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ABSTRACT: Oxidative etching of graphene flakes was
observed to initiate from edges and the occasional defect
sites in the basal plane, leading to reduced lateral size and a
small number of etch pits. In contrast, etching of highly
defective graphene oxide and its reduced form resulted in
rapid homogeneous fracturing of the sheets into smaller
pieces. On the basis of these observations, a slow and more
controllable etching route was designed to produce nano-
porous reduced graphene oxide sheets by hydrothermal
steaming at 200 °C. The degree of etching and the con-
comitant porosity can be conveniently tuned by etching
time. In contrast to nonporous reduced graphene oxide
annealed at the same temperature, the steamed nanoporous
graphene oxide exhibited nearly 2 orders of magnitude
increase in the sensitivity and improved recovery time when
used as chemiresistor sensor platform for NO, detection.
The results underscore the efficacy of the highly distributed
nanoporous network in the low temperature steam etched GO.

raphene oxide (GO) is usually made by reacting graphite
Gpowders with strong oxidants and acids,"” through which
the graphene sheets are partially oxidized and derivatized with
oxygen containing functional groups, which makes them readily
exfoliated into single layers in water.” > Recent high resolution
transmission microscopy studies® have confirmed earlier
hypothesis’ that the basal plane of GO is made of distributed
graphitic nano patches separated by highly oxidized domains.
GO is rather unstable, and can undergo disproportionation
reactions, which are often referred to as “reduction” under
mild heating to yield reduced GO (r-GO) (chemically mod-
ified graphene) and carbonaceous gases.” '® During the
reduction of GO, the graphitic domains grow in size to form
a percolated network, leading to partial restoration of electrical
conductivity." However, the harsh chemical oxidation reaction and
the loss of carbon atoms during reduction introduce carbon vacancies
in the basal plane. Therefore, both GO and its r-GO products are
quite defective in their basal planes. This is the primary reason that
the electronic properties of r-GO are much degraded compared to
pristine graphene. Considerable effort has been directed to develop
new reduction or processing techniques to repair the defects for
converting GO to as perfect graphene as possible.375’11 However,
much less has been done to alter or even enlarge the defects, which
would not only bring knowledge of the chemical reactivity of GO and
1-GO, but also result in novel types of graphene-based sheets.
The defective nature of GO and r-GO could render them very
different chemical reactivity compared to graphene. For example,
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Figure 1. SEM and AFM images showing different modes of fracturing
of (a—c) a few-layer graphene flake and (d—f) a GO sheet before their
complete disappearance when heated in air at 600 °C. Etching pits and
cracks were heterogeneously distributed on few-layer graphene flakes
but appeared to be uniformly distributed on GO sheets in much greater
number. All scale bars = 1 ¢m; scale bars in inset = 100 nm. (c and f) The
contours of the sheets before and after oxidation were overlapped to
highlight the change in size. For the graphene flake, size reduction
suggests that etching started from the edges, which are more reactive.

For GO, no apparent size reduction was observed, suggesting that edge
sites are no more reactive than the defect sites in the basal plane.

if graphene is mildly heated in air, combustion of carbon atoms
would initiate from the edges given relatively smaller number of
additional defect sites in the basal plane, then gradually shrinking
the sheet before its complete disappearance.'” However, for GO
or 1-GO, since they contain abundant defect sites distributed
throughout the basal plane, gasification of carbon atoms would
occur homogeneously across the full face of the sheet, leading to
rapid fracturing into small pieces. Indeed, the different behaviors
were confirmed by SEM observation. Figure 1 shows SEM
images of a few-layer graphene flake (Figure la—c) and AFM
images of a GO sheet (Figure 1d—f) before and after heating in
air at 600 °C, respectively. The graphene sample was heated for
10 min, while the GO sheet was heated only for 4 min. It was
found that GO sheets would completely disappear between 4 and
S min. Therefore, the GO sample was removed from the furnace
just a moment before their complete combustion for AFM observa-
tions. Etching pits were seen to be heterogeneously distributed on
the few-layer graphene flake (Figure 1b) but appeared to be
uniformly distributed on GO sheets (Figure le). Additional SEM
images showing typical fracturing patterns of GO can be seen in
Figure S1. Overlaying the contours of the samples before and after
oxidation highlights their different etching behaviors. As shown in
Figure 1, in addition to the etching pits, the graphene flake indeed
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Figure 2. (a) Schematic drawings illustrating the steaming process to
create perforated GO. First, GO monolayers were deposited on sub-
strates by Langmuir—Blodgett technique. Then, the substrates were
suspended above deionized water in the sealed vessel, and heated at 200
°C. (b and c) AFM images showing the same GO sheet before and after
being steamed for 10 h, respectively. Pores and cracks can be clearly seen
after steaming. (d) Height profiles along the white line in b and c. All
scale bars = 2 um.

shrank, suggesting that oxidation was faster at the edges. For GO
(Figure 1f), no apparent size reduction was observed at this stage,
suggesting that edge sites may even be less active than the defect sites
in the basal plane. A recent report also showed that a GO sheet can
rapidly break down to small pieces of around 10 nm in dimension
upon oxygen plasma treatment for a few seconds."

Although porous graphene has been made by lithography
using block copolymer patterns'*'> as mask, experiments shown
in Figure 1 suggest that GO or r-GO should be a natural
precursor to porous network of graphene-based materials, if
opening of the defective sites can be better tuned to avoid
mechanical breakdown. To achieve this, a milder and slower
etching method is needed for better control over the progress of
the oxidizing reactions. Here, we report that a porous graphene-
based network can be conveniently synthesized by hydrothermal
steaming of GO sheets with water. The resulting nanoporous
graphene-based network showed significantly enhanced sensi-
tivity toward chemical vapors.

Coal gasification® has been long studied for converting solid-
state carbon-based materials to gaseous fuels such as CO and H,
through the so-called water gas reactions with hot steam. There-
fore, steaming GO sheets could also trigger the removal of carbon
atoms,"”"'® likely to initiate from the more defective sp” rich
domains. While typical water gas shift reactions require much
higher temperature (>300 °C) treatment steps and the use of
catalysts, we have discovered that steam etching of GO can occur
at temperatures as low as 200 °C. The experimental setup is
shown in Figure 2a. First, GO single layers were coated on
Si0,/Si substrates using Langmuir—Blodgett (LB) technique.19
Then, each substrate was fixed at the neck of a glass pipet before
putting it into a Teflon vessel prefilled with 10 vol % DI water.
The substrates were suspended well above the water level to
avoid direct wetting. The vessel was then sealed in a stainless steel
autoclave and heated to 200 °C.

AFM was employed to examine the morphology of a single
GO sheet before and after steam treatment. As shown in
Figure 2b,c, after 10 h of streaming, many cracks were developed
throughout the sheet. It is worth noting that no apparent size
reduction was observed, and the cracks do not appear to be
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Figure 3. (a—d) Representative AFM images of GO sheets on Si wafer
after streaming for 5, 10, 20, and 30 h, respectively. The initially
continuous GO sheet first developed (a and b) pores and cracks, then
turned into (c) a network of interconnecting nano-sized particles
(around 20 nm), which finally broke into (d) isolated dots upon further
steaming as indicated by height profile along white line. All scale bars =
200 nm. (e) The rate of etching as indicated by the change of area
fraction of GO sheets after different steaming time.

initiated from the edges. This fracturing behavior is similar to
what was observed when heating GO in air (Figure 1d—f).
Therefore, the edges of GO sheets do not appear to be the more
reactive sites under steam etching conditions. Height profiles
(Figure 2d) along the white lines in Figure 2b,c show that
steamed GO was much roughened with many etched pits.
The AFM line scan across the visible cracks reveals that GO
was etched down through to the bottom substrate.

Since the basal plane of GO is a single atomic carbon layer, it is
important to have a relatively slow etching reaction to allow
sufficient time for controlling the porosity. In fast reactions such
as direct heating in air or oxygen plasma treatment, GO is often
broken down into discontinuous pieces within minutes or even
seconds. Since the steaming temperature (200 °C) used here is
rather low compared to the conventional water gas reactions, the
degree of etching and the porosity of the resulting network can be
conveniently controlled by exposure time. Figure 3a—d shows
typical AFM images of the morphological evolution of GO sheets
after steaming for 5, 10, 20, and 30 h, respectively. After S h of
steaming (Figure 3a), the originally smooth GO surface started
to appear particulate with particle size of around 20 nm. Some
narrow cracks of around ~20 nm wide can already be observed.
After 10 h of steaming (Figure 3b), much larger cracks with
nominal width of around 100 nm can be seen, and a more open
network of interconnecting particulate domains was formed.
Further etching (20—30 h) continued to reduce the coverage of
materials, leading to a much less dense network (Figure 3c), and
eventually broke the continuity of the network (Figure 3d).
Figure 3e shows the change of coverage within the initially
continuous GO sheets as a function of steaming time. Since
graphitic carbon atoms are less reactive, as steaming time
increases, the fraction of graphitic domains in GO should
increase due to an annealing effect at 200 °C and the preferential
removal of sp” regions in the early stage of the reaction. There-
fore, the etching reaction rate was relatively slower in the later
stage of etching (>10 h).

Because of its limited lateral resolution, AFM study does not
reveal the detailed structures of the roughened GO sheets during
initial etching (Figure 3a). To examine the effect of steaming with
TEM, free-standing GO sheets were deposited on lacey carbon
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Figure 4. TEM images of freely suspended GO sheets (a) before and
after being steamed for (b) S, (c) 10, and (d) 20 h. After S h steaming,
many pores of a few nanometers in diameter were already developed.
Further etching results in more and larger pores. The white circles in the
images highlight a few pores. All scale bars = 50 nm.

coated copper grids and then subjected to steam treatment.
Although the etching rates on the free-standing GO sheets
supported on copper grid may be different than those of SiO,/
Si supported GO, TEM observation can still provide useful
information regarding the early stage of etching. Figure 4a—d
shows TEM images of GO before and after S, 10, 20 h of steam
treatment, respectively. After S h of steaming (Figure 4b), there
were already many holes which appeared on the GO sheets with
broadly distributed diameters ranging from approximately 2 to
40 nm. Longer steaming time (Figure 4c,d) resulted in a more
porous GO membrane with a greater number of pores of
increasing sizes. Additional low magnification TEM images are
included in Figure S2. Therefore, TEM study confirmed that
steaming with water vapor is indeed an effective way to open
nanoscale pores on GO and convert it into a nanoporous
network.

We hypothesize that the etching mechanism under steaming is
analogous to coal gasification, where carbon atoms react with
H,O vapor to produce CO and H,, leavin% behind carbon
vacancies that eventually grow into large pores."®”'® To confirm
the role of water vapor in etching, several control experiments
were carried out to heat GO in the autoclave at 200 °C without
water, or with several different solvents for 20 h. Figure S3 shows
the typical AFM images of such treated GO. As shown in Figure
S3a, dry heating did not result in detectable etching of GO by
AFM. Similarly, steaming GO with toluene (Figure S3b) or
ethanol (Figure S3c) did not produce porous or fractured sheets
either. In separate experiments, adding an oxidative compound
such as H,O, into water (1%) was found to greatly accelerate the
etching process. Therefore, we conclude that water vapor acts as
a mild etchant for carbon atoms during steaming. As is with
oxidation in air (Figure 1b), etching by steam should also start
from the relatively more reactive sp> carbon sites, which are
distributed throughout the basal plane of GO. This leads to
distributed pores all over the sheet, eventually forming the
porous network. In a control experiment, GO sheets were first
reduced by either thermal annealing or hydrazine treatment, and
then subjected to steaming. As shown in Figure S4a-S4d,
steaming had the same etching effects on r-GO, but etching
proceeded much more slowly. This is consistent with the more
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Figure 5. (a) XPS spectra of GO monolayer before and after being
steamed for 20 h, suggesting that GO has undergone deoxygenation
after steaming. (b) I—V curves of pristine GO and steamed GO samples.
Even though GO sheets become porous after steaming, their conduc-
tivity still increases (S and 10 h) before breaking into a nonpercolated
network (20 h). This suggests that GO sheets were also reduced during
steaming. (c) Responses of thermally reduced r-GO and the steamed
GO sheets upon exposure to NO, vapor. Sensitivity increases with
steaming time, likely due to the increased edge fraction and porous
nature of steamed samples.

graphitic nature of r-GO, which renders it more robust against
oxidation. However, r-GO is still quite defective, leading to
similar morphology of the final etched sheets.

Since GO can undergo the deoxygenation reaction at around
150 °C,” while being steamed at 200 °C, GO can still be partially
reduced. Figure 5a shows the XPS spectra of GO before and after
20 h steaming. The band at around 287 eV corresponding to the
oxygenated carbon functional groups is much reduced after
steaming, suggesting that steamed GO has undergone deoxy-
genation. Therefore, the steamed GO should become electrically
conductive even if it is etched into a porous but percolated
network. Figure Sb shows the I—V curves of GO monolayers
before and after steaming for S, 10, and 20 h. Increased current
was indeed observed for GO steamed for S and 10 h. The samples
steamed for 20 h were often found to be insulating due to over-
etching that breaks the percolating network (Figure 3d).

r-GO has attracted significant interest as a material for gas
sensing applications.”*~>* Prior work on single walled carbon nano-
tubes revealed that their oxygenated defect sites (ie, —COOH)
have stronger interaction with the gas molecules, therefore dom-
inating the overall sensing response.”® The steamed GO has a
porous network structure with abundant edge sites, which should
be terminated with oxygenated groups through reaction with water
vapor. To test whether steamed GO has enhanced interaction with
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gas molecules, chemiresistors were fabricated using the porous
1-GO network as the sensing material. NO, is a toxic pollutant
produced from various combustion processes and has been
intensively investigated as a model system for graphene based gas
sensors;>' > therefore, it is chosen here to test the effect of steam
etching on r-GO’s sensing performance. Figure Sc shows the
response of regular r-GO and porous r-GO after S and 10 h of
steaming treatment on exposure to NO, vapor. The r-GO control
sample was prepared by annealing at 200 °C. All the 3 samples
showed increased current on exposure to NO,, which is consistent
with the p-type nature of r-GO.”' > The sensitivity of regular,
nonporous r-GO was comparable to some previously reported
r-GO NO, sensors.”>** For steamed GO, however, nearly 2 orders
of magnitude of higher sensitivity was observed, and longer steam
treatment led to higher sensitivity, likely due to higher porosity
(Figures 3 and 4). Devices made with r-GO samples after 20 h of
steaming had very low successful yield since the r-GO network was
largely broken (Figure 3d). The recovery time of the sample steamed
for longer time was also more rapid, which can be attributed to higher
joule heating effect due to the higher current (Figure Sb).

In summary, hydrothermal steaming of GO creates an elec-
trically conductive, nanoporous r-GO network. Compared to
regular r-GO, the porous r-GO shows greatly improved perfor-
mance as gas sensor for NO,. Since r-GO itself is already a quite
defective structure with sp> carbon atoms in the basal plane, the
much enhanced sensitivity with porous r-GO suggests that
interaction between NO, molecules and the edge defects pro-
duce more pronounced changes in current. The ease of fabrica-
tion and enhanced interaction with gas molecules could make
porous r-GO a general and effective platform for designing high
performance sensors or gas storage materials.
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