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Abstract

Graphene Hollow Capsules Prepared by
the Layer-by-Layer Deposition

Jung Yeon Han
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

Since the first successful isolation of graphene in 2004, the field of
graphene research has blossomed over the last several years owing to their
superior properties such as high electrical and thermal conductivity, strong
mechanical strength, flexibility, and so forth. Among many production
methods of graphene, the exfoliation of graphite oxide (i.e. graphene oxide
(GO)) enables the layer- by-layer (LbL) deposition, which takes advantages of
electrostatic attractions between GO sheets.

In the present study, we report graphene hollow capsules, recently
reported 3-dimensional graphene structure, made of differently sized GO
sheets with aim of accurate control of their mechanical properties. A
fabrication of graphene hollow capsule was carried out by electrostatic LbL

deposition of oppositely charged GO sheets on silica colloidal templates



followed by template removal with hydrofluoric acid treatment. A dispersion
of random-sized GO sheets was separated by modulating their dispersion
stability and controlling destruction in grain structure. Dispersion stability of
GO sheets was controlled by pH value of solution, directly related to the
degree of ionization of their functional groups, and centrifugation. Destruction
in grains of GO sheet was simply controlled by ultrasonication. Those size-
fractionized GO sheets provide controllability of mechanical properties of
capsules, which were confirmed by scanning electron microscopy (SEM) and
force spectroscopy by scanning probe microscopy (SPM). Furthermore, the
effect of reduction was also investigated via thermal reduction in inert
atmosphere.

The present study offers hollow capsules with narrowly size-
distributed GO sheets which allow the clear pathway for overcoming intrinsic
problem of GO composite system; a heterogeneity in size of GO sheets due to
random destruction during exfoliation. This novel graphene hollow capsule
system may be appropriate for replacing organic/inorganic capsules widely
studied in drug delivery, bio-imaging, and framework for catalysts as graphene
provides unique characteristics of biocompatibility, mechanical strength,

electrical and thermal conductivity.

Keywords: Graphene Oxide, Hollow Capsule, Layer-by-Layer deposition,
Size Fractionation, Force Spectroscopy, Thermal Reduction
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Chapter 1. Introduction

Graphene, atomically thin 2-dimensional layer of carbon honeycomb
network connected by sp® hybridized bond, is a novel and very prospective
carbon nanomaterial. It has been demonstrated that graphene has numerous
unique electronic properties, such as ultrafast field-effect mobility*, massless
Dirac fermions?, the quantum Hall effect in room temperature®, and superb
mechanical strength®, thermal conductivity®, as well as high transparency of
graphene monolayer were also reported®.

Based on its fascinating properties, numerous methods including
mechanical exfoliation’, epitaxial growth®, chemical vapor deposition®, and
chemical exfoliation of oxidized graphite™ have been developed to produce
graphene monolayer sheets. Among those methods, exfoliation of oxidized
graphite, also known as graphene oxide (GO), provides stable dispersion of
graphene monolayers in aqueous solution and enables preparation of graphene
in large quantity®. In addition to advantages in the aspect of production,
implantation of chemical functionalities on graphene oxide sheets opens
another opportunity toward chemical modification and fabrication of unique
structures™.

Recently, the hollow capsules of reduced graphene oxide was
successfully fabricated by incorporating the Layer-by-Layer (LbL) deposition

method on sacrificial colloidal templates™***.

Combining unique
characteristics of graphene such as biocompatibility, electrical conductivity,

mechanical property, and flexibility, with advantages of capsule structure,
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graphene hollow capsules are expected to be widely adopted into the field of
organic/inorganic capsules study™.

However, the intrinsic drawback of graphene oxide, heterogeneity in
size, limits precise control and fabrication of graphene oxide system and still
remains as an obstacle in advanced graphene oxide research'®. To overcome
this  challenge, various approaches such as density gradient
ultracentrifugation’,  extended ultrasonication'®, and  pH-assisted
sedimentation technique'® have been conducted, although these techniques are
restricted in very crude separation or limited processing amount.

Herein, we report the precisely controlled hollow capsules of graphene
oxide via electrostatic LbL deposition on colloidal templates as well as size
fractionation of graphene oxide by combining pH-assisted sedimentation
method and extended ultrasonication. The strategy to tune the mechanical
strength of capsules involved the numbers of bilayer, average size of GO
sheets that compose capsule wall, and thermal reduction. Prepared hollow
capsules of graphene oxide are analyzed via force spectroscopy and visually

inspected by scanning electron microscopy.



Chapter 2. Experimental Section

2.1 Materials and characterization

Graphite powder (<45um, >99.99%), potassium persulfate (ACS
reagent, 99%), 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide
(EDC), ethylene diamine (ReagentPlus®, >99%), potassium permanganate
(ACS reagent, >99%) were purchased from Sigma-Aldrich. Sulfuric acid was
purchased from PFP chemicals Co., Ltd. and phosphorus pentoxide (=97%)
was purchased from Duksan Pure Chemical. All commercially obtained
chemicals were used as received without any additional purification.
Carboxylated silica colloids were obtained from Microparticles Gmbh.

Ultrasonicator (VCX-500, Sonic & Materials) was used to exfoliate
graphite oxide. 13 mm solid type probe was used to maximize exfoliation
efficiency for 100 mL volume scale. Height profile and lateral size analysis,
and force-distance curve were acquired on an atomic force microscopy (AFM,
Nanoscope I11A, Dimension 3100, Digital Instruments) in tapping mode. SEM
images were taken on field-effect scanning electron microscopy (FE-SEM)
ZEOL JSM-7401F. Zeta potential of colloids was measured by electrophoretic
light scattering spectrophotometer (ELS-8000, Ostka). Atomic composition
and bond analysis were conducted on a x-ray photoelectron spectroscopy (XPS,

AXIS-HSi, KRATOS)



2.2 Synthesis of Graphene Oxide

Graphite oxide was synthesized by the modified Hummers method*® %,
20 g of graphite powder was added in 30 mL of sulfuric acid (H,SO,) and
slowly heated to 80 C. Then 10 g of potassium persulfate (K,S,0g) and 10 g
of phosphorus pentoxide (P,Os) were gradually added for pre-oxidation of
graphite powder. The mixture was kept at same temperature for 3.5 h then
cooled down to room temperature. Subsequently, the mixture was diluted with
deionized water, filtered to remove residual ions and acids. Washing was
repeated until pH value of rinse water reaches at 6. The resultant mixture was
dried in vacuum oven at 60 ‘C and used as pre-oxidized graphite powder.

2 g of pre-oxidized graphite powder was dissolved in 46 mL of cold
sulfuric acid in ice bath. Subsequently, 6 g of potassium permanganate
(KMnO,) was gradually added in resultant mixture to prevent the temperature
of mixture exceed 20 °C. The mixture was kept for 16 h at 35 °C and 92 mL of
deionized water was then added. After 15 min, color of solution changed into
yellowish brown, then 280 mL deionized water and 5 mL of hydrogen
peroxide (H,0,) were added to terminate oxidation reaction. The mixture was
filtered and washed with 1:10 hydrochloric acid solution at first, then repeated
with warm deionized water until pH value of rinse water became neutral. The
washed powder was dried in vacuum oven at 60 °C.

An aqueous graphene oxide solution was prepared by ultrasonication of
graphite oxide. 50 mg of graphite oxide was dissolved in 100 mL of deionized
water, which provides 0.05 wt% concentration. The solution was then

exfoliated for 1 h in ultrasonicator in presence of ice bath. The resultant brown
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dispersion was centrifuged at 4000 rpm for 5 min to remove unexfoliated
graphite oxide flakes and used as negatively charged graphene oxide (GO-
COO)) solution.

Positively charged graphene oxide (GO-NH;") solution was prepared
via EDC-mediated amine exchange reaction™?. 1.25 g of 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide methiodide(EDC) and 10 mL of
ethylene diamine were added to 100 mL of GO-COO" solution and rapidly
stirred for 12 hr. The solution was then dialysis for 4 days in membrane tube

to remove any excess chemicals.

2.3 Preparation of Graphene Hollow Capsules

50 puL of 4 wt% carboxylated silica colloid was diluted with 9.95 mL of
deionized water and 1 mL of GO-NH;" solution (pH 5) was added. After 15
min of voltex mixing, resultant opaque dispersion was centrifuged and washed
3 times at 2000 rpm for 2 min to remove excess GO sheets. Subsequently, GO-
COO" solution was added to be coated on GO-NH;"-covered silica colloids
under same procedure. This deposition was repeated until 3 bilayers of GO-
NH;*/GO-COO" have been coated on colloids.

To obtain hollow capsule structure, GO-NH;*/GO-COO" coated silica
colloids were dropped on Si wafer and dried in vacuum oven for 2 h. Dried
sample was then dipped into buffered hydrofluoric acid solution for 5 min to

selectively remove silica template then gently rinsed in deionized water.



2.4 Size Fractionation of Graphene Oxide Sheets

Size Fractionized Graphene Oxide Sheets (SFGOs) were prepared by
separating solution of randomly sized GO sheets in 3 different fractionation
conditions. First, 0.05wt% graphite oxide solution was ultrasonicated for 10 h.
After sonication, pH value of GO solution was adjusted to 3 and aged for 1
day to stabilize the degree of ionization. GO solution was then centrifuged at
17,000 rpm for 15 min to exclude large-sized GO sheets. Supernatant was
collected and purified by dialysis, then used as SFGO1. To prepare SFGO2,
0.05 wt% graphite oxide solution was ultrasonicated for 1 h. Subsequently, pH
value of solution was adjusted to 3 then aged for same period. After
centrifugation at 17,000 rpm for 5 min, supernatant solution was gathered and
purified by dialysis, then used as SFGO2. SFGO3 was separated from 0.05 wt%
graphite oxide solution which ultrasonicated for 20 min. After change pH
value to 10 and kept for 1 day, solution was centrifuged at 10,000 rpm for 5
min. Precipitation was gathered and re-dispersed in deionized water, and

purified by dialysis then used as SFGO3.

2.5 Thermal Reduction of Graphene Oxide Hollow

Capsules

Thermal reduction of GO hollow capsules was conducted prior to core
removal to prevent any damages to capsule wall caused by emptying inside.
Drop-casted GO-NH;"/GO-COO™ coated silica colloids on Si wafer was

thermally reduced in 800 °C furnace for 3 h under nitrogen atmosphere, and



heating rate was 3 °C/min. After reduction, sample was slowly cooled down to

room temperature then was treated in the same manner to remove silica core.



Chapter 3. Results and Discussion

3.1 Layer-by-Layer Deposition of Graphene Oxide

GO was synthesized by the modified Hummers method’, and
subsequent modification by EDC-mediated amine exchange reaction provides
positively charged GO sheets™. Scheme 1 illustrates each step of processing
the GO hollow capsules via electrostatic LbL deposition method. The
positively charged GO was initially deposited to carboxylated surface of silica
colloid by electrostatic attraction and enabled further assembly by providing
positively charged surface. To avoid flocculation during LbL deposition, silica
particles were mixed to GO away from the stoichiometry, with a large excess
amount of GO solution compared to colloidal templates. This imbalanced
mixing resulted in a spontaneous and complete coverage of silica particles via
electrostatically attracted complexation of the opposite charges. Another
important factor of this colloidal templaing LbL deposition is a degree of
ionization of GO sheets. When a GO solution was mixed to a GO coated silica
particles in different pH, i.e. pH 4 GO-NHj3" solution and pH 7 colloid, the
dispersion experienced a massive and immediate precipitation. Those
flocculation resulted from the multisite hydrogen bond generation between
deionized amide groups of GO-NH;" and hydroxyl groups of GO-COO™ on
surface of particles. Same phenomena occurs in the opposite situation as well,
in the case of mixing pH 7 GO-COO" to pH 4 colloids. In addition, an excess

amount of GOs passed from each deposition step that should be removed prior
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to the next adsorption was thoroughly removed. Optimum experimental
condition was found as a function of GO amount, total volume of process, and
charge ratio as discussed above. Successful repetitive depositions of
oppositely charged GO were examined by inversions in zeta potential
measurements (Figure 1).

Using silica colloids as sacrificial template, subsequent template
removal after deposition successfully yield hollow capsule structure, as shown
in Figure 2 (b). The buffered hydrofluoric acid solution is essential to

2223 . 0On the basis of conformal

selectively and rapidly decompose silica
deposition of GO-NH;"/GO-COO" on colloidal templates, we have investigated
the morphology of hollow capsules with transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) (Figure 2). Although the
aggregation exist in 1 bilayer hollow capsules owing to thin wall thickness of

capsules to be stand itself, we found that the GO hollow capsules retain its

spherical structure of template as the number of bilayer increased.



Core Removal
(Decompose in HF)

Layer-by-Layer
® Deposition of f/,
® Oppositely Charged o)
Graphene Oxide

GO(-)

§i0, particles
(Carboxylic group
functionalized)

Scheme 1. Scheme for LbL deposition of oppositely charged graphene oxide sheets

on sacrificial silica template

10



— [ W B wu
o o o o o

LN DL LA IR B |
1 1 1 1 1

Zeta Potential (mV)
8§ 883 o

n
o
—
1

1 1 )

0 1 2 3 4 5 6 7

Number of Deposition

Figure 1. Zeta potentials of GO(+)/GO(-) coated silica particles as a function of

deposition number

11



Figure 2. TEM images of (a) GO(+)/GO(-) 3 hilayers coated Silica colloids and (b)

GO(+)/GO(-) 3 bilayer hollow capsules; SEM images of (c) 1 bilayer, (d) 2 bilayers,
and (e) 3 bilayers hollow capsules. Inlets show magnified images of single hollow

capsule

12

&)l



3.2 Hollow Capsules: Size Fractionized Graphene Oxide
Sheets

Size fractionation of graphene sheets was first suggested by A. Green et
al. by incorporating density gradient ultracentrifugation (DGU) technique in
special gradient medium'’. However, the severe centrifugation rate, time, and
limitation in process volume and use of specialized medium restricted its
capability for production of graphene with desired sizes in large quantity.
Recently, X. Wang et al. suggested simple and facile pH-induced
sedimentation method to isolate micron-sized GO sheets and nano-sized GO
sheets in large quantity by adjusting pH value of GO solution. In this
technique, pH value of solution directly affects to the degree of ionization of
functional groups on the GO sheets, for example, carboxylic group, which is
ionizable so that dominantly contribute to dispersion stability of GO sheets in
water™. Since ionizable carboxylic groups are mostly located at the edges of
GO sheets**? larger GO sheets that the edge-to-area ratio is smaller lose its
dispersion stability easier than smaller GO sheets in low pH and less
strengthen in high pH as described in Figure 3.

In addition to pH-induced sedimentation technique, we have extended
the sonication time to fractionize lateral size with more narrow size
distribution. As increasing ultrasonication time up to 10 h, not only bundles of
GO sheets exfoliated into single sheets but also its original grain structure
experienced more damages which resulted in smaller pieces of GO sheets. In
comparison, the least amount of small GO sheets and preservation of large

grain size were yielded via only 10 min of ultrasonication.
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Taking advantages of pH-induced sedimentation technique and lateral
size-ultrasonication relation, randomly mixed GO solution was successfully
separated into 3 different groups (SFGO1, SFGO2, SFGO3). Calculation of
average lateral size of GO sheets from AFM images were conducted on 200
different GO sheets in NanoScope Analysis software. As shown in Figure 4,
calculated average lateral size of SFGO1 was 59.9 nm with 28.3 nm as
standard deviation, SFGO2 was 172 nm with 112.8 nm as standard deviation,
and SFGO3 was 485 nm with 194.2 nm as standard deviation.

To investigate the effect of average size of GO sheets that compose
capsule wall, GO hollow capsules have been fabricated by SFGOs prepared
via same procedure explained previously. SEM images of hollow capsules are
shown in Figure 5. According to SEM images and their size distribution,
capsule wall composed of smaller size of GO sheets showing less stiffness
than others made of larger size. Combined effect of number of bilayers and
average size of GO sheets were clearly observed as well. We would discuss

about the properties of hollow capsules in the last chapter.
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1 bilayer 2 bilayer 3 bilayer

Bilayer format: [GO-COO/GO-NH;*],

SFGO1

Avg. size: 60 nm

SFGO2

Avg. size: 172 nm

SFGO3
Avg. size: 485 nm

Figure 5. SEM images of hollow capsules composed of (top) SFGO1, (middle)

SFGO2, (bottom) SFGO3.
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3.3 Hollow Capsules: Thermal Reduction

Thermal reduction is the most common reduction method for GO on the
basis of decomposing oxygen-containing bonds in high temperature with
absence of oxygen?. Thermal reduction is an important parameter in GO
capsules due to the interlayer distance between sheets and recovery of
graphitic structure by removal of functional groups®?’

GO-NH;*/GO-COO" coated silica particles were thermally reduced as
described in experimental section. Successful reduction of GO was confirmed
by XPS analysis. XPS spectrum of carbon 1s (C1s, 284.6 eV) and oxygen 1s
(O1s, 532.0 eV) species for GO-COO™ are shown in Figure 6 (a) and (b),
spectrum of carbon 1s and nitrogen 1s (N1s, 399.6 eV) of GO-NH;" are shown
in Figure 6 (c) and (d). Degradation of oxygen-containing bonds was
confirmed by peak decrease in Cls peak, Ols peak, and N1s peak. In C1s
spectrum, hydroxyl group at 286.4 eV, ketone group at 287.8 eV, carboxylic
group at 288.4 eV were dramatically reduced in thermal annealing at 800°C,
and those reduction are well-matched with correlated decrease in Ols peaks
such as ketone group at 531.2 eV, carboxylic group at 529.9 eV, and hydroxyl
group at 533.0 eV. In the case of GO-NHj3", similar peak decrease after thermal
reduction was observed in C1ls peak as well as N1s peaks, such as pyridinic N
at 398.2 eV, amide group at 399.6 eV, and amine group in 402.5 eV/?*2*%,

Figure 7 is morphology of reduced SFGO hollow capsules taken in
every bilayer number by SEM. As observed in previous section, hollow
capsules shows trends of retaining its spherical shape of template by

increasing bilayer number as well as average size of GO sheets. However,
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spherical shape is more maintained than GO hollow capsules in even less
number of bilayer, and in capsules composed of smaller GO sheets as
presented in Figure 8. Though it is not possible to measure the film thickness
and roughness of GO-NH;/GO-COO™ multilayer capsules in the current
experimental set up, a possible explanation for improved stiffness would be
the interlayer distance decrease by thermal annealing. In multilayered film of
GO sheets, interlayer distance is varies from 0.7 to 1.4 nm which is much
larger than that of graphite, 0.34 nm. Large interlayer distance of GO sheets is
mainly contributed by the distortion due to sp® hybridized bond and steric
repulsion of oxygen-containing groups on basal plane of GO sheets. As GO
underwent thermal reduction, sp® bonds returned to sp? planar bond structure
and decomposition of oxygen species was occurred. Consequently, decreased
interlayer distance resulted in dramatic increase the effect of short distance
interaction, van der Waals attraction, while the effect of electrostatic attraction
between carboxylic group and amine group became less dominant. Therefore,
the force that assembles each GO sheets were shifted from electrostatic
interaction at the edge of GO to m-n interaction, resulted in spherical-resemble
structures as well as much stretched capsule wall morphology. These

explanations will be further discussed in the last chapter.
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1 bilayer 2 bilayer 3 bilayer

Bilayer format: [GO-COO"/GO-NH;*],

SFGO1
Avg. size: 60 nm

SFGO2

Avg. size: 172 nm

SFGO3

Avg. size: 485 nm

Figure 7. SEM images of reduced GO hollow capsules composed of (top) SFGOL1,

(middle) SFGO2, (bottom) SFGO3.
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Figure 8. SEM images of GO hollow capsules compared with reduced GO hollow

capsules by average GO sheets size and number of bilayers.
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3.4 Force Spectroscopy of Graphene Hollow Capsules

Force spectroscopy is a scanning prove microscopy (SPM) based
technique to measure the interaction between cantilever and the surface of the
sample. In force spectroscopy, the cantilever performs a role of the force
sensor that could provide extremely high resolution®. To minimize the
substrate effect of Si wafer, we used a normal tip usually uses in
tapping/contact scans rather than a diamond tip designed for indentation since
capsules of low bilayer number showed collapsed morphology so that
thickness of capsules often too thin (< 200 nm) to be accurately measured.

In order to measure relative hardness of capsules, the force F between
the tip and the sample was calculated from the cantilever’s deflection voltage
through Hooke’s law:

F=k -a'V
Where k is spring constant of cantilever, a is deflection sensitivity that
convert deflection voltage to distance, and V is measured deflection voltage.

Figure 9 (a) is a typical output data of force spectroscopy, called
‘force-distance curve (F-D curve)’. As described in Figure 9 (a), once the tip
jumps to the sample surface, where distance is zero, the tip starts pushing the
surface with some force therefore increase in deflection voltage as well as
applied force happen. The measurement of stiffness or compliance of the
sample can be obtained by analyzing the slope of this curve, which is referred
to relative hardness. Although it was not possible to accurately measure the

stiffness of capsule wall in current experimental setup, relative comparison of
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hardness of capsules can be provided by contrasting values of relative
hardness from series of F-D curves.

Figure 9 is force spectroscopy analysis of 3 bilayer hollow capsules of
SFGO1, SFGO2, and SFGO3. According to Figure 9 (d) and Table 1, relative
hardness increases from 0.0200 nN/nm to 0.0265 nN/nm by escalating the
deposition number, indicates capsule that constructed with larger GO sheets
can provide harder mechanical strength. In addition, it also implies the
stiffness of GO hollow capsules is tunable as modulate size of GO sheets.
These results made good correlation with SEM analysis discussed in chapter
3.2.

The effect of number of bilayer was investigated and summarized in
Figure 10 and Table 1. The difference in relative hardness is comparable to the
results from the study on average size of GO sheets, however, the actual
influence is much greater when we consider the average size of SFGO3 is 8
times larger than SFGOL1. Results from Figure 10 are in good agreement with
the analysis on SEM images previously discussed in chapter 3.1.

To span our approaches to reduced graphene oxide, we have measured
F-D curves of thermally reduced GO hollow capsules by same procedures
mentioned above. Since the relative hardness imply the comparative
mechanical strength of hollow capsules, the large gap between compared
results indicates huge difference of strength exists. As shown in Figure 11 an
Table 1, thermal reduction of GO is showing the greatest enhancement in a
single treatment. In accordance with previous discussion in chapter 3.2, we

have examined the thermally reduced GO hollow capsules exhibit superior
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mechanical strength than GO hollow capsules and confirmed that the graphene

hollow capsules are able to be designed by modulating GO sheets as well.
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Table 1.

Average relative hardness calculated from F-D curves of hollow capsules

Size of GO Sheets # of Bilayers Thermal Annealing
SFGO1 SFGO2 SFGO3 1 2 3 N/A 800°C
Relative
Hardness 0.0200 0.0224  0.0265 0.0191 0.0215 0.0265 0.0224  0.0285
[NN/nm]
St. Dev.

0.0024  0.0005 0.0009 0.0033 0.0019 0.0009 0.0005 0.0006
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Chapter 4. Conclusion

Graphene hollow capsule were prepared from LbL deposition of
oppositely charged GO sheets followed by removal of silica template for the
investigation of relation between various factors and mechanical properties.
This system is also anticipated to overcome intrinsic drawback of GO sheets,
heterogeneity in size, which limited advanced researches in the field requires
accurate fabrication and controllability of properties. Number of bilayer
deposition, average size of GO sheets, and thermal reduction affected the
structure of hollow capsules, which is able to be examined visually and
accurately measured at the same time. To fractionize randomly mixed GO
sheets in sizes, combined system of pH-assisted sedimentation and
ultrasonication was suggested and statistically examined by AFM. The thermal
reduction of GO sheets can reduce its interlayer distance and provide great
enhancement in van der Waals attraction. Correlation of morphology of a
series of graphene hollow capsules with analysis of mechanical properties was
examined by SEM and force spectroscopy by using SPM.

This accurately controlled graphene oxide hollow capsule system would
be widely adopted in the application study of graphene oxide as well as hollow
capsules such as drug agent, catalyst, and energy storage devices where
requires accurately controlled structure and properties. Furthermore, extending
of controlled GO system can be done by hybridization with functional objects,

modification of functionalities
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