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Current approaches for scalable production of holey graphene materials require graphene oxide or
reduced graphene oxide as starting materials. The molecular basis fundamentally determines that the
holey graphene materials thus generated still contain a large number of defects on their basal planes. The
existence of these defects not only complicates fundamental studies but also influences practical ap-
plications due to the significance decrease in their conductivity and chemical stability. This work exploits
microwave chemistry to enable rapid mass production of holey graphene nanoplatelets with their basal
plane nearly intact. Interestingly, the unique chemistry also begets the generated nanoholes with edges
rich in zigzag geometry. The near-pristine nature of the basal planes and the zigzag edges were clearly
observed via atomic resolution TEM and further supported by the localized m-edge states studied via
electron paramagnetic resonance (EPR) measurements. The holey graphene nanoplatelets were explored
as metal free catalysts for hydrogen atom transfer reactions. These unique holey graphene nanoplatelets
exhibited excellent catalytic activity, desired selectivity, and chemical stability for recyclability, which
were not achievable by their counterpart holey graphene derivatives with basal plane defects.

© 2018 Elsevier Ltd. All rights reserved.

[5,6]. Most importantly, generating nanoholes naturally transforms
a large number of in-plane atoms to edge atoms. These atoms have
different electronic states and chemical functionalities from those

1. Introduction

Holey graphene, which denotes graphene with nanoholes in its

basal plane, has recently attracted increasing research interest both
for practical applications and from a fundamental point of view
[1—4]. The existence of nanoholes in the bulk 3D material not only
increases accessible surface area, but also provides desired “short-
cuts” for efficient mass transport across graphene basal planes and
ultimate access to and from material inner surfaces, which is very
different from the impermeable nature of perfect graphene sheets
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in the basal plane, which bestows unique properties and capabil-
ities on holey graphene materials.

If these edge atoms are arranged to form zigzag edges,
nonbonding m-electrons emerge on these edge atoms and couple
with itinerant m-carriers in the graphene basal planes [7—9]. It is
reported that these electrons are localized along exterior zigzag
edges and strongly spin-polarized, which have been referred to as
“localized m-edge” or “Fujita” states [7—9]. These states resemble
those for 3d-core spins and s-d interaction in traditional 3d metal
magnets, recently raising great excitement in spintronics [ 10]. Since
traditional 3d transition metals have been the workhorse in
developing various industrially important chemical catalysts, it is
reasonable to assume that the unique features of holey graphene
combined with a large amount of zigzag edge states and nanoholes
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in a macroscopic 3D structure can be used to develop metal free
catalysts with similar or even better performance, while at the
same time, avoiding sustainability and environmental issues asso-
ciated with transition metals [11,12].

In the drive towards green and sustainable chemistry, a plethora
of works have been reported exploring graphene materials to
develop heterogeneous metal-free catalysts [11,12]. Most of the
catalytic studies utilize graphene oxide (GO) and reduced graphene
oxide (rGO), possibly due to their widespread accessibility. GO/rGO
with holey structures has also been explored for catalytic applica-
tions [5,6,13]. Quite a few works have mentioned catalytic role of
the zigzag edges [5,12]. However, these GO/rGO based catalysts not
only contain edge defects, but also other defects, such as 5-8-
membered rings and various residual oxygen functional groups,
which negatively influence their chemical and thermal stability for
long term practical applications. Furthermore, these groups could
also possibly take part in catalytic reactions [13—15]. The co-
existence of multi-type defects complicates fundamental under-
standing of the role of the localized m-edge states in chemical
catalysis. As yet there is no clear picture whether the experimen-
tally observed catalytic performance is due to defects on the basal
planes, or to the localized w-edge states in GO/rGO, or to a synergy
of all these components.

So far, no study has reported the use of pristine holey graphene
materials with the unique combination of localized w-edge states,
holey structures, high conductivity, and high chemical stability for
the development of metal free catalysts. The lack of access to these
materials in sufficient quantity is quite possibly an important factor
holding back chemical catalytic studies [16]. This is because the
methods developed to fabricate high quality holey graphene ma-
terials with nearly free of other defects in their basal planes, do not
usually provide enough materials for bulk applications, such as
chemical catalysis. Current approaches for scalable production of
holey graphene require graphene oxide (GO) or reduced GO (rGO)
as starting materials [17,18]. The molecular basis fundamentally
determines that thus-generated holey graphene materials still
contain a large number of defects on their basal planes, which not
only complicate fundamental studies, but also influence their
practical applications due to the significantly decreased conduc-
tivity and chemical stability.

This work exploits microwave chemistries in air to enable rapid
mass production of holey graphene nanoplatelets with their basal
plane nearly intact. Interestingly, the unique chemistries also beget
the generated nanoholes with edges rich in zigzag geometry. The
holey graphene nanoplatelets were explored as metal free catalysts
for hydrogen atom transfer reactions. They exhibited excellent
catalytic activity, desired selectivity, and chemical stability for
recyclability, which were not achievable by their counterpart holey
graphene derivatives with basal plane defects. Equally important,
the intrinsic chemical catalytic activity of localized m-edge states
was unambiguously demonstrated experimentally in this work,
due to the absence of other defects in the basal planes of these
unique holey graphene nanoplatelets.

2. Experimental section
2.1. Material characterization

The surface morphology of the as synthesized graphene mate-
rials was characterized via Scanning Electron Microscopy (SEM)
using a HITACHI S-4800 Field Emission Scanning Electron Micro-
scope (FE-SEM, Hitachi Co. Ltd). The samples were analyzed by
applying a voltage range of 2-5 KV. Atomic level investigation of the
structure of as synthesized catalysts was performed with High
Resolution Transmission Electron Microscopy (HRTEM), JEOL JEM-

2100F equipped with CEOS Cs correctors, operated at 80KkV.
Raman spectra were recorded in a Horiba LabRAM HR Evolution
spectrometer with 1800 gr/mm grid. A green excitation laser
(Aex =532 nm) in a backscattering geometry at <2.5mW output
power, equipped with a confocal microscope, with a 10*/0.25
objective and a 100 um pin-hole was used. The X-ray photoelectron
spectroscopy (XPS) spectra were acquired using a Thermo scientific
K-Alpha system with a monochromatic Al Ko x-ray source
(hv=1486.7ev). A dual-beam flood gun with electrons of 0—5 eV
was used for charging compensation on samples. Measurements
with flood gun off were operated to understand the intrinsic
sample property without flood gun effect. For data analysis, smart
background subtraction was performed and the spectra were fit
with the Gaussian/Lorentzian peaks using a minimum deviation
curve fitting method (Advantage software package). The Integrated
peak areas along with Scofield sensitivity factor were used to
determine the atomic ratio. 3—5 mg of the sample was heated in the
Discover Thermogravimetric Analysis (TGA) instrument in a Nj
environment with a flow rate of 20 mL/min. The samples are
initially stabilized at 40 °C and then heated at 2 "C/min till 900 'C.
Methylene blue adsorption method is used to determine the sur-
face area of the as synthesized graphene nanoplatelets. Each mg of
the adsorbed methylene blue on the sample represents a surface
area of 2.54m?. A standard methylene blue solution with a con-
centration of 2 mg/mL in water was prepared and then added to the
graphene nanoplatelet materials. For each mg of the graphene
nanoplatelet materials, 750 pL of the standard methylene blue so-
lution was added and the mixture was stirred for 24 h. The mixture
was then centrifuged at 6000 rpm for 10 min to separate the un-
absorbed methylene blue molecules. The concentration of the
methylene blue in the separated supernatant was determined by
UV—Vis spectroscopy at a wavelength of 664 nm. The surface area
was calculated based on the standard calibration graph of the
methylene blue and the interpolation of methylene blue superna-
tant after the experiment. The sheet resistance of holey graphene
film with controlled thickness was measured by a manual four-
point resistivity probe from Lucas Laboratories, model 302. The
conductivity of the films was calculated from the sheet resistance
and thickness by the formula:

1
Sheet resistance x thickness

Conductivity =

Electron Paramagnetic Resonance (EPR) spectrometer (JEOL JES-
TE200 X-band, v ~9 GHz) at microwave power (Py) ranging from
2mW to 4 mW was used for the sin measurements. EPR spectra
were recorded in the wide magnetic field range from ~70 to 570 mT.
Each spectrum was registered during dozens (up to 30) coherent
acquisitions. For EPR studies, each of the graphene nanoplatelet
samples (~0.4 mg/sample) was sealed in a quartz capillary tube
with an internal diameter (i.d.) of ~1 mm and length of ~45 mm at
ambient conditions (air pressure 1 bar). Processing of EPR spectra
was done using JEOL-JES-TE200 and Microsoft Excel software. The
doubly integrated intensity (DI~ Ipp x (AHpp)?) of each corre-
sponding EPR signal was analyzed for evaluating the intensity of
EPR line and corresponding concentration of paramagnetic species
in spin per gram units. Here Ipp and AHp, are peak intensity and
peak-to-peak line width of the EPR signal recorded in the con-
ventional form of 1st derivative of EPR absorption spectrum. The
doubly integrated intensity (DI) was applied to estimate the con-
centration of paramagnetic species in the graphene nanoplatelet
samples by comparing those EPR signal collected earlier from well-
certified nanographene materials [19,20]. Inductive Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES) was used for
measurements of trace metal impurities: The analysis was
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performed using ICP-OES 5110 (Agilent Technologies) equipped
with vistachip II CCD detector, which is thermostated at —45 °C.
Synchronous axial and radial measurements were collected in a
broad spectral range of 200—750 nm. The calibration of the spec-
trometer was performed with certified ICP-OES element standards
in 2% HNO3; with Ar as an internal standard. Before the measure-
ments, all the graphene/graphite samples were digested in
concentrated HNO3 (70%) to leach out the metal impurities by
microwave enhanced digestion [21]. In brief, the acid digestion of
original graphite flakes and holey graphene nanoplatelets were
achieved by mixing 5 mg of the sample into 1 mL of conc. HNO3 and
subjecting to microwave irradiation at 300 W (CEM discover),
where temperature ramping from 30 to 130 °C was initially ach-
ieved, and then the reaction mixture was maintained at 130 °C for
2 h. The resulting samples were diluted to 35 mL with deionized
water so that the concentration of HNOs in the sample is around 2%,
the same HNO3 concentration as in the ICP-OES element standards.
A control sample was prepared by microwave treatment of the
concentrated HNOs; under the same experimental conditions
without the sample and also diluted to 2% HNOs.

2.2. Catalytic activity

The catalytic nitrobenzene reduction was carried out in a pres-
sure reactor with 30 mL capacity. Each catalyst with 5 wt% loading
was added to the pressure reactor, to which 1 mmol of KOH was
added along with 2 mL of propanol as the solvent. To this reaction
mixture, nitrobenzene was added and then, the reactor is pres-
surized with 4 atm of Ar, unless specified and heated at 100 °C for
24 h in an oil bath. Before opening the reactor, the vessel is allowed
to reach room temperature and then the pressure is released. To the
reaction mixture, toluene was added as an internal standard for GC-
MS measurements. For reusability testing, the catalyst is washed
with excess ethanol and dried in vacuum at room temperature for
48hrs. The components in the reaction products were identified
with HPLC (High Performance Liquid Chromatography, Varian Pro-
Star) equipped with Phenomenex C18 column as the stationary
phase, and a mixture of methanol and acetonitrile (with 0.44%
acetic acid) as mobile phase (60:40) at a flow rate of 1.0 mL/min.

The catalytic conversion and yield were measured by analysis of

"SO-GIC

»,“:‘= HSO, ©=0

the products using GC-MS (Gas Chromatography-Mass Spectrom-
etry) via Agilent HP6890 system, which was equipped with a HP-5-
MS 30-m x 0.25-mm capillary column. The measurement was
performed with a programmed temperature profile (starting at
40 °C held for 1 min, followed by temperature ramping at a rate of
5°/min to a final temperature of 280 °C and held for an additional
1 min). The sample conversion and yield were calculated from
response peak area ratios of the product and internal standards.

3. Results and discussions

One of the key features in our new approach is the effort to make
slightly oxidized graphite (SOG) (Scheme 1), instead of direct use of
GO or rGO as starting material.

In SOG, a low density of oxygen-containing groups are sparsely
distributed across the graphene sheets in entire graphite flakes.
Hence, the formation of those hard-to-remove defects as described
during annealing of GO/rGO would be largely prevented [22]. To
fabricate this type of SOG, we first prepared oxygen-purged
reversible GIC (graphite intercalation compounds) dispersion as
described in our previous work [23]. The resulting dispersion was
heated in an oil bath for 1 h to slightly oxidize the GIC, which upon
cleaning and drying was referred to as SO-GIC (slightly oxidized
GIC, details in Supporting Information). The SO-GIC appeared as
black as rGO, different from brown-colored GOs. It was also
different from the starting graphite flakes, which exhibit a shining
silver-gray lustre (Fig S1a, b). XPS characterization indicated that
the C/O ratio is around 5, higher than GO and comparable to that of
chemically reduced GO [24], demonstrating the low level of
oxidation by this mild oxidation chemistry (Fig S1c). Typical D, G,
and 2D bands were observed in its Raman spectrum (Fig S1d) with
an Ip/Ig ratio of 0.26, which is much lower than those commonly
reported for GO and rGO (Ip/Ig > 1). High-resolution transmission
electron microscopy (HRTEM) was applied to study the molecular
structures of SO-GIC at an atomic level. Since large numbers of
graphene sheets are stacked in the SO-GIC, the periphery of the
bulk SO-GIC flakes was examined. Different from the “island-sea”
kind of structures, which are commonly observed in GO and rGO
[25], a step-terrace kind of structure with high step-density was
observed in the periphery of the SO-GIC flakes (Fig. 1a and S2). The

Path B

Scheme 1. A schematic drawing showing the dry microwave approach to fabricate pristine holey graphene nanoplatelets (Note that we did not draw multiple layer graphene
nanoplatelets. Single layer graphene was used to better display the holes). Slightly oxidized GIC (SO-GIC) dry powder is used as the starting material for microwave irradiation.
When subjected to microwave irradiation, holey graphene nanoplatelets are generated via two pathways. In Path A, the GIC expands with concurrent generation of nanoholes in the
basal planes of graphene sheets. This occurs when microwave irradiation is applied over longer irradiation times without interruption. These holes are not uniformly distributed on
the generated graphene nanoplatelets. In Path B, intermittent microwave irradiation is applied, with intervals of 10 min between each short microwave irradiation period. In the
first irradiation, the heat generated by microwave irradiation expands the GIC and concurrently fixes most of the defects in SO-GIC. The following microwave irradiation generates

holes, which are much more uniformly distributed than those achieved in Path A.
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terrace domains exhibited almost perfect honeycomb hexagonal
graphene structures. These graphene domains were separated with
wavy, round-shaped “coastlines” of single atom width. The mo-
lecular origin of these “coastline”-like structures is possibly from
the oxygen containing functional groups generated during the
oxidation process. Deconvolution of C1s and O1s peaks of the X-ray
photoemission spectroscopy (XPS) spectrum of SO-GIC suggested
that these functional groups were possibly epoxy groups (Fig S 1c)
[26]. Note that DFT calculations have predicted the formation of
linearly aligned epoxy groups in the initial state of graphite
oxidation [26,27]. To our knowledge, this is the first experimental
visualization of this kind of structure at the atomic level [27].

The second key feature of this approach is to make full use of
microwave (MW) heating in air instead of traditional convection
heating [17,18]. The rapid chemical reactions induce fast degassing,
building up an inner gas pressure inside SO-GICs, which pushes the
graphene sheets apart (expansion) (Fig. 1b). It was reported that the
mechanism of microwave heating of slightly oxidized carbon ma-
terials without solvent is mainly wireless (contactless) Joule heat-
ing [28,29]. In this heating mechanism, microwave does not
directly heat conducting materials [28—30]. Rather, the electro-
magnetic field of microwaves induces motion of electrons in con-
ducting materials, which causes heating due to electrical resistance.
Therefore, the current induced during microwave irradiation is not
converted to heat in perfect graphene domains due to their ballistic

Fig. 1. (a) a HRTEM image of SO-GIC before microwave irradiation. (b, c) SEM images of
SO-GIC after 5s of microwave-irradiation at 300 W. The product is referred to as SOG-
exp. (d) a HRTEM image of SOG-exp exhibiting nearly perfect graphene domains. (e) a
SEM image of SOG-H where holes (<500 nm) are observed. Most of the holes are not
circular (green arrows point out some of these kind of holes). (f) a SEM image of SOG
-HE in which majority of the holes are enlarged (>500 nm) and deepened. Further, the
edges of these holes are also rough compared to those holes in SOG-H. (A colour
version of this figure can be viewed online.)

conduction behavior. On the other hand, the defective regions, in
which oxygen containing groups or other topological defects are
located, scatter the electrons and provide electrical resistance.
Therefore, these defect regions are headed selectively. This regio-
selective heating can induce different chemical reactions depend-
ing on the microwave power, irradiation periods, and the chemical
nature of carbon materials subjected to microwave irradiation,
including (1) direct carbon combustion selectively at the defective
regions to generate vacancies or nanoholes (direct perforation);
and (2) deoxygenation and reconstruction of the defect sp> carbon
bonds into sp? configuration (fixing defects or remediation). These
two processes tend to occur concomitantly and competitively. Mi-
crowave heating has been applied to reduce GO in an inert envi-
ronment [31—35], to avoid direct carbon combustion which leads to
vacancies or holes. Our initial hypothesis was that if microwave
irradiation was performed in an oxidative environment (in air), the
carbon combustion process should be predominant (Scheme 1,
path A). Therefore, a high density of holes should be generated at
defect sites while leaving other parts of the graphene basal plane
intact (without creating more defects on the basal planes). Indeed,
within 10 s of microwave irritation in air at 300 W, the SO-GIC was
greatly expanded and holes were found in some expanded sheets,
indicating direct perforation had occurred in some regions (Fig S3
a-f). However, the holes were not evenly distributed. The majority
of the expanded sheets did not have holes, or had a very low
density of holes, suggesting that even in the oxidative environment
(in air), the remediation process still dominated. Extension of mi-
crowave irradiation time enlarged the holes, accompanied with
substantial carbon loss, which can be attributed to the higher
chemical activity of edge carbon atoms in comparison to the inner
carbon atoms in the defect free graphene domains [4].

It has been reported that the MW absorption capacity, and the
speed and intensity of heat generation via microwave irradiation
depends on the electrical conductivity and structure of carbon
materials, especially the size and area of -7 conjugated regions
(graphene domains) [35,36]. In a study of GO reduction by micro-
wave, Li et al. found that the temperature increase on GO was
initially very slow due to the small size of graphene domains and
the low conductivity of GO [36]. With the reduction of GO via
deoxygenation, the temperature increase became much faster.
From Raman measurements, the size of graphene domains in initial
SO-GIC was around 8 nm (Fig S1d and Table S2), much larger than
those in GO and rGO (1-3 nm) [25]. It is very possible that the
graphene domains were still not large enough to generate enough
heat to initiate direct perforation in most of the defect sites even
though the highest microwave power had already been applied
(300 W, CEM discover). On the other hand, the low level of oxida-
tion with relatively high contribution from epoxy groups in SO-GIC
may play an important role in the observed non-uniform hole
generation. Larciprete et al. identified two competing surface re-
action mechanisms, which were responsible for either recovery of
the intrinsic graphene structure or generation of vacancies/holes on
graphene basal planes during thermal reduction of GO [37]. These
two reaction mechanisms both involved epoxide diffusion on the
graphene surface, even though the dominant mechanism was
determined by the coverage and the overall chemical nature of
oxygen-containing groups. If the diffusion induced the formation of
epoxy-epoxy pairs, molecular O is released via a cycloaddtion re-
action, leaving the intrinsic graphene structure restored (fixing
defects). Only when epoxy-ether/carbonyl pairs were formed due
to the diffusion of epoxy groups, elimination of CO/CO, would
occur, resulting in vacancies or nanoholes on graphene surfaces
(direct perforation). The reaction for fixing defects occurred at
much lower temperatures than the one for direct perforation. The
XPS analysis demonstrated that the oxidation level of SO-GIC was
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low and the concentration of epoxy was relatively high compared
to ether/carbonyl group in the SO-GIC (Figure S 1c), which possibly
determines that deoxygenation (fixing defects) was the dominant
process during microwave heating. Nevertheless, upon deoxygen-
ation, the “perfect” graphene domains became larger and the effi-
ciency of heat conversion from microwave energy increased so that
direct perforation became possible on the remaining defects.
Furthermore, the thermal conductivity of graphene is also expected
to increase upon fixing defects. The local heat generated at the
remaining defects sites via Joule heating can be efficiently trans-
ported through “perfect” graphene domains. If the temperature on
perfect graphene domains was raised high enough to overcome the
energy barrier for oxidative carbon combustion, holes can be
generated on these domains, as long as they are accessible to mo-
lecular oxygen in air. Since every atom in perfect graphene domains
has the same opportunity to be knocked out, the holes generated
should be much more uniformly distributed across the entire gra-
phene sheets. Considering edge atoms are more reactive, we should
be able to control the size of the holes by controlling microwave
irradiation power, period, and irradiation pattern (Scheme 1, path
B).

Based on these considerations, we optimized the microwave
irradiation pattern to generate graphene materials with controlled
structures. We first applied lower power and shorter microwave
irradiation time to exfoliate (expand) the SO-GIC and concurrently
to fix the defects, enlarging the graphene domains. Fig. 1b shows
that microwave irradiation of the dried SO-GIC for 5s with 200 W
power triggered its quick expansion. The product was referred as
SOG expanded (SOG-exp). The SOG-exp had a vermiform
morphology, similar to expanded graphite (EG) obtained by mi-
crowave treatment of GICs and microwave exfoliated graphite ox-
ide (MEGO) from graphite oxide [32,38]. No holes were found on
the expanded graphene nanoplatelets via SEM (Fig. 1c). Compared
to the SO-GIC (Fig. 1a), the atomic level structures of the exfoliated
graphene nanoplatelets via HRTEM were greatly changed (Fig. 1d).
The “perfect” graphene domains became larger and the population
of wavy coastline-like structures were largely decreased. Few holes
and vacancies were observed in the exfoliated graphene nano-
platelets, demonstrating that the shorter and lower power of mi-
crowave irradiation fixed most of the defects, instead of causing
direct perforation (Fig. 1d). The surface area of the as-prepared
SOG-exp powder was measured by methylene blue technique. It
had a surface area of 346 m?/g, 4—7 times higher than expanded
graphite (EG) obtained by microwave treatment of GICs (50—77 m?/
g) [39,40], suggesting that the slight oxidation of GIC (SO-GIC)
prompted better exfoliation. The large surface area warranted most
of the graphene sheets to be accessible to the oxidant (air) for direct
combustion in the following step. Upon cooling down (~10 min),
the SOG-exp was irradiated for another 5s at 200 W. Further
expansion was observed and holes of 300—500 nm were generated
on the basal planes of most of the exfoliated nanoplatelets. We
referred to this sample as SOG with holes (SOG-H, Fig. 1e). Since
both sides of the exfoliated nanoplatelets in SOG-exp were acces-
sible to the oxidant (air), holes were generated on both sides of the
nanoplatelets. Upon one more 5-s microwave irradiation (upon
cooling down, ~10 min), the holes became larger and most of the
holes penetrated deep into the lower layers of the stacked graphene
sheets (Fig. 1f). Some of them even penetrated through the entire
nanoplatelets. Furthermore, the hole edges are heavily etched,
rough and irregular. We termed this sample as SOG-HE (holes with
etched edges). Note that most of the chemical etching approaches
struggle to create holes which penetrate through a nanoplatelet of
several layers due to the preferred in-place etching processes [41].
The surface area of the product was further increased to 744 m?/g,
suggesting that multiple layers of graphene sheets were still

stacked together in well-ordered manner in the nanoplatelets [42].
This is consistent with the doublet peak in 2D band in its Raman
spectrum (Fig S 5b), which appears as a single peak for separated or
disorderly staked graphene sheets as observed in multi shell
nanographite [43].

To examine if the non-hole regions of the graphene basal planes
were Kkept intact upon microwave irradiations, HRTEM was also
applied to study their structures at an atomic level. A number of
HRTEM images were obtained from different randomly chosen
regions (Fig. 2 and S4). Very interestingly, a high density of baby
holes with diameters of 2—5nm appeared. To our delight, the
highly ordered lattice fringes were almost perfectly retained in the
non-hole regions, clearly demonstrating the pristine nature of
holey graphene nanoplatelets fabricated by this approach.

The structure of the graphene nanoplatelets was further
examined by Raman spectroscopy, which is well-known for its
sensitivity to detect defects in carbon materials. Compared to TEM,
it also provides information on larger areas. The intensity ratio
between D-to-G band (Ip/Ig) is an important measure of the degree
of structural defects in graphene [44]. Raman spectra were
collected from different arbitrarily chosen spots for each samples.
The distinctive spectra for each sample were shown in Fig. 3 and Fig
S5, with the typical features of G, defect D, and 2D band. The Ip/Ig
ratio is 0.088 for SOG-exp, much lower than SO-GIC (0.26),
consistent with the TEM observation that large amount of the de-
fects was fixed during the first short microwave irradiation. The Ip/
Ig ratios increased to 0.12 and 0.11 for SOG-H and SOG-HE,
respectively, which were still much lower than those holey gra-
phene materials synthesized using GO/rGO as starting materials
(>1.0) (Table S2) [13,45—47]. It has been well documented that the
D band originated from Raman scattering at around 1350 cm~! (D
band) occurs through the inter-valley scattering of carriers of gra-
phene caused by short-range modulation of potentials due to the
presence of vacancies in the carbon lattice [48]. The size of gra-
phene domains estimated by Ip/I; is connected to the mean-free
path of the carriers, which is around 8nm for the SO-GIC
(Table S2). The Ip/Ig ratio of 0.1 for SOG-H and SOG-HE is about 2/
5 of that for the SO-GIC (0.26), indicating the mean-free path of
carriers in these samples is ca. 20 nm. According to the high reso-
lution TEM observations as shown in Fig. 2, the distances between
the baby holes were several tens to 10 nm or even less. Thus, we can
attribute the observed D band in these samples to the carrier
scattering along the edges associated with the holes and periph-
eries of the nanoplatelets. This means that Ip/Ig in the non-hole
regions of the basal planes might be zero, further supporting that
defect-free nature of SOG-H and SOG-HE except for the holes.

The chemical functionalities of the pristine graphene nano-
platelets were studied using X-ray photoelectron spectroscopy

Fig. 2. Typical HRTEM images of SOG-HE, showing baby holes of 2—5 nms and nearly
defect free honeycomb structures of the basal planes. The edges of some of the baby
holes were in zigzag geometry, indicated by a green arrow. (A colour version of this
figure can be viewed online.)
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(XPS). All the samples showed a sharp peak at 284.5 eV and a weak
peak at 532 eV in the broad range of survey (Fig S 6a). These peaks
have been ascribed to Cls and O1s, respectively. An additional
sulfur peak appeared in the SO-GIC indicating the presence of
sulfate groups trapped in the SO-GIC. The disappearance of the S
peak in SOG-exp, SOG-H and SOG-HE suggested that microwave
heating efficiently removed the S containing species (Fig S 6b). The
oxygen concentration in SOG-exp, significantly decreased from
15 at. % in SO-GIC to less than 3 at.%, even slightly lower than those
high quality graphene obtained via microwave heating of rGO in Ar
[31]. This further demonstrates that the first microwave irradiation
fixed majority of the defects created in SO-GIC via deoxygenation.
The oxygen concentration remains nearly unchanged in SOG-H and
SOG-HE compared to SOG-exp, which indicated that perforation

(generation of nanoholes) was the dominant process in the

following microwave irradiations (Table S3).

Deconvolution of the C1s and O1s peaks furnished additional
details on the chemical functionalities associated with C and O. A

strong sharp peak at 284 eV along with 291 eV in the deconvoluted
C1s spectra was observed (Fig. 4), which have been attributed to sp?
C in graphene lattice and ®-=" transition peak, respectively [49].
The Full Width at Half Maximum (FWHM) of the sp? C peak for
SOG-exp, SOG-H and SOG-HE is 0.47, 0.43 and 0.44, respectively,
which are close to that reported for HOPG, and but narrow than
those graphene fabricated by reduction of GO and rGO [31,49,50].
The existence of the -7t transition peak and the narrow FWHM of
the sp? C peak further suggested the excellent delocalized
conjugation structure of basal planes in the fabricated graphene
nanoplatelets [31,49,50]. The presence of tiny peaks at 286 eV and
287eV in the Cls spectra are contributed to C-O and C=0, which
were also observed in GO and rGO [22]. However, the amount of
these groups was much lower (Table S3). Considering few defects
were observed in their basal planes via HRTEM, these oxygen
functional groups may locate mainly along the edges. Very inter-
estingly we found that the O1s spectra of SOG-H and SOG-HE
exhibited an additional deconvolution peak at higher binding
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Fig. 4. XPS deconvolution of C1s and O1s peak in SOG-exp (a,b), SOG-H (c,d), SOG-HE (e,f). (A colour version of this figure can be viewed online.)



K. Savaram et al. / Carbon 139 (2018) 861871 867

energies (537—539eV) (Fig. 4 d and f), which disappeared when the
spectra were collected with the Ar ion flood gun on (Figure S 6¢ and
d). The origin of these peaks is not known yet. Considering the
samples are highly conductive, these peaks might not be due to
charging effects often observed in less conductivity materials. We
hypothesize that they might be related to the existence of zigzag
edges, which are highly reactive and are stabilized by adsorbing O,
or water molecules in air [51—-53].

Considering the low level of in-plane defects, high conductivity
of the holey graphene materials is expected. After assembling a film
via vacuum filtration of the dispersed SOG-HE (see Supporting In-
formation), the conductivity of the SOG-HE film was measured via a
four-point probe method to be round 17,500S/m, which was
significantly higher than those graphene films prepared from
reduction of GO either chemically and thermally or their combi-
nation [53,54]. The conductivity of holey graphene materials is not
widely reported in the literature. Ruoff et al. reported that the
conductivity of microwave reduced GO (MEGO) was 274 S/m. Upon
thermal treatment in KOH at 700 °C, holey graphene was gener-
ated, which had a conductivity of 500 S/m [32]. Higher conductivity
(1000 S/m) was reported by Duan's group for their holey graphene
frameworks obtained via hydrothermal etching with H0, [55].
Considering the holey graphene nanoplatelets have the lowest Ip/Ig
and lowest oxygen concentration reported so far, it is reasonable to
assume that the as-synthesized holey graphene nanoplatelets have
the highest conductivity among the holey graphene materials
fabricated by the reported scalable methods [18,32,55].

To our delight, we also found that the holey graphene nano-
platelets were rich in zigzag edges. For some of the baby holes,
zigzag edges were clearly observed at an atomic level (Fig. 2b). It
has been reported that the shape of the holes would be hexagonal if
the hole edges were predominantly of zigzag or armchair geometry,
and would be circular if the hole edges were terminated with a
mixture of zigzag and armchair [56]. The partial hexagonal
appearance in SOG-H indicated the edges of the holes were
dominated by either zigzags or armchairs (Fig. 1e, green arrows
pointing to some of the noncircular holes). As mentioned earlier, if
the edges were predominantly composed of zigzag edges, localized
m-edge states were expected in these holey graphene nano-
platelets. Electron spin resonance (EPR) measurements were per-
formed to study if the localized m-edge states existed in these
samples. SO-GIC, the starting materials before microwave irradia-
tion was also studied for comparison. As shown in Fig S8, the EPR
spectrum of SO-GIC represents one single Lorentzian signal with g-
factor g =2.0046 + 0.0003 and linewidth AHp, = 1.50 mT (Fig S8).
This EPR signal was similar to that observed in nano-sized graphene
network, which has been assigned to ¢ dangling bond spins [57].

In contrast, the EPR spectra of SOG-H and SOG-HE in ambient air
consisted of two EPR lines: A broad intensive signal and a narrow
signal with very insignificant integrated intensity (Fig. 5, blue and
green curves). The narrow signal was hardly observable on either
spectrum; its position is marked with an arrow on the EPR spec-
trum of SOG-H. The origin of this narrow signal was probably the
same as the narrow EPR signal observed in SO-GIC sample, related
to o-dangling bond spins which appear in the point-like defective
species of both materials. The key feature of the EPR spectra of
these air-rich samples was the abnormally broad EPR line, with
width (peak-to-peak distance, AHpp) exceeding 60 mT. For SOG-HE,
the width of the broad EPR line is about A H,, = 73 mT and its
center is located between the 3rd and 4th narrow hyperfine
structure lines of Mn?*: MgO standard (see Fig. 5, blue curve). The
g-factors of 3rd and 4th lines of Mn?* standard are 2.0314 + 0.0003
and 1.9812 + 0.0003, respectively. Accordingly, the corresponding
g-factor of the broad EPR line of the SOG-HE sample was registered
to be 2.0020 + 0.0006. For SOG-H, the width of the broad EPR line
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Fig. 5. Room temperature EPR spectra of SOG-H (green trace) and SOG-HE (blue trace).
The spectrum of SOG-HE was recorded together with EPR spectrum of Mn?*: MgO
standard, which consisted of six sharp lines marked as i, i, iii, iv, v and vi. The sextet
line arose from the hyperfine splitting of the Mn?* ions in the standard. The yellow line
was from fitting of the EPR spectrum by a single Lorentzian contour. Both spectra were
recorded in the same experimental conditions: microwave power level Py =4 mW,
100 kHz magnetic field modulation with the amplitude Amoq=1mT, receiver gain
G =5 x 103, time constant 0.03 s, number of coherent acquisitions Naq = 30, microwave
frequency v =9.0754 and 9.0795 GHz. Full recording time 60 min. All intensities are
normalized per unit mass. The spectrum for SOG-H (green trace) was shifted below for
better presentation. (A colour version of this figure can be viewed online.)

registered in ambient air was about A Hp, = 63 mT. Even though it
was slightly narrower, it had the same position and g-factor as that
for sample SOG-HE. It is noted that similar broad signals have been
observed in graphene nanoribbons in our earlier work, which has
been attributed to a combination of two effects. One of them was
due to iron-containing magnetic impurities such as Fe or Fe;03
nanoparticles generated during the fabrication process of graphene
nanoribbons. The other was the edge state spins along the edges
which interplayed with the conductive m-carriers. Considering
~130 ppm iron impurities indeed existed in our samples (see Sup-
porting Information, Table S5), initially we thought the observed
broad signals in the EPR spectra of SOG-HE and SOG-H had similar
sources as in the graphene nanoribbons. Accordingly, we should be
able to fit them into two Lorentzian lines. However, we found that a
single Lorentzian line with width ~75 mT was almost perfectly
fitted to the experimental EPR spectrum of SOG-HE (see yellow line
in Fig. 5), indicating that the anomalously broad EPR signal regis-
tered in such wide range of magnetic field was related with spins of
only one origin: Either from spontaneous magnetization of the iron
impurities or the m-electronic edge-state spins, which interplayed
with the conductive m-carriers [58]. However, we did not find any
EPR signal from the paramagnetic iron impurities in the half-
magnetic field range (H = 120—190 mT), which excluded the
possible contributions from the iron impurities [19]. On the other
hand, it was reported that EPR broadening was also related to the
magnetic interaction between m-electronic edge-state spins and
paramagnetic oxygen molecules [20,59]. However, we found that
evacuation of SOG-H and SOG-HE samples placed in a capillary tube
to secondary vacuum conditions (pressure ~10—30 mbar) did not
lead to essential narrowing of the broad EPR lines. The corre-
sponding change in EPR linewidth did not exceed 5—8 mT, which
indicated that physically adsorbed oxygen only played minor roles
on the observed broad EPR lines [51]. All these results led us to
conclude that the edge-localized w-electronic spin states (S=1/2)
was the major origin of such broad EPR signals. These edge-
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localized w-electronic spin states possibly happened both on pe-
riphery of graphene flakes and interior perimeters of holes in
graphene.

Noted that the edge-localized w-electronic spin states (S=1/2)
were also observed in ba-GO, a holey graphene obtained through
sequential base-acid treatment of graphene oxide (ba-GO) [5].
However the width of EPR signal for the edge-localized w-electronic
spin states in ba-GO was much narrower (1 mT). While the mech-
anism of the EPR line super-broadening is still under study, it might
relate to the magnetic interaction between the edge-localized -
electronic spins mediated by itinerant w-carriers in graphene basal
planes [7—9]. The higher the delocalization of the m-carrier, the
broader the EPR linewidth. Thus, the super-broad EPR line in SOG-H
and SOG-HE is a key feature of the m-electronic paramagnetic
species delocalized at least over much larger areas on nanoscales
compared to that in ba-GO. This is in agreement with the fact that
the holey graphene materials reported here have much greater
defect free graphene domains (>60 nms) compared to those in ba-
GO (1-3 nms) (Table S2).

The concentration of paramagnetic species S = 1/2 responsible
for the broad EPR signal in SOG-H and SOG-HE samples were at
least one order of magnitude more than that in SO-GIC
(~3x 10 g~ see Supporting Information). By comparing the
doubly integrated intensity of the EPR signals with those collected
earlier from well-certified nanographene materials [19,20], we
roughly estimated the m-electronic edge localized spins in SOG-H
has a minimum concentration of ~7 x 10 g~! (or ~1400 ppm) or
in other words ~1 species per 700 carbon atoms. For SOG-HE, their
concentration is about 35% greater. The high concentration of edge
paramagnetic species and their interaction with the itinerant -
electrons, which are much delocalized due to the nearly pristine
nature of the holey graphene nanoplatelets probably endow these
holey graphene nanoplatelets high catalytic capabilities for some
important chemical reactions [19,60—62].

The catalytic activity of the as-synthesized holey graphene
nanoplatelets was explored for reductive hydrogen atom transfer
reactions, which are also known as catalytic hydrogenation transfer
reactions [63]. It is worthwhile to mention that oxidative hydrogen
atom transfer reactions or acid-catalyzed reactions have been
widely studied recently using metal-free carbon-based catalysts,
including holey graphene materials [5,64]. However studies on
reductive hydrogen atom transfer reactions using metal-free car-
bon-based catalysts are scant [63]. In general, transition metal-
based catalysts, such as Fe, Ni and Cu [65—67], are essential to
achieve reactions of this type. Here, we explored whether the
localized edge states in holey graphene nanoplatelets could cata-
lyze these reactions, as they mimic the electronic and spin features
of 3d transition metals. Selective reduction of nitrobenzene to an-
iline, which is important for both environmental protection and the
fine chemicals industry, was chosen as an example for the
demonstration [68—70]. We found that with as low as 5 wt% of
catalyst loading (SOG-HE), this reaction can reach 100% conversion
with 92 + 2% selectivity towards aniline (entry 1, Table S4). With
the same catalyst loading, the SOG-H and SOG-exp reached a
conversion of 66% (selectivity of 89.7 + 2.8% towards aniline) and
49% (selectivity of 76.4 +2.5% towards aniline) (entry 2 and 3,
Table S4), respectively. Comparatively, a control experiment was
also performed with holey graphene obtained through sequential
base-acid treatment of GO (ba-GO) [5], where 89% conversion with
70 + 2.5% selectivity was achieved (entry 4, Table S4). The original
graphite was also tested, where 28% conversion was observed
(entry 5, Table S4).

Most carbon-based catalysts contains small amounts of metal
impurities, either accrued during synthesis, or perhaps from metal
content in the natural parent material itself [71]. It has been argued

that the catalytic activity observed in “metal free” carbo-catalysts
was actually due to the existence of small amount of metal impu-
rities. ICP-OES (Inductive Coupled Plasma-Optical Emission Spec-
troscopy) was performed to measure possible metal impurities in
the pristine holey graphene nanoplatelets. Even though the fabri-
cation approach did not involve any metal containing compounds,
we found that around 2548 ppm of Fe impurities exist in the
graphite starting materials, similar to impurity levels measured by
Pumera et al. [71] The Fe content decreased to less than 130 ppm in
the holey graphene nanoplatelets (Supporting Information,
Table S5). This indicates that a total of 650 ng of Fe was present in
5 wt% catalyst loading used for the catalytic reaction with SOG-HE.
To address the possible roles of Fe impurities in the observed cat-
alytic activity of the holey graphene materials, a control experiment
was performed with 20pug of Fe>™ (which corresponded to
4285 ppm of Fe impurities. This number was chosen to facilitate
accurate weighing). 17% conversion was recorded (entry 7,
Table S4), which was similar to that observed in the absence of
catalysts (entry 6, Table S4), suggesting that Fe3* alone with the
concentration of 4285 ppm was not able to catalyze the reaction. To
further study if the synergy of Fe impurities with holey graphene
would result in active centers for the catalysis, another two control
experiments were performed (see details in Supporting Informa-
tion). In the first one, the SOG-HE catalyst was treated with HCI
with the aim of removing as much of the Fe impurities as possible
[72]. After the treatment, the Fe content decreased to 23 ppm as
measured by ICP-OES and this sample was referred to as purified
SOG-HE. In the second control experiment, the SOG-HE was treated
with KCN and then washed to remove the excess and free KCN. As it
is known that CN™ ions strongly coordinate with Fe and poison Fe-
centered catalytic sites [72—75], the KCN treated catalyst was
referred to as CN™ poisoned-SOG-HE. Both these catalysts exhibited
similar catalytic activity to the original SOG-HE (entry 8 and 9,
Table S4). All these control experiments led us to conclude that the
observed catalytic activities in reduction of nitrobenzene very likely
stemmed from the intrinsic properties of the holey graphene
materials.

It is widely accepted that defect free graphene is not catalytically
active due to the vanishing of density-of-states near its Fermi level
close to the zero level [11,12,76—78]. Since there are almost no de-
fects on the basal planes of these pristine holey graphene nano-
platelets, we attributed the observed catalytic activity to the
abundance of zigzag edge states in these materials. It is worthwhile
to mention that the catalytic activity of SOG-HE was even higher
than those holey graphene materials with large quantities of defects
(ba-GO) [5], which also possibly played catalytic roles in the
observed catalytic activity. At present, it is not clear yet whether the
higher activity is due to the greater population of the zigzag edges
than those in ba-GO, or because of the unique electronic structures of
the zigzag edge states in these pristine holey graphene nanoplatelets.
In these pristine holey graphene nanoplatelets, the non-bonding -
electrons along the zigzag edges interplay with much larger dis-
rupted T conjugated graphene domains compared to those in ba-GO
[5]. Detailed studies on the catalytic mechanism and how the elec-
tronic and spin structures of the zigzag states influence the catalytic
reaction are still underway. Nevertheless, we found that the ba-GO
exhibited severe degradation to small graphene oxide debris dur-
ing the reaction, which were filtrated out during the cleaning pro-
cedure (Fig. 6) (UV—Vis spectra of the filtrates). In high contrast, the
pristine holey graphene nanoplatelets can be easily recovered
without detectable catalyst degradation. The collected and cleaned
catalysts were able to be recycled for at least three runs without any
noticeable loss of activity and selectivity (entry 10—13, Table S4),
clearly demonstrating their chemical stability and recyclability for
application as an efficient metal free catalyst.
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Fig. 6. (a) UV—Vis absorbance spectra of the filtrates collected during catalyst washing after catalytic nitrobenzene reduction reaction. Inset of (a) shows a digital picture of the
filtrates. The absorption characteristics of GO debris was observed for the ba-GO catalyst, but not in the case of SOG-HE. Note that the filtrate from the ba-GO catalyst was diluted 3
times, as the concentration of GO debris was too high to be directly measured by the UV—Vis spectrometer, whereas the filtrate for the SOG-HE was directly measured without any
dilution. (b) The catalytic conversion and selectivity toward aniline with the recycled SOG-HE catalyst for nitrobenzene reduction. Reaction condition: 30 mg catalyst, 0.6 mL of
nitrobenzene, 4 atm Ar, 3 mmol of KOH, 100 °C, 24 h. (A colour version of this figure can be viewed online.)

In summary, this work reports a simple and scalable approach to
fabricate pristine holey graphene nanoplatelets which are rich in
zigzag edges. These pristine holey graphene products were studied
and explored as metal free catalysts for a hydrogenation reaction.
They exhibited not only high catalytic activity and desired selec-
tivity, but also excellent chemical stability for recyclability, which
was not achievable by its counterpart holey graphene derivatives
with basal plane defects. From fundamental point of view this
work, the chemical catalytic activity of zigzag edge states was
unambiguously demonstrated due to the near-absence of other
defects in the basal planes of these unique pristine holey graphene
materials. Furthermore, the fabrication method also has the
following advantages over the previously-reported methods for
large scale production and broad application: (1) The structures of
graphene products (with or without holes in their basal planes) can
be controlled to give materials that are nearly free of other defects
in their basal planes. This feature ensures the preservation of the
outstanding electric and thermal transport properties, and chemi-
cal inertness of the basal plane of graphene; (2) The process is eco-
friendly, no metal-containing compounds are involved in the pro-
duction process; (3) The microwave fabrication process is fast
(several seconds). In addition, compared to the approach based on
wet microwave chemistry [6], there are additional advantages
brought in by this dry microwave chemistry approach: (a) The is-
sues associated with the usage of strong acids and oxidants in a
microwave oven, such as safety and corrosion to microwave in-
struments, are naturally avoided. (b) Since the dry approach is a
solvent free process, all the microwave energy is efficiently absor-
bed by the reactants only. Accordingly, the required microwave
energy is much lower and the irradiation time for the production is
even shorter [6]. All these advantages greatly simplify the design
for a continuous large-scale and cost-effective production of high
quality holey graphene nanoplatelets with controlled structures,
which can bring a broad spectrum of potential applications of holey
graphene materials to reality.
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