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Mass production of graphene materials from solid
carbon sources using a molecular cracking and
welding method
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A novel process is developed for high-volume production of low-cost graphene materials from any solid
carbon resources, especially biomass sources. Few-layer graphene materials from solid carbon resources
are produced through a molecular cracking and welding (MCW) method. The MCW technique is a single
step process with two stages, i.e., graphene-encapsulated core—shell nanoparticles are first formed by
catalytic thermal treatment of solid carbon materials. Then in the second stage these core—shell
structures are opened by ‘cracking molecules’, and the cracked graphene shells are self-welded and
reconstructed to form high quality multilayer graphene materials at a heating temperature with selected
welding reagent gases. This novel graphene material with super hydrophobic properties can be used to
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1. Introduction

Graphene materials are the most promising candidate for
various applications in many fields of materials science because
of their excellent mechanical, thermal, and electrical properties.
Specifically, graphene materials produced in powder form are
suitable for advanced composites,' medicine,” medical devices,*
sensors,* electronics,® fuel cells,® solar cells,” capacitors,®
batteries,” thermal management applications,' display mate-
rials and packaging,' inks and 3D printer materials,"> barriers
and films," environmental protection,** etc.

The availability of large quantities of low-cost graphene
materials is a prerequisite for realizing these applications. For
instance, composite materials have great potential for greater
usage in the transportation vehicle industry, including aero-
space, automotive, maritime, and rail industries. The global
composite materials market is expected to reach an estimated
$39.1 billion by 2022." The growing interest in stronger, lighter
and more fuel-efficient products from the transportation
vehicle industry (both the private sector and military) has led to
an increased demand for graphene materials.'® However,
currently available commercial graphene materials are expen-
sive, significantly slowing down their potential usage in these
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filter water from crude oil emulsions in the petroleum industry.

applications demanding a high volume of graphene materials.
In addition, limited commercialized processes for mass
production of low-cost graphene materials exist. This is espe-
cially true for a process to use renewable biomass materials
such as lignin, a wood by-product with an annual production of
70 million tons worldwide from the paper and pulping
industries, to manufacture graphene materials. Mechanical
cleaving (exfoliation),'® chemical exfoliation of graphite oxide,"
epitaxial growth of graphene on a SiC surface,® thermal
annealing of solid carbon to graphene®' and thermal chemical
vapor deposition (CVD) synthesis® are commonly used
methods for graphene synthesis. Currently, the most successful
route to synthesizing graphene is chemical vapor deposition
(CVD).*® During the CVD process, gas species are fed into the
reactor and pass through a hot zone, where hydrocarbon
precursors decompose to carbon radicals at the metal substrate
surface, and then form single-layer or multi-layer graphene.?
Thermal CVD is typically applied to graphene formation over
transition metals, including copper, nickel, iridium, and
ruthenium.**** Thermal CVD techniques can also be used for
graphene synthesis over dielectrics and various other oxides.
The CVD graphene process is limited to the use of gaseous raw
materials, making it difficult to apply the technology to a wider
variety of potential carbon precursors, especially solid carbon
resources. The challenges of sustainable development have
driven people to find facile, environmentally friendly ways to
produce carbon-based nanomaterials. Biomass presents an
abundant and low-cost source of carbon. However, there have
been limited studies on the use of wood or agricultural biomass
as the carbon source for the production of graphene materials.
As reported in our previous studies,”™" carbon (graphene)-
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encapsulated metal nanoparticles were the main structures in
the solid products from catalytic decomposition of kraft lignin
and biochar under an argon atmosphere at 700-1000 °C. A novel
method is developed in the current work to produce graphene-
based materials from solid carbon resources by tailoring gra-
phene-encapsulated core-shell nanoparticles, and these bio-
based graphene materials are identified to separate water from
crude oil emulsions in the petroleum industry.

2. Strategy for producing graphene
materials from graphene-encapsulated
core—shell nanoparticles

A molecular cracking and welding (MCW) method is proposed
to produce multi-layer graphene materials from biomass feed-
stocks. First, graphene-encapsulated core-shell nanoparticles
are formed by catalytic thermal decomposition of solid carbon
resources, followed by cracking and paring of graphene shells
from metal cores. After graphene shells are peeled off, the
cracked graphene shells are simultaneously welded and recon-
structed to form multilayer graphene materials under a selected
gas atmosphere. The graphene shells will be joined through the
unsaturated bonds of the carbon atoms on the edges or linked
by carbon atoms from decomposition of welding molecules or
just agglomerate through van der Waals forces.

Fig. 1 illustrates the concept of this process. This molecular
cracking and welding (MCW) technique is a single step process
with two stages, ie., in the first stage, carbon-encapsulated
transition metal nanostructures are prepared. Then in the
second stage these carbon-encapsulated transition metal
structures are opened by using ‘cracking gas agents’ such as H,,
H,0, CO,, and CH, (Fig. 2a), and the graphene shells are peeled
off the iron core; the cracked carbon shells are simultaneously
welded or reconstructed to form multilayer graphene materials
at high temperature with selected welding reagent gases such as
light hydrocarbons (methane, ethane, propane, natural gas,
etc.) and hydrogen (Fig. 2b).

3. Experimental
3.1 Precursor preparation

Any carbon-containing source can be used for the production of
carbon-encapsulated core-shell nanoparticles.*® Kraft lignin
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was used as the carbon precursor in this work. 300 grams of
kraft lignin was first added to 300 mL tetrahydrofuran in a 2000
mL glass beaker and the lignin-tetrahydrofuran mixture was
stirred for 2 hours. 246.0 grams of iron(ui) nitrate nonahydrate
was added to 100 mL DI water in a 500 mL glass beaker and the
iron nitrate-water mixture was stirred until iron nitrate was
dissolved completely. The iron nitrate solution (~2 mL min ™)
was added dropwise to the lignin-tetrahydrofuran mixture. The
final mixture was stirred for 2 hours, followed by keeping it at
room temperature for 24 h and oven-drying at 110 °C for one
day.

3.2 Pretreatment of precursors

One hundred fifty grams (150 g) of the dried iron-lignin sample
from the previous step was thermally treated using a muffle
furnace. The inert carrier gas - either argon or nitrogen - was
first introduced into the furnace at a flow rate of 80 mL min~"
for 30 minutes. The furnace was temperature-programmed with
a rate of 2.5 °C min~* to 300 °C and kept at 300 °C for 2 hours.
The furnace was turned off and the samples could cool to
ambient temperature naturally. Then the cooled sample was
loaded into a ball mill machine and ground in 1000 rpm for 30
minutes.

3.3 Production of graphene nanomaterials by the molecular
cracking and welding (MCW) process

Fifty grams (50 g) of Fe-lignin sample were packed in the
middle of a 2-inch OD ceramic tubular reactor in each run. The
welding gas was introduced into the reactor. The reactor was
temperature-programmed with a heating rate of 10 °C min~* to
1000 °C and kept at 1000 °C for 0, 0.5, 1, 3, or 5 hours. The
furnace was cooled down at 10 °C min~" to room temperature.

The conventional acid treatment has been used to purify
graphene products. Before the acid treatment, the raw graphene
products were treated in the tubular reactor with a carbon
dioxide flow (500 mL min ") at 700 °C for 6 hours. For the acid
treatment, the CO, treated graphene product was first distrib-
uted into concentrated (36%) HCI in a flask; the mixture was
then sonicated for 6 h, and the sample was refluxed at
temperatures between 85 and 90 °C for 6 h. After each treat-
ment, the liquids were kept overnight in their flasks, and then
were filtered to collect the solid graphene powder. After HCI
acid treatment, the solid graphene powder was further treated

Welding
molecules

Graphene sheets

Fig.1 The formation of a graphene-based material from graphene-encapsulated core—shell nanoparticles. (a) Graphene-encapsulated metal
nanoparticles; (b) cracked core—shell nanoparticles; (c) graphene sheets.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Scheme of cracking a carbon-encapsulated core—shell nanoparticle (a) and scheme of peeling and reconstruction of the cracked

graphene shells (b).

with 5 M HNO; at temperatures between 45 and 50 °C for 6 h
and filtered; the filtered acidic liquid was collected and the solid
was washed with deionized water until neutral pH. The solid
was dried in a vacuum oven at a temperature of 100 °C for 12 h
to remove eventual moisture.

To estimate the purity of the graphene after the acid
treatments, TGA was performed using a Shimadzu TGA-50H
instrument. The analyses of the raw and purified graphene
products were carried out under an air flow, which means that
a temperature-programmed oxidation (TPO) has been inves-
tigated for the graphene products; graphene and amorphous
carbon are burnt during the TPO process, and the residue at
the end of TPO is iron oxide. During this test of TGA, the
variables used were: a range of temperature from 50 to 800 °C
and a heating rate of 5°C min " in a 20 mL min " air flow. The
typical TGA results of the raw graphene and the purified gra-
phene samples are plotted in Fig. S1;7 TGA results demon-
strate that there is 23-25% metal in the raw graphene
materials, and the purity of the final graphene products in this
work is between 92% and 96%. Beside the graphene struc-
tures, there are 3-5% amorphous carbon and 0.3-3% catalyst
metals.

4. Results and discussion

4.1 Formation of graphene encapsulated core-shell
nanoparticles

Based on the MCW concept, graphene-encapsulated core-
shell nanoparticles are first prepared by catalytic thermal
decomposition of solid biomass. Highly stable carbon-
encapsulated metal nanoparticles are produced by thermal
decomposition of Fe-lignin precursors at high temperature.

13980 | J. Mater. Chem. A, 2019, 7, 13978-13985

Multi-layer  graphene-encapsulated iron nanoparticles
(MGEINSs) were observed embedding in macro-porous carbon
frames; the pore sizes in the carbon frames vary from 0.1 pm
to 10 um and the wall thickness ranges from 0.05 to 0.5
um.>”** Two types of graphene-encapsulated iron nano-
particles are formed,*”*® i.e., the majority of the nanoparticles
(>90%) are embedded in the wall with a narrow particle size of
less than 10 nm (Fig. 3a and c) and large size particles are
distributed over the wall surface with diameters ranging from
10 to 100 nm (Fig. 3b and d). Most of these carbon encapsu-
lated nanoparticles have core diameters of 3-8 nm (Fig. 3a and
¢) and the carbon shell is composed of 2-5 layers of graphene
structures (Fig. 3c¢). The nanoparticle model was proposed in
previous studies.>””*" In this model, a graphene-encapsulated

Fig. 3 SEM (a and b) and HRTEM (c and d) images of catalytic thermal
decomposition of iron-lignin precursors at 1000 °C under an argon
atmosphere.

This journal is © The Royal Society of Chemistry 2019
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metal nanoparticle consists of four concentric layers: an o-
iron core, with a y-iron layer, a carbide interface layer and an
outer graphene shell.””*

4.2 Cracking the core-shell structures by selected gases and
the formation of graphene shell units

To produce graphene materials, one of the straightforward
strategies is to peel the graphene shells from the metal cores,
and then use these cracked graphene shells as building blocks
to make different graphene-based materials. As shown in Fig. 4,
there are three different possible ways to separate the graphene
shell from its metal core: (i) cracking the graphene shell, (ii)
attacking the interface layer between the graphene shell and an
inner core and (iii) attacking the entire metal core.

Regarding the graphene-encapsulated iron nanoparticle in
Fig. 4 and the different graphene shell separation mechanisms,
the graphene (C,) outer shell of the graphene-encapsulated iron
nanoparticle may be cracked by reactive molecules such as H,,
CO, and H,0 through the following reactions at high
temperature:

Cg + 2H2 - CH4 (Rl)
Cg + H20 — CO + H2 (RZ)
C, + CO, — 2CO (R3)

However, the graphene shell will also be etched by hydrogen,
steam, and carbon dioxide at high temperature in this process
which greatly decreases the quality and the yield of the gra-
phene-based products.””*®

Alternatively, the Fe;C interface layer and the y-iron sub-
layer may be decarburized. At certain temperature and cracking/
welding gas partial pressure, gas molecules may permeate
through the graphene shell and react with iron carbide (Fe;C)

o-Fe core

Attack on shell

Attack on core-,
shell interface

Attack on core

Fig. 4 |Illustration of the a-iron core/y-iron/cementite (FesC)/multi-
layer graphene shell nanoparticle formed from Fe-lignin precursors
and strategies to crack and peel off the graphene shell from the iron
core.

This journal is © The Royal Society of Chemistry 2019
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and vy-iron. Specifically, under a hydrogen atmosphere,
hydrogen atoms diffuse into and react with cementite and
carbon in y-iron through the following reactions:**

FC3C + 2H2 — 3Fe + CH4 (R4)

Cy-irony + 2Hy — CHy (R5)

The activity of carbon in Fe;C is much higher than that in
iron phases. Thus, hydrogen will react more rapidly with carbon
in Fe;C than with the carbon dissolved in y-Fe.?**” Therefore,
the decarburization rate will be greater for cementite as
compared to a-Fe and y-Fe. Thus, Fe;C at the interface will be
first and quickly decarburized by hydrogen to an iron phase and
the carbon will be released as methane (CH,).

Under a CO, atmosphere, cementite and carbon in y-iron as
well as Fe are oxidized to Fe;O, and CO:

C02 + FC3C - FC304 + CO (RG)
C02 + Fe — Fe304 + CO (R7)
C(y—iron) + C02 — 2CO (RS)

CO, is a strong oxidant at high temperature; graphene-
encapsulated iron nanostructures will be destroyed, and the
graphene shell can be cracked and peeled off from the iron core;
however, the strong etching effect on the graphene shell makes
CO, not a suitable cracking and welding gas.

There are a few reactions occurring under a methane atmo-
sphere: CH, is catalytically decomposed to graphene and H,
over an iron particle surface, methane can also react with iron to
form Fe;C, and part of the carbon atoms from methane will
diffuse into y- and a-iron phases:

CHy4 — Clgraphene) T 2H> (R9)
3Fe(y-iromy + CHy — Fe;C + 2H, (R10)
CH, — C(y—iron) + 2H, (R11)
CH, — Claiirony + 2Ha (R12)

With more carbon deposited between the graphene shell and
iron core, the iron core will expand in volume, facilitating the
cracking of the graphene shell.

Fig. 5 displays HRTEM images of the Fe-kraft lignin samples
after catalytic thermal treatment under different atmospheres.
Small and uniformly distributed iron particles were observed in
the sample produced under argon (Fig. 5a). The HRTEM images
of the sample showed that the nanoparticles in the sample have
a core-shell structure with the diameter of the core nano-
spheres approximately 3-5 nm. The carbon shells exhibiting
ordered planes of the graphene structure were observed with 2-
10 layers (Fig. 5a). Fig. 5b shows the HRTEM image of a ther-
mally treated Fe-kraft lignin sample under H,. Core-shell
nanoparticles were etched in the sample (Fig. 5b). Nano-iron
particles were trapped loosely in the etched graphene shells
(Fig. 5b). The HRTEM image of the sample produced under

J. Mater. Chem. A, 2019, 7, 13978-13985 | 13981
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Fig.5 HRTEM images of catalytically cracked graphene-encapsulated
metal nanoparticles at 1000 °C under different atmospheres: Ar (a), H,
(b), CO; (c), and CHy4 (d).

a CO, atmosphere is shown in Fig. 5c. Graphene-encapsulated
iron nanostructures were destroyed due to the etching effects of
CO, at high temperature. Sphere- or rectangle-shaped Fe;O,
nanoparticles were observed in this sample;*”*® these particles
were usually encapsulated in 1 to 2 layers of etched graphene
(Fig. 5c). Fig. 5d shows the HRTEM images of the Fe-lignin
sample carbonized at 1000 °C under a methane atmosphere.
The graphene shell was peeled off the iron core (Fig. 5d).
Thus, for graphene-encapsulated iron particles, hydrogen
and carbon dioxide are more destructive and have strong
etching effects on graphene structures. However, methane may

< )
o/
IR RS
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crack the graphene shell without significant etching. Similarly,
natural gas (NG) is a suitable cracking/welding gas as NG is
composed of ~95% methane by volume. It is noted that
cracking/welding gases which are less suitable for graphene-
encapsulated iron nanoparticles may be acceptable for other
types of graphene-encapsulated metal nanoparticles.

4.3 Formation of graphene materials from cracked graphene
shells

It is found that the cracking/welding gas composition may be
selected to most effectively “peel” off the graphene shell from
the metal core, which then may serve as a “building block” to
provide various graphene morphologies via “welding”
processes. A welding technique has been used for joining/
merging nanomaterials like nanoparticles,*
nanotubes,*?* and nanofibers** under conditions such as
heating and irradiation. These physical welding processes can
mainly produce nano-structured materials with a low yield and
selectivity.”

The graphene-based material formed via the present
methods comprises graphene shells (single layer and/or multi-
layer graphene). The graphene may adopt a variety of
morphologies including, flat graphene sheets, curved graphene
sheets, graphene chains, graphene sponges, fluffy graphene,
graphene strips with a common metal joint, and graphene
nanoplatelets. Fig. 6 illustrates some of the different graphene
morphologies which may be formed. In the schematic panels,
the filled circles represent metal cores and the thin curves
represent graphene shells. The schematic panels further

nanowires,*?

Fig. 6 Scheme of typical welding modes between multi-layer graphene units and SEM and TEM images of representative products: multi-layer
graphene chains (a and b), multi-layer graphene nanoplatelets (c and d), fluffy graphene (e and f), and welded multi-layer graphene-based

materials (flatten flake-like or curved shell-like) (g and h).

13982 | J. Mater. Chem. A, 2019, 7, 13978-13985
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illustrate the MCW described above, involving cracking of the
graphene shells and reconstruction of graphene shells to form
different graphene morphologies. The SEM and TEM images on
the right correspond to graphene-based materials formed using
the present methods. The top row (I) illustrates the formation of
graphene chains. The next row down (II) illustrates the forma-
tion of graphene nanoplatelets. The next row down (III) illus-
trates the formation of fluffy graphene. The last row (IV)
illustrates the formation of curved graphene sheets. The
formation of graphene chains (I) generally involves connecting
hundreds of graphene shell building blocks along the perpen-
dicular direction. Each graphene shell building block may be
composed of 1 to 30 layers of graphene and may have an average
thickness of 10 nm or less. The in-plane dimensions of each
graphene shell building block may range from several nm to 20
nm. The length of the graphene chains may vary from hundreds
of nanometers to over 10 pm. The formation of graphene
nanoplatelets (II) generally involves bonding along the hori-
zontal direction of graphene shell building blocks. Otherwise
the dimensions of the graphene shell building blocks may be as
described above with respect to the graphene chains (I). The
formation of fluffy graphene (III) generally involves random
bonding along various directions. Otherwise the dimensions of
the graphene shell building blocks may be as described above
with respect to the graphene chains (I). The formation of curved
graphene sheets generally involves reconstruction in both the
horizontal and the perpendicular directions. Otherwise the
dimensions of the graphene shell building blocks may be as
described above with respect to the graphene chains (I).

In addition to the type of cracking and welding gas compo-
sition, the conditions under which the graphene-encapsulated
metal nanoparticles are exposed to the gas composition include
the flow rate of the gas(es), the temperature (Fig. S2-S4t), the
heating rate to achieve the selected temperature, the heating
time (Fig. S5-S77) and the particle size (Fig. S8 and S97) (i.e., the
particle size of the graphene-encapsulated metal nanoparticles
in the carbon matrix). These parameters may be selected to
achieve a desired morphology and yield of the graphene-based
material (Fig. S107). The selection of these parameters may
depend upon the type of graphene-encapsulated metal nano-
particle (e.g., the type of metal) used. The ideal welding
temperature was found to be at least 1000 °C, with the heating
time ranging from 0.5 to 1 hour. The selected welding gases
were methane (CH,) and natural gas (NG). The optimized Fe-
lignin precursor particle size was examined between 125 and
250 microns (pm).

5. Crude oil/water emulsion
separation system

In the past decade, extensive studies developed bio-aerogels and
related bio-material absorbents for oil spilling cleanup.®*°
These materials can be used to absorb oil including gasoline,
diesel oil, olive oil, benzene, phenixin, isopropanol, etc.*® Crude
oil with very high viscosity is the most difficult oil for these
absorbents with low absorption capacity,* especially, the crude

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Separation system and process for a crude oil/water emulsion.
(a) DI water and crude oil; (b) crude oil/water emulsion; (c) filtration; (d)
separation.

oil/water emulsion. Since the dispersive water molecules in the
emulsion wrapped the lipophilic groups of the absorbents
which resulted in loss of bonding between oil molecules and
lipophilic group of the absorbents, the crude oil/water emulsion
cannot be separated by these existing bio-absorbents. In this
study, a novel multilayer graphene material with super hydro-
phobic properties and a large surface area has been developed.
In addition, an application for this material has been identified
for separating water from a crude oil emulsion in our research
for the petroleum industry. Fig. 7 shows the process to separate
crude oil and water emulsions.

In the experimental part, a 100 mL crude 0il/100 mL water
mixture was emulsified by using a high speed mechanical mixer
(Fig. 7a and b); a 10 g bio-graphene material was uniformly
loaded on the filter sieve in the filtration system before the
crude oil/water emulsion was poured into the filter beaker, and
then the crude oil/water emulsion was successfully separated
using this material as a filter (see Video S1t). The results
showed that more than 3000% crude oil/water emulsion by
weight can be separated by this bio-graphene material. More-
over, this bio-graphene material can be recycled through
removing the purified crude oil under vacuum system and
reused for this separation system. This separation system and
process can be used to remove water from crude oil emulsions
in the petroleum industry.

6. Conclusions

A novel method is developed for high-volume production of low-
cost graphene materials from any solid carbon-containing
source. Multi-layer nano-shell structure-based graphene mate-
rials from solid carbon resources are produced through
a molecular cracking and welding (MCW) method. In the MCW
process, multi-layer graphene-encapsulated core-shell nano-
particles were first formed by catalytic thermal decomposition
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of transition metal-promoted solid carbon resources, and then
in the second stage, these graphene-encapsulated core-shell
structures were cracked and graphene shells were peeled off the
metal cores, and these graphene shell units were welded and
reconstructed to form different multilayer graphene-based
materials (fluffy, chain, multi-layer graphene nanoplatelets, flat
or curved sheet-like) under high temperature with selected
welding reagent gases. The selected cracking-welding gases
were methane (CH,), hydrogen (H,), carbon dioxide (CO,) and
natural gas (NG). These bio-based graphene materials are
successfully used to separate water from crude oil emulsions in
the petroleum industry.
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