroup (H) and hydrocarbon tails (T), respectively. The total thickness of the
monolayer membrane is represented by tmono.

sample

tH (Å)

Ra,H (Å)

ϕH (%)

tT (Å)

Ra,T (Å)

ϕT (%)

tmono
(Å)

DOPC

at 40 °C

6.8

3.3

52.2

10.9

2.5

90.8

17.7

in PBS

at 60 °C

6.7

3.6

41.9

13.6

2.0

60.6

20.3

at 25 °C

7.3

2.8

77.3

18.9

4.5

93.6

26.2

at 40 °C

6.7

1.9

51.9

13.2

5.9

90.6

19.9

at 60 °C

6.7

4.0

30.9

13.8

6.4

85.0

20.5

DPPC
in PBS
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Figure 5.6. SLD profiles of DOPC (a) and DPPC (b) samples on un-soaked graphene
collected at diffeent temperatures with the inset cartoons of lipid showing the possible
morphologies. The thickness (categories), t, rougness (error bars), Ra, and the coverage
(markers and lines), ϕ, of each slabs are compared in (c).
The morphology of the DPPC bilayer formed on the soaked graphene surface has also
been studied at different temperatures, where similar decline of lipid membrane thickness
during heating has been observed. As shown schematically in Figure 5.7, The DPPC
liposomes fused into bilayers with fully-extended hydrocarbon tails at RT (b), melted into
shorter bilayers with disordered fluid tails after heating (c). The fitted XRR parameters
(Table 5.4) suggest that the tbi of DPPC decreased gradually from 59.1 Å at 25 °C, to 52.0
Å at 40 °C, and to 48.6 Å after the 3-h incubation at 60 °C. Intriguing, the slab structure
of the DPPC proximal leaflet was found to be more defined than the distal one. To be
specific, the distal leaflet exhibited much larger roughness on the outer headgroup (Ra, oH)

and hydrocarbon tails (Ra, o-T) interfaces, as shown in the fitted parameters shown in

Table 5.4. After the incubation, the morphology of the outer leaflet became especially
chaotic, as the headgroup expanded to to-H = 12.0 Å, a value much larger comparing to
that before the incubation (this is still in the range of PC headgroup thickness reported in
literature, from 4.95 Å to 13.0 ± 1.0 Å [24, 32, 36, 39, 40]), with a roughness as high as
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Ra, o-H = 10.0 Å. This highly heterogeneous layer structure had also led to miscalculations
of the volume fractions, as described in section 5.3.1.

Figure 5.7. DPPC bilayer formed on the soaked graphene via vesicle fusion (b) and its
thinning (c) and extending (d) behaviour upon heating and cooling suggested by fittings
(solid lines) of the XRR results (open markers) shown in (a). The XRR curves were offset
vertically for clarity. The DPPC bilayer has been investigated in PBS at 25 °C, 40 °C, 60
°C, after 3 h incubating at 60 °C, cooling back to 25 °C, and rinsing with PBS.
We have also observed that the structure of the DPPC bilayer was not reversible when
the sample was cooled back to 25 °C after heating, as illustrated in Figure 5.7d. Even
though the thickness of the outer hydrocarbon tail recovered to ti-T = 20.9 Å, the outer
leaflet became more disordered. A more defined structure appeared after rinsing the
membrane with PBS, which showed an analogous structure to the sample before heating,
but with halved thickness of the outer hydrocarbon tail ti-T and coverage of the outer
headgroup, ϕo-H. suggesting a tilted distal leaflet. The rinsing procedure could remove the
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excessive lipids and liposomes existed in the outer layer membrane, thus increasing the
membrane homogeneity.
Regardless the chaotic outer leaflet, the 3-h incubation also led to an improved lipid
packing. Comparing to the freshly deposited DPPC bilayer at 25 °C, the volume fractions
of the inner (ϕi-T) and outer hydrocarbon tails (ϕo-T) after incubating increased from ϕi-T =
55.7% and ϕo-T = 80.3% to ϕi-T = 83.5% and ϕo-T = 89.9%, respectively, as shown in Figure
5.8c. This relatively compact DPPC chain structure retained after cooling the sample back
to 25 °C and rinsing with PBS. Similar well-packed lipid structure was observed in the
DOPC bilayer that had been treated in the same procedure as described in section 5.2.4,
with ϕi-T = 88.9% and ϕo-T = 85.2%. It has been reported that the lateral thermal
expansivity of the lipid, could benefit the formation of bilayers with better quality [28,
36, 41], which is in consistency with our results.

Figure 5.8. Illustration of the DPPC bilayer structure as insets in (a) and (b) at different
temperatures suggested by their fitted SLD profiles of the XRR data (cf. Figure 5.7a). The
thickness (categories), t, rougness (error bars), Ra, and the coverage (markers and lines),
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ϕ, of the DPPC proximal and distal leaflets are compared in (c). The interfacial roughness
between the inner and outer layer hydrocarbon tails remained <0.8 Å, except for the
measurements at 60 °C and at 25 °C after cooling, suggesting the two chains exhibits
different states of phase during the two measurements.
Moreover, as given by the fitted parameters in Table 5.4, the two leaflets of the DPPC
bilayer exhibit very different structures and responses to temperature. The interfacial
roughness of the distal leaflet, including Ra,o-H and Ra,o-T, were found to be larger than
those of the proximal leaflet, Ra,i-H and Ra,i-T at all temperatures, which means the latter
was more homogeneous. Besides, before heating to 40 °C, the packing of DPPC proximal
layer became more compact than the distal one, suggested by its higher fitted volume
fraction and small Ra,i-T (<0.8 Å). In addition, the temperature-dependent thinning
behaviour of DPPC bilayer was found to initiate from the distal leaflet. After reaching 40
°C, the thickness of the inner hydrocarbon tails, ti-T, only decreased by 1.9 Å, with the
roughness, Ra,i-T, reduced by 0.5 Å, whilst the thickness of the outer hydrocarbon tails, toT,

sharply dropped to 15.2 Å from 21.4 Å at RT, with a reduction of ~ 29.0%. To this

stage, the structure of the proximal leaflet of DPPC still seemed to be isolated from the
influence of temperature. However, at 60 °C, despite that ti-T = 20.7 Å, tbi = 53.4 Å
remained similar to those at 40 °C, the Ra,i-T increased to 6.9 Å, indicating a heterogenous
interface caused by the enhanced chain mobility of the proximal leaflet. The change on tiT

was only to be observed after the 3-h incubation, when the sample had been kept at

60°C for 3.5 h in total. In summary, the “melting” procedure of DPPC bilayer on graphene
happened in two steps: (1) the distal leaflet melts while the proximal leaflet remained in
gel phase; (2) the proximal leaflet melts. Similar step-by-step phase transition of DPPC
SLB has been systematically studied previously [25, 28, 42]. As reported by Wu et al.
[25] and Keller et al. [42], the enthalpy required for melting the inner leaflet of DPPC
bilayer on a solid support has been found to be ~ 3 times larger than that of the outer
leaflet, showing the stronger interaction between the substrate and the inner layer. As a
consequence, the phase transition of DPPC SLB on graphene was detected to happen in
a temperature range. This “melting” procedure can be described using a “crack phase
model”, in which the membrane would partially melt into a “crack phase” near Tm before
the complete phase transition [14, 42].
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Table 5.4. Summary of the tn, Ra,n, and ϕn of the slabs comprising the DPPC bilayer at
different temperatures, obtained from fitting the XRR curves shown in Figure 5.7.
at 25 °C

during
heating

at 40 °C

slab

tn
(Å)

Ra,n
(Å)

ϕn
(%)

tn
(Å)

Ra,n
(Å)

ϕn
(%)

tn
(Å)

Ra,n
(Å)

ϕn
(%)

o-H

8.0

7.9

56.4

8.1

8.0

62.2

8.3

7.8

60.3

o-T

21.4

13.1

55.7

15.2

13.0

65.6

16.0

12.9

90.4

i-T

22.3

0.8

80.3

20.4

0.3

75.0

20.7

6.9

80.9

i-H

7.3

4.2

63.4

8.4

4.6

62.8

8.4

3.9

64.6

bilayer 59.1

after 3 h
incubation
at 60 °C

52.0

53.4

o-H

12.9

6.4

20.6

12.0

10.0

66.9

o-T

11.2

10.0

8.7

15.9

13.1

83.5

i-T

20.9

3.5

96.2

12.3

0.5

89.9

i-H

8.4

4.3

80.1

8.5

7.5

86.9

bilayer 53.5

after
rinsing
with PBS

at 60 °C

48.6

o-H

8.9

7.0

41.0

o-T

12.6

10.1

89.4

i-T

20.2

0.0

90.9

i-H

7.5

4.9

71.4

bilayer 49.2
It should be noted that in the case of DOPC liposomes in water on the un-soaked
graphene, although the fitted SLDs of the diffuse layer for this sample measured at 40 °C
(ρd = 10.1 × 10-6 Å-2) and 60 °C (ρd = 9.7 × 10-6 Å-2) are higher than that of water (ρwater
= 9.44 × 10-6 Å-2), the fitted XRR profiles didn’t show the formation of organised lipid
membrane layer. This can also be distinguished directly from the respective XRR curve
(cf. Figure 3a in ms section 3.1), where no prominent Kiessig fringes can be observed
except for those from bare graphene.
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Figure 5.9. Comparison of the thickness tn (categories) with the corresponding roughness
shown as error bars and the coverage ϕn (markers and lines) between the graphene layer
(g) and the ion adsorbed layer (denoted as a) of the bare graphene (denoted as g) and the
lipid adsorbed graphene (denoted as l).
One of the advantages of XRR is that it can probe the structure of the buried interfaces.
For example, we can compare the structure of the lipid adsorbed graphene to the bare
graphene sample in PBS at different temperatures, as shown in Figure 5.9. The structure
of both studied graphene followed a similar trend upon heating and cooling. The thickness
of the bare graphene and the lipid adsorbed graphene layer fluctuated around tg,b = 4.2 Å
(Figure 5.9a) and tg,l = 5.3 Å (Figure 5.9b) during the experiment, respectively. Whilst
the thickness of ion adsorbed layer, ti, slightly increased upon heating and the expanded
thickness retained after cooling. We have attributed the increase in ti to the enhanced ion
adsorption on graphene surface, which was caused by the promoted ion mobility at higher
temperatures. The higher rate of ion adsorption also led to the increasing SLDs of the
graphene and the ion adsorbed layer, but the SLD increments from 25 °C to 60 °C of the
bare graphene sample (Δρg,b = 3.3 ×10-6 Å-2 and Δρi,b = 0.7 ×10-6 Å-2) were larger than
those of the lipid adsorbed graphene (Δρg,l = 0.3 ×10-6 Å-2 and Δρi,l = 0.5 ×10-6 Å-2). A
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prolonged equilibrium of the ion adsorption on graphene time could be expected for the
lipid adsorbed graphene, as the diffusion of ions and small molecules like water could be
restricted by the bilayer structure [40, 43]. However, it has to be pointed out that during
the XRR experiment of the bare graphene, the incubating and rinsing procedure were not
performed, which could lead to a difference on the compared interfaces.
Table 5.5. Comparison between the lipid membrane thickness obtained from our results
and in literature.
substrate

solvent

temperature (°C) thickness (Å) technique
40

17.7

60

20.3

at 25 °C after
cooling

20.3

10 mM HEPES*, 150
mM KCl, and 1 mM
CaCl2 (pH = 7.4)

RT

soaked CVD
graphene on
SiO2

PBS (pH = 7.4)

soaked CVD
POPC/POP
graphene on
G bilayer
SiO2

CVD
DOPC
graphene on
monolayer
SiO2

PBS (pH = 7.4)

mechanical
DOPC
exfoliated
monolayer graphene on
sapphire
DOPC
bilayer

XRR

this
work

23

AFM

[16]

at 25 °C after
cooling

43.2

XRR

this
work

PBS (pH = 7.4)

at 25 °C after
cooling

50 ± 10

AFM

[18]

-

48

AFM

[28]

22

55 ± 1
AFM

[24]

37 - 40

46 ± 1

15

37.6

30

36.1

[24]

45

36.1

X-ray
diffuse
scattering

mica

25

49.1

polyethylenim
ine-coated
mica

25

45.0
XRR

[20]

DOPC
trilayer

reduced
graphene
oxide pm
SiO2

100 mM KCl, 25 mM
HEPES (pH 7.4) and
CaCl2 (10mM)

DOPC
bilayer

mica

water

DOPC
bilayer
stacks

DOPC
multilayer

Ref.

SiO2

air

air

stearic
trimethylamm
onium iodidecoated mica

25

95

47.8

Adsorption morphology of lipids on graphene surface
Table 5.5 (continued)
CVD
DPPC
graphene on
monolayer
SiO2

DPPC
bilayer

DPPC
bilayer

DPPC
bilayer

DPPC
bilayer

DPPC
bilayer

DPPC
bilayer

soaked CVD
graphene on
SiO2

mica

mica

mica

mica

mica

PBS (pH = 7.4)

PBS (pH = 7.4)

water

PBS (pH = 7.4)

PBS (pH = 6.8)

water

Tris-buffer pH = 8.9

25

26.2

40

19.9

60

20.5

25

59.1

40

52

60

48.6

at 25 °C after
cooling

49.2

25

58

55

57.2

at 25 °C after
cooling

57.1

25

~ 30.0

50

41.6 ± 6

at 25 °C after
cooling

50.7 ± 6

25

50.1 ± 6

25

60

22

48 ± 3

42-52

42 ± 4

> 52

33 ± 3

at 22 °C after
cooling

48 ± 3

22

55 ± 0.2

42 - 52

44 ± 0.2

> 52

36 ± 0.3

25

50

41.5

44

49

38

XRR

this
work

XRR

this
work

XRR
[32]
AFM

NR
[36]
AFM

AFM

[28]

AFM

[28]

AFM

[25]

*HEPES is the abbreviation of N-2 hydroxyethylpiperazine-N′-2- ethanesulfonic acid.
The size of lipids we obtained from XRR on graphene is largely in consistency with the
values reported in literature as shown in Table 5.5. It should be noted that in the case of
DOPC liposomes in water on the un-soaked graphene, although the fitted SLDs of the
diffuse layer for this sample measured at 40 °C (ρd = 10.1 × 10-6 Å-2) and 60 °C (ρd = 9.7
× 10-6 Å-2) are higher than that of water (ρwater = 9.44 × 10-6 Å-2), the fitted XRR profiles
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didn’t show the formation of organised lipid membrane layer. This can also be
distinguished directly from the respective XRR curve (cf. Figure 5.4a), where no
prominent Kiessig fringes can be observed except for those from bare graphene.

5.4 Conclusions
In this study, we have reported the formation of lipid monolayer, bilayer, and multilayer
membranes and their structural response to temperature. Synchrotron XRR has been
applied to investigate structural characters of the lipid membranes, including thickness,
interfacial roughness, and volume fraction (coverage). The XRR results suggest that
DOPC and DPPC liposomes would fuse into membranes on graphene with the presence
of PBS, while no adsorption was detected from the DOPC liposomes prepared in Milli-Q
water. We attribute this observation to the electrostatic repulsions between the liposomes
and graphene surface in deionised water, which could be screened by the adding of
electrolytes [31]. Furthermore, we have found that the lipids exhibited a different
adsorption morphology on graphene that had been soaked in water at RT for 24 h: both
DOPC and DPPC liposome formed monolayer membrane on the un-soaked graphene, but
bilayer on the soaked graphene. Our previous study showed that the water submergence
could reduce the air bubbles present in the textures on graphene surface and cause the
hydration of the underlying SiO2 to Si(OH)x, thus resulting an increase in the graphene
hydrophilicity and affinity to ions and biomolecules. The observation that lipids form
bilayer on hydrophilic graphene derivatives and monolayer on hydrophilic graphene
substrates are in consistency with literature [13, 15]. The lipid membrane structures have
been studied at 25 °C, 40 °C, 60 °C and cooling to 25 °C. Regardless the transition
temperature, all the samples showed an increase in the lipid mobility, evident from the
increased interfacial roughness of the lipid layer, the decreased lipid density, and the
membrane thinning behaviour that was observed in few samples. The DPPC bilayer was
found to be more compact, with the distal leaflet slightly tilted, after incubating at 60 °C
for 3 h, followed by cooling to RT. With the alternation of temperature around its
transition temperature, DPPC bilayer showed a step-by-step phase transition upon heating
and cooling, with a higher lipid mobility of the distal leaflet due to the interaction between
the proximal leaflet and the graphene substrate [25, 28, 42]. The formation of highly
disordered lipid multilayer prepared from drop-casting has also been detected by XRR at
air-solid interface. Despite the heterogeneous structure, the multilayer showed a similar
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structural dependence upon heating as the lipid monolayers and bilayers (in Appendix
VI).
In addition, the structure of graphene buried by DPPC followed a similar scenario as that
of bare graphene that we have observed previously, proving the potential of XRR to probe
the structure of the adsorbed biomolecule as well as the graphene substrate concurrently.
These unprecedented results are important for the understanding of the interfacial
adsorption of biomolecules on graphene, and is relevant to the development of graphene
bioanalytical devices and the application of graphene in biosensing.
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Chapter 6

Conclusions and future work
6.1 Conclusion
The structure of graphene is relevant to its physical properties, such as its 2D electronic
properties that are essential for its applications [1, 2]. Methods of determining the
structure of graphene have been established, applying techniques such as Raman
Spectroscopy [3-7] and atomic force microscopy (AFM). However, such techniques are
restricted when graphene is covered by other molecules, thereby lacking the ability to
probe the graphene surface in an interaction.
In this study, we have used synchrotron X-ray reflectivity (XRR), to study the structure
of commercially available graphene (prepared via chemical vapour deposition and
marketed as graphene monolayers) on SiO2/Si in different environments, and established
a 3-slab model for the curve fittings. XRR is a rigorous technique that can be used to
monitor the structural change of materials in situ in different conditions on the interface
[8, 9]. Firstly, together with X-ray photoelectron spectroscopy, photoemission electron
microscopy and AFM, the composition and morphology of the studied graphene samples
have been evaluated. Then XRR, AFM, and contact angle measurements have been used
to study the graphene in contact with aqueous systems. Finally, XRR has been applied to
investigate the interaction between graphene and liposomes of 1,2-dioleoyl-sn-glycero3-phosphocholine (DOPC) or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC).
The formation and the structural characters of lipid monolayer, bilayer, and multilayer
(shown in Appendix VI) membranes, including thickness, interfacial roughness, and the
lipid volume fraction (coverage) are reported.
The results indicate that the graphene samples we characterised consisted of 3 - 4 layers
of graphene monolayer, which should be described as few layer graphene, with a
“contaminant” layer, comprising polymethylmethacrylate (PMMA) and graphene
multilayers atop. Furthermore, tentative results have been described on the effect of
temperature on the thickness of the graphene layer (tg): at 25 ºC, tg given by XRR was
13.0 ± 1.0 Å, in agreement with that obtained from AFM (13.9 ± 0.7 Å), upon heating to
60 ºC, tg expanded to 13.8 Å, which further increased to 14.3 Å when cooling to 25 ºC.
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This temperature dependent thickness is attributed to the out-of-plane rippling of
graphene as previously reported [10, 11] in this study.
When displacing graphene in water, a diffuse layer was found to immediately adjacent to
graphene with a scattering length density (SLD) of 6.72 ×10-6 Å-2, which can be a result
of the presence of air bubbles on graphene under water. An elevated area with the shape
of a bubble has also been captured by AFM imaging. The diffuse layer diminished after
the graphene was submerged in water for 24 h at 25 ºC, with the wettability increased
spontaneously indicated by decreased water contact angle of graphene from 84.9 ± 0.4°
to 55.6 ± 0.4° after submergence. The increased hydrophilicity can be attributed to the
disappearance of the air bubbles and the rehydration of the silica substrate. Similar to that
measured in air, the graphene measured in aqueous systems also exhibits a temperature
dependent structural change, but this phenomenon is more likely to be associated with the
enhanced adsorption of ions at higher temperatures.
Knowing that the addition of ions, temperature, and the water submergence have
influences on the surface structure and chemistry of the graphene substrates, it can be
foreseen that the interaction between the liposomes and graphene can be influenced by
these factors. Indeed, the fusion of liposomes on graphene in this study has only been
observed in phosphate buffered saline, but not in Milli-Q, which could be a result of the
electrostatic repulsion between the liposomes and graphene [12]. In addition, the results
suggest that lipids tend to form monolayers on the un-soaked graphene, but bilayers on
the soaked graphene, possibly due to the promoted graphene hydrophilicity after soaking
[13, 14]. Moreover, the studied lipid membranes all showed structural responses to
temperature, which were comparable with lipid membranes on other substrates [15-17]
and the temperature dependent thickness of bare graphene in this study.
Overall, this study provides a new understanding on the morphology of lipid membrane
on graphene and demonstrate the capability of XRR to probe the surface and interfacial
structures graphene coated with biomolecules, which is relevant to the development of
graphene bioanalytical devices and the application of graphene in biosensing.

6.2 Future Work
As mentioned earlier in the results and discussion chapters, because of the limited number
of studied samples, some of the interesting observations presented in this work, such as
the tentative results that show a temperature dependent thickness variation, require further
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investigation. In addition, in this work, the interpretation of the results predominantly
relied on the XRR experiments. Even though XRR is a powerful characterisation method,
it would be useful compare it with few more techniques that are commonly used in
graphene structural characterisation and interaction with biomolecules, such as Raman
spectroscopy [3-7] and quartz crystal microbalance with dissipation monitoring [13, 14,
18].
In addition, as the hydrophobicity of the un-soaked graphene is likely to be brought by
the heterogenous surface structures, it will be useful to compare the structure (i.e.
thickness, roughness and coverage) of graphene before and after annealing at 450 °C in
air and in aqueous systems. Without the PMMA residues, the calculation of the graphene
coverage will be more straightforward for both XRR and AFM analysis. In terms of the
graphene-lipid interaction, further kinetic studies on the liposome fusion can also be
performed to optimise the experimental conditions of the lipid coating on graphene.

Figure 6.1 XRR curves of the possible LPS-Ra adsorption on graphene, in water and in
the presence of 10 mM CaCl2.
Among all the techniques that have been used to probe the structure of graphene and its
interaction with biomolecules, XRR is a relatively new technique, little can be found in
literature. Hence, it would be useful to document the structural information provided by
XRR measurements on other related systems. For example, the adsorption of
lipopolysaccharide (LPS) on graphene. LPS, a type of endotoxins, is the major component
(up to 90%) of the outer leaflet of the gram-negative bacteria. Its adsorption behaviour in
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presence of Ca2+ on the DOPE-coated mica wafers has been observed by XRR and AFM1.
The interaction between LPS and graphene has also been investigated by XRR, which
can benefit the interpretation of the antibacterial activities of graphene. As shown in
Figure 6.1, Kiessig fringes appeared on the XRR curve after the adding of Ca2+, which
can be a result of the LPS adsorption. However, further data analysis is needed for a
comprehensive conclusion.

1

Islas L et al., in preparation.
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Appendix
I. XPS Fittings and PEEM Results
The photoemission lines are fitted by the programme package Multipeak in Igor Pro. The
annealing procedure was observed to be more efficient at higher temperatures as shown
in Figure S1. After annealing the sample at 200 ºC, there was no prominent decrease on
the carbon oxide peaks, while after annealing at 400 ºC, the C-OH peak disappeared, and
the intensity of all the oxide structures decreased, indicating PMMA was burnt off by the
procedure. The binding energy of the fitted peaks and corresponding structures [1, 2] of
graphene samples before and after annealing are shown in Table S1. The slight shifts of
peaks after annealing is probably a mathematic artefact. Similarly, the work function
maps of the sample annealed at 400 ºC and 450 ºC for 1 h also showed fewer PMMA
structures after annealing at the higher temperature (Figure S2).

Figure S1. a) The XPS surveys for a CVD graphene sample measured at RT (black), after
annealed at 200 °C (blue), after further annealed at 400 °C (yellow) and at 450 °C (red).
b) shows the C 1s photoemission region highlighted in the dashed rectangle in a).
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Table S1. Peak fittings of XPS results.
Binding energy (eV)

Possible structure

284.7

C sp2

285.2

C sp3

286.7

C-OH

289.2

O-C=O

284.5

C sp2

285.0

C sp3

288.8

O-C=O

Before annealing

After annealed at
450 °C

Figure S2. The work function maps of graphene samples annealed at 400 ºC for 1 h (a)
and at 450 ºC for a further 20 min. Additional annealing reduced PMMA contaminants
on the graphene surface.
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II. Histogram Analysis of AFM Results
To estimate the thickness (tg) and the coverage of the graphene samples (ϕg) from the
AFM images, the histograms of five 1 μm2 areas (red squares in Figure S3a.) were fitted
with two Gaussian peaks, the results are shown in Table S2. The two fitted peak positions
represent the average height scales of the silica substrate (hs) and of the
graphene/contaminants layer (hg). The spacing (Δh) between hs and hg, is equal to tg, the
calculated tg by AFM topological images is, therefore, 13.9 ± 0.7 Å. In addition, the
integrations of each peak show ϕg = 85.1 ± 2.1 % of the corresponding regions. The
exposed silica substrates below hs = -12.2 ± 0.8 Å are highlighted in Figure S3b, using
the NanoScope Analysis software. Similarly, the contaminants, composed by multilayer
graphene and PMMA residues above hg = -1.7 ± 1.0 Å is shown in Figure S3c.
Table S2. Peak fittings for the histograms of the selected areas shown in Figure S3a,
showing the peak height scales of the silica (hs) substrate and graphene (hg), the difference
between the two peaks (Δh), and the coverage of graphene (ϕg).
No

hS (Å)

hg (Å)

Δh (Å)

ϕg (%)

1

-11.0

2.7

13.7

82.7

2

-11.9

1.9

13.9

85.5

3

-13.0

0

13.0

84.7

4

-12.2

1.7

13.9

84.3

5

-12.9

2.0

14.9

88.5

Mean (Å)

-12.2

1.7

13.9

85.1

Deviation (Å)

0.8

1.0

0.7

2.1
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Figure S3. a) AFM topological image on a 5 μm × 5 μm scale. The squares (1-5) are the
selected area for the histogram analysis of the graphene sample. The highlighted regions
in b) and c) attributed to the silica substrate and contaminants (graphene multilayers and
PMMA) from the analysis, respectively.

III.

Contact Angle Measurement

Contact angle measurements of graphene were taken at 26.3 ºC using the Sessile drop
method on a KRÜSS® DSA100 instrument Angle measurement was carried out using the
proprietary image analysis software, as shown in Figure S6. The average contact angle
of graphene is 76.77 º ± 0.53º as shown in Table S3, which shows graphene is somewhat
hydrophilic.

Figure S4. A contact angle measurement of graphene, the droplet is water.
Table S3. Contact angle measurements of graphene at 26.3 ºC.
No

Contact angle (mean) [˚]

1

76.78

2

76.44
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3

77.51

4

76.13

5

76.97

Mean

76.77 ± 0.53

Water contact angle (WCA) measurements of graphene were taken in ambient condition
using the Sessile drop method on a KRÜSS® DSA100 instrument. Contact angle
measurements were carried out using the proprietary image analysis software. The
analysed WCAs of graphene before and after soaking in Milli-Q water for 24 h at room
temperature are shown in
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Table S4 which suggests the wettability of graphene changed after soaking. The volume
of the droplet was 0.5 µL, and the photos (Figure S5) were taken within 20 s after casting
the water drop onto the surface.

Figure S5. WCA of graphene, before and after soaking.
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Table S4. WCA of graphene before and after soaking. After soaking, the graphene
samples were dried by two methods: (i) shaking the water off, and letting it dry naturallya,
or (ii) using an argon flow to dry the surface carefullyb.
WCA before

WCA after

WCA after

soaking (°)

soakinga(°)

soakingb (°)

1

84.8

56.7

55.2

2

85.4

56.6

55.1

3

84.7

56.6

54.9

4

84.6

56.2

54.9

5

84.4

56.2

54.4

6

85.4

55.8

54.6

7

84.9

55.9

54.3

Mean

84.9

56.3

54.8

Standard deviation

0.39

0.36

0.35

Temperature (°C)

23.8

19.3

19.2

No.

IV.

DLS Results

As described in section 2.5, the obtained Dt,ave from DLS is the intensity weighted
diffusion coefficient, the given average hydrodynamic diameter (often expressed as the
“z-average size” ) should be the intensity weighted harmonic mean size as it is inversely
proportional to Dt [3]. The fitted z-average as well as the respective polydispersity index
(PDI) of the studied DOPC and DPPC liposomes that were measured right after their
preparation and after a 1-week storage at 4 °C, and the results are listed in Table S5.
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Table S5. The fitted Dz and PDI of the liposomes that had been used in the synchrotron
experiments.
solutions

DOPC-PBS

DOPC-water

T (°C)

25

25

25

55

freshly

z-average (nm)

121.1

120.6

98.3

124.3

made

PDI

0.065

0.073

0.086

0.158

z-average (nm)

124.5

117.4

110.6

PDI

0.075

0.080

1.193

after 1
week

DPPC-PBS

V. XRR Data Fitting
The complete XRR data fittings for bare graphene measured in aqueous systems and
interacted with liposomes are listed in Table S6 and
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Table S7, respectively.
Table S6. Best fits for the studied XRR data in aqueous systems.

Sample

ρn

(10-6

Å-2)

Layers

tn (Å)

Contaminants

10.8

11.9

2.4

Graphene

14.4

14.1

0.4

SiO2

3000

19

2.4

Diffuse layer

84.9

6.7

31.9

Graphene

16.5

14.9

0.7

SiO2

3000

18.9

3.4

Diffuse layer

118.3

6.75

49.3

Graphene

15.4

19.71

4.5

Graphene

3000

18.91

3.5

Ion adsorbed layer

10.1

19.5

1

Graphene

5

14.9

2.3

Graphene in
air at 25 °C

Graphene in
water at 25 °C

Graphene in
PBS at 25 ᵒC

Ra,n (Å)

χ2 (103)

1.11

0.47

0.7

Table S6 (continued)

Soaked
graphene in
water at 25 °C

Soaked

0.19
silanol

78.9

21.3

4.6

SiO2

3000

19

69.7

Ion adsorbed layer

10.3

21.1

3.6

Graphene

4.6

14.3

1.6

graphene in
PBS at 25 °C

Soaked
graphene in
PBS at 40 °C

0.24
silanol

70.2

20.9

2.1

SiO2

3000

19.1

69.2

Ion adsorbed layer

10

20.6

3.5

Graphene

4.4

14.6

0.1

silanol

70.1

20.2

2.6
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0.14

SiO2

3000

19

69.3

Ion adsorbed layer

11.8

21.8

3.7

Graphene

3.7

17.6

0.3

silanol

81

21.2

1.6

SiO2

3000

18.8

55.9

Ion adsorbed layer

11.9

23.8

4.4

graphene in

Graphene

4.2

15.9

2.8

PBS cooled at

silanol

75.8

20.6

3.6

SiO2

3000

18.8

58.9

Soaked
graphene in
PBS at 60 °C

Soaked

25 °C

0.16

0.19

From the fitting of our results (Table S6), the thickness and the SLD of the adsorbed ion
layer increased upon heating the sample to 60 °C, and was retained after cooling it back
to 25 °C. This trend was also seen in the SLD of the corresponding XRR curves. It can
be seen in Figure S6 that at 40 °C the interface between graphene and the adsorbed ion
layer became smoother, which we attributed to the adsorbed ions filling any gaps and
holes that existed on the graphene surface. The ρa also increased slightly, implying that
the density of electrons of this layer increased. At 60 °C, not only did ta and ρaI increased
significantly, but also ρg, ρs, and ts. Although the thickness expansion of the ion adsorbed
layer remained after cooling, the interfacial roughness between graphene and the ion
adsorbed layer, Ra,g, increased spontaneously, suggesting that the ion adsorption was
favoured at higher temperature.
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Figure S6. The SLD profiles of soaked graphene in PBS at 25 °C (a), 40 °C (b), 60 °C
(c), and after cooling back to 25 °C (d). The modelled slabs are highlighted in boxes, the
height and width of each box represents the represents the ρn, and the tn of the nth layer,
respectively.
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Table S7. Best fits for all the collected XRR data. The fitted thickness, SLD, and
roughness of the nth slab are denoted by tn, ρn, and Ra,n, respectively. DOPC-H, DOPC-T,
DPPC-H, and DPPC-T represent the headgroup, hydrocarbon tail slabs of the DOPC and
DPPC monolayers, respectively. DOPC-H (i), DOPC-T (i), DOPC-H (o), DOPC-T (o),
DPPC-H (i), DPPC-T (i), DPPC-H (o), DPPC-T (o) represent the headgroup, hydrocarbon
tail slabs of the DOPC inner/outer leaflets, and DPPC inner/outer leaflets, respectively.
DOPC in water on un-soaked graphene

at 25 °C

at 40 °C

at 60 °C

cooling to
25 °C

Layers

tn (Å)

ρn (10-6 Å-2)

Ra,n (Å)

diffuse layer

3.4

0.0

1.0

graphene

15.9

17.2

6.3

SiO2

3000

18.9

2.1

diffuse layer

22.5

10.1

1.9

graphene

13.7

17.4

0.3

SiO2

3000

19.1

0.2

diffuse layer

24.3

9.7

2.2

graphene

15.7

16.9

0.0

SiO2

3000

19.2

3.0

diffuse layer

3.7

7.4

2.4

graphene

16.4

16.1

0.5

SiO2

3000

19.2

5.6
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χ2 (10-3)

2.1

2.0

1.3

2.4

Table S7 (continued)
DOPC in PBS on un-soaked graphene

at 25 °C

Layers

tn (Å)

ρn (10-6 Å-2)

Ra,n (Å)

diffuse layer

2.5

1.0

0.0

graphene

14.7

5.9

15.3

SiO2

3000

4.5

18.8

DOPC-H

6.8

3.3

12.1

DOPC-T

10.9

2.5

7.9

at 40 °C

25 °C

0.6

0.7
graphene

10.5

0.2

15.1

SiO2

3000

4.5

18.8

DOPC-H

6.7

3.6

11.6

DOPC-T

13.6

2.0

8.4

at 60 °C

cooling to

χ2 (10-3)

4.6
graphene

11.4

0.2

17.4

SiO2

3000

3.6

18.8

DOPC-H

7.4

6.5

11.7

DOPC-T

11.1

2.7

8.1
2.0

graphene

10.4

0.6

16.6

SiO2

3000

3.9

18.8
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Table S7 (continued)
DPPC in PBS on un-soaked graphene

at 25 °C

at 40 °C

at 60 °C

Layers

tn (Å)

ρn (10-6 Å-2)

Ra,n (Å)

DPPC-H

7.3

2.8

13.4

DPPC-T

18.9

4.5

8.3

diffuse layer

23.7

24.2

4.0

graphene

16.9

8.2

20.0

SiO2

3000

3.1

19.0

DPPC-H

6.7

1.9

12.1

DPPC-T

13.2

5.9

7.7

diffuse layer

23.7

19.8

3.7

graphene

15.7

6.3

19.6

SiO2

3000

3.3

18.9

DPPC-H

6.7

4.0

12.1

DPPC-T

13.8

6.4

7.7

diffuse layer

23.7

20.0

5.0

graphene

15.1

5.3

19.0

SiO2

3000

4.0

19.0
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χ2 (10-3)

1.9

1.8

2.5

Table S7 (continued)
DOPC in PBS on soaked graphene

rinsed at
25 °C

Layers

tn (Å)

ρn (10-6 Å-2)

Ra,n (Å)

DOPC-H (o)

7.1

6.6

13.9

DOPC-T (o)

15.7

5.0

7.9

DOPC-T (i)

13.2

7.7

8.0

DOPC-H (i)

7.3

6.5

13.2

χ2 (10-3)

2.1
ion adsorbed layer

9.3

4.6

21.5

graphene

4.5

0.9

17.7

silanol

78.9

2.5

20.2

SiO2

3000

41.4

19.0

Layers

tn (Å)

ρn (10-6 Å-2)

Ra,n (Å)

DPPC-H (o)

8.0

7.9

12.3

DPPC-T (o)

21.4

13.1

8.8

DPPC-T (i)

22.3

0.8

8.5

DPPC-H (i)

7.3

4.2

12.7

ion adsorbed layer

11.4

1.2

20.2

graphene

4.3

2.4

15.4

silanol

77.5

8.0

20.2

DPPC in PBS on soaked graphene

at 25°C
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χ2 (10-3)

0.5

SiO2

3000

44.5

18.9

DPPC-H (o)

8.1

8.0

12.6

DPPC-T (o)

15.2

13.0

8.2

DPPC-T (i)

20.4

0.3

8.0

DPPC-H (i)

8.4

4.6

12.6

at 40 °C

0.3
ion adsorbed layer

11.1

2.0

20.9

graphene

5.5

2.2

15.9

silanol

77.8

5.0

21.0

SiO2

3000

57.8

18.8

DPPC-H (o)

8.3

7.8

12.5

DPPC-T (o)

16.0

12.9

7.7

DPPC-T (i)

20.7

6.9

7.9

DPPC-H (i)

8.4

3.9

12.7

at 60 °C

0.5
ion adsorbed layer

12.0

0.7

20.7

graphene

5.0

2.4

15.7

silanol

78.8

5.0

21.0

SiO2

3000

59.4

18.8
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Table S7 (continued)

at 60 °C
after
incubating

DPPC-H (o)

12.0

10.0

12.8

DPPC-T (o)

15.9

13.1

7.8

DPPC-T (i)

12.3

0.5

7.7

DPPC-H (i)

8.5

7.5

13.9
0.4

ion adsorbed layer

11.8

4.0

20.5

graphene

5.7

2.6

15.1

silanol

76.8

4.6

20.0

SiO2

3000

50.2

18.7

DPPC-H (o)

12.9

6.4

10.5

DPPC-T (o)

11.2

10.0

9.3

DPPC-T (i)

20.9

3.5

8.3

DPPC-H (i)

8.4

4.3

13.5

ion adsorbed layer

12.3

4.2

20.1

graphene

5.8

2.6

15.1

silanol

76.4

3.1

20.3

SiO2

3000

44.4

19.0

for 3 h

cooling to
25 °C

3.0
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Table S7 (continued)

rinsed at
25 °C

VI.

DPPC-H (o)

8.9

7.0

11.5

DPPC-T (o)

12.6

10.1

8.4

DPPC-T (i)

20.2

0.0

8.4

DPPC-H (i)

7.5

4.9

13.1
3.9

ion adsorbed layer

12.6

4.8

20.5

graphene

5.4

2.1

14.9

silanol

78.6

3.8

20.5

SiO2

3000

59.7

18.9

DOPC Multilayers Formed on Graphene

We have also studied the temperature triggered morphological changes of DOPC
multilayers on graphene. However, the because the structures of the lipid multilayers were
too disordered, the result and analysis we present here is not conclusive. Yet, it can be
useful in the discussion of the interaction between lipids and graphene.
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Figure S7. a) XRR curves (circles) of the drop-cast DOPC multilayer on graphene at
different temperatures, in comparison to that of bare graphene (triangle), the reflectivity
curves are offset for better comparison. Although the presence of Bragg peaks indicated
periodic structures, the broad peak width and split peaks imply highly disordered
structures. b) An example of peak fitting, showing the 1st order (n = 1) Bragg peak of the
measurement at 25 °C highlighted in the rectangle in (a): the simulated Gaussian peaks
(blue lines, i = 1, 2, 3) composing the fitting (red line) of the example Bragg peak (circles),
and the base line (green line) fitted with a cubic spline of the vicinity. c) An illustration
of the DOPC multilayer on graphene, comprised by domains (lipid bilayer) with a spacing
of d and a coherence length of La (the mean domain size perpendicular to the substrate).
The XRR curves of the lipid multilayers on graphene at different temperatures are plotted
in Figure S7. The multilayer was prepared by drop casting DOPC (dispersed in water)
liposomes (Dz = ~ 120 nm) on an un-soaked bare graphene. The presence of Bragg peaks
on the XRR curves (circles in Figure S7a) was a result of the diffractions from the
periodical lattice planes, suggesting the formation of DOPC multilayers on graphene from
drop-casting. However, according to a previous XRR study on DOPC multilayers on solid
supports, in the Q range of 0 - 0.6 Å-1, sharp Bragg peaks with 4th order of diffraction
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(diffraction order, n = 4) have been observed [4] instead of the broad Bragg peaks with n
= 3 at 60 °C, and n = 2 in other measurements, as we found on graphene. The missing
Bragg peaks at higher Q range and the peak splitting can be attributed to the
polymorphism of the DOPC multilayers on graphene. The existence of more than one
plane distance would result in multiple Bragg angles, thus leading to peak splitting (cf.
Figure S7b) at various of positions, Qn,i (i = 1,2,3…), of the nth diffraction order, The
magnitude of Qn,i with the same order, i, should be proportional to n, for example Q1,1 :
Q2,1 = 1:2. Based on the Bragg law, one can calculate the d-spacing (d), which is the
distance between the smallest repeated lattice planes parallel to the substrate (e.g the lipid
bilayer thickness in the multilayers) from

d=

2nπ
.
Qn

Equation 6.1

Qn,i and its corresponding full width half maximum (FWHM ∆Q) can be obtained from
the peak fitting of the Bragg peaks. The fittings were performed using the programme
package Multipeak in Igor Pro. The fitted Qn,i and ∆Q of all the measurements are
tabulated in Table S8, and Qn,i up to i = 7 were obtained, although some Qn,i could not be
decomposed from the respective Bragg peak because of the insufficient angular
resolution. An example of peak fitting (red lines) for the peak with n = 1 on the XRR
curve collected at 25 °C is given in Figure S7b, in which the peak (circles) could be
resolved to 3 Gaussian peaks (blue lines) due to the disordered multilayer structure, with
the baseline (green line) fitted in the Q range of 0.08 - 0.17 Å-1, using a Cubic spline. The
Qn,i of the 3 fitted Gaussian peaks (Q1,2 = 0.115 Å-1, Q1,4 = 0.115 Å-1, Q1,5 = 0.115 Å-1,
note that the 1st, 3rd, 6-7th could not be resolved at this Bragg peak), could yield 3 different
d value accordingly (d1,2 = 54.6 Å, d1,4 = 50.1 Å, and d1,5 = 47.1 Å) using Equation 6.1.
The calculated d values roughly agree to our DOPC bilayer thickness observed in water
(cf. Table 5.2).
Another parameter that can be used to describe the periodical structure of the DOPC
multilayer is the coherent length (La), which is the mean crystalline domain size
perpendicular to the substrate. An approximation of La can be calculated by Scherrer
equation,
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La =

2πK
,
∆Q

Equation 6.2

where K is the Scherrer constant, which is related to the crystalline shape (e.g. for a cubic,
K ~ 0.9, for an ellipsoidal particle, K ~ 1.1) [5]. In this case, we used K = 1, a value that
has previously been used for analysing DOPC multilayers [4]. The calculated d and La of
the DOPC multilayers on graphene at different temperatures plotted against n, are shown
in Figure S8. The wide d and La ranges of all the measurements suggest the heterogenous
DOPC multilayer structure on graphene. As discussed previously in section 5.3.1, the
wettability of graphene is influenced by the nano-bubbles presented in its surface
microstructure in aqueous medias. In addition, DOPC liposomes didn’t show the
adsorption on the un-soaked graphene. Therefore, we propose that the disordered
multilayer structure was caused by the hydrophobicity and the low affinity between the
un-soaked graphene and the DOPC liposomes. Because of the low attraction between
DOPC liposomes and graphene, the lipid vesicles were forced by the applied vacuum to
form multilayers or flattened liposome aggregates with no specific orientation on
graphene. Moreover, during the drop-casting procedure, the bilayers in DOPC vesicles
that were allocated near the air bubbles would need to un-zip into monolayers to spread
at the air-water interface, with the hydrocarbon tails facing the graphene surface, which
could lead to a smaller d-spacing and La, compared to those composed of intact DOPC
bilayers.
In spite of the highly disordered lamellar structure, the DOPC multilayer on graphene
showed a noticeable respond towards temperature, which can be directly distinguished
from the XRR curves (Figure S7a) that at 60 °C an extra Bragg peak reversibly appeared
around 0.35 - 0.39 Å-1. Although, it is difficult to conclude a trend from the calculated La
at different temperatures due to the large uncertainty (Figure S8c-d), the d-spacing,
however, showed a reduction upon heating (Figure S8a). This phenomenon is largely in
agreement with the “melting” behaviour we observed from the DPPC bilayer in PBS,
which could be attributed to the lipid thermal expansivity at higher temperature as
mentioned earlier in section 5.3.2. As the temperature went down, the d-spacing seemed
to gradually expand to a level even larger than the initial (Figure S8b), and the extremely
polydisperse d values indicate that the recovery of the bilayer thickness didn’t happen
simultaneously within the whole multilayer. However, here we have only studied a single
129

sample, so the XRR results of the DOPC multilayer are not conclusive, further
investigation will need to be performed.

Figure S8. The calculated d (a and b) and La (c and d) of the DOPC multilayers on
graphene at 25 °C (solid circles), 40 °C (solid triangles), 60 °C (solid diamonds), cooling
to 40 °C (triangles), and cooling to 25 °C (circles), plotted against the diffraction order
(n) on the same scale for comparison. Results obtained from different peak position were
represented with different marker size, to access full results of the data, see Table S7 in
SI-3. The large error bars can be attributed to the limited number of data points for fitting
the resolved peaks.
The DOPC multilayer structure can be primarily described by the distance between the
smallest repeated lattice planes parallel to the substrate (d-spacing, denoted as d) and the
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mean crystalline domain size perpendicular to the substrate (coherence length, denoted
as La), the two parameters can be calculated by Equation 6.1 and Equation 6.2 (Scherrer
equation), from the peak position, Qn,i, and the corresponding ∆Q of the ith order peak
decomposed from the Bragg peak of the nth diffraction order, respectively. The fitted peak
positions, the calculated d and La are listed in Table S8.
Table S8. Summary of the DOPC multilayer structure.
DOPC drop cast on graphene during heating
25 °C
diffraction
order n

1

40 °C

2

Qn,1 (Å-1)

0.214

d (Å)

58.8

La (Å)

1

60 °C

2

1

2

3

0.118 ±

0.236 ±

0.349 ±

0.0018

0.0013

0.0028

53.2 ±

53.3 ±

54.0 ±

0.8

0.3

0.4

0.110 ±
0.0008
57.2 ±
0.4

465.3 ±

440.7 ±

59.1

46.1

Qn,2 (Å-1)

0.115

0.227

0.117

0.234

d (Å)

54.6

55.3

53.9

53.7

288.3 ±

615.4 ±

985.2 ±

817.8 ±

279.9 ±

240.7 ±

414.0 ±

12.7

42.2

99.5

166.1

38.7

35.9

129.2

La (Å)
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Table S8 (continued)
0.244 ±

Qn,3 (Å-1)

0.126

0.257

0.123

0.359

50

49

51.2

52.5

463.9 ±

473.8 ±

672.8 ±

1588.4

769.8 ±

100.1

48.7

28.6

± 477.0

102.9

0.0012
51.4 ±

d (Å)

0.3

La (Å)

Qn,4 (Å-1)

0.125

0.141

0.141

0.281

0.260

0.372

d (Å)

50.1

44.7

44.7

44.8

48.3

50.7

918.1 ±

691.6 ±

538.5 ±

347.3 ±

707.7 ±

718.5 ±

56.8

60.3

27.0

70.8

40.4

148.8

0.133 ±

0.268 ±

0.135 ±

0.0008

0.0059

0.0009

47.09 ±

46.8 ±

46.6 ±

0.3

1.0

0.3

126.9 ±

437.9 ±

525.5 ±

530.3 ±

3.8

296.2

101.9

71.7

La (Å)

Qn,5 (Å-1)

d (Å)

La (Å)

0.386

48.9

Qn,6 (Å-1)

0.149

0.294

d (Å)

42.1

42.7

447.4 ±

500.0 ±

39.2

106.6

La (Å)
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Table S8 (continued)
DOPC drop cast on graphene during cooling

diffraction
order n

Qn,1 (Å-1)

d (Å)

La (Å)

Qn,2 (Å-1)

d (Å)

La (Å)

cooled 25 °C

cooled 40 °C

1

1

2

0.0971

0.0989

±

±

0.0054

0.0054

65.2 ±

64.1 ±

3.7

3.5

665.0 ±

387.0 ±

759.7 ±

455.0

191.4

78.5

0.114 ±
0.0020
55.2 ±
1.0

0.219

57.3

0.219

57.3

0.117 ±
0.0014
53.5 ±
0.6

635.6 ±

668.1 ±

373.1 ±

388.9

186.8

88.1

0.243 ±

0.245 ±

0.0055

0.0061

51.7 ±

51.3 ±

1.2

1.3

963.8 ±

680.0 ±

146.9 ±

302.3

557.1

69.9

Qn,3 (Å-1)

0.122

d (Å)

51.7

La (Å)

2
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Table S8 (continued)

Qn,4 (Å-1)

d (Å)

La (Å)

0.133 ±
0.0011
47.3 ±
0.4

0.26

48.4

0.133 ±
0.0007
47.1 ±
0.2

0.259

48.6

499.8 ±

696.2 ±

587.6 ±

762.2 ±

90.6

54.2

93.5

19.1

Qn,5 (Å-1)

d (Å)

0.279 ±

0.289 ±

0.0039

0.0074

45.1 ±

43.5 ±

0.6

1.1

1021.4

La (Å)

146.4

± 823.9

Qn,6 (Å-1)

0.149

0.298

0.15

0.302

d (Å)

42.1

42.2

42

41.7

446.0 ±

449.2 ±

424.7 ±

496.6 ±

38.1

92.1

46.6

33.2

La (Å)

Qn,7 (Å-1)

0.327

d (Å)

38.5
703.9 ±

La (Å)

105.8
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