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Abstract: A controlled manipulation of graphene edges
and vacancies is desired for molecular separation,
sensing and electronics applications. Unfortunately,
available etching methods always lead to vacancy
nucleation making it challenging to control etching.
Herein, we report CO,-led controlled etching down to
2-3 A per minute while completely avoiding vacancy
nucleation. This makes CO, a unique etchant for
decoupling pore nucleation and expansion. We show
that CO, expands the steric-hindrance-free edges with
an activation energy of 2.71 eV, corresponding to the
energy barrier for the dissociative chemisorption of
CO,. We demonstrate the presence of an additional
configurational energy barrier for nanometer-sized va-
cancies resulting in a significantly slower rate of
expansion. Finally, CO, etching is applied to map the
location of the intrinsic vacancies in the polycrystalline
graphene film where we show that the intrinsic vacancy
defects manifest mainly as grain boundary defects where
intragrain defects from oxidative etching constitute a
minor population. )

Introduction

Defect generation in graphene by oxidation has been widely
studied due to the inherent uniformity and scalability of the
oxidation-based defect generation.! Most of the early
studies focused on the interaction of graphite with strongly
oxidizing agents such as those related to Hummer’s method
or with gaseous O, at high temperature.” However, under
these harsh environments, the oxidation reaction is difficult
to control especially when the goal is to control the size of
vacancy defects at the nanometer and sub-nanometer length
scales or to precisely shape the graphene edges. Availability
of an oxidation method that controllably etches the
graphene lattice at the rate of a few atoms per seconds can
tune the size of vacancy defects in graphene for molecular
separation and sensing. Such methods can also be applied
for precisely shaping the width of graphene nanoribbons for
band-gap optimization™® with application in electronics and
optoelectronics. This would also allow shaping graphene
nanomeshes,”! quantum dots,”™ and nano disks!® with a high
degree of control. Especially in the field of separations, such
a technique can be used to tune the pore size for several
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molecular and ionic-sieving applications, e.g., organic sol-
vent nanofiltration,” ion-ion separation,” dialysis,'" etc.

As of now, there is no method to etch graphene edge
without nucleating a new vacancy defect in the basal plane
of graphene. For example, treatment of graphene with O,!"?
and O,!"*'" results in generation of new vacancy defects. In
this context, CO, is a promising mild etchant where the
energy barrier for the nucleation of single vacancy defect is
predicted to be prohibitively large (5.0 eV).™ In principle,
carbon gasification by CO, is the Boudouard reaction (C+
CO,+2C0).'! Ab-initio calculations have reported energy
barrier for the gasification of graphene edge by CO, in the
range of 2.5-4.6eV. For example, Zhang et al. reported
activation energies for the dissociative chemisorption of CO,
on a single vacancy defect, 55-77 defect, and 555-777 defect
as 2.50, 2.80, and 3.30 eV, respectively.'’! The activation
energies for the dissociative chemisorption of CO, on zigzag
and armchair edges have been estimated to be 2,6 and
4.6 eV, respectively.['

The literature probing the mechanism of interaction of
CO, with defects in graphene suggest the following reaction
pathway: 1) physisorption of CO, on top of the defective site,
ii) chemisorption of CO, on the defective site resulting in
the formation of a lactone and/or semiquinone group, and
iii) evolution of the terminal groups followed by the
desorption of two CO molecules.'"??! However, the nature
of the CO, chemisorption sites (single vacancy, double
vacancy, armchair and zigzag edge, etc.), the identity of the
intermediate species formed by chemisorption (lactone vs.
semiquinone), and the underlying assumptions of the
computational methods have resulted in a large discrepancy
in the computed energy barrier for the rate-limiting step
(1.7-4.6 e V)22 and there is no clear consensus on the
energy barrier.

Experimental studies on probing reaction of CO, with
graphene edges or vacancies are extremely rare. In fact,
currently, there are no systematic studies probing the
reaction kinetics of CO, with defects in graphene. Recently,
Yang et al.”! reported dependence of the etching rate on
the etching temperature and CO, flow rate, and demon-
strated that CO, does not nucleate new defects in the
graphene basal plane up to 1000°C. However, etching
kinetics was not reported because the reaction was not
controlled effectively leading to a large heterogeneity in the
resulting features, e.g., fully-etched graphene in certain area,
graphene with etched trenches in some area, and faceted
pores in other areas.

Herein, for the first time, we report controlled and
uniform etching of graphene with CO, in the temperature
range of 750-1000°C and extract the energy barrier for the
expansion of large edges in graphene as 2.7 eV, correspond-
ing to the chemisorption energy barrier of CO, on zigzag
edges in graphene. We establish an etching regime that is
not limited by the CO, mass transfer from the bulk to the
graphene edges and study the vacancy expansion rate by
adjusting etching temperature and time. We show that
nanometer-scale vacancies can be expanded at an attractive
rate of 2-3 Amin~' making this route highly promising for
tuning the pore size in graphene for molecular separation
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and sensing application. We show the presence of an
additional configurational energy barrier for CO, to chem-
isorb at the edge of nanometer-sized vacancies resulting in
an order of magnitude slower rate for the smaller vacancies,
with no expansion for defects smaller than 0.15 nm. We
demonstrate that CO, does not nucleate new vacancy
defects resulting in a gaussian pore-size-distribution (PSD)
of the expanded pores, in sharp contrast to the lognormal
PSD typically achieved using oxidative etching methods.
Finally, CO, etching allows one to map the locations of
intrinsic vacancy defects in graphene by transmission
electron microscopy, which has been proven a challenging
task attributing to their low density. This allows us to
establish two distinct origins of the intrinsic vacancy defects:
i) incomplete intergrowth of misaligned graphene grains,
and ii) etching of the lattice in the presence of residual O, in
the reactor. Our findings demonstrates that CO, can be used
for structuring graphene films down to the length-scale of a
nanometer for various applications such as molecular
separation and sensing.

Results and Discussion

Single-layer graphene was synthesized on a Cu foil by the
chemical vapor deposition (CVD) approach using CH, as
the carbon precursor (schematic in Figure S1).”! The
synthesized graphene was high-quality with a low density of
intrinsic defects as indicated by the mapping data based on
Raman spectroscopy®®” (Ly/Ig of 1.51+0.25; I)/I5 of 0.04+
0.02, Figure S2). The intrinsic defects are composed of
vacancy defects which have been argued to form at the grain
boundary or to result from a limited oxidation of the lattice
in the residual O, in the reactor.”®>! Based on the carbon
amorphization trajectory?® and gas permeation studies,*”
the density of intrinsic vacancy defects corresponds to
~10" cm 2. These defects are the starting point for this
study. Unless otherwise specified, CO, etching was carried
out immediately after the graphene synthesis inside the
CVD reactor, allowing us to conduct etching studies on
contamination-free graphene surface with a CO, partial
pressure of 500 mTorr, a condition where CO, mass transfer
from bulk to graphene edges is not rate limiting (see
discussion later).

Scanning electron microscopy (SEM) of vacancies ex-
panded at 1000°C for 1.5 min revealed large, faceted defects
(Figure 1b, Note S1), independent of Cu grain orientation
(Note S2) with defect density of 12x10°cm™? with a
gaussian size distribution (0.45+0.07 um, Figure Ic, also see
characterization procedure 2.7 in Supporting Information)
as against lognormal distribution that is typically observed
when nucleation and pore expansion are concomitant.3*3
The small bright dots visible in Figure 1b and d are SiO,
particles deposited during the annealing process due to the
reaction of Cu vapor with the quartz reactor during its
reversible phase transition from a-quartz to p-quartz at
573°C.®I' A higher resolution SEM image and the corre-
sponding EDX spectra of these particles confirm their
identity (Figure S3). They can be eliminated by isolating
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quartz from Cu, e.g., by placing a high purity alumina tube
inside the quart reactor.

We assign the faceted defects as the expanded intrinsic
vacancy defects for the reasons described below. The
features are brighter than the surrounding graphene because
of the higher yield of secondary electrons from bare Cu
(CVD substrate) compared to graphene-covered Cu. When
we oxidized the sample in ambient air at 160 °C for 60 min, a
method that has been used in the past to visualize CVD
graphene as well as defects in CVD graphene,**! the
faceted features were severely oxidized whereas the rest of
the sample was unaffected (Figure 1d). We prepared anoth-
er sample by CO, etching (900°C for 150 min) and trans-
ferred the graphene from Cu foil to SiO,/Si wafer. Optical
microscopy of the resulting sample revealed the etched
features had a contrast that was similar to that of the bare
wafer further indicating that the features were expanded
vacancy defects (Figure le, S4). Raman spectroscopy of one
of these features also conclusively confirmed this as the
intensity of the G and 2D peaks dropped to zero inside the
faceted features while typical spectra characterizing high-
quality single-layer graphene could be readily obtained from
the area surrounding the holes (Figure 1f).* A mapping of
the 2D peak intensity also clearly proves this point. The 2D
peak intensity remains uniform for the graphene-covered
area, and it drops to zero for the expanded vacancy defect
(Figure 1g and S4). The mapping of the surrounding area
yielded I/l ratio of 0.04+0.02 confirming that graphene
domains surrounding the expanded vacancy defect is not
affected by the high-temperature CO, treatment. This
indicates that the etching takes place only at an existing
defect site (see further discussion on this later). We note
that CO, does not oxidize the Cu surface even at 1000°C
making CO, an excellent etchant for CVD graphene (Fig-
ure S16, Note S3).

The size of the expanded defect had a straightforward
correlation with the etching time indicating that the etching
reaction was not limited by the mass transfer of CO, from
the bulk to the graphene edge (Figure 2a). For example,
etching times of 15 and 60 min yielded smaller pores with
size distributions of 0.44+0.06 and 1.80+0.12 pm, respec-
tively, compared to that of 4.87+0.32 um at 150 min at
900°C (Figure 2a and S5). Again, the size distributions had a
gaussian profile at all etching times. A fitting between the
pore size and etching time resulted in a straight line passing
through the origin corresponding to an etching rate of
31.4041.05 nmmin~" (Figure 2b). The density and average
center to center distance between the pores did not change
when the etching time was increased from 15 to 150 min
confirming that the nucleation of vacancy defects did not
occur with CO, (Figure 2c,d).

We could controllably expand the intrinsic vacancies
using CO, with expansion rate increasing from 0.60 to
280 nmmin ' by increasing the etching temperature from
750 to 1000°C (Figure 3a, S6). In fact, the pore expansion
rate had an exponential dependence on the CO, exposure
temperature. An Arrhenius-type dependence of expansion
rate on the etching temperature could be fitted with a high
goodness of fit (R*=0.994) yielding an activation energy of
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Figure 1. a) Schematic representation of etching of graphene with CO, and traditional oxidants (e.g., O, Os, O;/UV, etc.). While CO, does not
nucleate new defects and only expands existing vacancies, the other oxidants result in new nucleation events. b) SEM image of expanded vacancy
defects (lighter areas) in graphene (darker areas) by 500 mTorr CO, on Cu foil at 1000°C for 1.5 min (a typical expanded pore is highlighted with
red dashed lines and an arrow), and c) the corresponding size distribution. d) SEM image of the sample shown in panel b after annealing in air at
160°C for 60 min, revealing the oxidized Cu domains at the site of vacancy defects. e) Optical image of a vacancy defect expanded at 900°C for
150 min after being transferred onto a SiO,/Si substrate. Lighter area is the expanded vacancy defect, and the darker area is the remaining
graphene. The expanded pore is highlighted with red dashed lines. f) Raman spectra of points A and B marked on the optical image shown in
panel e. g) The corresponding Raman spectroscopy mapping of the area marked by the red rectangle in panel e.

262 kJmol™ or 2.7eV (Figure 3b). As per the theoretical
predictions, CO, binding at a defect site in graphene
proceeds with a dissociate adsorption which is also the rate-
limiting step. For instance, the energy barrier of etching of
graphene zigzag and armchair edges have been reported to
be 2.6 and 4.6 eV, respectively,'**! where the lower barrier
for zigzag edge is reasonable given the lower stability of
zigzag edges compared to armchair edges.*!! Based on this,
we attribute this observed activation energy (2.7 eV) as the
energy barrier for the dissociate chemisorption of CO, on
the zigzag edge of graphene (Figure S7).

Angew. Chem. Int. Ed. 2022, 61, €202200321 (4 of 9)

We note that the energy barrier for the dissociate
chemisorption of CO, is expected to be function of the
initial defect size where steric hindrance for fitting the CO,
to the defect site plays an important role especially for
nanometer-scale vacancy defects where CO, cannot fit
inside the defect. Therefore, the estimated energy barrier
(2.7eV) corresponds only for the expansion of larger
vacancies (>2 nm in size, also see discussion later) which do
not present steric hinderance for CO, chemisorption. This is
proven by the fact that we observed an exponential depend-
ence of the density of expanded vacancy defects on the
etching temperature (2.5x10°, 1.7x10°%, 4.3x10°, 3.0x107,
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Figure 2. a) The histogram of PSD of the expanded vacancy defects in samples etched by CO, at 900°C for 15, 60, and 150 min. b) Expanded pore
size versus etching time for the samples shown in panel a, displaying the linear etching behavior of CO, regarding etching time. c) Density of
expanded pores as a function of etching time compared to that of intrinsic vacancy defect and d) average distance between the expanded pores as
a function of etching time. The error bars in all panels refer to standard deviation. For panel (b), they refer to pore size based on analysis of over
300 pores. For panels (c) and (d), they refer to pore density for analysis of over 20 different areas.
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Figure 3. a) Etching rate of graphene as a function of temperature (750-1000 °C). Arrhenius plot for the expansion rate of large vacancies (b).
Linear behavior of the natural logarithm of the etching rate versus the reciprocal of the etching temperature at 500 mTorr CO,. c) Density of
expanded pores (natural logarithm scale) versus the reciprocal of the etching temperature at 500 mTorr CO,. The error bars in all panels refer to
standard deviation. For panel (a) and (b), they refer to etching rate based on analysis of over 300 pores. For panel (c), they refer to pore density for

analysis of over 20 different areas.

and 1.2x10%cm™ at 800, 850, 900, 950, and 1000°C,
respectively) corresponding to an activation energy of
343 kJmol ™ or 3.6 eV (Figure 3c). The density of expanded
defects, even for the case of the highest temperature
(1000°C), remains more than two orders of magnitude lower
than the density of intrinsic vacancy defects (=10 cm™?) in
the as-synthesized graphene. We note that this does not
imply nucleation of a new vacancy defect on basal plane of
graphene at higher temperatures. It implies that expansion

Angew. Chem. Int. Ed. 2022, 61, €202200321 (5 of 9)

of the smaller defects with steric hinderance for CO,
chemisorption is activated at higher temperature.

The presence of higher energy barrier for nanometer-
scale vacancies manifested in a slower expansion of these
defects. We wused high-resolution transmission electron
microscopy (HRTEM) and scanning transmission micro-
scopy (STM) in combination with SEM to probe small
defects. For larger defects, we observed an expansion rate of
~3.5 nmmin"’, independent of the size of the defect (160-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. Effect of pore size on expansion kinetics in the presence of 500 mTorr of CO, at 800°C. a) SEM images of expanded pores at progressively
increasing etching times of 25, 45, 80, 120, 150, and 240 min. b) TEM images of expanded pores at 8 and 15 min. c) Evolution of the etching rate
versus pore size. d) The magnified plot of the yellow-colored area in panel c. €) PSD corresponding to expanded pores in suspended SLG before
and after exposure to CO, for 3 min. f) AC-HRTEM image of the expanded pore at 3 min. g) The magnified plot of the green-colored area in panel
d. h) STM image of an expanded pore on Cu foil after exposure to CO, for 3 min. i) STM image of expanded pores on HOPG after exposure to CO,
for 3 min. The error bars in all panels refer to standard deviation. For panel (c), (d), (e), and (g), they refer to etching rate based on analysis of over

80 pores.

1000 nm, Figure 4a), consistent with our previous observa-
tion of the rate of expansion under these expansion
conditions (Figure 4c). For 20-80nm sized defects, we
observed a slight drop in the expansion rate, i.e., ~3.14+0.8,
27402, and 2.5+0.2nmmin~' for 80, 40, and 20 nm
defects, respectively (Figure 4b, d). The progressively de-
creasing rate can be well described by much smaller rate for
expansion of vacancies with steric hinderance which reduces
the overall rate of expansion as per Equation (1):

dy
d; T, Ati

Overall rate = v
Yod A

)

where r, and At; correspond to size-dependent expansion
rate and time duration of expansion, respectively, for a given
size interval to arrive to the next size. d; and d; refer to the
initial and final sizes of the pore, respectively.

To probe the size-dependent etching, we turned towards
expansion behavior of sub-nanometer-sized vacancies (ex-
pansion condition identical as above) by imaging their
structure and size distribution by an aberration-corrected
HRTEM (AC-HRTEM). Imaging was carried out under
exposure conditions which do not expand the defects during
the image acquisition. To improve the pore sampling for the
statistical accuracy, one requires a pore density that is much
higher than intrinsic vacancy defects. Therefore, we deliber-
ately introduced sub-nanometer-sized pores (mean pore size
of 0.31+0.25 nm, where pore-size is defined as the diameter

Angew. Chem. Int. Ed. 2022, 61, €202200321 (6 of 9)

of the biggest circle that fits inside the pore, Figure 4e) in

suspended graphene resting on a TEM grid by O; treatment

yielding defect density of 10" cm~ (Figure S9).**! We make
the following observations by comparing the PSD before
and after CO, expansion (Figure 4c—g and S10):

e Pores with size up to 0.15 nm were not affected by the
CO, and did not expand (Figure 4e). This is consistent
with the fact that CO, cannot fit inside these pores,
therefore, the in-plane configuration needed for the
dissociative chemisorption of CO, is not achieved. In
contrast, we observed almost complete decline in the
population of pores with size of 0.30 nm where CO, does
fit (Figure 4e).

e Mean pore size shifted from 0.30+£0.25nm to 1.05+
0.29 nm after 3 min of etching (Figure 4e,f), which corre-
sponds to an effective etching rate of ~0.25 nm/min, more
than 10-fold lower than that for the larger pores.

¢ Another 3 minutes of etching resulted in coalescence of
nearby pores resulting in a larger pore (Figure S11).
Based on the average distance between the pores before
the etching and the size of the coalesced pore, an etching
rate of 0.254+0.12 nmmin ' could be estimated, consistent
with the above observation.

e CO, only expanded the existing pores without nucleating
new defects (constant pore density of ~10" cm™ before
and after exposure to CO,) consistent with our previous
conclusion.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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The above HRTEM based results were obtained on
suspended graphene while our SEM observation for larger
pores were based on graphene resting on Cu foil. To
understand whether or not the Cu foil contributed to the
observed differences, we carried out STM of CO,-expanded
pores in graphene resting on a Cu foil where pores were
incorporated using the same conditions as those in the TEM
study. We observed similar slow expansion rate for nano-
meter-sized vacancies (0.27 nmmin~"), which rules out any
significant effect of Cu foil (Figure 4h and S12). This was
further confirmed by another experiment using freshly-
cleaved highly-oriented pyrolytic graphite (HOPG) where
0.8 nm pores expanded to 1.7 nm with a similar etching rate
(0.30 nmmin~'; Figure 4i and S13). These sets of experi-
ments validate the slower etching kinetics in nanometer-
scale pores.

Next, we demonstrate an interesting use of CO,-led
expansion in identifying the location of intrinsic vacancy
defects with respect to the graphene grain boundaries.
Recent studies on understanding the origin of intrinsic
vacancy defects in as-synthesized CVD graphene using
STM, HRTEM and gas permeation studies point to two
separate origins;*>** i)an incomplete intergrowth of
misaligned graphene grains leading to grain-boundary
defects,®?*! and ii) etching of the graphene lattice in the
presence of residual/leaked oxygen in the CVD reactor
marked by the presence of intragrain defects.”**! Size and
density of these defects are sensitive to the CVD environ-
ment (precursor, temperature, pressure, relative concentra-
tions of  precursors, etc.) and the catalytic
substrate.['1231:36.4445] Cyrrently, there is a lack of character-
ization technique which can distinguish between the relative
population of grain boundary and intragrain defects. This is
mainly because these defects are present in a low density
and it is extremely challenging to search them in high-
resolution mode in HRTEM. Given that expansion of
vacancy defects makes it much easier to search and visualize
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them by electron microscopy, we set out to map the
locations of intrinsic vacancy defects using bright-field and
dark-field transmission electron microscopy (BF-TEM and
DF-TEM, respectively).

DF-TEM images representing different grain orienta-
tions were false colored and superimposed on top of each
other to display the orientation of graphene grains and the
location of expanded vacancy defects with respect to the
grain boundaries (Figures 5 and S8, also see Note S4). The
vacancies appear black due to a lack of diffraction and were
not false colored (Figure Sb and S8b). White and yellow
arrows point out vacancies located completely inside a
graphene grain and at grain boundaries, respectively. Visual-
ization in this straightforward manner confirms that the
intrinsic vacancy defects were present both at the grain
boundaries as well as inside the grain away from the grain
boundary (Figure 5b). The presence of intragrain vacancy
defect is a strong proof for the etching of lattice in the
presence of residual oxygen in the CVD reactor. Never-
theless, our finding confirms that both abovementioned
origins contribute to the intrinsic vacancy defects in
graphene. We note that the density of defects at the grain
boundary was several folds higher than that of intragrain
defects indicating that intrinsic vacancy defects do tend to
primarily originate at the grain boundaries. Therefore, the
studies focusing on manipulating the intrinsic defect density
should primarily focus on manipulating the grain density or
grain orientation to improve the stitching of the grains.

Conclusion

This study establishes CO, as a highly promising etchant for
controlled manipulation of graphene edges and vacancy
defects down to a rate of a few A per minute. The
theoretical literature predicts that CO, should not nucleate
pores in graphene because of an extremely high energy

Figure 5. Visualization of the location of intrinsic vacancy defects with respect to the grain boundaries. a) BF-TEM image of suspended graphene
where intrinsic defects are expanded with CO, at 950°C, and corresponding false-colored DF-TEM image (b). White arrows and yellow arrows point
out the pores completely inside a graphene grain and at the grain boundaries, respectively. c-I) Selected area electron diffraction pattern (SAED)
and corresponding DF-TEM images from the selected diffraction spots (highlighted by red, green and purple circles) differentiated by the matching

frame colors (c-Il, c-Ill, and c-1V).
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barrier for its chemisorption on the basal plane of graphene.
This systematic pore expansion study, tracking the density
of expanded pores as a function of etching condition, not
only confirms the theoretical prediction but also reveals that
only vacancy defects larger than 0.30 nm can be expanded
by CO,. So far, the energetics for CO,led etching of
graphene edges were only studied by computational calcu-
lations and no experimental data was available. This study,
for the first time, validates that CO, expands graphene edges
with an energy barrier is 2.7 eV, close to that predicted for
the dissociative chemisorption of CO, on the zigzag edges.

Two pieces of evidence are presented to reveal another
finding. CO, experiences an additional energy barrier for
expanding the nanometer-scale vacancies compared to the
pore that are several nanometers in size. The evidence is:
i) the density of expanded pores increases exponentially as a
function of the etching temperature resulting from the
activation of small vacancy defects at high temperature, and
ii) a much-reduced rate of expansion for nanometer-scale
pores compared to larger pores.

These results present a novel tool for the manipulation
of vacancy defects in graphene with an added advantage of
highly controlled size manipulation decoupling pore nuclea-
tion from pore expansion. This will inspire and aid future
studies aiming to tune the PSD in graphene for molecular
separation and sensing studies. It will also aid efforts to
manipulate the width of graphene nanoribbons to control
their electronic properties. Finally, CO, etching will also
find application in the mapping of the intrinsic vacancy
defect with respect to grain boundaries, a method which can
be extremely useful for researchers looking to control or
manipulate the intrinsic defects.
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