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ABSTRACT

The emergence and establishment of new techniques for material fabrication
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Accepted: 8 June 2017 are of fundamental importance in the development of materials science. Thus,

we herein report a general synthetic strategy for the preparation of monolayer

© Tsinghua University Press graphene. This novel synthetic method is based on the direct solid-state pyrolytic
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conversion of a sodium carboxylate, such as sodium gluconate or sodium citrate,
into monolayer graphene in the presence of Na,CO;. In addition, gram-scale
quantities of the graphene product can be readily prepared in several minutes.
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Analysis using Raman spectroscopy and atomic force microscopy clearly
demonstrates that the pyrolytic graphene is composed of a monolayer with an

pyrolytic conversion, average thickness of ~ 0.50 nm. Thus, the present pyrolytic conversion can

sodium carboxylate, overcome the issue of the low monolayer contents (i.e., 1 wt.%—12 wt.%) obtained

bulk production using exfoliation methods in addition to the low yields of chemical vapor
deposition methods. We expect that this novel technique may be suitable for
application in the preparation of monolayer graphene materials for batteries,

supercapacitors, catalysts, and sensors.

1 Introduction [4]. This atomically thin 2D nanostructure has since

opened up an emerging research field of new materials,

The discovery of new materials is highly dependent
on the establishment of novel synthetic techniques [1].
For example, pulsed laser vaporization gave rise to
the discovery of Cy, whereas arc-discharge evaporation
was used to produce carbon nanotubes [2, 3]. In addition,
the first isolation of monolayer graphene by a facile
mechanical cleavage technique not only revealed the
abundance of different carbon allotropes, but also
began a revolution in materials science and technology
that is now coming into a two-dimensional (2D) age

and has attracted significant attention owing to its
potential properties [5-7]. However, these predicted
properties can only be observed depending on the
availability of specific preparation techniques [8]. To
date, many synthetic techniques have been developed
to prepare monolayer graphene. Although mechanical
exfoliation was initially employed, this process suffers
from low yields, and hence, is only suitable for small-
scale research use [9, 10]. In addition, liquid exfoliation
and the reduction of graphene oxide have been widely
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used for the bulk preparation of monolayer graphene
[5, 11, 12]; however, these methods also suffer from
particularly low yields [5], and the products tend to
have a significant number of defects [13-16]. Further-
more, although chemical vapor deposition (CVD) has
been developed for monolayer graphene preparation
[17-20], this method requires the use of a high-
temperature gas phase process and catalytic metal
substrates, which renders it expensive and gives a
rather low output [21]. The development of a scalable
synthetic technique for the economic preparation
of high quality monolayer graphene is therefore of
particular interest, despite its challenges [22-24].

In this context, the pyrolytic conversion of organic
molecules is an efficient route to the bulk production
of various carbon materials. For example, three-
dimensional (3D) highly oriented pyrolytic graphite
(HOPG) was first obtained from the pyrolysis of
polyacrylonitrile in the presence of montmorillonite
[25]. In principle, 2D graphene can also be prepared
through this pyrolytic conversion route. Indeed, Tour
et al. reported the pyrolytic preparation of monolayer
graphene from a poly(methyl methacrylate) thin film
on a Cu substrate [26]. However, the quantities of
substrate required limits large-scale production and
results in high overall costs [27]. Thus, there is a serious
requirement for technical innovation in the development
of a pyrolytic conversion method for monolayer
graphene preparation in analogy to that employed
for bulk HOPG production. In this context, we herein
report the development of a novel direct pyrolytic
conversion approach for the gram-scale preparation
of high-quality monolayer graphene from sodium
carboxylate in the presence of Na,CO;. We expect
that the proposed methodology may lead to the
development of a simple and convenient route for
the bulk preparation of monolayer graphene and will
inevitably promote its practical application to ultimately
boost advances in carbon-related physics, chemistry,
and materials science.

2 Experimental

All reagents employed herein were commercially
available and of analytical grade. Sodium gluconate
(CeHi1NaO;, 99.0%) was purchased from Tianjin Fu
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Chen Chemical Reagents Factory (Tianjin, China).
Sodium citrate (Na;C¢H;0,-2H,O, 99.0%), sodium
carbonate (Na,CO;, 99.0%), hydrochloric acid (HCI,
99.0%), and ethanol (C,HO, 99.0%) were purchased
from Beijing Chemical Works (Beijing, China). All
reagents were used as received without further
purification.

Monolayer graphene was prepared via a general
direct solid-state pyrolytic conversion method from
a range of different precursors. We will now take its
conversion from sodium gluconate as an example. In
a typical procedure, sodium gluconate (10.907 g) and
Na,CO; powder (105.99 g) were ground thoroughly in
a 1:20 molar ratio using an agate mortar and pestle.
The resulting mixture was placed in a corundum boat
and transferred into a corundum tube mounted in
a traditional horizontal tube furnace (55 cm length,
5 cm diameter). After flushing with a flow of Ar for
30 min, the reactor was heated to 950 °C at a heating
rate of 3°C'min™ and held at this temperature for
10 min. The system was then allowed to cool naturally
to room temperature under a flow of Ar. To remove
any remaining traces of the Na,CO; salt, treatment
with dilute hydrochloric acid was carried out. Finally,
the pyrolysis products were purified by washing with
distilled water and absolute ethanol during vacuum
filtration until the filtrate gave a neutral pH value.
Subsequent drying at 80 °C for 12 h yielded the pure
monolayer graphene powder (7.37 g, 51.4%).

The crystalline structure and phase purity of the
as-synthesized monolayer graphene were identified
by X-ray diffractometry (XRD; Bruker D8, CuKa source,
A =1.54178 A). The morphology and microstructure of
the product were observed by field emission scanning
electron microscopy (FESEM, Hitachi S-4800) and
transmission electron microscopy (TEM, JSM-2100F,
200 kV). High-resolution TEM and high angle annular
dark field scanning transmission electron microscopy
(HAADE-STEM) were performed on a FEI Tecnai G2
F20 microscope at an accelerating voltage of 200 kV.
Nitrogen adsorption—desorption isotherms were per-
formed on a Micromeritics ASAP 2020 surface area
analyzer (Micromeritics Instruments, USA) at 77 K up
to 1 bar pressure to evaluate the porous structure and
the specific surface area of the obtained monolayer
graphene. Before carrying out the adsorption measure-
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ments, the solid graphene powder was degassed over
8 h at 423 K under vacuum to remove any adsorbed
gases or moisture. The Brunauer-Emmett-Teller (BET)
surface area was then calculated according to the
multi-point BET theory, and the porosity distribution
was confirmed using the adsorption data based on
the Barrett-Joyner—Halenda (BJH) model. X-ray photo-
electron spectroscopy (XPS) was performed on a PHI

Quanteral II instrument (PHI, Japan, Al Ka =280.00 eV).

The binding energies were calibrated by referencing
the C 1s peak to 284.6 eV. Atomic force microscopy
(AFM) analysis was performed in tapping mode under
an air atmosphere using a Multimode Nanoscope Illa
SPA (Veeco Instruments, Bruker, Germany), and the
final image was flattened using Nanoscope Analysis
software (version 1.40). Prior to the AFM observations,
the monolayer graphene was initially dispersed in
ethanol by ultrasonic processing overnight and then
placed on a silicon wafer. Raman spectra were obtained
using a Renishaw inVia™ confocal Raman microscope
(Renishaw, England). The averaged Raman data were
collected over 1 cm? of the sample using a 632.8 nm
excitation laser with an intensity of 5 mW. The dried
monolayer graphene powder was used directly for
Raman measurements.

The electrochemical performance of the monolayer
graphene for lithium storage applications was then
evaluated using a two-electrode system composed of
a lithium metal counter, a Celgard 2400 membrane
separator, and a 1 M LiPF, electrolyte. The working
electrode was composed of 70 wt.% monolayer graphene,
15 wt.% Super P, and 15 wt.% polyvinylidene fluoride
(PVDF) binder supported by a Cu current collector.
A LAND CT2001A battery testing system (Hannuo
Electronics Co., Ltd. China) was used to test the
charge—discharge performance between 0.01 and 3.0 V
vs. Li/Li* at a current density of 100 mA-g™.

3 Results and discussion

We initially selected commercially available sodium
gluconate as a solid carbon source for the preparation of
monolayer graphene. Figure 1(a) shows the monolayer
graphene sample (~ 7.37 g) obtained from 43.62 g of
this precursor, with the excellent yield (51.4%) indicating
the potential for the bulk production of monolayer
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graphene. In addition, the Raman spectrum (Fig. 1(b))
exhibits three key signals at 1,325, 1,580, and 2,655 cm™,
which were assigned to the D, G, and 2D bands,
respectively. The sharp nature of all Raman peaks
suggests enhanced quality graphene compared to that
of reduced graphene oxide. Furthermore, the observed
G-band associated with the stretching eigenmode of
the C—C bond in graphitic materials reveals a typical
sp*-hybridized carbon network. Moreover, the 2D
band exhibits a single symmetric Lorentzian peak
with a full-width at half maximum of ~49 cm™ and a
2D/G intensity ratio of 1.43:1, which confirms that the
pyrolytic graphene is indeed monolayer graphene [17].
The presence of sp® carbon atoms or defects/disorder
in the monolayer lattice structure was also indicated
by the presence of the low intensity D-band, where
the G/D intensity ratio of ~ 2.67:1 reveals a ~ 70 nm
distance between defects in the graphene lattice [28].
The obtained Raman data therefore imply that the
quality of the obtained monolayer graphene is com-
parable to that of CVD graphene.
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Figure 1 Structure of the monolayer graphene prepared from a

sodium gluconate precursor. (a) Photographic image of the 7.37 g
sample in a 250 mL bottle. (b) The Raman spectrum of the mono-
layer graphene. (c) and (d) Typical FESEM images (scale bars =
2 pm and 500 nm, respectively). (¢€) HADF-STEM image (scale
bar = 500 nm). (f) Bright-field TEM image (scale bar = 200 nm)
and an inset showing the selected area electron diffraction (SAED)
pattern (scale bar = 2 1/nm). (g) HRTEM image recorded from
the edge region of a single graphene sheet (scale bar = 5 nm).
(h) HRTEM image recorded from the central area of a single
graphene sheet (scale bar = 2 nm).
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As indicated in Figs. 1(c)-1(f) and Fig.S1 in the
Electronic Supplementary Material (ESM), the prepared
monolayer graphene displays a geometrical sheet-like
2D microstructure with a micron-sized planar area.
In addition, the graphene sheet is highly flexible and
transparent towards the SEM beam, thereby revealing
its ultrathin nature. Thus, these results indicate that
following heat treatment at 950 °C for 10 min, the
sodium gluconate precursor was completely pyrolyzed
and converted into the 2D carbon nanostructure with
a layer morphology yield of ~ 100% (Fig. 1(c) and
Fig. S1(a) in the ESM). Furthermore, the atomically thin
graphene can exist in a free-standing state. Although
the individual graphene sheet exhibits a large number
of ripples (Figs.S1(b) and Sl(c) in the ESM), the
intrinsic formation of the observed corrugations may
be responsible for its stability. The graphene sheet
also exhibits relatively sharp cuts and a well-defined
outline with a rather flat surface close to the edge region
due to the edge effect of the sheet structure (Fig. 1(d)
and Fig. S1(d) in the ESM). As an atomically thin single
layer 2D carbon structure, the free-standing monolayer
graphene exhibits a significantly stronger tendency
towards various regional out-of-plane deformations
than a bilayer or similar structure. As further shown
in the HADF-STEM image (Fig. 1(e)), the monolayer
graphene is slightly wrinkled rather than being
perfectly flat. It has been reported that the wrinkling
of graphene sheets could result in the formation of
fold lines that not only stabilize the 2D structure, but
also enhance its electrical conductivity [29]. As such,
this wrinkled structure could provide an excellent
platform for preparing various graphene-based architec-
tures for use in a wide range of applications. The
highly transparent nature of the monolayer graphene
product is further demonstrated by the STEM and
TEM images given in Figs. 1(e) and 1(f). As shown
in the TEM image, the homogeneous and featureless
regions reveal the flat monolayer graphene sheet,
whereas the less transparent areas correspond to the
folding and overlapped areas, and the dark belts
originate from the fold lines. The folded regions located
at the edge could also be employed to determine the
number of layers in the graphene structure [30, 31].
Figure 1(g) shows the high-resolution TEM (HRTEM)
image detected at the edge region, which indicates
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that a single line is present, thereby confirming the
presence of a monolayer. In addition, an HRTEM
image from the central area of the monolayer graphene
sheet is shown in Fig. 1(h). In this case, a rough surface
texture is observed, consisting of a single layer of
irregular atomic rings, which differs significantly from
the surfaces of layered graphene that exhibit hexagonal
lattices or lattice fringes [32]. The observed rough
monolayer graphene can therefore be attributed to the
appearance of lattice defects, such as carbon deficiencies
and disordered segments.

The sheet-like morphology of the obtained graphene
product was also confirmed by AFM imaging (Fig. 2(a)).
In addition, Fig. 2(b) shows the corresponding height
profiles randomly recorded along the lines marked (1),
(2), and (3) in the AFM image. The average thickness
was determined to be ~ 0.50 nm, which is slightly greater
than the theoretical interlayer spacing (~ 0.34 nm) in
graphite, but is within the reported range of 0.5-1.0 nm
for monolayer graphene supported by a silicon wafer
[33]. Combination of these observations with the
aforementioned Raman and HRTEM results allowed
us to conclude that the pyrolytic carbon sheet is indeed
monolayer graphene. Furthermore, analysis by XPS
confirmed that the monolayer graphene contains
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Figure 2 Thickness, composition, and surface area of the mono-
layer graphene prepared from a sodium gluconate precursor.
(a) AFM image (scale bar = 1 um). (b) Corresponding height
profiles. (¢) High-resolution XPS analysis of the Cls region and
deconvolution of the Cls peak. (d) Nitrogen adsorption—desorption
isotherms and an inset showing the corresponding pore-size
distribution.
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only C and O, with a carbon concentration of ~ 92.8%,
which is indicative of the high purity of this pyrolytic
graphene (Fig. 52 in the ESM). As shown in Fig. 2(c),
the Cls region of the monolayer graphene could be
deconvoluted into three components centered at 284.9,
285.7, and 286.8 eV, which correspond with sp? carbon,
sp? carbon, and C-O moieties, respectively [29]. The
content of sp? carbon atoms was calculated to be ~ 77.7%
according to the fitted peak areas, which reveals the
relatively high quality of the graphene product. We
expect that the observed sp®bonded carbon atoms
may originate from defective dangling bonds. With
respect to the one-atom thick structure, the most
distinguishing feature of graphene is related to its
ultrahigh theoretical surface area (i.e., 2,600 m?-g™).
Thus, we investigated the porous structure and specific
surface area of the prepared monolayer graphene. As
indicated in Fig. 2(d), the obtained isotherms reveal a
mesoporous structure with slit-shaped pores, which
could be created by ripples or morphological restacking
of the graphene sheets. In addition, the monolayer
graphene in the solid powder state exhibits a high
multi-point BET surface area of 915 mz-g‘l,' however,
this is significantly lower than the theoretical value.
We expect that this suppressed intrinsic BET surface
area is due to the wrinkled structure or to agglomeration
[34]. In contrast, use of the methylene blue (MB)
adsorption technique gives a surface area of 1,989 m2g™
when dispersed in an ethanol suspension of the
graphene powder. This apparent surface area variation
is likely due to the dissipation of free sheets in the
dilute solution in contrast to the solid state.
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Figure 3 Characterization of the monolayer graphene obtained
from a sodium citrate precursor. (a) Typical bright-field TEM image
(scale bar = 200 nm). (b) HRTEM image recorded from the edge
region of a single graphene sheet (scale bar = 2 nm). (¢c) Raman
spectrum.
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Given that the new synthetic strategy for monolayer
graphene preparation is based on a general pyrolytic
conversion, a broad range of solid carbon-contained
precursors can be used as feedstocks. We therefore
examined the use of sodium citrate and sodium oleate
as alternative carbon sources. The 2D morphological
features of the monolayer graphene prepared directly
from sodium citrate were confirmed by TEM, as shown
in Fig. 3(a), and HRTEM (Fig. 3(b)) also confirmed that
this product is indeed monolayer graphene. In addition,
the Raman spectrum shown in Fig. 3(c) clearly reveals
the three key Raman scattering features of monolayer
graphene, as described previously. Furthermore, accor-
ding to the XPS measurements (Fig. S3 in the ESM)
the carbon atom concentration is 93.0% and the sp?
carbon content is ~ 74.9%. The obtained monolayer
graphene also exhibits a high multi-point BET surface
area of 785 m2g™ (Fig.S4 in the ESM), while the
MB adsorption surface area was determined to be
2,121 m2.g". These results therefore confirm that the
novel synthetic strategy is suitable for the general
preparation of monolayer graphene from a range of
substrates.

As shown in Fig. 4, the primary reaction taking
place during the preparation of monolayer graphene
via the general solid-state pyrolytic conversion method
involves thermal cyclodehydration and in-plane carbon
reconstruction. Upon heating, the sodium carboxylate
monomers become covalently cross-linked in the
Na,CO; medium and eliminate water molecules and
Na" through a cyclodehydration reaction. Initially, the
highly polarized covalent bond between the carboxyl
carbon and its nearby carbon atom is broken, resulting
in the formation of disordered carbonaceous radicals,
which may consist of cyclized carbon atoms. The ionic
sodium species is then released in the form of Na,CO;
crystals (Fig. S5 in the ESM). At elevated temperatures,
the cyclized carbon atoms are rearranged in the 2D
direction, thereby producing a single graphene layer.
Generally, the pyrolytic conversion from the sp® bonded
carbon atoms into the sp? network always leads to the
formation of amorphous carbon fragments. However,
in the present heat-treatment system, the Na,CO; phase
exhibits strong interactions with the carbon 7-electron
species, and thus drives the cyclized carbonaceous
radicals towards in-plane rearrangement. We herein
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Figure 4 Schematic outline of the general solid-state pyrolytic conversion strategy for preparation of the monolayer graphene. The blue

spheres represent the Na,CO; salt, the large green sphere represents Na' in the solid sodium carboxylate precursor, and the small green

spheres represent the Na,COj; crystals generated in situ.

selected sodium carboxylate as the solid carbon-
containing precursor, not only due to its low cost and
excellent availability, but also due to the inherent ionic
sodium species present in the original framework.
The in-situ generated Na,COj; clusters were evenly
distributed within the carbon matter, thereby allowing
for full contact, which is responsible for the complete
conversion from carbonaceous radicals to monolayer
graphene.

Novel synthetic techniques in the field of carbon
material fabrication science are usually distinguished
by new discoveries and innovations. For example,
Tomita et al. used lamellar montmorillonites as 2D
reactors for preparing HOPG for the first time, which
gave rise to a number of practical applications [25].
In this case, we found that Na,CO; played a crucial
role in the formation of monolayer graphene, as the
pyrolysis behavior of solid-state organic precursors
can be regulated in the presence of the added and
converted Na,CO; phase. In practice, the inorganic
Na,CO; salt could enhance the dehydration and cross-
linking reactions and increases the carbon yield [35].
In addition, the required conversion temperature in
the Na,CO;-assisted system could be reduced to 800 °C
(Figs. S6(a)-S6(f) in the ESM, which is equal to the
growth temperature required for Cu catalysts [25] and
lower than most reported values (= 1,000 “C) for the CVD
and epitaxial growth methods [17-21, 36]. Such a low
processing temperature is therefore highly desirable
and favorable for industrial production. Moreover,
removal of the final Na,CO; was straightforward via
a simple acid treatment method, thereby allowing

a high purity product to be obtained. Thus, the use
of an alkali metal carbonate is preferable to the use
of using other inorganic additives in preparing the
pyrolytic carbon. More importantly, our novel substrate-
free processing technique could overcome the limitation
of growth substrates in the CVD process, thereby
rendering it possible to prepare monolayer graphene
in large (i.e., ton-scale) quantities.

These results suggest that the direct conversion of
solid carbon sources appears to be a promising route
towards bulk graphene fabrication. In contrast, gas
phase processes (e.g., CVD) tend to result in low
carbon yields, whereas in the direct solid-state
conversion method, the carbon loss can be reduced
significantly [37, 38]. In this case, the carbon yield was
calculated to be ~ 51.4% based on the total carbon
atom content in the sodium gluconate precursor. In
addition, the CVD process is based on the catalytic
pyrolysis of small molecule precursors, and is limited
to gaseous carbon sources such as methane and
acetylene [39]. In contrast, our novel pyrolytic conver-
sion technique should allow the use of a wider variety
of potential raw materials. Indeed, the use of other
sodium carboxylates is currently under investigation.
We also expect that a range of sodium-free solid carbon
sources, such as resins, polymers, and biomass, may
also be suitable for use as feedstocks if thoroughly
mixed with Na,CO;. The resulting monolayer graphene
is therefore more likely to find a large variety of
practical applications. For example, when employed
as an anode in lithium-ion batteries, monolayer graphene
exhibits a high reversible capacity of 782.1 mAh-g™
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over 200 cycles (Fig. S7 in the ESM), which is higher
than that of other layered graphene structure prepared
by alternative methods. These results indicate that
monolayer graphene exhibits great potential for use
as a commercial electrode material for electrochemical
lithium storage applications.

4 Conclusions

In conclusion, we successfully developed a general
synthetic strategy for the preparation of monolayer
graphene based on a direct solid-state pyrolytic con-
version of sodium carboxylates (i.e., sodium gluconate
and sodium citrate) in the presence of Na,CO;.
The proposed primary reaction consists of thermal
cyclodehydration and in-plane carbon reconstruction,
where the Na,CO; phase has a beneficial effect on the
pyrolytic conversion. We report the gram-scale (i.e.,
7.37 g) preparation of the desired monolayer graphene
for the first time, representing a 51.4% yield. This direct
solid-state pyrolytic conversion strategy overcomes
the drawbacks of traditional exfoliation and chemical
vapor deposition methods, and thus should be
considered a promising alternative synthetic strategy.
We expect that the prepared monolayer graphene
will be suitable for a range of practical applications,
including as a commercial electrode material for
electrochemical lithium storage applications. We
also believe that a newfound enthusiasm for pyrolytic
monolayer graphene can be expected, as the development
of our novel synthetic technique should promote its
use in various materials science applications. Studies
on the use of other sodium carboxylates are currently
underway, and the results will be presented in due
course.
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