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ABSTRACT Local photodegradation of graphene oxide sheets at the tip of Zn0 nanorods was used to achieve
semiconducting graphene nanomeshes. The chemically exfoliated graphene oxide sheets, with a thickness of
~0.9 nm, were deposited on quartz substrates. Vertically aligned Zn0 nanorod arrays with diameters of 140 nm
and lengths of <1 p.m were grown on a glass substrate by using a hydrothermal method. The graphene oxide
sheets were physically attached to the tip of the Zn0 nanorods by assembling the sheets on the nanorods. UV-
assisted photodegradation of the graphene oxide sheets (with dimension of ~5 X 5 pum) at a contact place with
the Zn0 nanorods resulted in graphene nanomeshes with a pore size of ~200 nm. The graphene nanomeshes
prepared by using the photocatalytic property of the Zn0 nanorods contained smaller oxygen-containing
carbonaceous bonds and higher defects as compared to the as-prepared graphene oxide sheets. When chemical
reduction of the graphene nanomeshes by hydrazine was used, the oxygen bonds of the nanomeshes more
decreased while their graphitization increased. Based on X-ray photoelectron spectroscopy at low binding
energies, the graphene nanomeshes reduced by hydrazine exhibited as a broad sheet a p-type semiconductor
with an ~1.2 eV energy gap between the valence band and the Fermi level.
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mong various carbon nanostruc-

tures, graphene as a single-atom-

thick sheet arranged by sp*-bonded
carbon atoms in a hexagonal lattice shows
unique properties for both fundamental
research'~* and promising applications in
condensed-matter physics, electronics, and
material science.® '® The interest to the
graphene-based subjects has been ex-
tremely increased after empirical discovery
of graphene sheets in 2004."*

Graphene as a two-dimensional trans-
parent conductor with excellent mobility
(~15000 m?V~'s~" at room temperature) is
considered as a highly promising candidate
for developing electronics.'*~'” However,
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room temperature."'® This problem could
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be eliminated by transforming graphene

sheets into nanoribbons with widths of <10

A“t\i/a\l\\@) VOL. 4 = NO.7 = AKHAVAN

© 2010 American Chemical Society

4174

nm, because such nanoribbons show a
semiconductor behavior with a band gap
suitable for transistor operation at room
temperature.’®3° But, in addition to the
hard production of high quality nanorib-
bons, they often show low driving currents
or transconductances as important
challenges.?®>° Therefore, other methods
should be considered to overcome such
problems. For example, modulation of elec-
trical properties and the band gap struc-
ture of N-doped graphene as an n-type
semiconductor were studied by Wei et a
Band-gap adjustment of graphene by ad-
sorption of molecules on its surface was
also proposed.®? Recently, Bai et al.>* re-
ported a new graphene nanostructure as a
“graphene nanomesh” that can open up a
band gap in a large sheet of graphene to
create a p-type semiconducting thin film.
To produce the graphene nanomesh, they
used a block copolymer lithography
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method. It was recently shown that, as the
flash energy can reduce the graphene oxide
sheets, it can also be used for patterning
the reduced sheets.®* Therefore, the pho-
toreduction procedures may be applied as
both reducing and patterning tools. In fact,
it was recently reported that graphene ox-
ides can chemically interact with TiO, nano-
particles and thin films in a photocatalytic
reduction process.®>® In addition, it was
shown that carbon bonds of graphene can
be cut by oxidation.?” Because oxidation
and decomposition of carbonaceous mate-
rials, using metal oxide semiconductor pho-
tocatalysts, such as TiO, and ZnO, are
well-known,*®3° |ocal photodegradation of
graphene sheets by the nanostructured
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photocatalysts can be nominated as one of the ways
to produce graphene nanomeshes.

In this work, formation of graphene nanomeshes
by using local photodegradation of chemically synthe-
sized graphene oxide sheets at the contact place of the
tip of vertically aligned ZnO nanorods was investi-
gated. The surface topography of the graphene na-
nomeshes was studied by atomic force microscopy
(AFM). Furthermore, the carbon structure and chemical
state of the synthesized graphene oxide sheets and
graphene nanomeshes were investigated and com-
pared by Raman and X-ray photoelectron spectros-
copy (XPS). The electronic structure of the graphene na-
nomeshes, as semiconductors, was examined by XPS
analysis at low binding energies.

RESULTS AND DISCUSSION

Surface morphology of the vertically aligned ZnO
nanorods has been presented in Figure 1. It is seen
that the ZnO nanorods were grown uniformly on the
ZnO seed layer in a densely packed structure. To bet-
ter observe the morphology of the ZnO nanorods (es-
pecially the morphology of the tip of the nanorods),
TEM was utilized, as is also shown in Figure 1. The diam-
eter of the ZnO nanorods was about 140 nm, and their
average length was less than ~1 pm. Such morpholo-
gies were also previously reported for the ZnO nano-
rods prepared by a hydrothermal method.*® Some ad-
ditional details about the ZnO nanorods synthesized by
the hydrothermal method can also be found
elsewhere.*!

To characterize the surface topography of the
graphene sheets, AFM was utilized as an appropriate
technique. Figure 2 shows AFM images of the as-
prepared graphene oxide sheets (Figure 2a) and the
graphene nanomesh (Figure 2b). They present some
partially overlapped sheets deposited on the quartz
substrate. In Figure 2a, the height profile diagram
shows that the thickness of the sheets was ~0.9 nm,
in good agreement with the typical thickness of the
single-layer graphene oxides, that is, ~0.8 nm.*? In fact,
due to the presence of epoxy and hydroxyl bonds on
both sides of the graphene oxide sheets, the typical
thickness of the oxide sheets is at least ~0.44 nm
greater than the thickness of graphene (~0.36 nm)
Therefore, our AFM analysis showed that the as-
prepared samples contained single-layer graphene ox-
ide sheets partially overlapped on each other (see also
the Raman analysis). Figure 2 shows the same sheets af-
ter the photocatalytic process of the graphene oxide
sheets assembled on the vertically aligned ZnO nano-
rods. Some pores are clearly seen on the sheets, indicat-
ing formation of porous sheets after the photocatalytic
process. The pores can be assigned to the photodegra-
dation trace of the tip of the ZnO nanorods attached
to the surface of the sheets. The height profile diagram
of the AFM image of the porous sheets shows that

42,43
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Figure 1. (a) SEM image of vertically aligned ZnO nanorods grown
on the ZnO seed layer and (b) TEM image of one of the ZnO
nanorods.

thickness of the oversheets (~0.5 nm) were smaller
than the typical thickness of the graphene oxide layer
(~0.8 nm). This decrease in the thickness can be attrib-
uted to partial reduction of the graphene oxide sheets
during the photocatalytic process by the ZnO nanorod
photocatalysts (see also the XPS results). In addition,
thickness of the underneath sheets (~0.8 nm) was
slightly decreased as compared to the thickness of the
sheets in the as-prepared samples (~0.9 nm). The depth
of the pores in the height profile diagram indicates
complete photodegradation of the graphene oxide
sheets at the contact place of the tip of the nanorods
with the sheets. Typical diameter of the pores was esti-
mated around 200 nm, which is greater than the typical
diameter of the ZnO nanorods. This indicates exten-
sion of the photodegradation process out of the con-
tact place of the tip of the ZnO nanorods with the
sheets.

The chemically exfoliated graphene oxides include
a variety of functional groups such as hydroxyl (C—OH)
and epoxide (C—0O—C) groups in addition to carbonyl
(>C=0) and carboxyl (—COOH) groups usually present
at the defects and edges of the sheets. To investigate
the chemical state of the graphene oxide sheets and
graphene nanomeshes, XPS was utilized. The deconvo-
luted C(1s) XPS core levels of the graphene oxide sheets
and graphene nanomeshes deposited on the quartz
substrate have been presented in Figure 3. The decon-
voluted peak located at the binding energy of 285.0
eV was attributed to the C—C, (=C, and C—H bonds.
The deconvoluted peaks centered at the binding ener-
gies of 286.0, 287.5, and 289.5 eV were assigned to the
C—0H, (=0, and O=C—0H oxygen-containing car-
bonaceous bands, respectively.>¢**~4¢ |n the most
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Figure 2. AFM images of (a) the graphene oxide sheets and (b) the graphene nanomeshes on quartz substrates. In the height
profile diagrams, vertical distances of each couple marker have been mentioned above them. The diameter histogram of
the pores shown in image (b) was also presented.

structural models of graphite oxides, the hydroxyl and  containing carbonaceous bands, the peak area ratios
epoxide groups show similar C(1s) binding energies.*”  of the C—OH, (=0, and O=C—OH bonds to the CC

Hence, the contribution of epoxide and hydroxyl bonds (containing C—C, (C, and C—H bonds) were
groups was not separated in the deconvoluted C(1s) calculated and also presented in Table 1. The XPS analy-
core level. For the as-prepared graphene oxide sheets sis (Figure 3b) showed that the oxygen-containing car-
(Figure 3a), considerable amounts of the oxygen- bonaceous bond ratios of the C—0OH, (=0, and

containing carbonaceous bands were detected in the O=C—O0H bonds of the graphene nanomeshes de-
deconvoluted carbon peak, as expected. For assigning  creased 63, 33, and 55% relative to the corresponding
comparative values to the amount of the oxygen- bonds on the as-prepared graphene oxide sheets, re-

______________________________________________________________________________________________________________|
TABLE 1. Peak Area (A) Ratios of the Oxygen-Containing Bonds to the CC Bonds and the Total Carbon Bands to the Si

Band of the Quartz Substrate (by XPS), and the Peak Intensity Ratios of Ip/l; (by Raman Analysis) of the Graphene Oxide
Sheets, Graphene Nanomeshes, and Graphene Nanomeshes Reduced by Hydrazine

XPS Raman
sample Acon/Acc Aco/Acc Aocon/Acc normalized (A/As)" Ip/lg
graphene oxide 0.74 1.13 0.18 1 1.00
graphene nanomesh 0.27 0.75 0.08 0.69 1.33
graphene nanomesh reduced by N,H, 0.20 0.44 0.06 0.71 1.17

%A= Acc + Awn + Ao t+ Aocon

@%{() VOL. 4 = NO.7 = AKHAVAN www.acsnano.org



——C—OH

—O0=C—OH
BET—°=°
—C—-C,C=C&C—H

Intensity (arb. unit)
=

a)

282 284 286 288 290 292
Binding Energy (eV)
Figure 3. Peak deconvolution of C(1s) XPS core level of (a)

the graphene oxide sheets, (b) the graphene nanomeshes,
and (c) the graphene nanomeshes reduced by hydrazine.

spectively. This means partial chemical reduction of
the graphene oxide sheets during the photocatalytic re-
duction by the ZnO nanorods. In fact, photocatalytic re-
duction of graphene oxides was previously
reported.®>° For example, the XPS analysis of
graphene oxide/TiO, thin film showed that the photo-
catalytic reduction can reduce the C—OH, (=0, and
O=C—O0H band ratios down to 73, 85, and 72%, respec-
tively.>® The weaker photocatalytic reduction of the
graphene oxide sheets in this work can be assigned to
the smaller and local contact area between the photo-
catalyst and the graphene oxide sheets. In addition, for-
mation of pores in the graphene oxide sheets (as de-
fects) prevented substantial reduction of the oxygen-
containing carbonaceous bonds, particularly the C=0
bond at the edges of pores. To better reduce the ob-
tained graphene nanomeshes, they were reduced by
hydrazine. The deconvoluted C(1s) XPS core levels of
the graphene nanomeshes reduced by hydrazine pre-
sented in Figure 3c showed that hydrazine could further
reduce the graphene nanomeshes (see also Table 1).
Based on the decrease in the peak area ratio of the C(1s)
to Si(2p) core levels (Ac/As), it was found that the car-
bon content of the graphene nanomeshes also de-
creased about 30% relative to the corresponding value
in the graphene oxide sheets. The decrease in carbon
content of the sheets is completely consistent with the
photodegradation process, which caused the pores in
the sheets.

Raman spectroscopy was used to study the ordered/
disordered crystal structures of carbonaceous materi-
als. Thus, we utilized it to examine the changes that oc-
curred in the structure of the graphene nanomeshes
as compared to the as-prepared graphene oxide sheets,
as shown in Figure 4. The well-known characteristics of
carbon materials in Raman spectra are the G band
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Figure 4. Raman spectra of (a) the graphene oxide sheets, (b) the
graphene nanomeshes, and (c) the graphene nanomeshes re-
duced by hydrazine.

(~1580 cm™"), which is generally assigned to the Eyq
phonon of sp? bonds of carbon atoms, and the D band
(~1350 cm™") as a breathing mode of k-point phonons
of Aig symmetry,**#° which is attributed to local de-
fects and disorders, particularly the defects located at
the edges of graphene and graphite platelets.>® Hence,
the smaller Ip/lg peak intensity ratio of a Raman spec-
trum can indicate lower defects and disorders of the
graphitized structures containing the disorders caused
at the edges of the carbon platelets. The Raman spec-
tra shown in Figure 4 display the D and G bands at
about 1348 and 1583 cm™', respectively. It was also
found that the /Ip//; ratio increased from 1.00 for the
graphene oxide sheets to 1.33 for the graphene na-
nomeshes. This increase was assigned to formation of
the pores (as defects and disorders) in the graphene
sheets. By reducing the graphene nanomeshes by hy-
drazine, the Ip/Ig ratio decreased to 1.17, which can be
assigned to more graphitization of the nanomeshes
due the reduction process.

Raman spectroscopy is also utilized to investigate
the single-, bi-, and multilayer characteristics of
graphene and graphene oxide layers. For instance, it
was shown that the G band of the single-layer
graphene, located at 1585 cm™’, shifts about 6 cm™
into lower wavenumbers after stacking 2—6 graphene
layers.*>>°~>3 Moreover, the shape and position of the
2D band are known as key parameters to judge both
formation and the layer numbers of the graphene
sheets.**>"~>* The 2D band of the single-layer
graphene sheets is usually observed at 2679 cm ™',
while for the multilayers (2—4 layers) it shifts to higher
wavenumbers by 19 cm™".>° In this work, the slight shift
of the peak position of the G band to lower wavenum-
bers (2 cm™" shift) can be assigned to the presence of
both single- and multilayer graphene oxide sheets in
the deposited samples. For the graphene oxide sheets,

1
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Graphene oxide sheet

Local oxidation
& degradation

Figure 5. Schematic illustration of the mechanism describing for-
mation of graphene nanomeshes by using the photocatalytic prop-
erty of the ZnO nanorods.

peak position of the 2D band at 2683 cm™' and the
nearly asymmetrical shape of the peak also confirmed
the presence of both single- and multilayer graphene
oxide sheets in the deposited samples. For the
graphene nanomeshes, the asymmetrical shape of the
2D band is clearly seen, showing the presence of the
multilayer graphene nanomesh in the samples. On the
other hand, the slight peak position shift of the 2D band
(~10 cm™ ") into the lower wavenumbers indicated
more contribution of single-layer sheets in the porous
graphene sample. This can be attributed to removing
some surface carbon layers due to the photodegrada-
tion process. No considerable change in the 2D band
was observed after reduction of the graphene
nanomeshes.

Formation of the graphene nanomeshes by using
the ZnO nanorods in a photodegradation process can
be explained based on the following proposed mecha-
nism. Concerning this, a schematic illustration was also
presented in Figure 5. Under UV irradiation, the photo-
excited electrons were injected from the tip of the

E¢

Intensity (arb. unit)
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1
l
I
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Binding Energy (eV)
Figure 6. XPS valence spectra of (a) the graphene oxide

sheets, (b) the graphene nanomeshes, and (c) the graphene
nanomeshes reduced by hydrazine.
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ZnO nanorods into the graphene oxide sheets, be-
cause graphene oxide sheets are known as good elec-
tron acceptors. Due to high mobility of the electrons in
the graphene sheets, the injected electrons can easily
move throughout each sheet and can reduce it globally
(even far from the contact place of the ZnO nanorods
with the sheet). It was previously shown that the syn-
thesized ZnO nanorods possessed a considerable
amount of hydroxyl groups on their surfaces and that
they exhibited a hydrophilic property.*' Thus, the holes
accumulated in the tip of the excited ZnO nanorods
could effectively produce active OH® radicals near the
surface of the tip for the local oxidation and, subse-
quently, the local degradation of the sheets. The larger
diameter of the pores, as compared to the diameter of
the nanorods, can be assigned to higher humidity near
the hydrophilic tip of the nanorods, that is, around the
contact place of the nanorods with the sheets.

Some electrical characteristics of the graphene ox-
ide sheets and the graphene nanomeshes can also be
examined by using XPS. In fact, XPS analysis at low bind-
ing energies can determine the electron density of the
valence band on the surface of the films, as previously
reported for graphene-°° and silicide-based materials.>®
Figure 6 presents XPS spectra of the graphene na-
nomeshes, as compared to the spectrum of the
graphene oxide sheets. For the graphene oxide sheets,
the valence band was found to be very far from the
Fermi level (E). In contrast, for the graphene na-
nomeshes and the graphene nanomeshes reduced by
hydrazine, the nearest peaks to the Fermi level were
found at binding energies of ~1.6 and 1.2 eV, respec-
tively. Because the valence band of the graphene na-
nomeshes before and after reduction by hydrazine was
not changed substantially, the valence band approach-
ing the graphene oxide sheets into the Fermi level af-
ter the photocatalytic process can be mainly attributed
to the reduction of the graphene oxide sheets. In addi-
tion, reduction of the graphene nanomeshes by hydra-
zine could not reduce the distance of the valence band
peak to zero. In fact, the graphene nanomeshes (even
after reduction by hydrazine) exhibited a p-type semi-
conducting behavior, similar to the results recently re-
ported by Bai et al.>® It was previously shown that the
valence band peak of graphene oxide sheets reduced
by thermal reduction coincided on the Fermi level, indi-
cating an electrical conducting behavior.>> Here, the
synthesized graphene nanomeshes presented a semi-
conducting behavior in a relatively broad sheet (~5 X
5 pm), without any doping.

CONCLUSIONS

Graphene nanomeshes were synthesized using
local photodegradation of graphene oxide sheets
by the tip of vertically aligned ZnO nanorod arrays.
AFM images illustrated formation of the graphene
nanomeshes with a pore size of about 200 nm. The
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XPS and Raman spectra showed that the graphene
nanomeshes contained smaller oxygen-containing
carbonaceous bonds and higher carbon defects as
compared to the as-prepared graphene oxide
sheets. This indicated partial photocatalytic reduc-
tion of the graphene oxides during the local photo-
degradation of graphene sheets at the contact place
with the tip of the ZnO nanorods, because a better
chemical reduction was obtained by using hydra-

EXPERIMENTAL SECTION

Synthesis of Graphene Oxide Sheets. The improved Hummers
method>>” was utilized to oxidize natural graphite powder (par-
ticle diameter of 45 wm, Sigma-Aldrich). In a typical method, 50
mL of H,SO, was added into a flask containing 2 g graphite at
room temperature. The flask was cooled to 0 °C in an ice bath.
Then, 6 g potassium permanganate (KMnO,4) was added slowly
to the above mixture and left to warm to room temperature. The
suspension was stirred continuously for 2 h at 35 °C. Then, it
was cooled in an ice bath and, subsequently, diluted with 350
mL of deionized (DI) water. H,0, (30%) was then added to re-
duce the residual permanganate to soluble manganese ions: the
state in which the gas evolution was stopped. Eventually, the re-
sulting suspension was filtered, washed with 1 M HCl and sev-
eral times with DI water, and dried at 60 °C for 24 h to obtain a
brownish graphite oxide powder. The obtained graphite oxide
powder was dispersed in water (1 mg/mL) to obtain a suspen-
sion. Then the suspension was sonicated for 30 min to obtain a
graphene oxide suspension.

Growth of Zn0 Nanorods. To prepare ZnO nanorods, at first a
ZnO seed layer was prepared using zinc acetate solution. The re-
quired solutions were prepared by dissolving zinc acetate
(Zn(CH5CO0,) - 2H,0) into ethanol (0.5 mol/L) and then adding
diethanolamine (DEA) in the solution. The molar ratio of DEA to
zinc acetate was 6:5. Then, the obtained solution was stirred at
60 °C for 30 min to achieve a clear and homogeneous soln. The
ZnO seed layers were obtained by dipping glass substrates in the
prepared soln for 2 min at room temperature and pulling up ver-
tically at a speed of about 30 mm/min. After drying the films at
room temperature in air for 1 h, they were annealed at 400 °C in
air for 1 h. The dip-coating and the subsequent annealing pro-
cess were performed two times to obtain a thicker and more uni-
form ZnO seed layer.

A hydrothermal process was used for growth of free-catalyst
ZnO nanorods on the seed layers. After washing the ZnO seed
layers with deionized (DI) water, they were suspended in a super-
saturated aqueous solution of 0.001 M Zn(NOs),/0.05 M NaOH,
while the solution was stirred at 70 °C for 2 h. Finally, the result-
ant samples containing the ZnO nanorods were rinsed with DI
water and dried at room temperature.

Producing Graphene Nanomesh by Zn0 Nanorod Photocatalysts. The
graphene oxide sheets were deposited on quartz substrate by
drop-casting the graphene oxide suspension onto the substrate
cleaned by DI water, methanol, and UV irradiation for 2 h. The
samples were dried at 100 °C in air for 30 min. Then the graphene
oxide sheets were assembled on the vertically aligned ZnO nano-
rods so that the tip of the ZnO nanorods could make contact
with the graphene oxide sheets. This structure was illuminated
by a UV-LED source with 5 mW/cm? intensity and a wavelength
peak at 255 nm for 10 h. Some of the obtained graphene na-
nomesh samples were also reduced by a hydrazine vapor for 1 h.

Material Characterization. Surface morphology of the ZnO nano-
rods was studied by using a Philips XL30 scanning electron mi-
croscope (SEM). A Philips-CM200 transmission electron micros-
copy (TEM) apparatus operated at 200 kV was also used to better
observe the morphology of the grown ZnO nanorods. For
sample preparation, the ZnO film was scratched and immersed
in methanol. Then, a holey copper grid was dipped in the solu-
tion for TEM imaging. AFM images of the graphene oxide sheets

www.acsnano.org

zine. Both Raman and AFM analyses confirmed the
presence of single-layer graphene oxide sheets in
addition to the presence of some multilayer ones.
The graphene nanomeshes presented a p-type semi-
conducting behavior in a wide sheet and with no
doping. Hence, the synthesized graphene na-
nomeshes can be considered one of the important
nanomaterials in future graphene-based research
and technologies.

deposited on quartz substrates were obtained by using a Park
Scientific model CP-Research (VEECO). XPS was applied to exam-
ine the carbonaceous band ratios and the chemical states of
the graphene oxide sheets. The data were obtained using a
hemispherical analyzer with an Al Ka X-ray source (hv = 1486.6
eV) working in a vacuum better than 1077 Pa. The XPS peaks
were deconvoluted using Gaussian components after a Shirley
background subtraction. Raman spectroscopy was performed
using a Raman Microprobe (HR-800 Jobin-Yvon) with a 532 nm
Nd:YAG excitation source at room temperature.
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