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Porous graphene nanostructures are of great interest for applications in catalysts and energy storage
devices. However, the fabrication of three-dimensional (3D) macroporous graphene nanostructures with
controlled morphology, porosity and surface area still presents significant challenges. Here we introduce
an ice-templated self-assembly approach for the integration of two-dimensional graphene nanosheets into
hierarchically porous graphene nanoscroll networks, where the morphology of porous structures can be
easily controlled by varying the pH conditions during the ice-templated self-assembly process. We show
that freeze-casting of reduced graphene oxide (rGO) solution results in the formation of 3D porous
graphene microfoams below pH 8 and hierarchically porous graphene nanoscroll networks at pH 10. In
addition, we demonstrate that graphene nanoscroll networks show promising electrocatalytic activity for

the oxygen reduction reaction (ORR).

Introduction

Graphenes have received great interest recently due to their
intriguing physical, chemical, and mechanical properties.® In
particular, three-dimensional (3D) porous graphene structures
have emerged as a key framework for applications in catalysts,” ®
sensors,>*! and energy storage devices.”*” However, integration
of two-dimensional (2D) graphene sheets into 3D porous
structures with controlled morphology, porosity and surface area
is a challenging task. Various strategies based on template-
induced assembly of graphene sheets into 3D porous structures
have been suggested. For example, colloid particles,'® °
bubbles,?® metal forms,?"22 CNTs,?* % and oil microdrops® have
been utilized as templates for the fabrication of porous graphene
structures. Although these template-based methods provided
efficient routes for the porous graphene structures, these methods
require additional template etching process in strong solvents or
acids, which may affects the final graphene surface chemistries
and makes the process complicated. Recently, hydrothermal self-
assembly of graphene oxide (GO) or reduced GO (rGO) into 3D
porous structures have been proposed as efficient template-less
routes for the fabrication of monolithic porous graphene
structures.’®*? In this approach, graphene hydrogel with 3D
porous structure is formed during the hydrothermal process and
the freeze-drying process is utilized for the transformation of
graphene hydrogel into aerogel by solvent sublimation. However,
the self-assembly of graphene has limitation in the formation of
tunable structures with various pore sizes and morphologies.
Freeze-casting or ice-templating strategy has attracted

so Subsequently accumulated between the

45 considerable attention as a versatile, environmentally benign, and

inexpensive method to crystallize suspensions of ceramic colloids,
polymers, and composite mixtures into a variety of 3D porous
structures.®*32 In this method, when a liquid suspension freezes,
the particles are rejected from the growing ice crystal and
ice crystals. This
segregation behavior increases the particle concentration and
promotes the interparticle interactions, resulting in the directed-
assembly of particles between the ice crystals. Subsequent high-
vacuum sublimation of ice crystal structure leads to the 3D

ss porous structure which is pre-defined by the morphology of ice

crystal. Recently, this technique is successfully exploited for the
formation of 3D carbon nanostructures including graphene and
carbon nanotubes.®** However, few reports have focused on the
controlled self-assembly of graphene during the ice-templating

e0 process although the unique 2D geometry and surface functional

groups of GO or rGO are expected to have a critical role in the
self-assembly of graphene when they are concentrated and
confined between the ice crystals. The shape or conformation of
single-atom-thick 2D graphene layer has been known to be

es Vulnerable to physicochemical environmental conditions (pH,

solvent, temperature, geometrical confinement, etc.), leading to
conformational changes including folding, bending, and scrolling
behaviors.®"*> Hence, the combination of graphene self-assembly
with the ice-templating process may provide a route for the

70 deterministic control of graphene morphology via simple, low-

cost, and large quantity solution process.

Here, we present a facile approach for the fabrication of
macroporous graphene nanoscrolls and graphene microfoams
using ice-segregation induced self-assembly of 2D rGO at
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different pH conditions during freeze-casting process. In this
method, freezing process increase the rGO concentration between
the ice crystals and provide the geometrical confinement for the
self-assembly of rGO. In addition, protonation and deprotonation
of carboxylic group at the edge of rGO at different pH conditions
is exploited to tune the electrostatic interactions. Therefore, the
highly concentrated rGO with controllable electrostatic
interactions leads to the unique self-assembly behavior of rGO.

GO rGo
N,oH,,
NH,OH
 ——
90 °C, 2h
I'coo\a /o\ Co0H 00'0\'\
OH Oy
AN
/
@ o graphene nanoscrolls

Figure 1. Ice-templated self-assembly of rGO sheets into hierarchically
porous graphene nanoscroll networks and microfoams depending on
pH values. Most of functional groups except for carboxyl groups on GO
are reduced after hydrazine reduction. Residual carboxyl groups are
critical factors for the formation of different morphology depending on
pH conditions. Freeze-casting of rGO results in the formation of graphene
nanoscrolls at pH 10 and graphene microfoams below pH 8.

Figure 1 shows the schematic procedure for the formation of
graphene nanoscrolls and microfoams. In this process, the
aqueous GO suspension is reduced with hydrazine, removing
hydroxyl and epoxide groups on the basal plane of GO. The
carboxylic groups at the edge of GO is maintained after the
reduction process since the hydrazine does not reduce the
carboxylic groups on GO sheets.*® The carboxylic group at the
edge of rGO is protonated below pH 8 and deprotonated at pH 10,
affecting the electrostatic interactions between the rGO sheets.
Then, freeze-casting of rGO solution results in the formation of
3D porous graphene foams below pH 8 and graphene nanoscrolls
at pH 10. We also demonstrate that the 3D rGO-based
nanostructures show promising electrocatalytic activity for the
oxygen reduction reaction (ORR).

Experimental
Synthesis of graphene oxide

Graphene oxide was prepared using modified hummers method.**
4 Briefly, graphite powder (SP-1, Bay Carbon), K,S,05 (Sigma
Aldrich), and P,0s (Sigma Aldrich) were added to concentrated
H,SO, solution (Sigma Aldrich). This solution was heated using
80 °C oil bath for 4.5 hours with vigorous stirring. Then, the
solution was carefully diluted with de-ionized (DI) water,
followed by vacuum filtration and additional DI washing to make
the pH of solution 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. Then, KMnQO,
(Sigma Aldrich) was slowly added to the solution under vigorous
stirring while maintaining the solution temperature below 20 °C,
and the solution was stirred at 36 °C for 2 hours. The mixture was
gradually diluted using DI water in an ice bath while maintaining
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the temperature below 50 °C. Next, the mixture was heated at 35
°C for 2 hours and diluted with copious amounts of DI water.
Subsequently, 30 % H,0, (Sigma Aldrich) was added to this
mixture, resulting in the color change into bright yellow with
violent bubbles. This mixture was stirred for 1 hour, centrifuged
for several times with 10 % HCI to remove residual salts, and
subjected to dialysis to adjust the acidity. Finally, the resulting
solution was concentrated, dried in vacuum oven at 30 °C, and re-
dispersed in DI water by sonication to achieve GO solution.

Synthesis of graphene nanoscrolls

Graphene oxide was reduced using hydrazine monohydrate (35
Wt% in water, Sigma Aldrich).® The obtained brown GO solution
was centrifuged with 4000 rpm for 10 min to remove any
unexfoliated graphite oxide. Then, hydrazine monohydrate and
ammonia solution (28 wt% in water) were added to the graphene
oxide solution (0.5 mg/ml), and the mixture was heated at 90 °C
for 2 hours. The color of solution changed from brown to black as
the reduction proceeded. After cooling to room temperature,
porous graphene nanoscrolls were fabricated using pH control
and freeze-casting process. For these processes, the rGO
dispersion was adjusted from pH 2 to pH 12 using HCI and
NH,OH solution, followed by centrifugation, supernatant
removal, and freezing with liquid nitrogen. Finally, the rGO
aerogel was achieved after lyophilisation for several days. The
rGO aerogel was further reduced by thermal annealing at 600 oC
for 1 hour in Ar atmosphere.

Characterization of GO and rGO

The morphology and thickness of graphene oxides was analyzed
using Atomic Force Microscope (AFM, Dimension 3000, Veeco,
USA). The chemical functional groups of GO and rGO were
analyzed using confocal Raman microscope (alpha 300R, WITec,
Germany), UV-vis Spectrophotometer (JASCO, Japan), X-ray
Photoelectron Spectroscopy (XPS, K-alpha, Thermo Fisher, UK).
The charge density of rGO solution was verified by zeta potential
measuring system (Nano ZS, Malvern, UK). The morphology of
porous graphene structure was characterized by field emission
scanning electron microscope (FE-SEM, S-4800, Hitachi, Japan)
and transmission electron microscope (TEM, JEM-2100, JEOL,
Japan). The textural properties of the samples were investigated
by nitrogen physisorption analyzer (BELSORP-MAX system,
BEL, Japan). Before measurements, the sample was evacuated
under vacuum (< 10°° Pa) at room temperature for 5 h. Total pore
volume was determined at the relative pressure of 0.98-0.99.
Specific surface area was calculated by Brunauer-Emmett-Teller
(BET) equation at the relative pressure range of 0.05-0.30.

Electrochemical Measurements

The electrochemical characterization was carried out using an
IviumStat electrochemical analyzer. The electrochemical
measurements were conducted at room temperature using a three-
compartment electrochemical cell. A graphite rod and Hg/HgO
were used as counter and reference electrodes, respectively. All
data were reported in the reversible hydrogen electrode (RHE)
potential scale. The calibration of Hg/HgO reference electrode
with respect to the RHE was carried out as follows. The Hg/HgO
and RHE (HydroFlex) were used as reference and working
electrodes, respectively, and immersed in Nj-saturated 0.1 M
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KOH (99.999%, Aldrich) for at least 30 min. Then, constant open
circuit potential (calibration value) was obtained. RHE calibration
of Ag/AgCI reference electrode was also conducted in the same
manner for comparison of ORR activity with previous reports
s (Table S2). The catalyst ink was prepared by sonication (30 min)
of mixture composed of 3 mg catalyst, 200 uL H,O, 60 pL
Nafion (5 wt% in isopropanol, Aldrich), and 940 uL ethanol
(99.9%, Samchun). The ink (3 puL) was coated on a glassy carbon
(GC) electrode (4 mm in diameter) in rotating disk electrode
10 (RDE), and dried by rotating the RDE at 700 rpm. The resulting
catalyst loading was 60 ug cm. The RDE was polished with 1.0
um and 0.3 um alumina suspension to generate mirror-like GC
surface.
Before the ORR activity measurement, the catalyst surface was
15 electrochemically cleaned by cycling potential in a range from
0.05 to 1.20 V (vs. RHE) for 50 times at a scan rate of 100 mV s
in Np-saturated 0.1 M KOH. Subsequently, cyclic voltammetry
(CV) curve was obtained in the same potential range, but with
different scan rate of 20 mV s™*. The ORR activity of the catalyst
20 Was measured in a potential profile (1.1 —» 0.2 —» 1.1 V (vs.
RHE)) at a scan rate of 5 mV s with O, gas bubbling, and with
electrode rotation speeds of 1600, 1225, 900, 625, and 400 rpm.
The cathodic and anodic currents were averaged for capacitive
current correction.*’ The kinetic current was calculated by using
25 the Koutecky-Levich equation.

1 1 1

i 0 g
Here, i, iy, and iy are the measured current, kinetic current, and
diffusion-limited current, respectively.*®

Results and Discussion
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Figure 2. AFM, UV-vis absorbance, and Raman scattering of GO and
rGO. (a) AFM image of GO; the thickness and width of GO sheet is ~1 nm
and below ~1 um, (b) UV-vis absorbance spectra of GO and rGO; red-shift

35 of absorbance spectra appears after the hydrazine reduction, (c) Raman
spectra of GO and rGO with increased Ip/ls ratio.

The AFM image of typical GO sheets shows the well-exfoliated
single-layer GO sheets with thickness of ~1 nm and the lateral
size below ~1 pum. (Figure 2a). The UV-vis absorption of GO
40 solution shows a peak at ~231 nm, which is attributed to the 7 —

7* transitions of aromatic C—C bonds, and also a shoulder peak at
~300 nm due to the n — z* transitions of C=0 bonds.* When
GO is reduced to rGO using hydrazine, the peak from aromatic
C—C bonds shows a red-shift from 231 nm to 270 nm (Figure 2b),

ss which is attributed to the restoration of z-electron conjugation.>
The structural change after the reduction of graphene is also
observed from Raman analysis. Raman spectrum of GO sheets
shows a G peak at 1594 cm™ and a D peak at 1353 cm™. These G
and D peaks are also observed in rGO, but shifted to 1600 cm™

s for G peak and 1349 cm™ for D peak. In addition, the ratio of D
to G peaks increased from 0.96 to 1.32 after the reduction process
(Figure 2c), which has been attributed to the decrease of average
size of sp? domain due to the increase of the number of small size
sp? domain after reduction. 5% We also observe 2D peaks of GO

ss and rGO at 2680 cm™, which are consistent with the 2D Raman
peak of single layer graphene sheet.*® %
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Figure 3. XPS spectra of GO and rGO. (a) and (b) wide region of XPS
spectra: Cls, Ols peaks commonly appear, and N1s peak appear after
60 the hydrazine reduction; (c) and (d) C1s region of XPS spectra: 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 due to the use of hydrazine during the reduction process.

Figure 3a and b presents survey XPS spectra of GO and rGO
es Sheets. After reduction, the C/O ratio was remarkably increased
due to the removal of oxygen containing functional groups. The
appearance of N1s peak after reduction (Figure 3b) can be
attributed to the nitrogen doping by hydrazine monohydrate
during reduction process.>” The C1s XPS spectrum of GO (Figure
3c¢) indicates the degree of oxidation with four components which
correspond to C atoms in different functional groups; the non-
oxygenated ring C=C at 284.3 eV, the C atom in C-O bond at
286.3 eV, the carbonyl C (C=0) at 288.1 eV, and the carboxylate
carbon (HO-C=0) at 289.4 eV. The Cls XPS spectrum of rGO
(Figure 3d) showed the similar functional groups, but with
decreased intensities and shifted peak positions in the oxygen-
containing groups. On the other hand, the increase of C=C bond
peak and the appearance of additional C=N bond peak after the
reduction process indicate that hydrazine reduction causes the
restoration of sp? networks on the basal plane and the formation
of pyrazole (CsH;N,H) which induces the nitrogen-doping.®” The
above XPS analysis indicates that most of oxygen-containing
functional groups are removed, resulting in the increase of sp?
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networks in the basal plane of rGO. These changes of chemical
functionalities decrease the stability of rGO sheets in aqueous
solution, increasing the tendency of agglomeration of rGO sheets
with each other. However, rGO could be well dispersed in high
pH solution since carboxylic groups at the edge of rGO sheets
can be deprotonated to provide repulsive charges. It has been
reported that the hydrazine could not reduce the carboxylic
groups at the edge of GO sheets.*?
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Figure 4. Stability of rGO solution depending on the pH conditions.
Change of rGO dispersion as pH conditions change from 2 to 12. (a) rGO
aggregates are precipitated for solution pH below 8. Stable rGO solution
is observed for solution pH over 10. (b) Zeta potential analysis of rGO
dispersion at different pH values; rGO solution at pH 10 shows the largest

15 charge density.

a

The stability of rGO solution at different pH values can be
analyzed via zeta potential measurements of rGO dispersion
(Figure 4). GO sheets have a rich variety of functional groups like

epoxide, hydroxyl groups on the basal planes and carboxylic
20 groups at the edges, resulting in stable dispersion of aqueous GO
solution.*® Most of functional groups are removed after chemical
reduction with hydrazine, but carboxyl groups are unlikely to be
removed as can be seen in Figure 3. The remaining carboxyl
groups at the edges of rGO sheets are critical to disperse rGO
sheets in high pH solution (Figure 4a).“® Figure 4b shows zeta
potential values of rGO depending on pH of solution. The zeta
potential decreases with the increase of the pH values due to the
charge build-up caused by the ionization of carboxylic groups at
the edge of rGO. The charge density of rGO sheets decreased
30 with the increase of pH values and was the highest (-52 mV) at
pH 10. Carboxyl groups at the edges of rGO sheets are
deprotonated at high pH values, resulting in more negatively
charged rGO sheets and stronger electrostatic repulsion between
rGO sheets. As a result, rGO sheets with high charge density
could be stable inside the aqueous solution even after reduction.
However, when the pH value is 12, the zeta potential of rGO
dispersion increased, decreasing the stability of rGO solution.
This decreased stability of rGO solution at pH 12 can be
attributed to the compression of the double layer at high ionic
w0 strengths.*® Since the rGO dispersion is not stable when the zeta

potential is higher than -30 mV, the rGO solution shows

aggregated behavior for pH values below pH 8.

2

a1

3

a

Figure 5. SEM images of different morphologies of porous rGO structures. Porous rGO structures are fabricated by ice-templated self-assembly of rGO
45 sheets at different pH values.(a)-(f) pH values of 2, 4, 6, 8, 10, and 12 in alphabetical order. The morphology of porous rGO structures depend on pH
conditions with dendrite-like microfoams below pH 8 and wire-like nanoscrolls at pH 10. (g) and (h) high-resolution SEM images of porous rGO structures
formed at pH 2 and 10.
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Figure 5 presents SEM images of self-assembled rGO
architectures after freeze-casting of rGO solution at different pH
conditions. When the pH of rGO solution is below 8, 2D rGO
sheets are aggregated into stacked layers which are connected
with each other, resulting in the formation of porous rGO
microfoams (Figure 5a-d, g). On the other hand, rGO sheets were
self-assembled into wire-like graphene nanoscrolls forming
macroporous networks at pH 10 condition (Figure 5e, h). When
the pH value is 12, rGO sheets are stacked into thick multilayers
without porous structures (Figure 5f). These different
morphologies of rGO sheets after freeze-casting of rGO solution
at different pH conditions can be attributed to the stability of rGO
sheets in aqueous solution at different pH values when they are
physically confined between the growing ice crystals.

At low pH, carboxylic groups at the edge of rGO sheets are
protonated, resulting in the decrease of electrostatic repulsions
and the increase of van der Waals or z-n interactions between
rGO sheets,® which induce stacking of rGO sheets into thick
multilayer sheets. The stacking of rGO sheets leads to the
precipitation of rGO sheets at low pH condition (Figure 4a). The
subsequent freeze-casting process results in the formation of
porous structures of stacked rGO sheets, where the microscale
pore diameter is determined by the size of ice crystals. The ice
crystal-induced formation of microscale (5-15 um) pores can be
also observed for high density GO solution when they go through
a freeze-casting process (Figure S1), where microscale
honeycomb structures of GO sheets are formed, which has been
attributed to the formation of ice crystals during the freeze-
casting process in the previous report.®® At pH 10 condition,
carboxylic groups at the edge of rGO sheets are deprotonated and
charged, leading to the electrostatic repulsions between rGO
sheets and the well-dispersed rGO solution. As contrary to the
stacked rGO sheets at low pH, well-dispersed single-layer rGO
sheets at pH 10 have a tendency to be rolled up into graphene
nanoscrolls during the freeze-casting process, which results in the
network formation of graphene nanoscrolls.

The mechanism for the formation of graphene nanoscrolls can
be explained as follows. During the freeze-casting process, the
growing ice-crystal drives the transport and removal of water
stabilizing the deprotonated rGO, resulting in the increase of
surface stress of rGO sheet. Then, the destabilized rGO tends to
undergo conformational change into more stable forms by
twisting, bending, and rolling. When one part of basal plane
overlaps another part of basal plane within the rGO during the
conformational change, the m-n interaction between basal planes
of rGO decreases the surface stress and stabilizes the rGO.*

Figure 6a shows the schematic representation of the formation
mechanism of graphene nanoscrolls. The conformational change
of rGO sheets into nanoscrolls via twisting, bending, and rolling
resulted in crumpled nanoscrolls, as can be seen in Figure 6b-d
with SEM and TEM images. The crumpled nanoscrolls are more
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clearly observed when large size rGO (~4 pum) sheets are used in
the formation of graphene nanoscrolls (Figure S4) because the
low bending rigidity of large size rGO sheets facilitates the
conformational change of rGO sheets. The nanoscroll formation
is spontaneous. The freeze-casting process at lower growth rate of
ice crystals did not result in the formation of graphene
nanoscrolls. As can be seen in Figure S2, stacked multilayer
graphene sheets were observed when we slowly freeze the rGO
solution in the refrigerator and freeze-drying. The freeze-casting
of GO solution at different pH conditions resulted in various
morphologies different from those of rGO architectures. As can
be seen in Figure S3, at low pH, GO crumpled into micrometer
scale particles without stacking together. At pH 10, GO tends to
form mostly twisted and self-folded structures with only small
portions of rolled structures. The morphologies of GO different
from rGO structures can be attributed to the lower =n-m
interactions between GO sheets compared to the rGO.

a)

Destabilize Stabilize

water removal n-minteraction

by ice growth

Figure 6. Formation of graphene nanoscrolls. (a) Formation mechanism
of rGO nanoscrolls during the ice-templated self-assembly process; the st
abilized rGO at pH 10 become destabilized by the water removal surroun
ding the rGO sheets during the freeze-casting process, resulting in graphe
ne bending and folding, and finally nanoscrolls which are stabilized by -
1t interactions. (b) SEM and (c), (d) TEM images of graphene nanoscrolls..

The porous and textural properties of the 3D nanostructures
assembled from GO and rGO at pH 6 and 10 were analyzed by
nitrogen adsorption-desorption isotherms (Figure 7). The all four
isotherms showed a nitrogen uptake at high relative pressure
above 0.9. In particular, rGO-driven nanoscrolls assembled at pH
10 (rGO-pH10) featured fairly pronounced uptake of nitrogen in
the relative pressure range of 0.9~1.0 of the isotherm. This
indicates that the rGO-pH10 sample has considerable amount of
macropores contained within nanoscroll structures. In contrast,
the GO-pH10 sample showed relatively small nitrogen uptake,
compared to the rGO-pH10, as it has only small portion of rolled
structure (Figure S3e). The four samples had BET surface areas
in the range of 50 to 110 m? g?, with the rGO-pH10 sample

This journal is © The Royal Society of Chemistry [year]
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exhibiting the highest area of 110 m? g (Table S1). Although

these values of surface areas are lower than those of rGO films or

aerogels, the ORR activity exhibited superior or comparable

results,®® ¢ indicating the critical role of rGO nanoscrolls in the
s electrocatalytic activity.

Amount Adsorbed (cm® (STP) g™)

rGO-pH10
100+ - e
0+
00 02 04 06 08 10
Relative Pressure (p / p,)
Figure 7. Nitrogen adsorption-desorption isotherms. Nitrogen

physisorption isotherms of the samples obtained at 77 K. The isotherms
of the rGO-pH6, GO-pH10, and GO-pH6 were offset by 200, 280, and 310
cm? g'l, respectively.

The electrochemical property and ORR activity of the
graphene nanostructures were investigated in an alkaline solution
(0.1 M KOH) using RDE. Figure 8a shows cyclic voltammetry
(CV) curve of the samples measured in N,-saturated 0.1 M KOH

15 at a potential scan rate of 20 mV s, The CV curves clearly reveal

2

2

that the rGO samples exhibit higher current densities than the GO
samples, indicating that the rGO-driven nanostructures have
relatively higher portion of electrochemically active areas. To
compare the ORR activity of the samples, CV measurement was
conducted in O,-saturated electrolyte with RDE rotation of 1600
rpm (Figure 8b). Polarization curves in Figure 8b were obtained
after averaging cathodic and anodic currents for capacitive-
current correction. The rGO samples have higher onset potential
around 0.82 V (vs. RHE) and diffusion-limited current than the
GO samples. This trend of activity order was in accordance with
active areas obtained with CVs (Figure 8a). Specifically, GO-pH6
and rGO-pH10 have better ORR activity than GO-pH10 and
rGO-pH®6, respectively, and this can be attributed to higher BET
surface area (Table S1).
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Figure 8. Electrochemical analyses. (a) Cyclic voltammetry (CV) curve of
the samples measured in N,-saturated 0.1 M KOH at a scan rate of 20 mV
s (b) Polarization curves of the samples after averaging cathodic and
anodic currents of CV data obtained in O,-saturated electrolyte at a scan
rate of 5 mV s™ and RDE rotation speed of 1600 rpm.
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samples results from chemical and thermal removal of oxygen-
functional groups located on the GO sheets which hamper
electrical conduction, leading to recovery of C-C sp? network and
electron conductivity. Furthermore, the use of hydrazine and
ammonium hydroxide and subsequent thermal annealing rendered
the formation of nitrogen groups on the rGO samples, which
could further enhance their activity towards the ORR. We point
out that the ORR activity of the rGO-pH10 is superior to or on a
par with those of previously reported N-doped graphene
nanostructures (Table S2). The high ORR activity of the rGO-
pH10 could be in part due to the twisted, bent, and rolled surface
of the rGO-pH10, which possibly has higher strain compared to
the smooth counterpart, facilitating O-O bond activation and
enhance ORR kinetics.

Conclusions

In conclusion, we employed an ice-templating approach for the
pH-tunable self-assembly of 2D graphene sheets into 3D
macroporous graphene nanoscroll networks. During the freeze-
casting of graphene solution, the geometrical confinement by the
growing ice crystal and the intermolecular interactions depending
on pH conditions allowed the easy control of morphology and
surface area of porous graphene nanostructures. This approach
does not require any traditional sacrificial templates for the
formation of 3D porous structures, thus simplifying the
fabrication process without the need of complicated template
etching step in strong solvents and acids. Although this approach
has been applied only to graphene in this study, it can be
potentially expanded to other nanotubes and nanoparticles for
their pH-tunable self-assembly into controlled porous
nanostructures. The 3D macroporous graphene nanoscroll
networks with enhanced catalytic activity compared to graphene
microfoams may find numerous applications in catalysts, sensors,
and energy storage devices
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