$CARBON, ,

Original Articles
Carbon Letters Vol. 18, 24-29 (2016)

Sorption behavior of slightly reduced, three-dimensionally
macroporous graphene oxides for physical loading of oils
and organic solvents

Ho Seok Park"* and Sung Oong Kang’

!School of Chemical Engineering, Sungkyunkwan University (SKKU), Suwon 16419, Korea
“Department of Chemical Engineering, College of Engineering, Kyung Hee University, Youngin 17104, Korea

Article Info

Received 5 January 2016
Accepted 25 February 2016

*Corresponding Author
E-mail: phs0727@skku.edu
Tel: +82-31-290-4715

DOI: http://dx.doi.org/
10.5714/CL.2016.18.024

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License
(http://creativecommons.org/licenses/
by-nc/3.0/) which permits unrestricted
non-commercial use, distribution, and
reproduction in any medium, provided
the original work is properly cited.

CARBON,

http://carbonlett.org

pISSN: 1976-4251
elSSN: 2233-4998

Copyright © Korean Carbon Society

Abstract

High pollutant-loading capacities (up to 319 times its own weight) are achieved by three-
dimensional (3D) macroporous, slightly reduced graphene oxide (srGO) sorbents, which are
prepared through ice-templating and consecutive thermal reduction. The reduction of the
srGO is readily controlled by heating time under a mild condition (at 1 10~ Torr and 200°C).
The saturated sorption capacity of the hydrophilic srGO sorbent (thermally reduced for 1 h)
could not be improved further even though the samples were reduced for 10 h to achieve
the hydrophobic surface. The large meso- and macroporosity of the srGO sorbent, which is
achieved by removing the residual water and the hydroxyl groups, is crucial for achieving
the enhanced capacity. In particular, a systematic study on absorption parameters indicates
that the open porosity of the 3D srGO sorbents significantly contributes to the physical load-
ing of oils and organic solvents on the hydrophilic surface. Therefore, this study provides
insight into the absorption behavior of highly macroporous graphene-based macrostructures
and hence paves the way to development of promising next-generation sorbents for removal
of oils and organic solvent pollutants.
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1. Introduction

Recently, porous carbon-based macrostructures consisting of low-dimensional carbon
nanomaterials, such as one-dimensional carbon nanotubes and two-dimensional (2D) gra-
phene sheets, have been intensively developed as next-generation pollutant sorbents that
can replace the conventional absorbent materials [1-7]. The eminent absorption properties
of these nano carbon-based sorbents (e.g., high loading capacities, rapid absorption rates,
robust recyclability, and high selectivity) mainly stem from their extensive specific surface
area (SSA) and intrinsic hydrophobicity [8,9]. In particular, three-dimensional (3D) gra-
phene-based architectures constructed upon 2D graphene nanosheets offer great potential
for efficient, ultralight, low-cost, environmentally benign, and mass-producible pollutant
sorbents [3-5]. The promising features of the 3D graphene macrostructures, which include
fast mass-transport kinetics, highly accessible surface area, and good chemical and mechani-
cal stability, are based on a synergistic combination of internetworked macropores with the
intriguing chemical, physical and textural properties of individual graphene sheets [3,4,6].
Three-dimensional macroscopic scaffolds assembled into highly macroporous N-doped
graphene foams, prepared through a high-temperature process, demonstrated outstanding
pollutant-absorbing properties [2]. However, this high-temperature process is undesirable
for cost-effective mass-production because of its large consumption of energy and time.
Besides, a too fast heating rate can seriously damage the microstructure of the resulting
products. Alternatively, chemical and/or low-temperature thermal approaches have been em-
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ployed to produce porous graphene-based materials on a large
scale [3-6,10-12].

A systematic study of absorption parameters provides a de-
sign guideline of micro/macroscopic structures for advanced
sorbents and thus, significantly contributes to optimizing their
absorption performance. However, the sorption parameters are
complicated by the physicochemical properties of absorbents
and absorbates. These include the surface properties of absor-
bents (surface functional groups and hydrophobicity), textural
properties of absorbents (from meso- to macropores and bulk
densities), and physicochemical properties and chemical struc-
tures of absorbates (density, viscosity, and surface tension).
Accordingly, the key parameters determining the absorption
behavior of 3D graphene-based absorbents have not been fully
specified.

Here, we demonstrate highly macroporous, slightly reduced
graphene oxide (stGO) sorbents, and present results from a sys-
tematic investigation into the effects of specific parameters on
their capabilities for absorption of oils and organic solvents.
The 3D macroporous architectures were first assembled using
an ice-templating process for graphene oxide (GO) dispersion
and then, slight reduction as a function of incremental reduc-
tion time, produced 3D macroporous srGO-based sorbents with
a light bulk density. A series of absorption parameters such as
a SSA, a bulk density, hydrophobicity, and chemical structures
were coupled together and thus, controlled by reduction time to
understand the absorbing capability of 3D srGO-based sorbents.
The parameters deterministic for the high absorption capacity
(up to 319 times its own weight) were found to be the open po-
rosity of the hydrophilic srGO materials, and a carbon-to-oxy-
gen ratio (C/O ratio) slightly higher than ‘4’.

2. Experimental
2, 1. Chemicals

A GO dispersion with a concentration of 2 wt% was pur-
chased from Angstron Materials Inc. (Dayton, OH, USA). The
chemical reagents hypophosphorous acid (H;PO,) and iodine
(I,) were obtained from Sigma-Aldrich Chemical Co. (Darm-
stadt, Germany). All chemicals were used without further pu-
rification.

2.2. Preparation of rGO-based sorbents

In order to prepare the 3D GO scaffolds, a GO dispersion
with a concentration of 5 mg/mL (Angstron Materials Inc.) was
immersed in a dry ice bath containing liquid nitrogen for 30 min
to freeze the dispersion; then the ice was sublimated by freeze
drying. The as-prepared GO scaffolds were placed in a pre-heat-
ed standard vacuum oven. After an oven vacuum of 1 x 107
Torr was achieved, the samples were reduced at the pre-heated
temperature of 200°C for 15 or 30 min, and then again for 1, 2,
3,6,0r 10 h.

The 3D macroporous srGO sorbents were produced via the
chemical reduction of GO dispersion using a hypophosphorous
acid (H;PO,)-iodine (I,) mixture [12]. In brief, a GO suspen-
sion (5 mg/mL) prepared from a commercial GO dispersion was
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mixed with a certain amount of H;PO, and I,, where the weight
ratio of the precursors was controlled (1:100:10). The reduction
process was conducted at 80°C for 12 h and the product was
rinsed with ethanol and distilled water until the pH reached 7
and then freeze-dried to obtain the 3D macroporous rGOs.

2.3. Characterization of the rGO macrostruc-
tures

The morphologies of the rGO sorbents were observed
using scanning electron microscope (LEO SUPRA 55; Carl
Zeiss, Germany) and transmission electron microscopy (TEM;
JEM-3011, JEOL, Japan). Their chemical compositions were
analyzed using X-ray photoelectron spectrometry (XPS; AXIS
Ultra DLD, Kratos, Inc., England)). Fourier transform infrared
(FT-IR) spectra of all samples were recorded in the attenuated
total reflectance (ATR) mode in the frequency range 4000—
650 cm™ on a Nicolet 6700 instrument (Thermo Scientific,
USA). The spectrum was recorded as the average of 32 scans
with the resolution of 8 cm™. The textural properties of the
rGO macrostructures were characterized by means of an N,
adsorption-desorption experiment using a surface area and pore
size analyzer (BELSORP mini2, Japan). For this, the SSA and
the pore size distribution could be determined from the linear
part of the Brunauer-Emmet-Teller (BET) equation and the
adsorption isotherm based on the Barrett-Joyner-Halenda (BHJ)
method. The thermal gravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) measurements were conduct-
ed at 5°C/min in a temperature range of 25°C-1000°C (TGA)
and 25°C—400°C (DSC) using a Dupont 2200 thermal analysis
station.

2.4. Absorption capacities

Absorption capacities of the srGO-based sorbents were eval-
uated for a series of commercial oils and organic solvents, de-
fined as;

k= (M~ M)/M)) )]
where M and M; are the mass of absorbents before and after
absorption, respectively.

3. Results and Discussion

3.1. Absorption capacities of 3D macroporous
srGO-based sorbents

Fig. 1 displays the absorption capacities of samples as a func-
tion of reduction period from 0 h (i.e., GO) to 10 h. The absorp-
tion capacities of the 3D srGO-based sorbents were measured
in a range from 319x (chloroform) to 179% (acetone) their own
weights. Despite the low-temperature reduction process used
here, these absorption capacities for oils and organic solvents
are considerably higher than those in various carbon-based 3D
architectures [1-3,5-7], except for the high-temperature-pro-
cessed ultralight N-doped graphene frameworks [4]. Differently
from the previous studies on the carbon-based sorbents with the
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Fig. 1. Absorption isotherms as a function of reduction time for (a) chloroform, chlorobenzene, diesel oil, and acetone; (b) pump oil, toluene, and ethanol.
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Fig. 2. X-ray photoelectron spectrometry spectra and deconvolution of C 1 s of (a) GO and (b) the sample thermally reduced for 10 h, (c) a plot of C/O
ratio as a function of reduction time. GO, graphene oxide; C/O ratio, carbon-to-oxygen ratio.

maximum absorption values, the absorption capacities of our
samples gradually increased with extension of reduction time up
to 1 h, and thereafter became saturated at specific values. Such
saturation of absorption capacities, which were confirmed using
ten samples from different batches, indicates reproducible and
reliable absorption performance in cryo-structured, low-temper-
ature-processed macroscopic sorbents.

3.2. Surface chemistry of 3D macroporous
srGO-based sorbents

The freeze-casting of unreduced GO dispersion resulted
in randomly oriented 3D networks framed with few-layered
GO sheets. The resulting samples retained the inherent mac-
roporous structure of 3D interconnected networks after ther-
mal reduction for 10 h (Fig. S1). The degree of reduction of
the GO, and variations in the chemical structures of samples
during the reduction process, were characterized using XPS
measurement. As shown in the C 1 s spectra (Fig. 2a), GO
presents four carbon atomic components with a considerable
degree of oxidation (sp* hybridized carbon, 284.5 eV; the C
in C-O bond, 286.3 eV; the carbonyl C in C=0 bond, 287.5
eV; and the carboxylate C in O-C=0 bond, 289.1 e¢V) [10,13].
By prolonging the heating time to 10 h, the degree of oxida-
tion gradually decreases, increasing the C/O ratio from 2.22
(of GO) to 4.92 for the thermally reduced sample. This is
indicative of a slight reduction of GO (Fig. 2b and Fig. S2).
Variations in the chemical compositions during the reduction
of GO have been known to arise from the de-oxygenation of
oxygen-containing functional groups, concomitant with the

DOI: http://dx.doi.org/10.5714/CL.2016.18.024

26

restoration of conjugated structures. As reported in previous
work on the thermal decomposition of oxygen-functionalized
groups, the hydroxyl groups on a basal plane of GO were ex-
pected to be predominantly eliminated during the reduction,
as was verified by the FT-IR spectra(Fig. S3). These hydroxyl
groups are predominantly removed at the initial stage of ther-
mal reduction because the binding energy of hydroxyl groups
to the carbon atoms has been reported to be much lower than
for other oxygen-functional groups [14-17]. The C/O ratios
of the thermally reduced samples as a function of reduction
time (Fig. 2¢) are slightly higher than the typical C/O ratio of
GO (<4 for an empirical definition of GO); however, they are
considerably lower than those prepared by other reduction
methods [10,17-20]. Considering that the saturated absorp-
tion values of the thermally reduced samples (for the heating
time of 1 h) were observed at the C/O ratio of 4.32, it is worth
noting that the removal of hydroxyl groups on the slightly
reduced GO sorbents is critical for achieving their maximum
capacities, which is greater than those of other carbon-based
macrostructures [1-3,5-7].

The degree of reduction described by the C/O ratio also in-
fluences the hydrophobicity of srGO-based macrostructures.
The hydrophobicity is a parameter that influences the absorp-
tion capability for oils and organic solvents [2,21,22]. The
hydrophobicity can originate from the combination effect
of a bulk porous structure (macroscopic voids), micro and/
or nano-textured surfaces (micro/nano-roughness and voids),
and intrinsic hydrophobic surface properties [23]. Because
the ice-templating approach produces highly macroporous
structures pre-framed by the thin walls of few-layered GO
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Fig. 3. Transmission electron microscopy images of (a) graphene oxide
(GO), and the thermally reduced samples treated for (b) 30 min, (c) 1 h, (d)
3 h,(e) 6 h,and (f) 10 h (all scale bars are 200 nm).
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Fig. 4, Optical images of contact angles of a water droplet on the sam-
ples thermally reduced for (a) 30 min, (b) 1 h, (c) 3 h, (d) 6 h,and (e) 10 h.

sheets prior to their reduction, the differences in the hydro-
phobic properties of samples are associated with the textured
surfaces and the hydrophobic surface property. The vacuum-
assisted thermal reduction induces a wrinkling of the surface
as well as decomposition of oxygen-containing groups on the
basal plane in GO. This results in roughening of the surface
texture to increase hydrophobicity, as observed from TEM
images in Fig. 3 [11,18]. Nonetheless, the srGO sample ther-
mally reduced for 6 h is still hydrophilic, as demonstrated by
the water-drop contact angle of 67.68° in Fig. 4. By extend-
ing the heating time to 10 h, a hydrophobic surface with a
contact angle of 107.86° could be obtained due to the decom-
position of oxygen-containing groups. Here, it should be not-
ed that the saturated absorption capacity of the hydrophilic
srGO sample (thermally reduced for 1 h) could not be further
enhanced, even though the samples were reduced for 10 h
to achieve the hydrophobic surface. Accordingly, the absorp-
tion capacities of the hydrophilic stGO-based sorbents are
comparable with those of their hydrophobic counterparts, as
long as the residual water and surface hydroxyl groups are
eliminated.

3.3. Textural properties of 3D macroporous
srGO-based sorbents

The textural properties of porous carbons such as SSA
and pore volumes, which are usually measured by the N, gas
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Table 1. Textural properties and bulk densities of samples as a
function of reduction time

Sample SSA(mYg) ¥ Ozzrfl%lg”)me Bﬁg‘;:ﬁlii)ty
GO 24.42 0.0865 4.89

30 min 112.46 0.2008 341
1h 144.02 0.3204 3.02
3h 121.15 0.3152 2.86
6h 94.30 0.2727 2.91
10h 108.97 0.3124 2.94

SSA, specific surface area; GO, graphene oxide.

adsorption-desorption experiment and analyzed by the BET
equation and the BHJ method, have been used to describe the
absorption capture of oils and organic solvents. However, the
contribution of SSA to the absorption capabilities in the 3D
carbon-based architectures appears to be controversial. This
is because the conventional SSA measurement using the N,
adsorption isotherm is merely useful for evaluating micro- or
mesopores smaller than 50 nm. In this work, the SSA values
of the samples as a function of reduction period, is also in-
sufficient to plausibly explain the sorption saturation obtained
from the sample thermally reduced for 1 h (it had the high-
est SSA of 144 m?g ") (Table 1 and Fig. S4). The decrease of
SSA from the samples reduced for 6 h is understood to be re-
lated to the partial overlapping and coalescence of srGO sheets
[24]. Because the 3D macroporous stGO macrostructures are
framed within sparse networks of thin, few-layered GO sheets
by the ice-templating assembly, the relatively low SSA values
of the samples are attributed to the high porosity contribut-
ed by macropores between the thin GO walls. Moreover, the
mesopores of stGO sorbents originated from the exfoliation of
few-layered GO sheets induced by the evolution of gas species
from the decomposition of oxygen-functional groups and phy-
sisorbed water [5,11,18]. Bulk density can be correlated with
the macroporosity and thus, the low bulk density of porous
materials with the small volume of mesopores is indicative of
the large macropore volume (Table 1). The variations in the
bulk densities of samples are attributed to the loss of residual
water and the pyrolysis of the oxygen functionalities generat-
ing the gas species (CO and CO,). As confirmed by TGA and
DSC (Fig. 5a), thermally unstable GO is observed to lose up to
26% of its mass as the temperature approaches 184°C due to
the vaporization of residual water physisorbed onto its surfaces
and intersheets. When the heating temperature reaches 184°C,
there is a dramatic loss of mass (43%) corresponding to the de-
composition of oxygen-containing groups. Such a sharp mass
loss at the onset temperature can be accompanied by a strong
exothermic DSC peak. Because the 3D macroporous structures
are pre-framed with the thin few-layered GO sheets through
the ice-templating step prior to the post-heating step, the 1-h
reduction process is thought to be long enough to open most of
the mesopores of the srGO by removing the residual water and
the oxygen-functional groups (mainly the hydroxyl groups).
It is also noteworthy that the saturated sorption values for oils

http://carbonlett.org



Carbon Letters Vol. 18, 24-29 (2016)

100
9 80 + DSC
2
£ 60
=)
(0}
= 40} TGA
20+
100 200 300

Temperature (°C)

Hear flow (mW)

~~
<

S (&)

Bulk density (mg/cms)

L

0o 2 4 6 8 10
Reduction time (h)

Fig. 5. (a) TGA/DSC data of graphene oxide, (b) Plot of bulk densities of samples as a function of reduction time. TGA, thermal gravimetric analysis; DSC,

differential scanning calorimetry.

and organic solvents are consistent with the steady values in
the bulk densities of samples plotted versus the reduction time
(Fig. 5b).

3.4. Sorption parameters of 3D macroporous
srGO-based sorbents

Based on the results mentioned above, the absorption pa-
rameters (e.g., reduction degree, hydrophilicity, SSA, and
macroporosity) were found to play key roles in determining
the absorption capabilities of the 3D macroporous srGO-
based sorbents for removal of oils and organic solvents. In
particular, the srGO sorbents, which were prepared through
the vacuum-assisted thermal reduction for 1 h, showed satu-
ration, where the absorption capacity was not increased by
a longer reduction time. This finding indicates that the large
mesoporosity of the srGO sorbents, of which the pores were
opened by removing the residual water and the hydroxyl
groups, as well as the hydrophobicity and C/O ratio, are cru-
cial for achieving maximum capacity. The slight reduction
that occurs under vacuum for 1 h is sufficient to create the full
mesoporosity of the srGO (as shown in the largest SSA and
pore volume), and moderate macroporosity comparable to
that of the srGO thermally reduced for 10 h (as demonstrated
by the steady value of the bulk density). In order to verify the
importance of the macroporosity, we measured the absorption
capacities of chemically reduced 3D rGO with a relatively
higher value of SSA (289 m?g™"), C/O ratio of 8.46, and the
bulk density of 18 mg/cm3(Fig. S5) [12]. As expected, the
chemically reduced 3D rGO showed relatively lower absorp-
tion capacity (106x% its weight) for the solvent chloroform,
which was the average from five samples. Moreover, emp-
tying the meso- and macropores in the srGO networks can
facilitate the diffusion of absorbates through the 3D networks
and expand the pore volumes available for physical loading
of oils and organic solvents [1]. The importance of the open
meso- and macropores for physical loading is supported by
the fact that the absorption capacity of the srGO could not be
improved by reduction beyond 1 h, even though the forma-
tion of graphitic domains on the surfaces of the hydrophobic
srGO reinforces the hydrophobic interactions with the carbon
chains and aromatic rings of oils and organic solvents.
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4. Conclusions

In summary, we demonstrated that control over the degree
of reduction of highly macroporous srGO-based sorbents by
heating time under mild conditions (1 x 102 Torr and 200°C),
results in different C/O ratios, hydrophobicities, SSAs, and bulk
densities. The hydrophilic srGO sorbents thermally reduced for
1 h, achieved high pollutant-loading capacities (up to 319x their
weight), where absorption capacity was not enhanced by length-
ening the reduction period; rather, it remained saturated. This
study on the series of absorption parameters proposed the physi-
cal mass-loading of oils and organic solvent pollutants within
the pores. In addition to the hydrophobicity, the open meso- and
macropores of the srGO sorbents is significant for determining
the absorption capability. Therefore, the excellent capacity of
the 3D srGO-based sorbents is attributed to the open pores, and
correlated with the light bulk density below 3 mg/cm? and the
partial reduction of GO scaffolds (C/O ratio) slightly higher than
‘4%).

Conflict of Interest

No potential conflict of interest relevant to this article was
reported.

Acknowledgements

This work was supported by the National Research Founda-
tion (NRF) funded by the Ministry of Science, ICT, & Future
Planning (NRF-2015R1A1A1A05027727). The instrumental
analysis was partly supported by the Korea Basic Science In-
stitute.

References

[17 Gui X, Wei J, Wang K, Cao A, Zhu H, Jia Y, Shu Q, Wu D. Car-
bon nanotube sponges. Adv Mater, 22, 617 (2010). http://dx.doi.
org/10.1002/adma.200902986.



Sorption behavior of slightly reduced, three-dimensionally macroporous graphene oxides

[2] Dong X, Chen J, Ma Y, Wang J, Chan-Park MB, Liu X, Wang L,
Huang W, Chen P. Superhydrophobic and superoleophilic hybrid
foam of graphene and carbon nanotube for selective removal of
oils or organic solvents from the surface of water. Chem Commun,
48, 10660 (2012). http://dx.doi.org/10.1039/c2cc35844a.

Bi H, Xie X, Yin K, Zhou Y, Wan S, He L, Xu F, Banhart F, Sun
L, Ruoff RS. Sponge graphene as a highly efficient and recyclable
sorbent for oils and organic solvents. Adv Funct Mater, 22, 4421
(2012). http://dx.doi.org/10.1002/adfm.201200888.

Zhao Y, Hu C, Hu Y, Cheng H, Shi G, Qu L. A versatile, ultralight,
nitrogen-doped graphene framework. Angew Chem Int Ed, 51,
11371 (2012). http://dx.doi.org/10.1002/anie.201206554.

Niu Z, Chen J, Hng HH, Ma J, Chen X. A leavening strategy to pre-
pare reduced graphene oxide foams. Adv Mater, 24, 4144 (2012).
http://dx.doi.org/10.1002/adma.201200197.

Yang SJ, Kang JH, Jung H, Kim T, Park CR. Preparation of a free-
standing, macroporous reduced graphene oxide film as an efficient
and recyclable sorbent for oils and organic solvents. J Mater Chem
A, 1,9427 (2013). http://dx.doi.org/10.1039/c3tal0663b.

Liang HW, Guan QF, Chen LF, Zhu Z, Zhang WJ, Yu SH. Macro-
scopic-scale template synthesis of robust carbonaceous nanofiber
hydrogels and aerogels and their applications. Angew Chem Int
Ed, 51, 5101 (2012). http://dx.doi.org/10.1002/anie.201200710.
Chae HK, Siberio-Pérez DY, Kim J, Go YB, Eddaoudi M, Matzger
AJ, O’Keeffe M, Yaghi OM. A route to high surface area, poros-
ity and inclusion of large molecules in crystals. Nature, 427, 523
(2004). http://dx.doi.org/10.1038/nature02311.

Zhu'Y, Murali S, Stoller MD, Ganesh KJ, Cai W, Ferreira PJ, Pirkle
A, Wallace RM, Cychosz KA, Thommes M, Su D, Stach EA, Ruoff
RS. Carbon-based supercapacitors produced by activation of gra-
phene. Science, 332, 1537 (2011). http://dx.doi.org/10.1126/sci-
ence.1200770.

Zhang HB, Wang JW, Yan Q, Zheng WG, Chen C, Yu ZZ. Vac-
uum-assisted synthesis of graphene from thermal exfoliation and
reduction of graphite oxide. J Mater Chem, 21, 5392 (2011). http://
dx.doi.org/10.1039/c1jm10099h.

Yang SJ, Kim T, Jung H, Park CR. The effect of heating rate on
porosity production during the low temperature reduction of graph-
ite oxide. Carbon, 53, 73 (2013). http://dx.doi.org/10.1016/j.car-
bon.2012.10.032.

Pham HD, Pham VH, Cuong TV, Nguyen-Phan TD, Chung JS,
Shin EW, Kim S. Synthesis of the chemically converted graphene

[10

=

[11]

[12

—

xerogel with superior electrical conductivity. Chem Commun, 47,
9672 (2011). http://dx.doi.org/10.1039/c1cc13329b.

29

[13] Stankovich S, Dikin DA, Piner RD, Kohlhaas KA, Kleinhammes
A, Jia Y, Wu Y, Nguyen ST, Ruoff RS. Synthesis of graphene-
based nanosheets via chemical reduction of exfoliated graphite
oxide. Carbon, 45, 1558 (2007). http://dx.doi.org/10.1016/j.car-
bon.2007.02.034.

Jeong HK, Lee YP, Jin MH, Kim ES, Bae JJ, Lee YH. Thermal

stability of graphite oxide. Chem Phys Lett, 470, 255 (2009). http://

dx.doi.org/10.1016/j.cplett.2009.01.050.

Gao X, Jang J, Nagase S. Hydrazine and thermal reduction of gra-

phene oxide: reaction mechanisms, product structures, and reaction

design. J Phys Chem C, 114, 832 (2010). http://dx.doi.org/10.1021/
jp909284g.

Kim MC, Hwang GS, Ruoff RS. Epoxide reduction with hydrazine

on graphene: a first principles study. J Chem Phys, 131, 064704

(2009). http://dx.doi.org/10.1063/1.3197007.

Jeong HK, Lee YP, Lahaye RIWE, Park MH, An KH, Kim 1J, Yang

CW, Park CY, Ruoff RS, Lee YH. Evidence of graphitic AB stack-

ing order of graphite oxides. ] Am Chem Soc, 130, 1362 (2008).

http://dx.doi.org/10.1021/ja0764730.

Schniepp HC, Li JL, McAllister MJ, Sai H, Herrera-Alonso M,

Adamson DH, Prud’homme RK, Car R, Saville DA, Aksay IA.

Functionalized single graphene sheets derived from splitting

graphite oxide. J Phys Chem B, 110, 8535 (2006). http://dx.doi.

org/10.1021/jp060936f.

Li X, Wang H, Robinson JT, Sanchez H, Diankov G, Dai H. Si-

multaneous nitrogen doping and reduction of graphene oxide. J

Am Chem Soc, 131, 15939 (2009). http://dx.doi.org/10.1021/

ja907098f.

[20] Pei S, Cheng HM. The reduction of graphene oxide. Carbon, 50,
3210 (2012). http://dx.doi.org/10.1016/j.carbon.2011.11.010.

[21] Nguyen DD, Tai NH, Lee SB, Kuo WS. Superhydrophobic and
superoleophilic properties of graphene-based sponges fabricated
using a facile dip coating method. Energy Environ Sci, 5, 7908
(2012). http://dx.doi.org/10.1039/c2ee21848h.

[22] Choi SJ, Kwon TH, Im H, Moon DI, Baek DJ, Seol ML, Duarte JP,
Choi YK. A polydimethylsiloxane (PDMS) sponge for the selec-
tive absorption of oil from water. ACS Appl Mater Interfaces, 3,
4552 (2011). http://dx.doi.org/10.1021/am201352w.

[23] Quéré D. Surface chemistry: fakir droplets. Nat Mater, 1, 14
(2002). http://dx.doi.org/10.1038/nmat715.

[24] Zhao B, Liu P, Jiang Y, Pan D, Tao H, Song J, Fang T, Xu W. Su-
percapacitor performances of thermally reduced graphene oxide. J
Power Sources, 198, 423 (2012). http://dx.doi.org/10.1016/j.jpow-
sour.2011.09.074.

[14

[}

[15

[}

[16]

[17

—

(18

[t

[19]

http://carbonlett.org



