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raphene, with a two-dimensional (2D)
G structure consisting of sp*bonded

carbon atoms, has attracted tremen-
dous attention from both fundamental re-
search and promising applications in recent
years due to its unique structural and physical
properties.’ Graphene holds great promise for
many applications, such as nanoelectronics,
sensors,*> nanocomposites,®’ batteries,?
super capacitors, and hydrogen storage.’
Graphene oxide (GO) is a promising alterna-
tive for bulk production of graphene-based
materials as it can be synthesized in large
quantities from inexpensive graphite powder
and solubilized in a variety of solvents.'0 '3
A critical challenge for technological applica-
tions of GO is that it is electrically insulating
owing to the disruption of graphitic net-
works,'? which can be tuned and partially
recovered to produce electrically conducting
material (RGO) by chemical reduction and
thermal annealing.™*

Generally, the chemical reduction of GO
was carried out using a strong reductant,’>~%°
including hydrazine,”® hydroquinone,'® and
NaBh,."” These hazardous or poisonous re-
agents can only partially remove the oxygen-
containing groups, and the molar ratios of
oxygen and carbon are 0.209—0.083 in the
reported RGO products. Some metal powders
(e.g., Fe and Al) were reported to be added in
the acidic solution to reduce GO,*"*? whose
mechanism is similar to the above-men-
tioned reductants. Alternatively, thermal an-
nealing in Ar or H, or ultrahigh vacuum (UHV)
was reported to remove oxygen effectively,
and the O/C ratio is 0.297—0.117.'>13%324
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ABSTRACT Low-temperature aluminum
(Al) reduction is first introduced to reduce
graphene oxide (GO) at 100—200 °C in a

two-zone furnace. The melted Al metal 481
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exhibits an excellent deoxygen ability to
produce well-crystallized reduced graphene oxide (RGO) papers with a low 0/C ratio of
0.058 (AI-RGO), compared with 0.201 in the thermally reduced one (T-RGO). The AI-RGO papers
possess outstanding mechanical flexibility and extremely high electrical conductivities (sheet
resistance R, ~ 1.75 €/sq), compared with 20.12 €2/sq of T-RGO. More interestingly, very nice
hydrophobic nature (90.5°) was observed, significantly superior to the reported chemically or
thermally reduced papers. These enhanced properties are attributed to the low oxygen
content in the RGO papers. During the aluminum reduction, highly active H atoms from H,0
reacted with melted Al promise an efficient oxygen removal. This method was also applicable
to reduce graphene oxide foams, which were used in the GO/SA (stearic acid) composite as a
highly thermally conductive reservoir to hold the phase change material for thermal energy
storage. The Al-reduced RGO/SnS, composites were further used in an anode material of
lithium ion batteries possessing a higher specific capacity. Overall, low-temperature Al
reduction is an effective method to prepare highly conductive RGO papers and related
composites for flexible energy conversion and storage device applications.

KEYWORDS: graphene oxide - Al reduction - surface wettability - thermal
energy storage - lithium ion battery

The electrical conductivities of the chemical
or thermal reduction samples were reported
to range from 1660 to 20200 S/m.'>?3%>26
It is noted that a low O/C ratio ensures good
properties of electrical or thermal transport
and high-temperature annealing benefits
to lower the O/C ratio. Some RGO films on
flexible substrates demand excellent electri-
cal and mechanical properties, which have
to be handled at low temperature. Therefore,
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it is still a great challenge to develop a low-temperature,
green, and easy approach to the large-scale synthesis of
RGO dispersions combining electronically superior con-
ductivity, high mechanical flexibility, and high chemical
stability.

We propose a novel environmentally friendly and
efficient route to reduce graphene oxide by using
elemental aluminum as the reducant in a two-zone
vacuum furnace. The schematic of the equipment is
shown in Figure 1. The GO sample and Al powder are
initially placed in the low- and high-temperature zones,
respectively. During the thermal annealing at 100—
200 °Cin vacuum, the oxygen-containing groups of the
GO are gradually expected to disengage and achieve
a chemical equilibrium. The Al powder in the high-
temperature zone (800 °C) is melted. Small amount
of H,0 in the chamber reacts with the melted Al to
generate active H atoms, and the H atoms migrate
to the low-temperature zone to reduce GO and form
H,0, CO,, and so on. H,O here acts like a catalyst to
react with the melted Al to generate active H atoms
(see the detailed discussion later). Therefore, the
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Figure 1. Schematic low-temperature reduction of graphene

oxide in a two-zone furnace.
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oxygen-containing groups in GO can be efficiently
removed, and the O/C ratio is expected to be lower
than that of conventional solution-based reduction
and high-temperature thermal annealing.

In this paper, the RGO papers were prepared
by aluminum reduction. Structural and compositional
investigations (Raman, XPS, TEM, etc.) demonstrated
that the AI-RGO papers possess better crystallinity
and lower O/C ratio than the reference samples of
thermal RGO. The AI-RGO papers exhibit extremely
high electrical conductivities (Rs ~ 1.75 Q/sq), signifi-
cantly superior to the reported samples by chemical or
thermal reduction. The dependence of RGO surface
wettability on the O/C ratio was found. The contact
angle of the water droplet decreases with the O/C ratio,
which is greatly improved from 67.3° (T-RGO) to 90.5°
(AI-RGO). The superior AI-RGO foams were assembled
into the RGO/stearic acid (RGO/SA) for thermal energy
storage. The GO/SnS, composites were prepared as
an anode material for lithium ion batteries, presenting
high conductivity and good rate performance even at
high current density.

RESULTS AND DISCUSSION

Typical graphene oxide powders (~10—30 um in
size) prepared by modified Hummers' method (see
Methods) are the defective honeycomb papers linked
with a large amount of hydroxyl and carboxyl groups,
as shown in Figure 2a. Due to the hydrophilic groups
(e.g., carboxyl, carbonyl, hydroxyl), the graphene oxide
becomes water-soluble, which is completely different
from the highly hydrophobic nature of macroscopic-
size free-standing and defect-free graphene or graphite.

O/C ratio

GO TRGO ALRGO AFRGO AI-RGO
500°c 100°C  150°C 200°C

Figure 2. (a) Schematic structure of graphene oxide sheet. (b) Photograph of a typical free-standing GO paper. (c) TGA curves
of the GO, T-RGO, and 200 °C AI-RGO samples. (d) Ratios of oxygen and carbon (O/C) of the samples investigated by XPS

measurements.
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Figure 3. (a) XPS survey spectra of the as-prepared GO and RGO samples, and C 1s XPS spectra of (b) GO, (c) 500 °C T-RGO, and

(d) 200 °C AI-RGO.

Herein, the graphene oxide was first reduced at 100—
200 °C by melted elemental aluminum in a 0.5 Pa
vacuum-sealed tube (AI-RGO), and the conventional
thermal reduction was also performed to prepare a
reference sample (T-RGO). The thermal stabilities of
the GO and RGO were investigated by TGA, as shown
in Figure 2c. The significant mass loss of GO is exhibited
from about 100 to 300 °C, and the residual content is
only 44.5% at 300 °C. The pyrolysis of the labile oxygen-
containing functional groups was reported to yield CO,
CO,, and steam.'® In the decomposition of 500 °C
T-RGO, the residual content is 80.43% at 700 °C, sug-
gesting the sample retains a large amount of oxygen-
containing groups. Amazingly, the 200 °C AlI-RGO sam-
ple has no significant mass loss in the entire process (e.g.,
1.2% loss at 700 °C). The TGA results are consistent with
the O/C ratios in these samples (0.467 in GO, 0.201 in
500 °C T-RGO, 0.059 in 200 °C Al-RGO) from the XPS
measurements, as shown in Figure 2d. Overall, the TGA
analysis indicates that the nearly full reduction is
achieved by aluminum reduction at 200 °C for 3 h.
The degree of GO reduction is indexed via the
atomic ratio of oxygen and carbon (O/C) obtained from
taking the ratio of C 1s peak areas in XPS spectra. The
original GO signal shows two separated peaks due to
the high percentage of oxygen functionalities. An
initial XPS survey scan of GO reveals that the asym-
metric C 1s peak can be fitted with four different
peaks with binding energy at 284.6, 285.6, 286.9, and
288.6 eV, assigned to C=C,C—0,C—0—C,and 0=C-0
bonds, respectively (Figure 3b). The O/C ratio of
the GO sample is 0.467 (Table 1), which is typical for
a strongly oxidized graphite material by using the
modified Hummer method. In the T-RGO sample, the
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TABLE 1. Elemental Compositions (O, H) and Structural
Parameters of the GO, T-RGO, and AI-RGO

sample 0/c” /i d (R Iye”
GO 0.467 0.103 9.44 1.12
T-RGO 0.201 0.028 3.68 1.06
100 °C Al-RGO 0.098 0.019 3.46 0.93
150 °C AI-RGO 0.073 0.013 345 0.81
200 °C AI-RGO 0.059 0.007 343 0.77

“From XPS. © From elemental analysis. © From XRD. ¢ From Raman.

unpleasant bonds of C—0, C—0—C, and O=C-0 are
also presented in Figure 3¢, and the O/Cratio is as high
as 0.201. Surprisingly, the O/C ratio of 100 °C AI-RGO
dropped to 0.098, which is significantly lower than the
reported samples (0.297—0.117) from the conventional
thermal reduction.'>'>%*2* |n the Al-reduced sample,
the C=C bonds dominate by one single peak only with
small tails at the higher binding energy region from
C—0 bonds. By increasing the reduction temperature,
the ratio decreased from 0.098 (100 °C), 0.073 (150 °C),
to 0.059 (200 °C), as shown in Figure S1 and Table 1.
High-resolution carbon 1s peaks in the XPS spectrum
indicate that the Al reduction can restore the C sp?
network, as pointed out in the reported results.”” More
in-plane epoxide, edged carboxylate, and the others
were removed in 200 °C AI-RGO, as shown in Figure 3d.

The hydrogen bonding information in the GO and
AI-RGO samples is important to understand the reduc-
tion process. Therefore, the solid-state '>*C NMR spectra
of the GO samples before and after the Al reduction
were performed, as shown in Figure 4. The basic direct
13C pulse magic-angle spinning (MAS) can detect all of
the carbon structures, and the basic '"H—"3C cross-
polarization (CP) MAS can detect the carbon atoms

ACNTANE
VOL.6 = NO.10 = 9068-9078 = 2012 K@LNMLJ\)\

WWW.acsnano.org

92070



with a "H—"3C dipole—dipole interaction.?® The '3C
NMR spectrum of our GO sample reveals three major
signals assigned to epoxy (58.9 ppm), hydroxyl (67.3
ppm), and remaining graphitic sp? carbons (129.2
ppm), similar to the reported results of various graphite
oxides."”*>?8 Compared to the direct '*C pulse spec-
trum, the "H—"3C CP preferentially enhances the ter-
tiary alcohol C—O signal near 70 ppm (Figure 4c),
consistent with a significant 'H—'3C dipole—dipole
interaction for the C—OH group. The corresponding
NMR spectra of 200 °C AI-RGO are different, as shown in
Figure 4b,d. The direct *C pulse spectrum shows an
obvious upfield shift of the graphitic carbon signal by
15 ppm, which also broadens noticeably. The "H—'3C
CP and direct *C pulse spectra of AI-RGO show no
epoxides and alcohol (50—80 ppm region), ketones
(185 ppm region), lactols (no shoulder recognizable
in the 100 ppm region, much less intensity near
162 ppm), and esters (again, much less intensity near
162 ppm). Consequently, the signal of graphitic sp?
carbon at 114.5 ppm dominates the direct *C pulse
spectra of 200 °C AI-RGO (the other two peaks at
212 and 17 ppm from the MAS spinning sideband),

W.%ccp Al-RGO
(d) o

H
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Graphiti
¢ op ra::)z' c C-0-C GO
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¢ chemical shift

Figure 4. Solid-state '*C magic-angle spinning (MAS) NMR
spectra of the GO and 200 °C Al-RGO samples. (a) Direct 3C
pulse spectrum (with 10 kHz MAS, 11189 scans) and (c)
"H—"3C cross-polarization (CP) spectrum (with 7.5 kHz MAS,
tep =2 ms, 33 300 scans) of GO. (b) Direct '>C pulse spectrum
(with 10 kHz MAS, 17 104 scans) and (d) "H—"3C CP spec-
trum (with 7.5 kHz MAS, t, = 2 ms, 42 040 scans) of 200 °C
AI-RGO. *The peaks at 212 and 17 ppm are from the MAS
spinning sideband.

confirmed by the resulting 42 040-scaned CP spectrum
of "TH—"3C without any trace of '"H—"3C dipole—dipole
interaction. Therefore, the NMR investigations of direct
13C pulse and 'H—'3C cross-polarization spectra
further verify that the Al-reduced samples contains
few oxygen- or hydrogen-containing groups, which
behave similar to pure graphite.”® The elemental ana-
lyses of hydrogen and carbon were also performed to
examine the NMR results, as listed in Table 1. The H/C
ratio of the 200 °C AI-RGO sample is less than 0.7%,
compared with 10.3% for GO and 2.8% for T-RGO. The
H/C ratio of AI-RGO decreases from 1.9 to 0.7% as
reduction temperature decreases from 100 to 200 °C.
The high hydrogen content is associated with the high
oxygen content in the sample.

Raman spectra provide additional structural infor-
mation of our samples, as shown in Figure 5b. The
Raman spectrum of graphene is characterized by two
main features, the G mode arising from the first-order
scattering of the E;q phonon of C sp> atoms (usually
observed at ~1575 cm ™) and the D mode arising from
a breathing mode of k-point photons of A, symmetry
(~1350 cm ™ ").2?3% As the Raman spectrum of GO is
shown in Figure 5b, the G band broadens and shifts to
1584 cm™'. Additionally, the D band at 1360 cm ™' is
quite prominent, indicating the reduction in size of the
in-plane sp? domains, possibly due to structural im-
perfections created by oxygen functional groups in the
carbon basal plane.3' After the 500 °C thermal reduc-
tion, no obvious shifts for the D band or the G band
were observed. The ratio of the intensities of the D and
G bands (Ip/lg) is usually used to index the extent of
modification or defects in a carbon sample.3? The Ip/Ig
ratio of thermal RGO is only 1.06, similar to GO (1.12).
It may be due to unrepaired defects, dangling bonds,
vacancies, or distortions of the sp? domains generated
from the high-temperature removal of oxygen and
detachment of CO groups. The Ip/Ig ratio of the 100 °C
AI-RGO paper is 0.93, but it sharply decreases to 0.77 for
200 °C AI-RGO. Such a low ratio implies that the 200 °C
aluminum reduction greatly restored the sp? network.'?

The typical XRD patterns of the GO, AI-RGO, and
thermal RGO samples are shown in Figure 5a. The XRD
pattern of GO exhibits a weak (001) diffraction peak
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Figure 5. (a) X-ray diffraction patterns and (b) Raman spectra of the as-prepared GO and RGO samples.
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Figure 6. Surface and cross-sectional SEM images and SAED
patterns of TEM images of (a) GO, (b) 500 °C T-RGO, and
(c) 200 °C AI-RGO.

(260 ~ 9.36°) corresponding to a large interlayer dis-
tance (~9.44 A) (Table 1). It is due to the formation of
hydroxyl, epoxy, and carboxyl groups. The T-RGO
sample also has a broad (002) diffraction peak (26 ~
24.14°), corresponding to a d spacing of 3.68 A. The
100 °C AI-RGO paper possesses a broad (002) diffrac-
tion peak (26 ~ 25.72°) with the interlayer distance
of 3.46 A. The diffraction peaks of AI-RGO become
sharper with the processing temperature. The inter-
layer distance decreases to 3.43 A for 200 °C AI-RGO,
only slightly larger than that of graphite (3.42 A, JCPDS
No. 75-1621). It demonstrates that the 200 °C AI-RGO
paper is nearly fully reduced, without extra vertically
erected oxygen-containing functional groups. It is
evident that the AI-RGO can keep a more perfect
C sp? structure with fewer defects.

The morphological and structural properties of the
graphene materials were investigated using SEM and
TEM techniques, as shown in Figure 6. The GO paper
has a rough surface and entangled cross section shown
in the SEM images (Figure 6a), which are generated
during vacuum filtration from the GO suspension. The
selected area electron diffraction pattern (SAED) is the
powder rings from graphene, indicating the nature of
polycrystals and imperfections. The T-RGO paper has
wrinkles and folding characteristics with obvious
cracks and holes (Figure 6b). The packing disorder is
partially due to a large amount of the as-generated
gases and thermal stress being released from the paper
during high-temperature reduction. The crystallinity
of T-RGO was improved as shown from its electron
diffraction, but the defective and polycrystalline fea-
ture was still observed. The surface of 200 °C AI-RGO
displays a corrugated morphology with many folded
wrinkles, but its cross section is much better assembled
and more closely packed than the GO or T-RGO paper,
as shown in Figure 6c¢. Strong diffraction spots with six-
fold rotational symmetry in the SAED pattern reveal
the nearly single-crystal nature of AI-RGO, compared
to the other two samples (GO, T-RGO). The outstanding
structural features (see also the TEM images in Figure S2)

WAN ET AL.

demonstrate that the aluminum reduction is an efficient
method, and the low-temperature process ensures that
the original packing pattern remains, which isimportant
to fabrication of flexible devices.

Mechanism of Aluminum Reduction. The graphene oxide
sheets contain a large amount of carboxyl (O=C—OH),
carbonyl (C=0), and hydroxyl (—OH) groups. The
reduction of GO is a process to remove these hydro-
philic groups. Traditional thermal reduction adopts the
self-reduction of carbon with an oxygen-containing
group at high temperature (e.g., 500 °C) to form the
gases (CO, H,0, H,, etc.). The well-assembled GO paper
was messed up during the thermal treatment due
to large amount of newly formed gases, which can
explain why the T-RGO paper is much more loosely
stacked.

As demonstrated by the solution reduction of GO,
the Hatom is an efficient reducing agent to reduce GO.
Normally, the dissociation of molecular H, occurs at
very high temperature (i.e., 1100 °C) to obtain the
activated atomic H.>*> The mechanism of aluminum
reduction is attributed to a small amount of H,O in the
chamber rapidly reacting with the melted Al to gen-
erate active H atoms at low temperature under 0.5 Pa,
and the H atoms migrate to the low-temperature zone
to efficiently reduce GO to form H,O, as shown in
Figure 7a,c. Here, the H,O molecules act like a catalyst
to assist the low-temperature reduction, and the re-
lated chemical reactions are expressed in Figure 7c.

Reactions 2—4 can be initialized at 100 °C, and the
reaction is apparently faster at a higher temperature.
The final AI-RGO papers remain in a tight stacking form
and in a better ordering after removing the erected
hydrophilic groups on GO sheets. Therefore, the oxy-
gen-containing groups are able to be removed from
GO and form RGO, and the O/C ratio is expected to
be lower than conventional solution-based reduction
and high-temperature thermal annealing. As expected,
the oxygen removal of the 200 °C AI-RGO sample
(O/C ratio: 0.059) is larger than that of the 100 °C Al-
RGO (O/C ratio: 0.098), much more efficient than the
500 °C thermal reduction (O/C ratio: 0.201).

In order to demonstrate the proposed reduction
mechanism, the H, gas was pumped in at the same
pressure at 100—200 °C, but the GO paper was not
observed to be reduced. Furthermore, the plasma
hydrogen was performed to reduce the GO paper,
and the obtained result is similar to the aluminum
reduction (Figure S3). It indicates that the aluminum
reduction is a method based on highly active H atoms
to prepare high-quality graphene from graphene oxide.

The aluminum reduction process combines the merit
of the low/high-temperature compartments, where the
reductant (aluminum) is melted in the high-temperature
compartment and the reduction via a reacting gas
(atomic H) is carried out in the low-temperature
compartment. From an engineering viewpoint, this
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Figure 7. (a) Scheme procedure of the Al reduction of GO. (b) Partial Ellingham diagram. (c) Chemical reactions for the Al

reduction of GO.

configuration allows separate control. Thermodynami-
cally, the reaction driving force is provided by aluminum
oxidation and carbon reduction, as in the Ellingham
diagram** shown in Figure 7b. Since the free energy of
reactions involving gases decreases with temperature,
the driving force is larger if the reaction is carried out at a
lower temperature. However, to speed up the kinetics, it
is advantageous to use molten aluminum (>660 °C).
Meanwhile, the actual reduction can be carried out at a
much lower temperature through an intermediary—the
lower limit for the reaction temperature being the
temperature to initiate reaction on the graphene oxide
surface. This aluminum reduction is the thermodynamic
and kinetic basis of the two-compartment method.

Elemental aluminum is the optimal reductant,
which can also be explained from the Ellingham dia-
gram. Although magnesium melts at about the same
temperature, its molar metal oxidation free energy is
smaller than that of aluminum. Titanium and silicon
have slightly larger molar metal oxidation free ener-
gies, but their melting point is much higher. Therefore,
the current process may be the best one from a
thermodynamic/kinetic standpoint, which may also
promise the excellent transport properties of the
AI-RGO samples for the applications.

Electrical Properties. As discussed above, the alumi-
num reduction can remove more oxygen-containing
groups with a lower O/C ratio and remain a perfect
C sp? structure with fewer defects than the thermal
reduction. Furthermore, the Al-reduced graphene
oxide paper is more orderly packed. As expected, the
200 °C AI-RGO paper should possess the best electric
transport properties among all of the investigated
samples due to the consideration of the O/C ratio.
The plot of sheet resistance and mobility depending on

WAN ET AL.

the O/C ratio is shown in Figure 8a. By increasing the
O/C ratio, the sheet resistance of the paper increases
but the mobility decreases. The overall electrical con-
ductivity of the graphene paper increases when the
oxygen-containing functional groups are reduced.

Electrical properties of GO, T-RGO, and AI-RGO
papers are listed in Table 2. The electrical sheet resis-
tance (R;) of the AI-RGO decreases with a reduction in
temperature, and the conductivity increases accord-
ingly. The 200 °C AI-RGO paper shows the electrical
conductivity (o) up to 38100 S/m (sheet resistance
(Rs) = 1.75 Q/sq), superior to the insulating GO paper
and the T-RGO paper (g = 3310 S/cm, Ry = 20.12 Q/sq).
The reported RGO papers typically possess ele-
ctrical conductivities ranging from 1660 to 20200
S/m.'>?32526 Note that even the 100 °C RGO paper
with o ~ 4870 S/cm and R; ~ 13 Q/sq is adequately
used in current commercial energy conversion and
storage devices. The mobility (« in Table 2) of the AI-RGO
paper increases with the reduction temperature,
reaching 154 cm? V™' s for 200 °C AI-RGO. Even
the mobility of 100 °C AI-RGO (38.9 cm? V™" s™") is far
superior to the 500 °C T-RGO (13.1 cm?V~ " s ). These
results are all supportive of the earlier claim of fewer
defects in the Al-reduced samples.

Mechanical Properties. The well-packed microstruc-
ture of the AI-RGO paper determined from SEM and
TEM investigations promises its excellent mechanical
flexibility. In order to evaluate the mechanical stability
performance, the resistance change of the 200 °C
AI-RGO papers under bend cycles using a radius of
curvature of about 5 mm is shown in Figure 8b. The
resistance values only increase <6% after 500-time
bending distortion of R = 5 mm. The AI-RGO papers
were bent down to 5—12.5 mm radius with trivial
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Figure 8. (a) Sheet resistance and carrier mobility for four reduced samples with different ratios of oxygen and carbon (0/C).
(b) Sheet resistance deviations of the 200 °C AI-RGO papers in the bending tests at a constant radius of curvature of 5 mm.
(c) Photograph of the AI-RGO papers to reveal their flexibility.

|
TABLE 2. Surface Wettability of Water Droplets and
Electrical Properties of the GO, T-RGO, and Al-RGO Papers”

sample R (Q/sq) o(S/m)  u(am®Ns)  6.()  y(m¥m?)
G0 45.1 548
T-RGO 2012 3310 131673 39.19
100 °C A-RGO  13.69 4870 389 772 322
150 °CA-RGO 277 24070 629 853 2.7
200 °C AFRGO 175 38100 154 905 B4
chemical RGO 441273538
chemical RGO 45230052526
T-RGO 824390
T-RGO 5230,2% 20200°3¢

0, contact angle; y, specific surface energy; R;, sheet resistance; o, electrical
conductivity; sz, carrier mobility. ® The T-RGO sheet was covalently assembled on
silicon wafers for the water contact angle measurement.  The T-RGO sample was
annealed at 1100 °C in Ar/H, atmosphere.

measurable change in electrical conductivity (Figure 8c).
The outstanding mechanical flexibility is likely due to the
ordered packing of graphene sheets (the cross section
shown in Figure 6c). The flexibility and the self-standing
property of the papers provide them with potential
applications in flexible electronics, energy storage, and
photovoltaic devices, etc.

Wettability of Water Droplets. The graphene consists
of a two-dimensional honeycomb carbon lattice. The
stable electronic structure results in a rather low sur-
face energy. The attraction from the nonpolar lattice to
water molecules is weaker than the binding energy
among water molecules. Therefore, the free-standing
perfect graphene film is highly hydrophobic. Surface
energy engineering, including hydrophilic group addi-
tion, carbon lattice damage (oxygen-etching, etc.),
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Figure 9. Photographs of water droplet on the paper of (a)
100 °C Al-RGO, (b) 150 °C Al-RGO, (c) 200 °C Al-RGO, (d) GO,
and (e) 500 °C T-RGO. (f) Contact angles and surface
energies of five samples with different ratios of oxygen
and carbon (0/C).

substrate effect (Cu, Au, etc.), microstructure engi-
neering, etc., can shift the contact angle of the water
droplet from 44 to 127° (nanostructured graphene
composite paper).>>2>73? The 2 in. graphene oxide
sheets (P 5.0 cm) with thicknesses of 15 um were used
in the preparation of our graphene oxide papers. The
smooth surface of our graphene papers well-assembled
by graphene sheets at the size of ~10—30 um is
attributed to their wettability acting like the macro-
scopic-size free-standing graphene or graphite.

Static contact angles of water droplets were mea-
sured by placing a droplet of deionized water on the
surface of the GO and AI-RGO papers, as shown in
Figure 9. Overall, the surface energy increases but the
contact angle (6.) decreases with increasing the O/C
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30.1°C

Figure 10. (a) SEM image and (b) photograph of the porous
RGO foam prepared by the one-step hydrothermal method.
(c) Thermal transport evolution of H-RGO/SA and AI-RGO/SA
composites. The thermal images visually illustrate the ex-
cellent thermal characteristics of the AI-RGO/SA.

ratio (Figure 9f). The estimated contact angle of water
on the solid surface and the calculated surface energy
are listed in Table 2. The GO paper was observed to be
completely wetting; that is, the water droplet brought
into contact with the solid spontaneously formed a
film with a water contact angle of ~45.1° (Figure 9d)
with a surface energy of 54.8 mJ/m>2 The GO paper
here displays high hydrophilicity. The contact angle of
T-RGO increases (67.3°), and the surface energy de-
creases (39.2 mJ/m?). The surface energy of Al-RGO
decreases greatly from 32.2 mJ/m? (100 °C Al-RGO) to
23.4 mJ/m? (200 °C Al-RGO). The contact angle of the
AI-RGO paper increases with increasing Al-reduced
temperature (Figure 9a—c). The contact angle of
200 °C AI-RGO reaches 90.5°, similar to the epitaxial
graphene on SiC (92.5°) and freshly cleaved highly
ordered pyrolytic graphite (HOPG, 91°).%° It again
demonstrates that the defects in 200 °C AI-RGO are
rather low and the aluminum reduction is an effective
method.

Thermal Energy Storage. The aluminum reduction pro-
cess was also used to further treat hydrothermally
reduced graphene oxide foams (H-RGO) (see Methods).
The SEM image and the photograph of the H-RGO
foam clearly illustrate a porous structure, as shown
in Figure 10a,b. The H-RGO foam was further reduced
by elemental aluminum at 200 °C (AI-RGO). The sheet
resistance of the H-RGO foam is over 1800 €/sq, and
the R, of the AI-RGO foam decreases to 24 Q/sq. As
demonstrated above, the Al-reduced graphene sheets
contain very few defects to promise high electrical and
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Figure 11. Rate performance of the GO/SnS, composite
before and after being reduced via Al powder.

thermal conductivities. The highly electrically conduc-
tive AI-RGO foam is a perfect reservoir to accommo-
date a phase change material (i.e., stearic acid (SA)) for
thermal energy storage.

The stearic acid (SA) was infiltrated into porous
graphene foams to obtain the thermal energy storage
device of the RGO/SA composite. The composite foam
without Al reduction treatment (H-RGO/SA) is also
characterized for comparison. Temperature distribu-
tion images of H-RGO/SA and AI-RGO/SA during the
heating times of 10, 30, 50, and 120 s are shown in
Figure 10c. In the first 10 s period, temperature dis-
tribution is almost the same. By increasing the heating
time, the AI-RGO/SA composite has a faster thermal
response than H-RGO/SA. The image color of AI-RGO/
SA changed quickly from blue to red, faster than
H-RGO/SA. It is due to the higher thermal conduction
of AI-RGO for more rapid heat transfer. The results
shown in Figure 10c are all supportive of the earlier
claim of fewer defects in our samples. The as-prepared
AI-RGO/SA composites can potentially be applied as a
thermal management material in electronics.

Conductive Additive Material in Lithium Batteries. Gra-
phene oxide has been used as a conductive additive
material in the electrode materials of lithium batteries.
However, the chemically reduced graphene oxide can-
not ensure its high electrical conductivity. The alumi-
num reduction can be performed at low temperature
(<200 °C) without affecting the active materials. SnS,
has been considered as one of the most promising
alternative anode materials to replace carbon due
to its high theoretical gravimetric lithium storage
capacity.”' = However, the large volume change of
SnS, during the lithiation/delithiation process, which
leads to the rapid deterioration and low retention of the
capacity, limits its practical application.

One of the most promising strategies to tackle this
obstacle is to construct hybrid materials with fascinat-
ing graphene. The composite consisting of AI-RGO and
SnS, was synthesized at 200 °C for 3 h under 0.5 Pa, and
the graphene additive is 2.19 wt %. Figure 11 shows the
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rate performance of AI-RGO/SnS, and GO/SnS,. Com-
pared with GO/SnS,, the AIFRGO/SnS, sample exhibits a
higher rate capacity. At the current density of 100mAg ™',
AI-RGO/SNS, has a capacity of 540 mAh g ' after five
cycles, which is much higher than 420 mAh g~ of GO/
SnS,. At a high current density of 1000 mA g, the
capacity of AI-FRGO/SnS, reaches 420 mAhg ™', and the
value of GO/SnS, is only 242 mAh g~ . From 540 mAhg ™'
at 100 mA g~' to 420 mAhg™' at 1000 mA g, the
capacity retention of Al-RGO/SnS, remains as high as
77.8%. The excellent rate capability should be ascribed to
the advantageous combination of AI-RGO and SnS,,
wherein the graphene acts as a good buffering matrix
and provides a highly conductive network.

CONCLUSIONS

We have demonstrated a green and facile reduction
approach to prepare the RGO papers by using the
melted elemental Al as the reductant in a two-zone
furnace. Highly conductive and flexible RGO papers
were fabricated by the newly developed low-tempera-
ture reduction (100—200 °C). The AI-RGO papers have

METHODS

GO Colloidal Dispersion Preparation. Graphene oxide preparation
started with flake graphite (100 mesh) using a modified Hummers'
method.**** In a typical process, 3.0 g of graphite, 1.5 g of
NaNOs, and 69 mL of H,SO,4 were stirred together in an ice bath
until homogenized. After 9 g of KMnO,4 was slowly added to the
solution while stirring, the solution was transferred to a 40 °C
water bath and stirred for about 6 h to form a black thick paste.
Then, 300 mL of water was added and stirred for 1 h, and then
5 mL of H,0, (30 wt % aqueous solution) was added and stirred
for 2 h. The bright yellow colloid was obtained. Inorganic anions
and other impurities were removed through six washing cycles
that included centrifugation, discarding supernatant liquid, and
resuspending the solid in an aqueous mixture using stirring and
ultrasonication. After drying, the loose and brown GO powder
was obtained.

GO Paper Preparation. GO colloidal dispersion was assembled
into a paper-like film under a directional flow. Vacuum filtration
of colloidal dispersions of GO through a cellulose acetate
membrane (0.22 um pore size) filter yielded, after drying, 2 in.
free-standing graphene oxide paper (® 5.0 cm) with thick-
nesses ranging from 10 to 50 um (Figure 2b).

GO Foam Preparation. GO foam was prepared by a one-step
hydrothermal method according to the reported method.*® The
20 mL homogeneous GO aqueous dispersion (4 mg mL™") was
sealed in a 50 mL Teflon-lined autoclave and maintained at
180 °C for 12 h, and the obtained GO foam was washed with
distilled water and then freeze-dried.

Aluminum Reduction. The above GO samples were treated
with the double temperature area reduction method using
aluminum powder as the conductive agent. In this process,
GO samples and aluminum were placed separately in a double
temperature area tube furnace and then vacuated to a base
pressure lower than 0.5 Pa. After that, aluminum was heated
to 800 °C, and GO samples were heated to 100, 150, and 200 °C
for 3 h for comparison. This process is a noncontact oxida-
tion—reduction reaction method, which is totally different
from the reported oxidation—reduction reaction with the redu-
cing agent directly contacting the oxidant. For comparison, the
sample by the traditional thermal reducing method was also
prepared by heating the starting GO sample to 500 °C under a
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a well-assembled structure with nice hydrophobic
nature due to an excellent ability to remove oxygen
functionalities during the process. The mechanism of
aluminum reduction is attributed to the active hydro-
gen atoms releasing the O-containing groups from
graphene. The O/C ratio is correlated with many
physical properties (the graphene packing order, elec-
trical conductivity, wettability (surface energy, contact
angle), etc.). The AI-RGO papers possess extremely high
electrical conductivities (with electrical conductivity up
to 38100 S/m), significantly superior to the reported
chemically or thermally reduced samples (~1660—
20200 S/m). Such reduction approach was also carried
out to reduce the graphene foam used in the RGO/
stearic acid (RGO/SA) composite for thermal energy
storage and in the RGO/SnS, anode electrode for
lithium batteries. The higher conductivity of the nearly
defect-free AI-RGO allows better heat storage and
higher specific capacity throughout the composites.
This aluminum reduction approach offers a potential
for cost-effective, environmentally friendly, and large-
scale production of RGO paper and composites.

weak reducing atmosphere with a mixture gas of 300 sccm Ar
and 15 sccm H, for 3 h.

Characterization and Measurement. The morphologies and
structures of GO and their reduced samples were investigated
with scanning electron microscope (SEM, JEOL JSM-6510 and
Hitachi S-4800), X-ray diffraction (XRD, Bruker D8 Avance), high-
resolution transmission electron microscopy (HRTEM, JEOL JEM
2100F), and selected area electron diffraction (SAED). Raman
spectra of samples were obtained with Raman spectroscopy
having a laser excitation energy of 532 nm. The electrical
properties of the samples were measured by the Van der Pauw
method with an Accent HL5500. Thermogravimetric analysis
(TGA) was conducted on a TA Instruments Q50 by heating from
room temperature to 700 at 5 °C/min in a nitrogen atmosphere.
Solid-state '3C magic-angle spinning (MAS) NMR spectra were
acquired on a Bruker Ascend-400 spectrometer (100.6 MHz 3¢,
400.3 MHz "H) using standard Bruker pulse programs, as well
as a modified pulse program in order to incorporate dipolar
dephasing into the direct '*C pulse experiment. Elemental
analysis was performed using an elementar vario MICRO cube.
Water contact angles of the samples were measured with a
Data-Physics OCA 20 (Germany) at room temperature. A 2 ul
water droplet was used in the measurement. Temperature
distribution images of the samples were recorded by a thermal
imager (sc305, flir USA).

The charge and discharge capacities were measured with
coin cells in which a lithium metal foil was used as the counter
electrode. The electrolyte employed was a 1 M solution of LiPFg
in ethylene carbonate and dimethyl carbonate (EC + DMC)
(1:1 in volume). The active material powder (80 wt %), acetylene
black (10 wt %), and polyvinylidene fluoride (PVDF) binder
(10 wt %) were homogeneously mixed in NMP solvent with
magnetic stirring. After stirring for 3.5 h, the slurry was coated
uniformly on a copper foil. Finally, the electrode was dried under
vacuum at 110 °C for 10 h. Cell assembly was carried out in an
argon-filled glovebox (M. Braun Co., Germany, [0,] < 1 ppm,
[H,0] < 1 ppm). The coin cells were cycled under different
current densities between cutoff voltages of 1.5 and 0.01 V on
a CT2001A cell test instrument (LAND Electronic Co.) at room
temperature.
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