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ABSTRACT Atomic-scale defects on carbon nanostructures have
been considered as detrimental factors and critical problems to be
eliminated in order to fully utilize their intrinsic material properties
such as ultrahigh mechanical stiffness and electrical conductivity.
However, defects that can be intentionally controlled through
chemical and physical treatments are reasonably expected to bring
benefits in various practical engineering applications such as

desalination thin membranes, photochemical catalysts, and energy
storage materials. Herein, we report a defect-engineered self-assembly procedure to produce a three-dimensionally nanohole-structured and palladium-
embedded porous graphene hetero-nanostructure having ultrahigh hydrogen storage and CO oxidation multifunctionalities. Under multistep microwave
reactions, agglomerated palladium nanoparticles having diameters of ~10 nm produce physical nanoholes in the basal-plane structure of graphene
sheets, while much smaller palladium nanoparticles are readily impregnated inside graphene layers and bonded on graphene surfaces. The present results
show that the defect-engineered hetero-nanostructure has a ~5.4 wt % hydrogen storage capacity under 7.5 MPa and (0 oxidation catalytic activity at

190 °C. The defect-laden graphene can be highly functionalized for multipurpose applications such as molecule absorption, electrochemical energy storage,

and catalytic activity, resulting in a pathway to nanoengineering based on underlying atomic scale and physical defects.
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uring the past decade, two-dimen-
D sional (2D) crystalline nanomaterials

including graphene, boron nitrite,
chalcogenides, and metal—organic frame-
works have been extensively investigated
because they are expected to have ex-
ceptionally high intrinsic material proper-
ties and various engineering applications.
However, atomic-scale defects observed in
synthesized graphene and other carbon
nanostructures can deteriorate these extra-
ordinary mechanical, electrical, and chemical
properties and delay the use of these ma-
terials in industrial applications. Therefore,
innovative synthetic routes for producing
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high-quality nanostructures without atomic-
scale defects, dislocations, or physical nano-
holes should be further developed.

On the other hand, if atomic-scale defects
or physical nanoholes in graphene and
carbon nanostructures can be intentionally
controlled or naturally self-assembled dur-
ing the synthesis process, it will be possible
to use the resulting materials in ultrathin
desalination membranes, highly reactive
catalysts, gas absorbents, and energy sto-
rage systems. Also, the defect sites can be
more highly functionalized through chemi-
cal treatments for specific engineering ap-
plications in the fields of biology, medicine,
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environmental protection, catalysis, and energy
storage and conversion. Controlled defects can be
intentionally utilized as nucleation sites for graphene—
metal hybrid materials and three-dimensional (3D)
hetero-nanostructures  combining  nanoparticles,
nanowires, nanotubes, and 2D sheets. Furthermore,
defect-functionalized porous graphene along edge
lines and on surfaces is required for engineering
applications, such as chemical energy conversion and
hydrogen storage. One of the most attractive features
of 3D graphene—metal hybrids is that they can interact
with various organic or inorganic species not only on
the surface but also through their porous frameworks.
These characteristics are very important in separation,
gas storage, adsorption, and heterogeneous catalysis." ~*
The fabrication of unconventional graphene-based
3D nanostructures with different textural and porous
properties is therefore an appealing endeavor for
material scientists.

Until now, however, the generation of edge defects
and nanoholes on graphene surfaces has not been
widely investigated for applications in hydrogen stor-
age and CO oxidation. Among various possibilities,
porous graphene is recognized as a carbon-based
adsorbent with large surface area and light weight,
making substantial volumetric and gravimetric con-
tents possible.>~’ Furthermore, the storage capacity
of graphitic nanomaterials (e.g., graphene, carbon
nanotubes, and fullerenes) can be significantly en-
hanced by decorating them with metal atoms that
absorb multiple H, molecules via Kubas interac-
tions.2 ™" Additionally, the tendency of metal atoms
to cluster leads to a considerable reduction of the
potential storage capacity.'” In contrast, a metal
cluster supported on a graphitic material acts as a
catalyst and enhances the hydrogen uptake of the
substrate via a spillover mechanism.'*'* The hydro-
gen spillover technique has been suggested as an
effective approach for enhancing hydrogen storage in
porous graphene-based adsorbents. Many investiga-
tors have reported carbon-based adsorbents doped
with metal nanoparticles (e.g., Pt, Pd, and Ni) that
resulted in increased hydrogen storage via the spil-
lover phenomenon.'>'®

A small amount of catalyst that is physically mixed as
a spillover source with secondary adsorbents also
enhances hydrogen storage on adsorbents; this strat-
egy is defined as “secondary spillover”.'”'® The advan-
tages of this technique are that it reduces the total
weight of the noble metal, it allows individual prepara-
tion of the catalyst (source) and adsorbents (receptors),
it maintains the nature of the receptor porosity, and it is
suitable for practical manufacturing. The complete
oxidation of carbon monoxide and gaseous hydrocar-
bons to carbon dioxide and water by catalysis is used
to treat car exhaust, odors, and toxic gases.'”?° Cata-
lysts containing noble metals (e.g., Au, Pt, and Pd)
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provide high activity and stability for carbon monoxide
oxidation.

Herein, we report a defect-engineered self-assembly
process for nanohole-structured and palladium-
embedded 3D porous graphene (3D Pd-E-PG) that is
specially designed for ultrahigh hydrogen storage and
CO oxidation multifunctionalities. This synthetic route,
which includes microwave irradiation, is very suitable
for one-pot and fast mass production of a 3D Pd-E-PG
hetero-nanostructure having highly activated nano-
holes in the basal plane of the graphene surfaces.
Nanosized Pd nanoparticles under low-power micro-
wave radiation diffuse inside graphene layers and are
anchored to the atomic-scale functional groups of
graphene oxide surfaces. When high-power micro-
wave radiation is applied as a following step, agglom-
erated Pd nanoparticles with much larger diameter
(over ~10 nm) produce physical nanoholes on the
graphene sheets and are finally embedded in the few-
layered graphene. The carbon atoms along the edges
of these nanoholes have unsaturated bonds; these
unsaturated carbon bonds are highly reactive for
hydrogen storage and CO oxidation. We have also
studied the hydrogen storage and CO oxidation per-
formance of 3D Pd-E-PG, palladium-decorated gra-
phene (Pd-D-G), and microwave-exfoliated graphene
oxide samples.

RESULTS AND DISCUSSION

We propose a mechanism for nanohole generation
in 3D Pd-E-PG. The creation of nanoholes and Pd
nanoparticles embedded in the graphene sheets is
schematically illustrated in Figure 1. Microwaves work
by directly coupling with polar molecules in a material,
thus causing the particles to move and rotate, which in
turn generates heat. Step | shows pristine microwave-
exfoliated graphene oxide (MEGO), which contains a
layered structure after the graphite oxide was exposed
to microwave irradiation. It is well known that carboxyl,
hydroxyl, and epoxy groups are three major functional
groups on the surface of MEGO. The MEGO is then
mixed with palladium acetate and ethanol to make a
homogeneous catalyst. In step I, the pristine MEGO
and palladium acetate [Pd(O,CCHs),] are mixed in
C,HsOH for 3 h with the help of magnetic stirring. After
drying this sample in an oven at 60 °C (ie., after
complete evaporation of the C,HsOH), it becomes
a powder, which is then treated with low-power
microwave irradiation at 700 W for 30 s. During the
microwave irradiation process, [Pd(O,CCHs;),] decom-
poses into Pd nanoparticles, and these small Pd nano-
particles start to deposit on the graphene surface
through attachment to oxygen functional groups.
Under short-duration and low-power microwave irra-
diation, these nanoparticles are decorated on the
graphene surfaces, resulting in Pd-D-G. These initially
decorated Pd nanoparticles in Pd-D-G are isolated,
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Figure 1. Synthesis route of nanohole-structured and palladium-embedded 3D porous graphene (3D Pd-E-PG) and
corresponding SEM images. (a) Schematic illustration of the microwave fabrication process of the 3D Pd-E-PG. (b) SEM
image of microwave-exfoliated graphene oxide. (c) SEM image of the uniform decoration of Pd nanoparticles on graphene
layers after low-power microwave irradiation. (d) SEM image of the aggregation of Pd nanoparticles after successive high-
power microwave irradiation. (e) SEM image of nanohole generation and the perforated graphene structures after multistep

microwave irradiation.

ultrafine, and homogeneously distributed on the sur-
face due to strong interactions between the Pd nano-
particles and the functional groups of MEGO. In step Il
the previous Pd-D-G sample was microwave-irradiated
for a long time (60 s); it was then observed that some
Pd nanoparticles started to agglomerate on the gra-
phene surface and that their diameter increased to
~10 nm. Step IV shows that these agglomerated Pd
nanoparticles in Pd-D-G started to diffuse inside and to
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make nanoholes from the outer layers of the few-
layered graphene during high-power microwave irra-
diation with an intensity of 900 W for 60 s. Under high-
power microwave irradiation, the Pd nanoparticles
reached high temperatures in a short time and started
to penetrate into the few-layered MEGO along the
c-axis. The agglomerated Pd nanoparticles, which have
much larger diameters of over 10 nm, are clearly
embedded, but smaller Pd nanoparticles remain on
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Figure 2. Transmission electron microscopy (TEM) images of 3D Pd-E-PG having nanoholes on graphene sheets and
embedded Pd nanoparticles. (a) TEM image of the 3D Pd-E-PG. The nanoholes created by the Pd nanoparticles are observed
on an amorphous graphene layer. The small colored box is the field of view for (b), the zoomed-in image of the box in (a),
showing created holes. (c, d) Magnified TEM images around Pd nanoparticles in different areas. The inset shows the lattice

planes of the Pd in (d).

the surface of the MEGO. The larger Pd nanoparticles
produce nanoholes in the graphene surface, as shown
in Figure 1. After longer duration microwave irradia-
tion, the nanoholes containing Pd nanoparticles show
high stability without detachment of the Pd particles
from the 3D structures. The film growth mechanism in
the metal deposition process on a substrate, in which
the cohesive bonds between metal (Pd) atoms are
stronger than the adhesive bonds between the Pd
atoms and the MEGO, is well understood. It is worth
noting in this instance that the surface energy of
graphene is quite low, and thus the Pd nanoparticles
are effectively embedded in the graphene surface.
The SEM images in Figure 1 were taken to inves-
tigate the surface morphologies of the samples
through the step-by-step process, from MEGO to two-
dimensional Pd-D-G to 3D Pd-E-PG. Figure 1b shows
the MEGO containing porous, wrinkled, and fluffy
stacked graphene microstructures due to microwave
expansion of the graphite oxide along the c-axis.
Figure 1c shows a Pd nanoparticle in contact with the
MEGO support; the contact between the Pd nanopar-
ticles and the MEGO appears to be quite uniformly
distributed. The synthesis of Pd-D-G nanostructures is
easily controlled by varying the microwave irradiation
time and power. The graphene surfaces are completely
covered by Pd nanoparticles. After increasing the

KUMAR ET AL.

microwave irradiation time, the creation of nanoholes
inside the graphene layers using Pd nanoparticles
leads to the creation of 3D Pd-E-PG nanostructures,
as shown in Figure 1d. These Pd nanoparticles coa-
lesced and formed nearly spherical aggregations on
the graphene surface under longer (60 s) microwave
irradiation. Some smaller Pd nanoparticles formed a
larger spherical structure with an increased diameter as
the irradiation time increased. The 3D Pd-E-PG clearly
shows a perforated graphene surface with a uniform
and unique morphology. The surface of the MEGO has
pore-like structures ranging from 10 to 100 nm in
diameter; the average aggregated Pd nanoparticles

diffuse and are embedded into the graphene layers.
Typical TEM and HR-TEM images of the 3D Pd-E-PG
are provided in Figure 2. The graphene sheet in the 3D
Pd-E-PG has transparent flakes with a diameter of
several micrometers. Corrugation and scrolling are part
of the intrinsic nature of graphene sheets; these pro-
cesses originate from the thermodynamic stability of
the 2D graphene structure during bending. The TEM
images show that the Pd nanoparticles create defects
in the local surfaces of the MEGO. Figure 2b shows a
higher magnification of the 3D Pd-E-PG, in which Pd
nanoparticles show certain facet-like structures with
various morphologies. HR-TEM analysis was carried out
to further characterize the microstructures, as shown in
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Figure 3. Structural and chemical characterization of 3D Pd-E-PG. (a) Powder X-ray diffraction pattern, (b) Raman spectra,
(c) FT-IR spectra, and (d) BET analysis with average micropore size (at 77 K) of the MEGO, Pd-D-G, and 3D Pd-E-PG.

Figure 2c and d. The higher magnification of the We can better understand the structural changes
HR-TEM image in Figure 2d (inset) clearly reveals the of graphene by investigating the Raman spectra.?®
lattice planes of Pd, indicating its polycrystalline The Raman spectra of the MEGO, Pd-D-G, and 3D Pd-
nature. The HR-TEM images of the Pd nanoparticles E-PG (Figure 3b) include G peaks at 1588, 1587, and
show that the spacing of the lattice fringe is 0.225 nm, 1590 cm™ ', corresponding to first-order scattering of
which corresponds to the Pd (111) crystalline planes.?’ the E,g mode. The G peak shifted to 1590 cm ™~ in the

The crystalline characteristics of the MEGO, Pd-D-G, 3D Pd-E-PG, indicating disorder or strain in the MEGO.
and 3D Pd-E-PG were investigated using X-ray diffrac- The intensity of the G band in the 3D Pd-E-PG was
tion (XRD). In Figure 3a, both Pd-D-G and 3D Pd-E-PG reduced, compared with those in the MEGO (Ip/Ig =
have three sharp peaks at 26 = 40.44, 46.95, and 68.73; 0.89) and Pd-D-G (Ip/lg = 1.09). The Ip/Ig ratios increase
these peaks correspond to the (111), (200), and (220) from 0.89 to 1.09 when Pd nanoparticles are em-

plane reflections of palladium, respectively, as pro- bedded in the MEGO; this is due to the creation of
vided by the International Center for Diffraction Data local nanoholes on the graphene surface. Raman spec-
(JCPDS 01-087-0645) for Pd.>? These peaks reveal the tra of the 3D Pd-E-PG also show a prominent D peak at
face-centered cubic (fcc) nature of the Pd nanoparti- 1332 cm™" and 2D peak at 2676 cm™; these peaks are

cles. The peaks corresponding to Pd in the 3D Pd-E-PG due to increased physical defects caused by nanohole
are more intense than those in the Pd-D-G; this generation, which results in a significant increase in
is because highly crystalline Pd nanoparticles are the D peak and a decrease in the 2D peak.**

embedded in the 3D Pd-E-PG. The strongest peak A Fourier transform infrared spectrophotometer
appeared at 26 = 40.44, showing that the Pd nano- (FT-IR) was used to indicate degrees of decoration
particles were embedded into the graphene sheets in and agglomeration of the 3D Pd-E-PG during the
the dominant (111)-oriented plane. In our XRD obser- fabrication process. Figure 3c shows the FT-IR trans-
vations, the broader (002) peak of the MEGO appears at mittance spectra for the MEGO, Pd-D-PG, and 3D Pd-E-
20 = 24, indicating that graphene sheets are restacked PG. The spectrum of the MEGO shows adsorption
in the Pd-embedded graphene. bands corresponding to C=0 carbonyl stretching at
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Figure 4. Multifunctional applications of 3D Pd-E-PG to hydrogen storage and CO oxidation catalyst. (a) High-pressure H,
uptake at 77 K. (b) CO oxidation results showing the higher catalytic activity of 3D Pd-E-PG, compared to that of Pd-D-G. The
MEGO is catalytically inert, exhibiting low conversion (less than 10% at 300 °C).

1737 cm™", O—H bending at 1390 cm ', and C—0O
stretching at 1084 cm™'. The peaks at 1712 and
1226 cm™" are attributed to the C=0 and —OH of
the —COOH groups, respectively, in the Pd-D-PG.
Microwave-exfoliated graphene oxide is in the partially
reduced state. In the synthetic process of MEGO,
microwave radiation will remove oxygen functional
groups of GO. Also, multiple microwave radiation steps
for the synthesis of 3D Pd-E-PG will further reduce the
oxygen functional groups. The C=0 vibration band of
MEGO decreases at ~1737 cm ™" after the microwave-
assisted reduction, indicating the partial reduction
of GO, and this peak disappears in Pd-D-G and 3D
Pd-E-PG as a result of remarkable reduction after the
microwave treatment. We suppose that the influence
of the reduction on the material characteristics and
H2 absorption performance is minor, because Ip/lg in
the Raman spectra does not change significantly dur-
ing the multiple microwave radiation steps, as shown
in Figure 3b. The peak intensities of the functional
groups are also reduced, indicating the decoration of
Pd nanoparticles on the functional groups. The peak at
3453 cm™" can be assigned to the Pd nanoparticles
attached to the MEGO via oxygen-containing func-
tional groups. After the multistep microwave irradia-
tion, the adsorption bands of the oxygen function-
alities mostly disappear and only the O—H stretching
and C=C stretching bands remain, thus providing
evidence of the agglomeration of Pd nanoparticles
and the generation of nanoholes. From the experi-
mental phenomena, we speculate that the Pd nano-
particles create defects as reactive sites that allow
H atoms to be attached along the edge of nanoholes.
These results were also confirmed via Raman spectra
(Figure 3b) and XPS (Figure S1).

The Brunauer—Emmett—Teller (BET) specific surface
areas of the MEGO, Pd-D-G, and 3D Pd-E-PG were
measured from the nitrogen adsorption—desorption
isotherms at 77 K, shown in Figure 3d; Table S1
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presents a detailed study of the as-synthesized sam-
ples. The nitrogen adsorption—desorption isotherms
of the 3D Pd-E-PG are type-IV adsorption isotherms.
The presence of hysteresis in the isotherm signifies
irreversible desorption, which is usually observed in
specimens with a micropore structure (size <2 nm). The
BET specific surface area of the 3D Pd-E-PG is measured
as 586.2 m? g~ ', while those of the Pd-D-G and the
MEGO are 186.4 and 331.2 m? g™, respectively. The
inset in Figure 3d shows the pore size distribution of
the MEGO, Pd-D-G, and 3D Pd-E-PG nanostructures
using the H—K model. The 3D Pd-E-PG sample exhibits
a microporous volume of 2.586 cm® g~' with an
average pore radius of 0.75 nm (inset of Figure 3d).
This shows some peak intensity variation; the increase
in the peak intensity for the 3D Pd-E-PG is due to the
creation of nanoholes inside the graphene layers as a
result of perforation of the graphene by the Pd nano-
particles and embedding of Pd nanoparticles in the
graphene layers along the c-axis.

Figure 4a shows the high-pressure H, isotherms
of the MEGO, Pd-D-G, and 3D Pd-E-PG at 77 K (up to
8 MPa). The maximum amounts of H, uptake of the
MEGO, Pd-D-G, and 3D Pd-E-PG samples are 1.5, 3.3,
and 5.4 wt %, respectively. It was observed that the 3D
Pd-E-PG nanostructure shows the highest hydrogen
adsorption in comparison with the MEGO and the Pd-
D-G nanostructures. It is noted that the presence of
oxygen functional groups and Pd carbonaceous mate-
rials increase the binding energies of spillover H and
the hydrogen adsorption on the surface of carbonac-
eous materials. In the Pd-D-G and 3D Pd-E-PG samples,
the Pd nanoparticles act as a catalyst to dissociate the
H, molecule into H atoms effectively. There is a possi-
bility that these dissociated H atoms will migrate to the
MEGO surface when the H, molecules are chemisorbed
on the dispersed Pd nanoparticles. Although the sur-
face area of Pd-D-G is smaller than that of the MEGO,
the H, uptake of the Pd-D-G increased compared to
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that of the MEGO. The increase of H, uptake in Pd-D-G
can be tentatively attributed to the hydrogen spillover
effect.>?¢ Interestingly, however, a maximum H, up-
take of ~5.4 wt % was achieved by 3D Pd-E-PG. This
finding suggests that other factors are involved in the
dramatic increase of hydrogen adsorption capability.
Bonding between the MEGO catalyst support and the
Pd nanoparticles plays a major role in the dissociation
and migration of H, molecules. Thermodynamic spil-
lover can occur from both free-standing and receptor-
supported clusters. The oxygen-containing functional
groups and defect-containing nanoholes in the 3D Pd-
E-PG can be possible sites for spillover H uptake.?”?®
The Pd-D-G has atomic-scale defects on graphene
surfaces within subnanometer, while the 3D Pd-E-PG
has much larger physical defects with 1—100 nm
diameters. In the Pd-D-G, the atomic-scale defects,
which originated from oxygen functional groups of
MEGO, will not be so reactive for the hydrogen storage
and CO oxidation. However, in the 3D-E-PG, the phy-
sical nanoholes that are produced by Pd nanoparticles
will be more reactive sites, which will allow H atoms to
be attached along the edges of the nanoholes. In the
Pd-D-G case, there are no nanohole-like defects on
the graphene surface and all of the Pd nanoparticles are
simply anchored only on the graphene sheets. These
graphene-supported Pd nanoparticles help the spil-
lover mechanism, and thus H, molecules dissociate
into H atoms and adsorb only on the graphene sur-
faces. In the 3D Pd-E-PG sample, after spillover occurs,
these H atoms reach the surface of the graphene and
diffuse into the interlayer space further through the
nanohole, and they are trapped either by physisorp-
tion or chemisorption at defect sites, heteroatoms, or
oxygen functionalities. The nanohole edges have very
high defect levels inside the graphene layers, and these
carbon-containing edges have unsaturated bonds. The
H atoms attach to this unsaturated carbon, which leads
to enhance hydrogen storage. The nanoholes inside
the graphene have unsaturated carbon bonds that can
trap H atoms to complete the carbon vacancies. The
overall mechanism is called spillover; it enhances the
hydrogen storage capacity of the samples. The metal
catalyst plays the central role by separating hydrogen
atoms from each other and spilling them onto a
graphene receptor.

Figure 4b shows the results of CO oxidation for the
MEGO, Pd-D-G, and 3D Pd-E-PG. The temperature at
100% CO conversion (T;q) wWas 210 °C for Pd on the
graphene surface (Pd-D-G) and 190 °C for Pd on nano-
holes in the graphene (3D Pd-E-PG), indicating that the
Pd with nanoholes in the graphene is catalytically
reactive. The loadings of Pd-D-G and 3D Pd-E-PG are
13.3% and 24.9%, respectively. The CO conversion
rates dramatically increase from 30% to 100%, and this
is related to CO oxidation ignition. During ignition, the
high rate of CO, production causes a rapid increase in
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temperature. The pristine graphene sample could not
reach 100% CO conversion until 300 °C, thus demon-
strating the lower catalytic activity of graphene-based
materials. The activation energy, obtained from the
Arrhenius plot of the MEGO, is 46.8 kcal/mol, which is
much higher than those of the Pd-D-G (34.6 kcal/mol)
and 3D Pd-E-PG (34.1 kcal/mol). This indicates that the
reaction mechanism on pristine graphene is different
from those of Pd-D-G and 3D Pd-E-PG due to the
presence of Pd nanoparticles in these two materials.
Catalytic activity of the Pd-D-G is close to that of
Pd/ZnO nanoparticle catalysts (with a loading of
10%) synthesized by microwave irradiation, which
showed a value of T;gg at 194 °C. The higher catalytic
activity of the 3D Pd-E-PG, compared with that of the
Pd-D-G, is associated with the defective nature of the
holes of the graphene that is catalytically more reac-
tive than pristine graphene. This result suggests that
the interface area of the Pd nanoparticles and the
graphene edge sites can act as an active site under CO
oxidation.?’®

Figure 5 shows the hydrogen uptake mechanism in
the 3D Pd-E-PG nanoholes, in which Pd nanoparticles
are embedded in the graphene sheets perpendicular
to the surface. The hydrogen storage mechanism in
carbon nanostructures was well described by Cheng.?®
We found that bigger Pd nanoparticles are capable of
penetrating into the few-layered graphene surfaces
and that smaller Pd nanoparticles are attached to the
graphene surface. The nanoholes created by bigger Pd
nanoparticles on the graphene surface contain struc-
tural defects on the outer surface as well as beneath it.
These nanoholes in the graphene surface play a crucial
role in hydrogen uptake. H, molecules spill over onto
the Pd nanoparticles embedded inside the graphene
and transform into H atoms, which can migrate to the
graphene surface. These H atoms that are now free
from the H, molecule can adhere to the edges of
nanoholes, which contain unsaturated carbons.

CONCLUSION

In summary, we report a facile microwave irradiation
method to synthesize a nanohole-structured and pal-
ladium-embedded 3D porous graphene. More impor-
tantly, we found that Pd nanoparticles were embedded
in every nanohole, thus indicating that the Pd nano-
particles are responsible for the creation of the nano-
holes on the graphene sheets. The results suggest a
substantial rate of interdiffusion of the Pd nanoparticle,
which is beneficial for hydrogen storage and CO
oxidation. The 3D Pd-E-PG contains nanoholes that
provide exceptionally high hydrogen storage and CO
oxidation catalytic activity compared with the Pd-D-G.
The nanoholes on the graphene surface are responsi-
ble for the improved hydrogen storage capability.
Finally, we believe that this method will also be useful
for fabricating other metal or metal-oxide-porous

VOL.9 = NO.7 = 7343-7351 = 2015 F@L@Mi{\)

WWW.acsnano.org

7349



Spillover ¢,
mechanism

0 Hydrogen atom @ Palladium nanoparticle

Figure 5. Schematic diagram of spillover mechanism and H, storage in the 3D Pd-E-PG containing nanoholes. (a) lllustration
of the 3D Pd-E-PG nanoholes. (b) SEM image of the 3D Pd-E-PG with the Pd nanoparticles colored blue. (c) lllustration of the
spillover mechanism, including an H atom attached along the nanohole edge.

graphene composites with various applications. This
newly acquired understanding of penetration into few-
layered graphene can provide a useful guidance for

MATERIALS AND METHODS

Synthesis. Graphene oxide (GO) was synthesized from nat-
ural graphite powder (Merck, 99.99%) using a modified Hum-
mers method.>® The detailed procedure is shown in the
Supporting Information. The growth of the 3D Pd-E-PG nano-
holes was carried out in a simple microwave oven, which
provides a huge amount of microwave energy in a very short
time. First, microwave-exfoliated graphene oxide (10 mg) was
sonicated in ethanol with palladium acetate powders (99.99%)
(1 mq) for 2 h. After sonication, rigorous stirring for 3 h at room
temperature completed the ion exchange between the re-
duced graphene oxide and the palladium ion precursor. After
homogeneous mixing, the mixture was filtered and dried in an
oven at 50 °C. Finally, this dried black material was irradiated
in a microwave oven at various power intensities for quick
exfoliation.

Characterization. The X-ray diffraction patterns of the synthe-
sized hybrid materials were measured using a D/MAX-IIIC (3 kW)
(Rigaku) X-ray diffractometer using filtered Cu Ka. radiation with
an accelerating voltage of 40 kV and current of 200 mA. The
sample was scanned at 26 from 10° to 80°. Field emission
scanning electron microscope (FESEM) observations were per-
formed using a Nova NanoSEM 230 FEI at 2 kV in gentle-beam
mode without any metal coating and with the fully dried sample
loaded on a carbon tape. Elemental analysis was carried out
using energy dispersive X-ray spectroscopy (EDS). The EDS
analysis was performed at several points in a region, and the
data were averaged to obtain representative results. Transmis-
sion electron microscopy (TEM) analysis was carried out using
a Tecnai G2 F20 microscope operated at 300 kV using a
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developing generalized methods to produce similar
defect-laden nanostructures having multiple function-
alities and engineering applications.

permeable carbon-coated copper grid. The sample was pre-
pared by dispersing a small amount of dry powder in ethanol or
water. One droplet of the suspension was then dropped on the
carbon-coated, 300-mesh copper TEM grid, and the ethanol was
allowed to evaporate in air at room temperature. The Raman
spectrum was acquired on a LabRAM HR UV/vis/NIR (Horiba
Jobin Yvon, France) using a CW Ar-ion laser (514.5 nm) as the
excitation source focused through a confocal microscope
(BXFM, Olympus, Japan) equipped with an objective lens
(50, numerical aperture = 0.50) at room temperature. The
changes in the surface chemical bonding and surface composi-
tion were characterized by FT-IR (Bruker Optiks IFS66 V &
Hyperion 3000). The test samples were pressed into tablets
with KBr. Hydrogen adsorption with high pressure (up to 80 bar)
was measured volumetrically with a computer-controlled com-
mercial pressure—composition isotherm (Belsorp HP). Hydro-
gen gas (99.9999%) was used in all Hy-sorption measurements.
For the PCT measurements, the system was calibrated with
LaNis at room temperature with activated carbon (surface area
~3000 mz/g) at 77 K. During the PCT measurement at 77 K, the
system was immersed in a liquid-nitrogen Dewar vessel in order
to keep the temperature constant at 77 K. Before all measure-
ments, the samples were degassed to a pressure of (4—8) x
10~7 mbar at characteristic temperatures. The oxidation state of
the Pd was investigated using X-ray photoelectron spectrosco-
py (XPS). The XPS spectra were taken using a Thermo VG
Scientific Sigma Probe system equipped with an Al Ko X-ray
source (1486.3 eV) with an energy resolution of 0.47 eV fwhm
under UHV conditions. CO oxidation was performed with the
nanocatalyst samples in a flow reactor.'® Before the reaction,
about 50 mg of catalyst was loaded into a quartz tube.
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Subsequently, the catalyst was reduced at 250 °C under H, flow
(5% H, in He, a flow of 45 mL min~") for 30 min and then cooled
to room temperature. The reactant gas composition was 4% CO,
10% O,, and 86% He (balance). The total gas flow rate was 50 mL
min~"', controlled by a mass flow controller (Brooks Instrument).
CO oxidation was carried out until 100% CO conversion was
reached (in the temperature range 150—300 °C). The gas
mixture passing through the catalyst powder was analyzed
using gas chromatography (DS Science).
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