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Abstract

Chemically Engineered 3D Graphene Nanostructures, 2013, Young-Eun Shin, Graduate program of
Chemical Engineering, Ulsan National Institute of Science and Technology (UNIST)

Recently, 3D graphene nanostructures have attracted considerable attentions for a variety of
applications in sensors, separations, lithium-ion batteries, and supercapacitors because of their
prominent properties such as high surface area, high electrical conductivity, and thermal/mechanical
stability. Herein, we demonstrate various types of 3D graphene nanostructures via chemical
modification of graphene oxide and their self-assembly behaviors in different solvent conditions. In
particular, porous graphene nanostructures are fabricated through the control of electrostatic
repulsions between chemically modified graphene sheets. Chemically reduced graphene oxide sheets
are well-dispersed owing to the electrostatic repulsion at high pH condition, while agglomerating each
other at low pH condition. Noticeably, we fabricate different graphene morphologies such as dendrite-
like structure and wire-like structure by controlling the pH condition. In addition, different
morphology of graphene nanostructures such as crumpled and scrolled geometries is demonstrated via
control of pH condition and graphene reduction time. These various type of graphene nanostructures

could be used for variety of applications as mentioned above.
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1. Introduction

In recent few decades, low dimensional carbon based materials have been widely researched.
Especially, the discovery of monolayer graphene in 2004 has led to the demonstration of many novel
properties in this versatile nanomaterial. Graphene is a flat monolayer of carbon atoms tightly packed
into a two-dimensional (2D) hexagonal lattice, and is a basic building block for graphitic materials of
all other dimensionalities (Figure 1). It can be wrapped up into OD fullerenes, rolled into 1D carbon

nanotubes (CNT) or stacked into 3D graphite.

Graphene, the one-atom-thick planar sheets of sp2-bonded carbon atoms, shows intriguing physical,

chemical and mechanical properties,” '**’

which include exceptional electron transport, large surface
area, and excellent mechanical properties.’®*”° These unique properties and the distinct chemical
composition of graphene distinguish it from other materials. Thus, graphene is the best candidate for a

21,22 23-25

sensor®®? and other energy fields etc.?®3!

variety of applications with catalyst,

1.1. Graphene Synthesis

Geim and Novoselov exfoliated single layer graphene sheets using 3M tapes through physical
approach.®® Mechanical cleavage of graphite originally led to the discovery of graphene sheets and is
the process currently used in most experimental studies of graphene. However, the low productivity of
this method makes it unsuitable for large-scale use. For practical application, large quantity graphene
must be synthesized. Chemical conversion from graphite is a much more efficient approach to bulk
production of graphene sheets. So, many researchers have focused on the chemical approaches such
as bottom-up and top-down method with different initial source. Typical bottom-up processes are
chemical vapor deposition (CVD) of graphene on metal substrate and epitaxial growth of graphene on
silicon carbide. Graphene from these methods has high quality for planar application, but it is

unsuitable for 3D graphene based applications.?* > *

In comparison, graphene from solution-processed bottom-up method could overcome this limitation.
Moreover, there are additional advantages including (1) process with low cost, (2) needlessness of
graphene transfer from the growth substrate, (3) affinity with other materials such as polymers,
carbon-based materials, and nano particles.** First, relatively high quality graphene could be
synthesized through graphite intercalate compounds (GIC), but it has also a problem with scale-up.®
Graphene is also obtained by longitudinal unzipping of CNT.*3® Generally, oxidation of graphite is
widely used to get single layer graphene oxide which is a precursor of graphene. Graphene oxide was

37, 38

first synthesized in the nineteenth century, which means it has a longer history even than the



discovery of graphene. Graphene oxide has been prepared by the Brodie,® Staudenmaier®® and

Hummers* methods, and especially modified hummers method***

is widely used up to now. After
oxidation, graphene has functional groups on the surface, epoxy and hydroxyl groups on the basal
plane and carboxyl acids along the edge.” These functional groups contribute to electrostatic
repulsion between negatively charged graphene oxide sheets (Figure 2). As a result, intrinsically
hydrophobic graphene sheets change into hydrophilic, so graphene oxide sheets could be dispersed in

aqueous solution.®

On the other hand, these functional groups also render graphene sheets insulated. However, this
problem with conductivity could be partially resolved by reduction with chemical, thermal method.
Even though reduced graphene oxide has more defect and lower conductivity than pristine graphene,
this oxidation-reduction is facile method for versatile precursor of graphene-based materials in large-
scale production (Figure 3).°



1.2. Various types of graphene nanostructures

As discussed in Section 1, graphene is the mother for other carbon-based materials. In addition, 2D
graphene could be artificially modified with different morphology for various applications (Figure 4).
Even though graphene itself is intriguing material, the fabrication of nanostructure with graphene
could draw the enhanced distinct properties. Moreover, these graphene nanostructures could be a
promising candidate for much more filed of application. So, the fabrication of graphene nanostructure

renders significant advances to the materials science.

1.2.1. Graphene thin films

2D graphene sheets are synthesized various approaches such as CVD, epitaxial growth, mechanical
exfoliation, and chemical oxidation-reduction. In this section, deposition with chemically synthesized
graphene will be especially focused on. Generally, GO sheets are widely used for thin film because of
solution—processibility than rGO sheets, and could be deposited on diverse substrates using methods

51-53 and

such as drop-casting,*” dip-coating,** spin-coating,”® spraying,** ** Langmuir-Blodgett,
vacuum filtration® (Figure 5). After deposition, van der Waals interaction is attributed to strong
adhesion of GO sheets on the substrate, and each sheet combines together with strong hydrogen
bonding.*" > This graphene thin film with GO sheets has advantages such as flexibility, mechanical

stability, and tunability of electrical/optical properties.*

As mentioned above, graphene thin film is flexible, mechanically and stable, in addition, the
electrical/optical properties of this film is tunable.®* So, chemically modified graphene thin film is
promising candidate for transparent conductors, sensors, thin film transistors, field emitters,
photovoltaics, photo detectors etc.>® Moreover, 3D porous graphene and GNS also are made up of this

2D graphene.



1.2.2. Porous graphene

Graphene has a tendency of irreversible aggregation or re-stacking because of van der Waals
attractions and strong n—7 interaction. This aggregation or re-staking of graphene sheets decreases the
surface area, and consequently, the performance of electrochemical application is negatively
influenced. Thus, it is important to prevent this re-stacking of graphene to obtain the large surface area.
Considering this requirement, porous graphene structure is promising candidate for the
aforementioned applications because of the tunability of nano porosities, thermal and chemical

stability as well as its high specific surface area.>® >’

There are several approaches for highly porous graphene structure using templates and hydrogel.
Various templates have been used for porous graphene. For example, there are nano particles,® %
bubble,” metal foam,™ ** CNT,*® ® and Oil drops™, etc. (Figure 6). Choi et al. reported porous
graphene synthesized via PS templates for supercapacitors. 3D graphene frameworks with uniform
macropore were synthesized using the PS colloidal particles.”® And Xiao et al. reported hierarchically
porous graphene structure using bubble template. Their structure had nanoscale pores as well as
micropore channels.” Moreover, Chen et al. presented 3D flexible and conductive interconnected

graphene networks using Ni foam as a template.>

Even though these method using templates is efficient for porous graphene structure, it is
unavoidable to etch the template through the additional process. Hence, monolith porous graphene
structure has been synthesized through graphene hydrogel. Xu et al. suggested a one-step
hydrothermal process for graphene hydrogel. This hydrogel can be converted to porous structure by
lyophilisation.®* Other researchers also presented self-assembly process for porous structures-
supported nano particle like Fe;O4. This FesO, is one of the nano particles which are efficient at
lithium ion insertion and extraction. So, these porous structures are promising candidates for electrode

of rechargeable lithium-ion batteries.®*®

As mentioned earlier, porous graphene structure has large surface area as well as intrinsic
exceptional physical and chemical properties. Tremendous attention and research of this porous
graphene structure are attributed its distinction, and this structure has been widely applied in the

various fields such as energy storage, sensor, catalyst, pollutant absorbents etc.

In the field of energy storage, monolithic porous rGO structure was directly used as an electrode
material for supercapacitors. Large accessible surface of this porous rGO structure could give facile
routes for electron and electrolyte transportations in interconnected conductive network. As a result,
nearly 50% higher specific capacitance of 152Fg™ was evaluated, as compared with the result from

supercapacitors using rGO agglomerate particles at the same conditions (100Fg™ at scan rate of



20mVs™).%t On the other hand, porous rGO was also utilized as buffered materials which could
support SnO, particles, an excellent anode material for Li-ion batteries (LIBs), during
charge/discharge process. Consequently, cyclic performance of these LIBs could be improved using
enough void spaces of porous structure owing to the prevention of breakdown induced from lithium

insertion.®®

Additionally, porous graphene structure could be used for high sensitivity detection of
environmental pollution gases such as NHz;, NO, in the ppm range.®® This sensor with porous
graphene showed higher sensitivity compared with individual SWNT device®” and commercially
available conducting polymer sensors.®® Furthermore, large surface of porous graphene structure
contributes the efficient pollutant absorption. It could be used to remove heavy ions and oils in the
field of water purification.®

Consequently, although many researches have proposed diverse approaches for porous graphene
structure, there are still several problems to solve. As mentioned above, additional process is
necessary to remove the templates which are used to make pores. And tough conditions with high
temperature and pressure are needed in case of hydrothermal process. Moreover, it is difficult to
control the porosity of structure. In addition, this porous graphene is promising material for the field
of various applications. Therefore, the facile fabrication for porous graphene has been still widely
explored.



1.2.3. Graphene Nanoscoll

In general, graphene (2D), carbon nanotube (1D), and fullerene (OD) are known as the typical
carbon-based materials, and these materials have widely explored owing to their noticeable properties.
Recently, another intriguing carbon-based material, which is graphene nanoscroll (GNS), is focused
on. This material is one of the derivatives from 2D graphene, while the morphology is similar to 1D
carbon nanotube (CNT). Hence, GNS, which is hybrid of graphene and CNT, is expected to have

some distinct characteristics such as electronic®® and optical properties” unlike graphene and CNT™ *°

This fascinating material was first fascinated using arc-discharge by Bacon in 1960.™ And recently
several approaches have been developed for GNS, with high energy ball milling of graphite,”
microwave spark assistance in liquid nitrogen,** and chemical methods."® ** "¢ Especially, many
researchers have tried with various chemical routes. Viculis et al. reported the chemical route for
carbon nanoscroll using exfoliation and sonication process. They considered that sonochemical energy
is the key to forming GNS.*® Similarly, Zeng et al. demonstrated sonication process is important
process for formation of GNS, and they also used graphite intercalation compounds (GICs) with
KCg.” ™. Shioyama and coworker also synthesized GNS using GIC and sonication.” This chemical
route using GIC and sonication is the most efficient but a drawback with impurity and defects exist.
Additionally, Zhou et al. produced GNS through CO40, scroll with assistance of surfactant.”” And Xie
et al. introduced another process with mechanical exfoliation using isopropyl alcohol (IPA) solution,®
but, this method has a limitation with low yield. Various approaches for GNS have been widely
explored, but the facile method is still needed to achieve the high quality, purity with high yield in
safe conditions (Figure 7).

Unlike CNT, the diameter of GNS is tunable through the chemical doping because GNS has open-
edge.’> Owing to these unusual properties, GNS have been focused on as potential materials for nano
actuators and nano mechanical devices.’ In addition, GNS could facilitate for energy materials such as

supercapacitors™ ", batteries*, and hydrogen storage® .



Figure 1 Carbon-based materials modified with a graphene sheet as a 2D basic building block;
Fullerene (0D), Carbon Nanotube (1D), Graphite (3D)" (Geim and Novoselov, Nat. Mater. 2007, 6,
183)
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Figure 2 Chemical approach of aqueous graphene dispersion. (1) Oxidation of graphite to graphite
oxide with increased interlayer distance. (2) Exfoliation of graphite oxide in aqueous solution by
sonication to obtain GO colloids which are stabilized by electrostatic repulsion. (3) Controlled
conversion of GO colloids to conducting graphene colloids through chemical reduction using
hydrazine.” (Li et al., Nat. Nanotechnol. 2008, 3, 101)



Figure 3 Structure of graphene derivatives synthesized by oxidation and reduction.® (Cote et al., Pure

Appl. Chem. 2011, 83, 95)
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Figure 4 Different morphology of carbon-based materials such as graphene, CNT, graphene nano
scroll (GNS)?, graphene nano ribbon®. (Kosynkin et al., Nature 2009, 458, 872; Braga et al., Nono Lett.
2004, 4, 881)
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Blodgett assembly,® (d) dip casting, (e) rod coating, (f) spray coating, (g) inkjet printing.” (Kim et al.,
Materials today, 2010, 13, 28; Bonaccorso et al., Materials today, 2012, 15, 564)
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Figure 6 Various approaches for porous graphene structures. (a) Schematic illustration of the

synthesis procedures of the porous graphene foams using silica templates® (Huang et al., Adv. Mater.

2012, 24, 4419), (b) SEM image of hierarchically porous graphene structure using bubble templates

9

(Xiao et al., Nano Lett. 2011, 11, 5071), (c) Schematic procedures of preparing graphene sheets-CNTs
electrode’® (Yang et al., J. Mater. Chem. 2011, 21, 2374), (d) SEM image of the ultrathin graphite
foam with micropores; inset: photograph of this foam™ (Ji et al., Nano Lett. 2012, 12, 2446), (e-h)

Morphology of rGO encapsulated sulfur synthesized via oil-water system, (e-f) SEM, (g) TEM, and (h)
HRTEM images of this porous structure®? (Zhang et al., J. Mater. Chem. 2012, 22, 11452).
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Figure 7 Graphene nanoscroll (GNS) with various approaches; (a) Chemical route for GNS with
exfoliation/sonication process and (b-d) TEM images of GNS™ (Viculis et al., Science 2003, 299,
1361); (e) Microwave spark assistance in liquid nitrogen for GNS, (f-g) TEM and SEM images with
GNS™ (Zheng et al., Adv. Mater. 2011, 23, 2460); (h) Mechanical exfoliation using isopropyl alcohol
(IPA) for GNS, (i-j) Optical microscope images of (i) graphene sheet and (j) scrolled graphene sheet™
(Xie et al., Nano Lett. 2009, 9, 2565).
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2. Experimental

2.1. Synthesis of graphene oxide

Graphene oxide was prepared using modified hummers method.** * In brief, graphite powder (SP-1,
Bay Carbon), K,S,0g (Sigma Aldrich), and P,Os (Sigma Aldrich) were added to concentrated H,SO,
(Sigma Aldrich). This solution was heated using 80°C oil bath for 4.5hours with vigorous stirring.
Then, the solution was carefully diluted with de-ionized water, followed by vacuum filtration with
additional DI washing to make the pH neutral. The filtrate was dried in a 30°C vacuum oven
overnight. The pre-oxidized graphite was then added to concentrated H,SO, in an ice bath. And then,
KMnO, (Sigma Aldrich) was slowly added with vigorous stirring, being careful not to exceed 20 C.
The solution was moved from the oil bath into a 36 C bath and heated for 2 hours. Then, the mixture
was gradually diluted using DI water in an ice bath, being careful not to exceed 50 C. Next, the
mixture was heated using a 35°C bath for 2 hours, followed by additional dilution with much more DI

water to terminate the reaction. After that, 30% H,0O, (Sigma Aldrich) was added to this mixture,
which process changed the color into bright yellow with violent bubbles. This mixture was stirred for
0.5 hour and followed by centrifugation several times with 10%HCI to remove residual salts. And
then this solution was subjected to dialysis to adjust the acidity. The result solution was concentrated

and dried in vacuum oven at 30 C. Finally, dried GO is achieved after few days drying.
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2.2. Fabrication of graphene nanostructures

2.2.1. Graphene thin films

GO solution was achieved by re-dispersion of the dried one in DI water by sonication. And these
GO sheets in solution were coated on Si wafer by spin coating or drop casting. Meanwhile, when the
rGO sheets are needed, additional reduction process is necessary. For solution-processed procedure,
GO was reduced by chemical approach, especially using hydrazine monohydrate (35wt% in water,

Sigma Aldrich) which is an effective reducing agent.?

The obtained brown graphene oxide solution was centrifuged with 4000rpm for 10min to remove
any unexfoliated graphite oxide. Then, hydrazine monohydrate and ammonia solution (28wt% in
water) were added to the graphene oxide solution. The suspension of GO with relatively low
concentration (0.5mg/ml) was used to obtain graphene thin film through the coating procedure.”® And
especially, ammonia solution was introduced until the graphene oxide solution was adjusted into

pH10. This mixture was heated at 90°C for 2 hours, and the color of solution changed to black as the

reduction occurred.” The rGO sheets were likewise coated on Si wafer by several coating methods.

2.2.2. Porous graphene

As mentioned in sectionl.2.2, porous nanostructure with graphene is fabricated using various
templates such as nano particles,® *® bubble,® metal foam,” * CNT,® ® and Qil drops®, etc.
Meanwhile, hydrothermal approach is also used to fabricate the monolithic porous graphene without

6184 indicating the procedure for removal of templates is unnecessary. Even though this

any templates
hydrothermal method is facile approach for fabrication of porous graphene, critical conditions with
high pressure and high temperature are needed to use this method. Hence, we fabricated porous

graphene with facile approach which is depending on only pH control in mild conditions.

The porous structure was prepared using pH control and lyophilisation with fully reduced graphene
oxide (rGO). The rGO dispersion was adjusted from pH2 to pH12 using HCI and NH,OH. And rGO
agglomeration in dispersion was induced by three approaches. (1) The pH-adjusted solution was left
to separate rGO agglomeration from dispersion naturally. It takes from few days to a week depending
on the amount of hydrogel. And then, the supernatant except rGO agglomeration in separated solution
was removed. This method was named ‘WNH (wait for natural self-assembly for hydrogel)’. (2)
When the acid drop was introduced into rGO dispersion, the pH-adjusted solution was simultaneously

stirred to render rGO dispersion unstable. Just as soon as the acid droplet was mixed, agglomeration
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appeared in rGO solution. And this suspended agglomeration gradually sank after a while. This result
hydrogel was obtained after removing the supernatant by pipetting. And this second method was
named ‘SPH (Stir and extract the supernatant by pipetting for hydrogel)’. (3) Third method started
from synthesis the rGO agglomeration by second method. And then, it was subjected to centrifugation
and followed by removing the supernatant. This method was named ‘SCH (stir and extract the

supernatant by centrifuge for hydrogel)’.

2.2.3. Graphene nanoscroll

Generally, the traditional research with GNS has focused on theoretical approaches with simulation.
5.69.70.7882 A0 the facile production in safe conditions is still absent in spite of various methods for the
fabrication of GNS have been widely explored.***> 7% 8 5o e fabricate the facile method for GNS

in safe conditions.

First, GO dispersion with acidic condition (initial state) and with base condition are prepared. The
latter is adjusted using NH4OH as stated in section 2.2.1. And then, while it is in reduction progress, a
certain amount of dispersion was extracted from the reactor at each moment (0.25h, 0.5h, 1h, 1.5h, 2h)
and followed by natural cooling. The result solution with different reduction time was converted into
chemically modified graphene aerogel through lyophilisation. And this process is more minutely
described in Scheme 2 which shows the processing for aerogel- or film-type samples with three
different methods. Method 1 is primary approach for aerogel-type samples, while thawing process
was added in method 2 and 3. In method 2, the frozen graphene dispersion which is the result one
before lyophilisation in methodl is thawed naturally, and followed by filtration using polycarbonate
membrane with 0.2um. And then, this filtrated film is dried in 30°C vacuum oven. Similarly, in
method 3, the frozen graphene dispersion in method1 is thawed naturally, and followed by re-freezing

to confirm whether the effect of freezing process exists or not.
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3. Results and Discussion

3.1. Characteristics of GO and reduced GO

GO which we used was prepared by modified Hummer’s method. The dimension and thickness of

this GO were 1um and below 1nm, which were characterized by AFM (Figure 8a), indicating

presence of functional groups on basal plane of GO. This GO dispersion was reduced using hydrazine
to restore the inherent properties, and this difference between GO and rGO was monitored by UV-vis

absorption spectra, Raman spectra, and XPS.

First, absorption peak of GO dispersion at 231 nm is red-shifted to 270nm after reduction in UV-vis
absorption spectra (Figure 8b). This phenomenon is attributed to lengthened conjugation, indicating
the restoration of sp2 structure.? In Raman spectra, GO had G peak at 1350cm-1 and D peak at
1580cm-1 and the ratio of D to G increased as reduction (Figure 8c). This phenomenon could occur
when the average size of the sp2 domains decreases after reduction, indicating the size of newly
created domains after reduction are smaller than the size of GO before reduction.®* ® However,

further research with the change of 1o/l ratio is required because this is still controversial.”

XPS was used to analyze the GO and rGO using Al Ka source. Figure 3 presents the C1s XPS
spectra of GO and rGO with wide region and C1s region. The C/O ratio was remarkably increased and
additional N1s peak appeared after reduction (Figure 9a-b). The Cls XPS spectrum of GO (Figure
9c¢) indicated the degree of oxidation with four components which correspond to C atoms in different
functional groups. The non-oxygenated ring C=C appeared at 284.31eV, the C atom in C-O bond at
286.28EVv, the carbonyl C (C=0) at 288.09eV and the carboxylate carbon (HO-C=0) at 289.38eV. The
C1s XPS spectrum of rGO (Figure 9d) also had these same functional groups, but the peaks shifted a
little and the intensities were decreased. Unlike most of peaks, the peak at 284.21eV indicating the
C=C bond increased after reduction. And additional peak appeared at 285.48eV corresponding to the
C=N bond, which is caused by chemical reduction using hydrazine. Consequently, this result supports
the traditional research, indicating that hydrazine reduction is uneffective for removal of carboxyl
groups on GO* *> %% and has the n-doping effect®® #% because of additional peak related to C-N

after reduction.

17



3.2. Porous graphene induced by pH control

We explored a readily accessible and inexpensive approach for porous graphene structure using pH
control and lyophilisation. Graphene sheets were crumpled each other at low pH while they were
rolled up at high pH (Scheme 1).

Unlike GO sheets, it is hard to disperse rGO sheets in aqueous solution without any surfactant
because rGO sheets tend to agglomerate together with a decrease of functional groups. However, rGO
could be also dispersed well in aqueous solution at high pH since carboxylic groups at the edge of
rGO sheets remain even after reduction. Because reduction using hydrazine could not reduce the
carboxylic groups on GO sheets.®* In high pH solution, deprotonated carboxylic groups on rGO sheets
render that dispersable in agueous solution. Hence, rGO sheets were dispersed well at high pH, while

they were crumpled each other and formed hydrogel at low pH (Figure 10 a).

In addition, Zeta potential of rGO dispersion also shows this tendency, indicating the stability of
rGO dispersion is sensitive to pH change. GO sheets have lots of functional groups like epoxide,
hydroxyl group at the basal planes and carboxyl group at the edges, and these functional groups make
GO sheets suspensible in aqueous solution.* Most of functional groups are removed after chemical
reduction with hydrazine, but carboxyl groups are unlikely to be removed as mentioned above. So,
these remaining carboxyl groups at the edges of rGO sheets are important key to disperse rGO sheets
in aqueous solution.? Figure 10b shows that the Zeta potential of rGO depending on pH, and rGO
sheets at pH10 were most stable in solution with the highest Zeta potential. Carboxyl groups at the
edges of rGO sheets are deprotonated in high pH condition, which makes rGO sheets more negatively
charged and electrostatic repulsion among rGO sheets becomes stronger. As a result, rGO sheets could
be stable even after reduction. However, over pH10, the potential of rGO dispersion increased, which
means it is rather less stable. This decreased stability of rGO at pH above 10 results from the

compression of the double layer at high ionic strengths.®*

With this stability of rGO sheets in aqueous solution as varying pH value, several approaches were
used for synthesis of hydrogel. First, the hydrogel was formed by self-assembly after diffusion of few
acid drops into rGO dispersion. It takes from few days to a week depending on the amount of
hydrogel (WNH). Second, the hydrogel was generated by stirring after introducing few acid drops
into rGO dispersion. And the supernatant except for hydrogel was extracted by pipette (SPH). Third,
the hydrogel which was made by second approach was obtained after centrifuge to remove the

supernatant (SCH). The similar tendency was appeared as pH control in each approach (Figure 11).

In the case of WNH, hydrogel was spontaneously formed at low pH after several days, which it

took time to diffuse a drop of acid solution. Even though the SEM images present the tendency of
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rGO morphology as pH change (Figure 12a-f), this network in the hydrogel was easy to collapse and
there was a lack of reproducibility as well as the problem with salt generation. In comparison, it is
simple to stir the dispersion for the formation of hydrogel and extract the supernatant by pipette (SPH).
Moreover, this method also had a tendency of rGO morphology as pH change (Figure 13a-f). But,
this approach also had a problem with salts in result aerogel. Hence, we separated the supernatant
from hydrogel by centrifuge and followed by extraction (SCH). This method also presents the
tendency of rGO morphology as pH change (Figure 14a-f), indicating the rGO structure is irregularly
connected at low pH while the rGO sheets are rolled up at high pH, especially pH 10. And rGO
aerogel at pH12 was also out of tendency like the result of Zeta potential analysis. And the amount of

salts in the rGO aerogel was remarkably decreased when using centrifuge approach (Figure 15).

After formation of hydrogel, it was processed by lyophilisation. Figure 16 a-d presents SEM
images of the morphology difference between rGO structures at pH2 and pH10. The rGO sheets were
connected each other and then formed dendrite-like structure at pH2 (Figure 16 a-b). Meanwhile,
rGO sheets were rolled up and resulted in wire-like structure at pH10 (Figure 16 c-d). This tendency
is caused from the stability of rGO sheets in aqueous solution. The crumpled rGO at pH2 could be
formed before lyophilisation, and this structure remained even after lyophilisation. Whereas, it is
surmised that well-dispersed rGO sheets at pH10 have a tendency to be rolled up during freezing and
this rolled structure also remained after drying. This phenomenon might be affected by formation of
ice. Qiu et al. showed that the honey comb structure is formed in high concentrated rGO conditions
during lyophilisation, and they also explained that the rolled structure appeared in low concentrated
rGO conditions.” This phenomenon will be minutely discussed in next section. Additionally, Raman
spectra of every pH condition have D peak and G peak (Figure 17). As increasing pH, both D and G
peaks had a tendency to blue-shift a little, even though there was not any other noticeable Ip/lg ratio

change as varying pH.

Entirely, the formation of pH-dependent porous graphene structure is attributed to the chemistry of
modified graphene, indicating the residual functional group, carboxyl group, on rGO even after
reduction is crucial factor to control the porous graphene structure. As a result, this method could be
readily used without the critical conditions such as the use of templates and hydrothermal approach

contrary to other traditional researches which are mentioned above.
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3.3. Graphene nanoscroll induced by pH and reduction

3.3.1. Characteristics of GO depending on pH and reduction time

As discussed above, wire-like morphology of rGO was appeared at pH10 condition, and this
structure has been called graphene nanoscroll (GNS). In this section, we fabricate an interpretation of
the formation of GNS. We assumed that scrolled phenomenon is attributed to the change of chemistry
of modified graphene during pH control and reduction. So, rGO dispersion depending on reduction
time was used. Since rGO sheets tend to agglomerate during reduction procedure without the
procedure of pH adjustment into alkaline, it is hard to fabricate GNS with these crumpled rGO
sheets.” Thus, rGO dispersion we used was induced at pH10 before reduction for the stability in
aqueous solution. Given the possibility of chemistry change after pH adjustment from acid into
alkaline, pH control is also necessary to understand the mechanism of GNS formation. So, GO
dispersion with different pH, 3 and 10, were also used in this research. Figure 18 shows the color
change depending on pH and reduction time. The color of GO dispersion changed from yellow into
black, which means the reduction gradually processed. Unexpectedly, difference of pH also affected
the color change of GO dispersion.

The size of GO sheets used in this research was nearly 1um, which are characterized by AFM
(Figure 19). While GO sheets are isolated from each other, rGO sheets are partially overlapped as the
reduction progresses. This overlap is attributed to n-n interaction that arises from restoration of sp2
conjugation after reduction. The procedure of reduction could be also monitored through the UV-vis
spectroscopy. As shown in Figure 20, the peak of GO gradually redshifts from nearly 230nm to above
260nm as reduction goes on. This phenomenon is caused from lengthened conjugation, indicating the

restoration of sp2 structure? as mentioned in section 3.1.

Furthermore, XPS also shows the progress of reduction with different ratio of deconvoluted peaks
as reduction goes on (Figure 21). As explained above, we could monitor the gradually decreased
peaks with C-O, C=0, HO-C=0, while the peak of C-N appears as the reduction goes on. Overall,
C/O ratio is increased after control of pH and reduction time, which also demonstrates the restoration

of original sp2 conjugation.

Figure 22 represents Raman spectra of GO and rGO in each condition. Except the change of Ip/lg
ratio, any noticeable difference of each peak is absent (Figure 22a). The pH effect is also appears in

the Raman spectra, which Ip/lg ratio is decreased after adjusting the pH from 3 to 10 (Figure 22b).
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3.3.2. Morphology of graphene nanoscroll by control of pH and reduction

time

In the section 3.2.1, the characteristic of GO was affected by pH as well as reduction time. Even
though this phenomenon is still uncertain, we monitored the morphology change from this effect. To
investigate the procedure of GNS formation, three different methods were used (Scheme 2a). Method
1 is major approach for aerogel-type samples, while method 2 is for film-type samples. And method 3

is to confirm when GNS is formed.

Consequently, diverse morphologies of rGO were appeared, as shown in Scheme 2b-d. Scheme 2b
presents the morphology of GNS, and the film in Scheme 2c has no porous structure partially even
with GNS, while GNS which is unscrolled a little is appeared even after re-freezing in Scheme 2d.
Entire SEM analysis indicates that the film-type of GNS was not readily constructed contrary to
expectations, and it was surmised that GNS was formed during freezing process. To ensure this
assumption with formation of GNS, the morphology of rGO agglomeration which was appeared after
re-freezing was verified by SEM right after thawing process (Figure 23). Through this analysis, it
could be surmised that GNS are already formed during not lyophilisation, but freezing procedure.

To confirm the cause of this formation, the morphology of each rGO with different reduction time
and GO with different pH were also monitored. Unexpectedly, GNS are appeared in every rGO with
different reduction time and the morphology difference exists between GO in basic conditions and
acidic conditions (Figure 24). Unlike GO at pH10 has GNS, there crumpled structure in GO at pH3,
and GNS is also characterized by TEM (Figure 25).

Scheme 3 presents the mechanism of GNS formation during freezing process, and the morphology
in the different positions which are a wall of polypropylene tube and the boundary of ice crystals.
During freezing process, rGO sheets are stacked near the wall of tube which is hydrophobic, while
rGO sheets in the boundary of ice crystals are spontaneously scrolled to enhance the stability. Even
though Qiu et al. presented the cork-like graphene monolith using ice crystals as templates, our result
structure was not regularly connected each other. This result is attributed to different concentration
and size of GO. Since the concentration of their GO dispersion (5mg/ml) is 10 times of ours
(0.5mg/ml) and the difference of GO size also exists.” So, GNRs are shown in our case unlike their

case.

Once both ends of a rGO sheet start to overlap, formation of GNS is attributed to van der Waals

interaction.® And, Viculis et al. demonstrated graphene sheets scroll during sonication, which is
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induced by additional sonochemical energy.*® Hence, more certain evidences are needed to investigate
the formation of GNS. So, dynamic light scattering (DLS) was used to monitor the state of GO and
rGO sheets in dispersion. Figure 26 presents that the size of GO sheets are sharply decreased as
changing the condition of pH, while the size of rGO sheets have no remarkable change as reduction
goes on. It is surmised that rGO sheets are already scrolled from when pH is adjusted from 3 into 10
and GNS are more scrolled under van der Waals interaction as reduction progresses.

To obtain the additional evidence, the charge state in dispersion was monitored by Zeta potential
(Figure 27). However, each Zeta potential of dispersion with different conditions has no remarkable
change contrary to our expectation, all of dispersion shows highly negatively charged with below -
50mV. Generally, it is considered the dispersion is stable when the absolute value of Zeta potential is
larger than 30mV because of electrostatic repulsion.® This stable GO/rGO dispersion in every
condition is attributed to the small size of sheets. Inserted graph in Figure 27 could support this
phenomenon through the comparison between small (~1pm) and large (~10um) -sized sheets at
different pH. Unlike the case of small-sized sheets, Zeta potential of large-sized sheets depends on pH.
Cote et al. fabricated this size effect of chemically modified graphene which explains that smaller size

of GO sheets are more charged.

We did varied analysis to investigate the phenomenon of GNS formation, but the driving force for
spontaneously scrolling process is still unclear. But it is surmised that GNS is formed to minimize the
surface energy and this process was affected by pH control. Fan et al. demonstrated that GO could be
reduced under alkaline conditions, and they used NaOH which is strong alkali. Given their result, our
GO could also be reduced under alkaline conditions even though we used weak alkali, NH,OH.
Although this reduction procedure with pH control has abnormal analysis results, this mild reduction
could affect the chemistry of GO sheets. And consequently, the formation of GNS is caused by this

mild reduction.
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Scheme 1 Morphology and formation mechanism of porous graphene nanostructure depending on pH.
Most functional groups except for carboxyl groups on GO are reduced after hydrazine reduction, and
this residual functional groups are crucial factor for the formation of different morphology depending
on pH conditions.
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Figure 8 Analysis of chemically modified graphene. (a) AFM image of GO; the height and the width
of GO sheet is below 1nm and 1um, (b) UV-vis spectra of GO and rGO; red-shift appears after
reduction, (c) Raman spectra of GO and rGO with increased Ip/lg ratio.
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Figure 9 XPS spectra of GO and rGO. (a-b) wide region: C1s, Ols peaks commonly appear, and N1s
peak appear after reduction; (c-d) C1s region: Commonly 4 spectra related to graphitic C=C and
functional groups (C-O, C=0, HO-C=0) appear in GO and rGO. Especially in rGO, additional peak

with C-N appears.
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Figure 10 Change of rGO dispersion as pH conditions from 2 to 12. (a) Formation of agglomerate in
rGO dispersion below pH 10, (b) Zeta potential of rGO dispersion as different pH; The most charged
state is induced at pH 10.
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Figure 11 Photographs of rGO morphology change as varying pH (a) by stirring (SPH and SCH) after

a while, and (b) waiting for natural self-assembly (WNH) after near 1 week.
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Figure 12 SEM images of rGO aerogels synthesized by method (1) among the three different
approaches at each pH condition; rGO aerogels synthesized by pH control and a wait for natural self-
assembly for hydrogel (WNH) (pH2, 4, 6, 8, 10, 12 in alphabetical order; every scale bar: 50 pm);
The morphology of rGO aerogels depend on pH conditions, indicating the dendrite-like structure is
shown below pH 10, the wire-like structure appears at pH10, the structure above pH10 is out of

tendency.
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Figure 13 SEM images of rGO aerogels synthesized by method (2) among the three different
approaches at each pH condition; rGO aerogel synthesized by stirring and extracting the supernatant
by pipetting (SPH) (pH2, 4, 6, 8, 10, 12 in alphabetical order; every scale bar: 50 pm); The
morphology of rGO aerogels depend on pH conditions, indicating the dendrite-like structure is shown

below pH 10, the wire-like structure appears at pH10, the structure above pH10 is out of tendency.
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Figure 14 SEM images of rGO aerogels synthesized by method (3) among the three different
approaches at each pH condition; rGO aerogels synthesized by stirring and extracting the supernatant
by centrifuge for hydrogel (SCH) (pH2, 4, 6, 8, 10, 12 in alphabetical order; every scale bar: 50 pm);
The morphology of rGO aerogels depend on pH conditions, indicating the dendrite-like structure is
shown below pH 10, the wire-like structure appears at pH10, the structure above pH10 is out of

tendency.
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Figure 15 Effect of salts in each rGO aerogel synthesized by (a) approach with pH control by stirring
and separation by centrifuge (SCH), (b) approach with pH control by stirring and separation by
pipette (SPH), and (c) approach with pH control and a wait for natural self-assembly (WNH). The
salts noticeably appear in SPH and WNH, but hardly appear in SCH. The salts are pointed out with

yellow arrows.
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Figure 16 (a-d) SEM images of rGO aerogel induced by stirring and centrifuge (SCH); (a-b) dendrite-
like structure at pH2, (c-d) fiber-like structure at pH10.
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Figure 17 Raman spectra of rGO aerogels as changing pH; (a) D peak (~1345cm-1) and G peak
(~1585cm-1) are similarly shown in each pH conditions, (b) Ip/lg ratio and (c) position of both peaks

as changing pH conditions. Entire data is not distinct from each other.
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Figure 18 Color change from yellow to black as controlling pH and reduction time: From left, GO at
pH3, pH10, rGO at pH 10 after 0.25h reduction, 0.5h reduction, 1h reduction, 1.5h reduction, 2h
reduction. This is indicating the reduction is processed well.
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Figure 19 AFM images with (a) GO at pH3, (b) GO at pH10, and rGO after reduction with (c) 0.25h,
(d) 0.5h, (e) 1h, (f) 1.5h, (g) 2h. (Every scale bar: 1um) While GO sheets are isolated from each other
due to functional groups on basal plane such as hydroxyl and epoxy groups, rGO sheets are

overlapped because of reduction of functional groups on basal plane.

35



——GO_pH3

2.0
——GO_pH10 = H
- rGO_0.25h 3 1 I
3 rGO_0.5h < 154 .
« = 1
& rGO_1h o
8 rGO_1.5h £ 1
c ——1GO_2h S 1.04 °
® c
£ g
C 054 .
@
2 3z | -
< < pH12"__/"
X o0 e
pH3
L] L] L) L L] L] L] L] L] L) L)
200 300 400 500 600 225 230 235 240 245 250 255 260 265 270
Wavelength (nm) Wavelength (nm)

Figure 20 UV-vis absorption spectra of GO and rGO; (a) UV-vis spectra of each graphene derivative,
(b) Change of peak position after control of pH and reduction time. The peak of GO is red-shifted as
reduction goes on, but the peak with GO is rather a little blue-shifted after pH control from 3 to 10.
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Figure 21 XPS analysis with GO and rGO; (a-b) Deconvoluted XPS spectra of GO at (a) pH3, (b)
pH10; (c-g) Deconvoluted XPS spectra of rGO after (¢) 0.25h, (d) 0.5h, (e) 1h, (f) 1.5h, (g) 2h
reduction; (h) Change of C/O ratio as control of pH and reduction time; C/O ratio increases as

reduction is processed, and after changing pH from 3 to 10.
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Figure 22 Raman analysis of GO and rGO. (a) Raman spectra of each graphene derivative. (b) Ip/lg
ratio after change of pH and reduction time. The positions of D and G peaks at each pH conditions are
not differ from each other. While Ip/Ig ratio is increased as reduction is processed, it is decreased after
changing pH condition from 3 to 10.
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Scheme 2 Three approaches for synthesis of GNS; (a) Schematic of each procedure: In method 1,

frozen rGO dispersion is under lyophilisation. And rGO film is obtained through filtration of thawed
rGO dispersion including agglomeration in method 2. And thawed rGO dispersion is under re-freeze
procedure and followed by lyophilisation in method 3; (b-d) SEM images of (b) GNS induced by
method 1, (¢) a film including GNS induced by method 2, (d) GNS induced by method 3.
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Figure 23 Freezing-Thawing of GO and rGO. (a) Frozen rGO dispersion(left) and GO
dispersion(right), (b) thawed rGO dispersion with agglomeration(left) which has agglomeration, and

GO dispersion (right) which is completely re-dispersed, (¢) SEM image of thawed rGO agglomeration,
indicating scrolled structures are partially shown.
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Figure 24 SEM images of GO at (a) pH3, (b) pH10, and rGO at pH10 after (c) 0.25h, (d) 0.5h, () 1h,
(f) 1.5h, (9) 2h reduction: All of Scale bars are 10um. After changing pH condition, scrolled

morphology is shown in common.
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Figure 25 TEM images of GNS, showing the scrolled state in GNS. This GNS is obtained from rGO
aerogel at pH10 after 2h reduction.
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Scheme 3 Morphology and formation mechanism of GNS in polypropylene tube during
Lyophilisation (Every scale bar: 50um); While GNS is formed in the boundary of ice crystals, the
stacked thick rGO structure is formed near the wall of polypropylene tube.
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Figure 26 Dynamic light scattering (DLS) analysis of graphene derivatives: GO at (a) pH3, (b) pH10,
and rGO at pH10 after (c) 0.25h, (d) 0.5h, (e) 1h, (f) 1.5h, (g) 2h reduction. (h) Change of diameter as
variation in conditions with pH and reduction time. The size of GO or rGO sheets is remarkably

decreased after pH change from 3 to 10, while the size is similar to each other in the other conditions.
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4, Summary

In summary, porous graphene structures and GNS were induced by the control of pH conditions
using chemically modified graphene. Since GO and rGO have functional groups on the surface, they
are susceptible to pH conditions. While the functional groups on surface of graphene are deprotonated
in base condition, they are protonated in acidic condition. As a result, rGO sheets are crumpled at pH2
because of strong hydrophobicity and =-n interaction, whereas rGO sheets are scrolled at pH10
because of modified surface chemistry. Especially, this GNS is affected with pH condition, because
even GO sheet is also scrolled at pH10. It is surmised that this scrolling phenomenon is attributed to
the mild reduction with alkali, NH,OH. Consequently, this driving force for formation of GNS is also
related to surface chemistry of GO and rGO. Chemically modified graphene is scrolled to be stable
with low surface energy, which is associated with varied driving force such as van der Waals force, -

7t interaction, and hydrophobic/hydrophilic properties.
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