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METHODS FOR SYNTHESIZING
GRAPHENE FROM A LIGNIN SOURCE

RELATED APPLICATION

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 14/297,275, filed Jun. 5, 2014,
now allowed, which claims priority from U.S. Provisional
Patent Application No. 61/831,297, filed Jun. 5, 2013, the
entire disclosures of which are incorporated herein by this
reference.

STATEMENT OF GOVERNMENT SUPPORT

[0002] The invention described herein was made with
government support under grant Nos. 11-JV-11111124-097,
12-JV-11111124-091, and 15-JV-1111124-016 awarded by
the USDA Forest Service. The government has certain rights
in the invention.

TECHNICAL FIELD

[0003] The presently-disclosed subject matter relates to
processes, methods, and compositions for synthesizing car-
bon nanomaterials from carbon-containing resources. In
particular, the presently-disclosed subject matter relates to
the use of solid carbon-containing resources, such as bio-
mass, for preparation of multi-layer nano-shell structure-
based graphene materials.

BACKGROUND

[0004] There are several methods for making graphene-
based materials, including micromechanical cleavage of
graphite; chemical exfoliation of graphite oxide; epitaxial
growth of graphene on SiC surface; thermal annealing of
solid carbon to graphene; and chemical vapor deposition
(CVD). Of these methods, the CVD process is particularly
promising due to its decreased cost and large-area graphene
production.

[0005] During the CVD process, a hydrocarbon-based gas
is fed into a reactor and passes through a hot zone, where the
hydrocarbon precursor decomposes to carbon radicals at the
metal substrate surface, and then forms single-layer or
multi-layer graphene. The metal substrate not only works as
a catalyst to lower the energy barrier of the reaction, but also
determines the graphene deposition mechanism, which ulti-
mately affects the quality of graphene.

[0006] In the past several years, a variety of transition
metals such as Ni, Fe, and Cu have been demonstrated as the
catalyst to synthesize graphene using CVD method. The
graphene growth from iron is related to a dissolution and
precipitation mechanism because Fe has high carbon solu-
bility at a high temperature. Specifically, in a high tempera-
ture range (600-1000° C.), the hydrocarbon will decompose
to carbon atoms and dissolve into Fe to form a C—Fe solid.
The carbon solubility in Fe decreases as its temperature goes
down. Therefore, carbon atoms diffuse out from bulk Fe and
precipitate on the surface to form graphene sheets as the
temperature decreases. The CVD graphene process from a
nickel substrate is similar to Fe because Ni has high carbon
solubility too. However, Cu has a very low carbon solubility
which results in a different graphene formation mechanism.
More specifically, the graphene growth on Cu is a surface
absorption process. The hydrocarbon is catalytically decom-
posed to carbon atoms over a Cu surface. Once, the surface
is covered by graphene layers, the growth stops.
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[0007] The CVD process is limited to the use of gaseous
species as its raw materials for carbon sources, which makes
it difficult to apply the technology to a wider variety of
potential carbon precursors such as carbon-based solid mate-
rials. In recent years, much research has yielded novel ways
to synthesize graphene sheets by solid carbon feedstocks,
such as poly (methyl methacrylate) (PMMA), polystyrene,
and amorphous carbon. These processes are related to a
thermal annealing mechanism, while large-scale graphene
production is limited due to the requirement for either a
coating of polymer on the catalyst surface or decomposition
of a thin film of catalyst onto an amorphous surface.
Additionally, these processes typically provide low product
yield due to either carbon in the precursor escaping in gas
form or existing in amorphous form, i.e., limited carbon in
the precursor is converted into graphene-based materials.
[0008] Inone alternative method, Zhou et al. reported that
nitrogen doped graphene was synthesized by Fe** catalytic
graphitization of milk powder. Although this initially
appeared to be a promising way for scalable graphene
production, the carbon precursor was not affordable. In
another alternative method, the instant inventors previously
synthesized graphene materials in powder form from low
cost and easily available lignosulfonate using Fe nanopar-
ticles as a catalyst. However, the yield and selectivity of
graphene-based materials remain an obstacle for scalable
graphene production.

[0009] Accordingly, there is a need for systems and meth-
ods that can selectively and efficiently convert lignins and/or
sources thereof to carbon nanomaterials, such as graphene.

SUMMARY

[0010] This summary describes several embodiments of
the presently-disclosed subject matter, and in many cases
lists variations and permutations of these embodiments. This
summary is merely exemplary of the numerous and varied
embodiments. Mention of one or more representative fea-
tures of a given embodiment is likewise exemplary. Such an
embodiment can typically exist with or without the feature
(s) mentioned; likewise, those features can be applied to
other embodiments of the presently-disclosed subject mat-
ter, whether listed in this summary or not. To avoid exces-
sive repetition, this summary does not list or suggest all
possible combinations of features.

[0011] The presently-disclosed subject matter provides, in
some embodiments, a method of synthesizing carbon nano-
materials comprising providing precursors, forming carbon-
encapsulated metal structures from the precursors, and form-
ing nano-shell structure-based graphene materials from the
carbon-encapsulated metal structures. In one embodiment,
providing the precursors comprises preparing the precursors,
such as, for example, by mixing a biomass and a catalyst. In
another embodiment, mixing the biomass and the catalyst
forms a catalyst-impregnated biomass. The biomass is
selected from the group consisting of kraft lignin, organo-
solv lignin, lignosulfonates, black liquor, wood chips, wood
char, starch, wood-derived sugars, active carbon, carbon
black, and combinations thereof. The catalyst is a metal
catalyst, such as a transition metal or salt thereof, selected
from the group consisting of Fe, Cu, Ni, Co, Mo, W, and
salts thereof.

[0012] In some embodiments, forming the carbon-encap-
sulated metal structures comprises thermally treating the
precursors. In some embodiments, forming nano-shell struc-
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ture-based graphene materials includes opening the carbon-
encapsulated metal structures to form shell-like structures,
then welding and reconstructing the shell-like structures to
form the nano-shell structure-based graphene materials. In
one embodiment, welding and reconstructing the shell-like
structures comprises application of a welding reagent gas
under high temperature, such as a temperature of between
600° C. and 1,500° C. In another embodiment, the welding
reagent gas is selected from the group consisting of light
hydrocarbons, argon, hydrogen, other carbonaceous gases,
and combinations thereof. In a further embodiment, the
nano-shell structure-based graphene materials comprise
multi-layer graphene-based materials selected from the
group consisting of nano-graphene shell connected chains,
graphene nanoplatelets, fluffy graphene, flat graphene
sheets, curved graphene sheets, graphene sponges, gra-
phene-encapsulated metal, metal carbide nanoparticles, gra-
phene strips with a common metal joint, and combinations
thereof.

[0013] In some embodiments, the method of synthesizing
carbon nanomaterials further comprises pretreating the pre-
cursor prior to forming the carbon-encapsulated metal struc-
tures. In one embodiment, the pretreating is selected from
the group consisting of pre-decomposing the precursor,
grinding the precursor, and a combination thereof.

[0014] In one embodiment, the method of synthesizing
carbon-based materials comprises preparing precursors from
abiomass and a catalyst, forming carbon-encapsulated metal
structures from the precursors, the forming of the carbon-
encapsulated metal structures including thermally treating
the precursors, and forming nano-shell structure-based gra-
phene materials from the carbon-encapsulated metal struc-
tures, the forming of the nano-shell structure based graphene
materials including opening the carbon-encapsulated metal
structures to form shell-like structures, then welding and
reconstructing the shell-like structures to form the nano-
shell structure-based graphene materials, wherein the bio-
mass is selected from the group consisting of kraft lignin,
organosolv lignin, lignosulfonates, black liquor, and com-
binations thereof, and wherein the catalyst is a transition
metal.

[0015] Inanother embodiment, the method of synthesizing
carbon-based materials comprises preparing precursors from
a kraft lignin and a transition metal catalyst, pretreating the
precursors, forming carbon-encapsulated metal structures
from the precursors, the forming of the carbon-encapsulated
metal structures including thermally treating the precursors,
and forming nano-shell structure-based graphene materials
from the carbon-encapsulated metal structures, the forming
of the nano-shell structure based graphene materials includ-
ing opening the carbon-encapsulated metal structures to
form shell-like structures, then welding and reconstructing
the shell-like structures to form the nano-shell structure-
based graphene materials.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The presently-disclosed subject matter will be bet-
ter understood, and features, aspects and advantages other
than those set forth above will become apparent when
consideration is given to the following detailed description
thereof. Such detailed description makes reference to the
following drawings, wherein:

[0017] FIG. 1 includes a schematic illustration for the
synthesis of multi-layer nano-shell structure-based graphene
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materials from carbon containing resources through cata-
Iytic thermal molecular welding method.

[0018] FIG. 2 includes a schematic showing a catalytic
thermal molecular welding (CTMW) process.

[0019] FIG. 3 includes a schematic showing a reaction
system according to an embodiment of the instant disclo-
sure.

[0020] FIGS. 4A-D include schematics and images of
typical products from a CTMW process. (A) schematic and
images for multi-layer graphene chains. (B) schematic and
images for multi-layer graphene nanoplatelets. (C) sche-
matic and images for fluffy graphene. (D) schematic and
images for flattened flake-like or curved shell-like.

[0021] FIG. 5 includes graphical images showing the
effects of precursor particle size and heating time on product
structures and morphology.

[0022] FIG. 6 includes a schematic showing a standard-
ized procedure for preparation of precursors.

[0023] FIG. 7 includes a plot showing thermal gravimetric
analysis (TGA) and differential thermo-gravimetric (DTG)
curves of an iron-promoted lignin sample with a ramp rate
of 10 ° C./min.

[0024] FIG. 8 includes a plot showing the evolution of
gaseous products from iron-promoted lignin samples during
temperature-programmed decomposition (TPD).

[0025] FIGS. 9A-I includes plots and images showing
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) of
products with different iron loading. (A) SEM image of
product with 7.5% iron loading. (B) SEM image of product
with 5% iron loading. (C) SEM image of product with 10%
iron loading. (D) SEM image of product with 12.5% iron
loading. (E) TEM image of product with 5% iron loading.
(F) TEM image of product with 7.5% iron loading. (G) TEM
images of product with 10% iron loading. (H) TEM image
of product with 12.5% iron loading. (I) XRD plot.

[0026] FIGS. 10A-G include plots and images showing
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) of
products under different thermal treatment time. (A) SEM
image of product with thermal treatment of 1 hour. (B) SEM
image of product with thermal treatment of 3 hours. (C)
SEM image of product with thermal treatment of 5 hours.
(D) TEM image of product with thermal treatment of 1 hour.
(E) TEM image of product with thermal treatment of 3
hours. (F) TEM images of product with thermal treatment of
5 hours. (G) XRD plot.

[0027] FIGS. 11A-I include plots and images showing
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) of
products with different precursor sizes. (A) SEM image of
product with precursor size of between 250 and 420 um. (B)
SEM image of product with precursor size of between 177
and 250 um. (C) SEM image of product with precursor size
of'between 125 and 177 um. (D) SEM image of product with
precursor size of between 44 and 125 um. (E) TEM image
of product with precursor size of between 250 and 420 pm.
(F) TEM image of product with precursor size of between
177 and 250 um. (G) TEM images of product with precursor
size of between 125 and 177 um. (H) TEM image of product
with precursor size of between 44 and 125 pm. (I) XRD plot.
[0028] While the disclosure is susceptible to various modi-
fications and alternative forms, specific embodiments
thereof have been shown by way of example in the drawings
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and are herein described below in detail. It should be
understood, however, that the description of specific
embodiments is not intended to limit the disclosure to cover
all modifications, equivalents and alternatives falling within
the spirit and scope of the disclosure as defined by the
appended claims.

DEFINITIONS

[0029] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
disclosure belongs. Any methods and materials similar to or
equivalent to those described herein can be used in the
practice or testing of the present disclosure, including the
methods and materials are described below.

[0030] Following long-standing patent law convention,
the terms “a,” “an,” and “the” refer to “one or more” when
used in this application, including the claims. Thus, for
example, reference to “a lignin source” includes a plurality
of lignin sources, and so forth.

[0031] The terms “comprising,” “including,” and “hav-
ing” are intended to be inclusive and mean that there may be
additional elements other than the listed elements.

[0032] Unless otherwise indicated, all numbers expressing
quantities of ingredients, properties such as reaction condi-
tions, and so forth used in the specification and claims are to
be understood as being modified in all instances by the term
“about.” Accordingly, unless indicated to the contrary, the
numerical parameters set forth in this specification and
claims are approximations that can vary depending upon the
desired properties sought to be obtained by the presently-
disclosed subject matter.

[0033] As used herein, the term “about,” when referring to
a value or to an amount of mass, weight, time, volume,
concentration, percentage, or the like is meant to encompass
variations of in some embodiments +50%, in some embodi-
ments +40%, in some embodiments +30%, in some embodi-
ments +20%, in some embodiments +10%, in some embodi-
ments *5%, in some embodiments x1%, in some
embodiments +0.5%, and in some embodiments +0.1% from
the specified amount, as such variations are appropriate to
perform the disclosed method.

[0034] As used herein, ranges can be expressed as from
“about” one particular value, and/or to “about” another
particular value. It is also understood that there are a number
of values disclosed herein, and that each value is also herein
disclosed as “about” that particular value in addition to the
value itself. For example, if the value “10” is disclosed, then
“about 10” is also disclosed. It is also understood that each
unit between two particular units are also disclosed. For
example, if 10 and 15 are disclosed, then 11, 12, 13, and 14
are also disclosed.

[0035] Unless otherwise stated, as used herein, “lignin”
refers to lignin and sources thereof. Therfore, the term
“lignin” includes, but is not limited to, kraft lignin (or
thiolignin) and lignosulfonate (LS) from the pulping pro-
cess, sulfur-free lignins from biomass conversion technolo-
gies, organosolv pulping, and soda pulping processes, and
other lignin productions and derivatives from unusual plant
sources or experimental pulping processes as known in the
art.

[0036] The term “welding reagent molecules,” as used
herein, refers these reactive gaseous molecules which have
at least four functions under CTMW reaction conditions: 1)
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Weld or glue the smaller graphene shell pieces formed
through carbon sources from biomass feedstocks like kraft
lignin; 2) React amorphous carbons in biomass feedstocks to
form gaseous carbon-containing molecules, and then fol-
lowed by re-deposition to form multi-layer graphene-based
materials; 3) Heal the defect of the graphene materials
formed from biomass feedstocks like lignin; and 4) Be the
part of welding reagents serving directly as a reactant to
form carbon nano structures (carbon nanotubes, graphene).

[0037] The term “carbon-encapsulated metal nanopar-
ticle,” as used herein, refers to a core/shell structure com-
posed of a metal core and a carbon shell. The metal core may
be composed of metal, metal carbide, or both. In some
embodiments, the core has a diameter range of 2-20 nm. For
example, in one embodiment, the core has a diameter in the
range of 3-5 nm. The outer shell is composed of more than
one layer of carbon atoms, which are arranged in a hexago-
nal crystalline structure with a graphitic type of bonding. In
some embodiments, the outer shell has 2-30 of such single
layer structures. For example, in one embodiment, the shell
has 2-10 of the single layer structures.

[0038] The term “multi-layer graphene-based materials,”
as used herein, refers to materials composed of more than
one layer of carbon atoms, and arranged in a hexagonal
crystalline structure with a graphitic type of bonding. These
materials have a limited number of such single layer struc-
tures.

[0039] The term “multi-layer graphene chains,” as used
herein, refers to a carbon-based nanomaterial having a
one-dimensional graphic structure (FIG. 4A). The one-
dimensional graphic structure is formed by “gluing” hun-
dreds of multi-layer graphene chips along the perpendicular
direction of the hexagonal plane. The multi-layer graphene
chips are made up of 1 to 30 layers of graphene. The average
thickness of the graphene chips is 10 nanometers or less.
Dimensions in plane of the multi-layer graphene-based chips
vary from several of nanometers to twenty nanometers. The
length of the multi-layer graphene chain varies from hun-
dreds of nanometers to over ten microns depending on
controllable process conditions.

[0040] The term “multi-layer graphene nanoplatelets,” as
used herein, refers to graphene nanoplates including several
sheets of graphene with an overall thickness of approxi-
mately 1-10 nanometers depending on the controllable pro-
cess conditions (FIG. 4B).

[0041] The term “fluffy graphene,” as used herein, refers
to a carbon-based nanomaterial having a two-dimensional
graphitic sheet structure (FI1G. 4C). Flufly graphene is made
up of 1 to 30 layers of graphene. The average thickness of
fluffy graphene is one nanometer or less. Dimensions in
plane of the carbon nanomaterials vary from hundreds of
nanometers to a few microns, and are controlled by process
conditions.

[0042] The term “welded multi-layer graphene-based
materials (flattened flake-like or curved shell-like),” as used
herein, refers to a carbon nanomaterial including a three-
dimensional graphitic structure (FIG. 4D). The three-dimen-
sional graphitic structure is made up of multi-layer graphene
shells inter-connected with a common multi-layer graphene
base. The shells include 1-30 layers of graphene with an
average size of 3-10 nm. The average thickness of the shell
is 5 nm or less. The average thickness of the base is 5 nm or
less. Dimensions in plane of the graphene base vary from
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hundreds of nanometers to a few microns, depending on
controllable process conditions.

[0043] All combinations of method or process steps as
used herein can be performed in any order, unless otherwise
specified or clearly implied to the contrary by the context in
which the referenced combination is made.

DETAILED DESCRIPTION

[0044] The details of one or more embodiments of the
presently-disclosed subject matter are set forth in this docu-
ment. Modifications to embodiments described in this docu-
ment, and other embodiments, will be evident to those of
ordinary skill in the art after a study of the information
provided in this document. The information provided in this
document, and particularly the specific details of the
described exemplary embodiments, is provided primarily for
clearness of understanding and no unnecessary limitations
are to be understood therefrom. In case of conflict, the
specification of this document, including definitions, will
control.

[0045] The presently-disclosed subject matter relates to
processes, methods, and compositions for the catalytic ther-
mal conversion of carbon-containing resources to graphene-
based materials. In some embodiments, the processes, meth-
ods, and compositions include catalytic thermal
carbonization and/or catalytic thermal molecular welding
(CTMW) for synthesis of graphene-based materials from
carbon-containing resources, such as biomass. Additionally
or alternatively, in some embodiments, as illustrated in FIG.
1, the processes, methods, and compositions include prepa-
ration and/or pretreatment of precursors prior to catalytic
thermal carbonization and/or CTMW.

[0046] The precursors include any suitable precursor for
use in catalytic thermal carbonization and/or CTMW, such
as catalyst-biomass precursors. In some embodiments, pre-
paring the precursors includes an impregnation method
where a biomass is mixed with a catalyst. In some embodi-
ments, 2.5% to 30% by weight catalyst is mixed with 70%
to 97.5% by weight biomass. In one embodiment, the
biomass is uniformly mixed with the catalyst. In another
embodiment, the biomass is depolymerized and/or dissolved
in a solvent prior to mixing with the catalyst. After depo-
lymerizing and/or dissolving the biomass in a solvent, the
catalyst may be added directly to the biomass-solvent solu-
tion, or the catalyst may be separately dissolved in a solvent
to form a catalyst-solvent solution, which is then added to
the biomass-solvent solution. In a further embodiment, the
biomass-catalyst mixture is dried, forming a catalyst-im-
pregnated biomass precursor.

[0047] The biomass includes any suitable source of carbon
for the CTMW process described herein. One suitable
biomass source includes lignin, such as, but not limited to,
kraft lignin, organosolv lignin, lignosulfonates, hydrolytic
lignin, black liquor, lignin from kraft pulp mills, or combi-
nations thereof. Other suitable biomass feedstocks include,
but are not limited to, woody biomass and its derivatives,
wood chips, wood char, wood-based chars, pyrolysis char,
starch, sugar (e.g., glucose, xylose, arabinose, galactose,
mannose, cellulose, hemicellulose), wood-derived sugars,
mixture sugars from biomass hydrolysis, active carbon,
carbon black, or combinations thereof. For example, in one
embodiment, preparing the precursor includes uniformly
mixing kraft lignin with a catalyst. Unlike lignosulfonates,
kraft lignin does not include any sulfonate groups and
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therefore is only soluble in alkaline solutions (e.g., solutions
having a pH of at least 10). In this embodiment, as the kraft
lignin is a large complex organic polymer which is difficult
for catalysts to penetrate into molecular lignin, depolymer-
izing and/or dissolving of the kraft lignin in a solvent
facilitates the uniform mixing of the kraft lignin and the
catalyst. As will be appreciated by those of ordinary skill in
the art, the solvent may include any suitable solvent for
depolymerizing and/or dissolving the selected biomass.
Suitable solvents for kraft lignin include, but are not limited
to, water, DI water, methanol, acetone, 1,3-dioxane, 1,4-
dioxane, tetrahydrofuran, ethanol, a co-solvent thereof, or
combinations thereof.

[0048] Suitable catalysts include, but are not limited to,
metal catalysts, multi-metal catalysts (e.g., bimetallic cata-
lyst, tri-metallic catalyst, tetra-metallic catalyst, or other
multi-metal catalysts), and/or salts thereof. In some embodi-
ments, the metal catalyst includes a transition metal, a salt
thereof, an oxide thereof, and/or a combination thereof.
Transitional metals are classified into three groups according
to their reactivity with carbon: (i) metals in groups IB and
1IB; (i1) metals in group VIII; and (iii) metals in groups IVB
and VIIB. The metals in groups IB and IIB cannot react with
carbon because of a completed d-electron shell. The metals
in group VIII have a d shell occupied by 6 to 10 electrons
and can dissolve carbon, although the energy level of such
configurations is scarcely changed by accepting additional
electrons from carbon (usually carbon is thought to dissolve
as the positively charged ion). The metals in groups IVB and
VIIB have 2 to 5 electrons in the d shell and form strong
chemical bonds with carbon and yield the metal carbide.
Accordingly, in one embodiment, at least one of Fe, Cu, Ni,
Co, Mo, W, a salt thereof, an oxide thereof, and/or a
combination thereof is selected as the transition metal for the
metal catalyst. Active catalyst components, single metal,
bimetallic, as well as tertiary combinations of these metals
are examined in the Examples below on the formation of
graphene-based materials from kraft lignin.

[0049] Additionally or alternatively, the catalytic proper-
ties of metal catalysts may be affected by various factors
such as catalyst preparation method, metal precursor iden-
tity, and toxic elements (usually halogen, sulfur, and phos-
phorus) in the reactants. For example, the catalytic proper-
ties differ between various iron metal precursors, such as
iron (III) nitrate, iron sulfate, iron (II) chloride (FeCl,), iron
(IIT) chloride (FeCly), iron oxides, and iron powder, as
illustrated in the Examples below. In particular, the process
for preparation of the precursors with different types of
solvents, different loadings of transition metals, different
types of transition metals, and different lignin sources are
illustrated below in examples 1-34.

[0050] Another condition which affects the production of
graphene-based materials from biomass includes the amount
of feedstock relative to the amount of catalyst used. For
example, in one embodiment, the mass ratio of kraft lignin
to the metal catalyst includes between 5:1 and 20:1. While
this range of mass ratios is examined in the Examples below,
those of ordinary skill in the art will understand that the mass
ratio of kraft lignin to metal catalyst is not so limited, and
ratios outside of this range are also contemplated herein.
Additionally, as will be appreciated by those of ordinary
skill in the art, the amounts of feedstock and catalyst may
vary depending upon the particular feedstock and/or catalyst
being used, and therefore ratios of other biomass sources to
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metal catalysts within and outside this range are contem-
plated herein. Other suitable mass ratio ranges of biomass to
metal catalyst include, but are not limited to, between about
30:1 to about 1:30, between about 30:1 to about 1:1, between
about 1:1 to about 1:30, between about 20:1 to about 1:1,
between about 1:1 to about 1:20, between about 10:1 to
about 1:1, between about 1:1 to about 1:10, or any suitable
combination, sub-combination, range, or sub-range thereof.
[0051] As discussed above, in some embodiments, the
processes, methods, and compositions disclosed herein
include pretreatment of precursors prior to catalytic thermal
carbonization and/or CTMW. In one embodiment, pretreat-
ment of the precursors includes thermal treatment. In
another embodiment, the thermal treatment includes pre-
decomposition of the precursor. In a further embodiment, the
thermal treatment includes a temperature of at least 200° C.,
at least 250° C., at least 300° C., between 200° C. and 300°
C., between 250° C. and 300° C., or any combination,
sub-combination, range, or sub-range thereof. As will be
appreciated by those of ordinary skill in the art, the thermal
treatment temperature may vary depending upon the bio-
mass source and/or the thermal degradation temperature
thereof. For example, the thermal degradation of kraft lignin
starts at 200° C., which corresponds to 3-O-4 bond breaking.
Accordingly, in certain embodiments, pretreatment includes
pre-decomposition of the precursor at 300° C. before load-
ing it into the reactor system.

[0052] Additionally or alternatively, the pretreatment may
include grinding the precursor. Without wishing to be bound
by theory, it is believed that the cleavage of the aryl-ether
linkages results in the formation of highly reactive radicals
that may further interact and form a highly condensed
crosslinking structure which sticks to the catalyst. As long as
the catalyst is trapped in the condensed carbon, the catalyst
particles are prevented from contacting carbonaceous gases.
This can lead to the graphene growth being stopped, which
can lower graphene yield and selectivity. Therefore, in
certain embodiments, grinding of the precursor into a pow-
der increases the yield and/or selectivity of graphene mate-
rials formed according to one or more of the methods
disclosed herein.

[0053] Insome embodiments, the CTMW process (FIG. 2)
includes a single step process with two stages. In one
embodiment, the CTMW process is performed over a fixed
bed reaction system (FIG. 3). In another embodiment, the
first stage includes formation of carbon-encapsulated tran-
sitional metal structures by thermal treatment of transitional
metal-promoted biomass-based precursors. The carbon-en-
capsulated transitional metal structures include any suitable
carbon-encapsulated transitional metal structures, such as,
but not limited to, carbon-encapsulated metal nanoparticles,
multi-layer graphene-encapsulated transitional metal struc-
tures, or a combination thereof. In a further embodiment, the
second stage includes cracking and/or opening of the car-
bon-encapsulated transitional metal structures to form shell-
like structures, followed by welding and reconstruction of
the shell-like structures to form the graphene-based materi-
als.

[0054] In certain embodiments, the welding and/or recon-
struction of the shell-like structures includes the use and/or
application of welding reagent gases. Suitable welding gases
include, but are not limited to, light hydrocarbons (e.g.,
methane (CH,), ethane (C,Hy), propane (C;Hy), natural gas
(NG), etc.), argon (Ar), hydrogen (H,), natural gas, other
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carbonaceous gases, and/or combinations thereof. These
welding gases are provided at any suitable flow rate, such as,
but not limited to, between 20 and 300 mL/min. Without
wishing to be bound by theory, it is believed that the welding
gases provide at least four (4) different functions in the
CTMW process. In one embodiment, the first function
includes “gluing” the nano-size multi-layer graphene shell
structures (or building blocks) from biomass, such as kraft
lignin. In another embodiment, the second function includes
reacting (gasifying) amorphous carbon biomass precursors
to carbonaceous gases followed by re-deposition to form
graphene materials. In a further embodiment, the third
function includes healing the defect of the graphene mate-
rials formed from lignin. In still a further embodiment, the
fourth function includes part of the welding molecules
serving directly as a reactant to form carbon nano-structures
(e.g., carbon nanotubes, graphene).

[0055] Additionally or alternatively, the welding and/or
reconstruction may be performed under high temperature.
For example, in one embodiment, the welding temperature
is at least 500° C., at least 600° C., between 500° C. and
1,500° C., between 600° C. and 1,500° C., between 800° C.
and 1,500° C., between 800° C. and 1,100° C., or any
combination, sub-combination, range, or sub-range thereof.
In another embodiment, the welding and/or reconstruction
includes heating rates ranging from 2.5 to 30° C.min,
including 2.5° C., 5.0° C., 10° C., 20° C., and 30° C./min.
In a further embodiment, heating time is at least 0.5 hours,
up to 5 hours, up to 4 hours, between 0.5 hours and 5 hours,
between 0.5 hours and 4 hours, between 0.5 hours and 3
hours, about 2 hours, about 1 hour, or any combination,
sub-combination, range, or sub-range thereof.

[0056] In some embodiments, following the heating pro-
cess, the methods can further include purifying or post-
treating the mixture to remove inorganic ash from the
products. In some embodiments this purifying step can
occur following heating and/or cooling of the graphene
material. Post treatment may include the addition of nitro-
gen, sulfur, or other suitable elements or chemicals to the
graphene materials to alter the materials’ properties. The
purification of the cooled mixture can be achieved through
water treatment, carbon dioxide treatment, steam treatment,
hydrogen sulfide treatment, carbon disulfide treatment,
ammonia treatment, basic solution treatment, acid purifica-
tion, combinations thereof, and the like. This includes water
and/or acid purification methods that are currently known in
the art. In some embodiments the purification process
includes exposing synthesized graphene materials to water
and/or acid, and optionally boiling the graphene materials in
water and/or acid. In some embodiments graphene materials
can further be filtered and/or rinsed one or more times to
purity the synthesized graphene materials. The purification
may also be used to remove remaining catalyst metal
particles from the graphene materials. In some embodi-
ments, the purification may include washing the graphene
products with an acid solution, a basic solution, or ammonia.

[0057] In contrast to existing physical welding processes,
which mainly produce nano-structured materials with low
yield and selectivity, the CTMW process disclosed herein
facilitates selective production of graphene materials from
biomass feedstock with high yield. Suitable graphene-based
materials formed according to one or more of the methods
disclosed herein include single or multi-layer graphene-
based materials, such as, but not limited to, graphene,
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graphene-encapsulated metal, and/or metal carbide nanopar-
ticles. In one embodiment, the single or multi-layer gra-
phene-based materials include nano-shell structure-based
graphene materials. In another embodiment, the multi-layer
nano-shell structure-based graphene materials include, but
are not limited to, nano-graphene shell connected chains
(FIG. 4A), graphene nanoplatelets (FIG. 4B), fluffy gra-
phene (FIG. 4C), flat and/or curved graphene sheets (FIG.
4D), graphene sponges, graphene-encapsulated metal, metal
carbide nanoparticles, graphene strips with a common metal
joint, or combinations thereof.

[0058] The different multi-layer nano-shell structure-
based graphene material forms may be produced through
altering one or more fabrication conditions. For example, in
one embodiment, different transitional metal catalysts (e.g.,
Ni, Cu, Fe, Co, Mo, W) may be used to vary the yields
and/or structures of the graphene materials. The effects of
certain transition metals are discussed in detail in Examples
12-14 and 57-61 below. In another embodiment, different
iron chemical resources (e.g., Fe(NO;);, FeCl,, FeCl;,
Fe,O; (nano), Fe,O; (micron), iron powder (micron)) and/or
iron loading may be used to vary the yields and/or structures
of the graphene materials. The effects of iron loading on
graphene material yield are discussed in detail in Examples
51-56 below. In a further embodiment, temperature, heating
rate, heating time, metal-lignin precursor particle size, weld-
ing reagent gas type, and/or flow rate may be changed to
vary the yields and/or structures of the graphene materials.
The effects of these conditions on graphene production are
discussed in detail in Examples 66-92 below, including
Examples 88-92, which examine the effect of precursor
particle size between 20 and 500 microns (um) on final
products (FIG. 5).

[0059] As will be appreciated by those of ordinary skill in
the art, the fabrication conditions which may be altered to
produce different graphene materials are not limited to those
discussed above, and may include any other condition that
effects graphene material yield and/or structure, such as
biomass source. The effects of lignin sources on precursor
and graphene production is compared in Examples 26-28,
45, and 93-95 below. The use of other biomass feedstocks in
production of graphene materials is illustrated in Examples
34-35 below.

EXAMPLES

[0060] The presently-disclosed subject matter is further
illustrated by the following specific but non-limiting
examples. The following examples may include compila-
tions of data that are representative of data gathered at
various times during the course of development and experi-
mentation related to the presently-disclosed subject matter.

Examples 1-5

[0061] Examples 1-5 illustrate the effects of different
solvents on precursor preparation.

Example 1

[0062] Iron promoted lignin precursor was prepared using
an impregnation method. 300 grams of kraft lignin (pro-
vided by Domtar) was first added to 300 mL de-ionized (DI)
water in a 2000 mL glass beaker and stirred for 2 hours to
obtain a lignin-water mixture. The iron nitrate-water mixture
was obtained through adding 246.0 grams of iron (II) nitrate
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nonahydrate from Sigma-Aldrich to 100 mL DI water in a
500 ml glass beaker and stirring until iron nitrate was
dissolved completely. The iron nitrate solution was added
drop-like (~2 ml/min) to the lignin-water mixture and
stirred for 2 hours. The final mixture was kept at room
temperature for 24 h and then oven-dried at 110° C. for one
day (12-24 hours).

Example 2

[0063] 300 grams of kraft lignin (provided by Domtar)
was first added to 300 mL ethanol in a 2000 mL glass beaker
and stirred for 2 hours to obtain the lignin-ethanol mixture.
246.0 grams of iron (III) nitrate nonahydrate from Sigma-
Aldrich was added to 100 mL DI water in a 500 mL glass
beaker, followed by stirring the mixture until iron nitrate was
dissolved completely. The iron nitrate solution was added
drop-like (~2 ml./min) to the lignin-ethanol mixture and the
iron nitrate-lignin-ethanol mixture was stirred for 2 hours.
The final mixture was kept at room temperature for 24 h and
then oven-dried at 110° C. for one day.

Example 3

[0064] 300 grams of kraft lignin (provided by Domtar)
was first added to 300 mL acetone in a 2000 mL glass beaker
and the lignin-acetone mixture was stirred for 2 hours. 246.0
grams of iron (III) nitrate nonahydrate from Sigma-Aldrich
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 was
added drop-like (~2 ml./min) to the lignin-acetone mixture
and the final lignin-acetone-iron nitrate mixture was stirred
for 2 hours. The final mixture was kept at room temperature
for 24 h and then oven-dried at 110° C. for one day.

Example 4

[0065] 300 grams of kraft lignin (provided by Domtar)
was first added to 300 mL 1,3-Dioxane in a 2000 mL glass
beaker and the lignin-1,3-Dioxane mixture was stirred for 2
hours. 246.0 grams of iron (III) nitrate nonahydrate from
Sigma-Aldrich 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 was added drop-like (~2 ml./min) to the lignin-1,
3-Dioxane mixture and the final lignin-1,3-Dioxane-iron
nitrate mixture was stirred for 2 hours. The final mixture was
kept at room temperature for 24 h and then oven-dried at
110° C. for one day.

Example 5

[0066] 300 grams of kraft lignin (provided by Domtar)
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 (III) nitrate nona-
hydrate 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 was added drop-like (~2 mL/min) to the lignin-
tetrahydrofuran mixture and the resulting mixture was
stirred for 2 hours. The final mixture was kept at room
temperature for 24 h and then oven-dried at 110° C. for one
day.
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Examples 6-11

[0067] Examples 6-11 show the effects of different loading
of transition metals on precursor preparation.

[0068] Six loadings of iron (III) nitrate nonahydrate, 20.5
g, 389 ¢g,59.9 g 1055 g, 130.4 g and 184.7 g were added
to each of six volume levels of DI water 12.5 mL, 25 mL,
37.5 mL, 62.5 mL, 75 mL and 100 mL held in a 500 mL
glass beaker, respectively, and all 6 mixtures were stirred for
30 minutes. Each of these six iron nitrate solutions were
added drop-like (~2ml./min) to its respective tetrahydro-
furan kraft lignin solution (100 g lignin in 100 mL tetrahy-
drofuran) and the final mixtures are all stirred for 2 hours.
The six samples are labeled as Examples 6-11.

Examples 12-24

[0069] Examples 12-24 illustrate the effect of different
types of transition metals on precursor preparation.

Example 12

[0070] Nickel promoted lignin precursor is prepared using
an impregnation method. 100 grams of kraft lignin (pro-
vided by Domtar) is first added to 100 mL tetrahydrofuran
in a 2000 mL glass beaker and the lignin-tetrahydrofuran
solution is stirred for 2 hours. 56.2 grams of nickel nitrate
hexahydrate [Ni(NO,),6H,O from Sigma-Aldrich| are
added to 50 mL DI water in a 500 mL glass beaker, and
nickel nitrate-water mixture is stirred for 30 minutes. The
nickel nitrate solution drop-like (~2 mL/min) is added to
lignin-tetrahydrofuran solution. The final lignin-tetrahydro-
furan-nickel nitrate mixture is stirred for 2 hours, followed
by keeping the mixture at room temperature for 24 h, and
then oven-drying it at 110° C. for one day.

Example 13

[0071] Copper promoted lignin precursor is prepared
using an impregnation method. 100 grams of kraft lignin
(provided by Domtar) is first added to 100 mL tetrahydro-
furan in a 2000 mL glass beaker and the lignin-tetrahydro-
furan solution is stirred for 2 hours. 42.7 grams of copper
nitrate tetrahydrate (Cu(NO,),-4H,O from Sigma-Aldrich)
are added to 50 mL DI water in a 500 mL glass beaker, and
copper nitrate-water mixture is stirred for 30 minutes. The
copper nitrate solution drop-like (~2 ml./min) is added to
lignin-tetrahydrofuran solution. The final lignin-tetrahydro-
furan-copper nitrate mixture is stirred for 2 hours, followed
by keeping the mixture at room temperature for 24 h, and
then oven-drying it at 110° C. for one day.

Example 14

[0072] Cobalt promoted lignin precursor is prepared using
an impregnation method. 100 grams of kraft lignin (pro-
vided by Domtar) is first added to 100 mL tetrahydrofuran
in a 2000 mL glass beaker and the lignin-tetrahydrofuran
mixture is stirred for 2 hours. 42.7 grams of cobalt nitrate
hexahydrate (Co(NO,),-6H,O from Sigma-Aldrich) are
added to 50 mL DI water in a 500 mL glass beaker, and the
cobalt nitrate solution is stirred for 30 minutes. The cobalt
nitrate solution drop-like (~2 ml/min) is added to the
lignin-tetrahydrofuran solution. The final lignin-tetrahydro-
furan-cobalt nitrate mixture is stirred for 2 hours, followed
by keeping the mixture at room temperature for 24 h, and
then oven-drying it at 110° C. for one day.
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Example 15

[0073] Molybdenum promoted lignin precursor is pre-
pared using an impregnation method. 100 grams of kraft
lignin (provided by Domtar) is first added to 100 mL
tetrahydrofuran in a 2000 mL glass beaker, and the lignin-
tetrahydrofuran mixture is stirred for 2 hours. 46.4 grams of
ammonium molybdate tetrahydrate ((NH,);Mo,0O,,4H,0
from Sigma-Aldrich) are added to 100 mL DI water in a 500
ml glass beaker, and the ammonium molybdate solution is
stirred for 30 minutes. The ammonium molybdate solution
drop-like (~2 ml./min) is added to lignin-tetrahydrofuran
solution. The final mixture is stirred for 2 hours, followed by
keeping the mixture at room temperature for 24 h, and then
oven-drying it at 110° C. for one day.

Example 16

[0074] Tungsten promoted lignin precursor is prepared
using an impregnation method. 100 grams of kraft lignin
(provided by Domtar) is first added to 100 mL tetrahydro-
furan in a 2000 mL glass beaker, and the lignin-tetrahydro-
furan mixture is stirred for 2 hours. 32.4 grams of ammo-
nium metatungstate hydrate (NH,);H,W,,0,,xH,O from
Sigma-Aldrich) are added to 100 mL DI water in a 500 mL.
glass beaker, and ammonium metatungstate solution is
stirred for 30 minutes. The ammonium metatungstate solu-
tion drop-like (~2 ml./min) is added to lignin-tetrahydro-
furan solution. The final mixture is stirred for 2 hours,
followed by keeping the mixture at room temperature for 24
h, and then oven-drying it at 110° C. for one day.

Example 17

[0075] 300 grams of kraft lignin (provided by Domtar) is
first added to 300 mL tetrahydrofuran in a 2000 mL glass
beaker, and the lignin-tetrahydrofuran mixture is stirred for
2 hours. 246.0 grams of Iron (III) nitrate nonahydrate and
21.4 grams of copper nitrate tetrahydrate (Cu(NO;),4H,0
are added to 100 mL DI water in a 500 mL glass beaker, and
the mixture is stirred until all solids dissolve completely. The
Iron and copper nitrates solution drop-like (~2 mL/min) is
added to lignin-tetrahydrofuran solution. The final mixture
is stirred for 2 hours, followed by keeping the mixture at
room temperature for 24 h, and then oven-drying it at 110°
C. for one day.

Example 18

[0076] 300 grams of kraft lignin (provided by Domtar) is
first added to 300 mL tetrahydrofuran in a 2000mL glass
beaker, and the lignin-tetrahydrofuran mixture is stirred for
2 hours. 246.0 grams of Iron (III) nitrate nonahydrate and
18.7 grams of nickel nitrate hexahydrate are added to 150
ml DI water in a 500 mL glass beaker and the mixture is
stirred until all solids dissolve completely. The Iron-nickel
nitrates solution drop-like (~2 ml/min) is added to the
lignin-tetrahydrofuran solution. The final mixture is stirred
for 2 hours, followed by keeping the mixture at room
temperature for 24 h, and then oven-drying it at 110° C. for
one day.

Example 19

[0077] 300 grams of kraft lignin (provided by Domtar) is
first added to 300 mL tetrahydrofuran in a 2000 mL glass
beaker, and the lignin-tetrahydrofuran mixture is stirred for
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2 hours. 246.0 grams of Iron (III) nitrate nonahydrate and
23.2 grams of ammonium molybdate tetrahydrate are added
to 150 mL DI water in a 500 mL glass beaker and the
mixture is stirred until all solids dissolve completely. The
metal salt solution drop-like (~2 ml/min) is added to
lignin-tetrahydrofuran solution. The final mixture is stirred
for 2 hours, followed by keeping the mixture at room
temperature for 24 h, and then oven-drying it at 110° C. for
one day.

Example 20

[0078] 300 grams of kraft lignin (provided by Domtar) is
first added to 300 mL tetrahydrofuran in a 2000 mL glass
beaker, and the lignin-tetrahydrofuran mixture is stirred for
2 hours. 246.0 grams of Iron (III) nitrate nonahydrate, 21.4
grams of copper nitrate, and 23.2 grams of ammonium
molybdate tetrahydrate are added to 150 mL DI water in a
500 mL glass beaker and the mixture is stirred until all solids
dissolved completely. The metal salt solution drop-like (~2
ml./min) is added to lignin-tetrahydrofuran solution. The
final mixture is stirred for 2 hours, followed by keeping the
mixture at room temperature for 24 h, and then oven-drying
it at 110° C. for one day.

Example 21

[0079] 100 grams of kraft lignin (provided by Domtar) is
first added to 100 mL tetrahydrofuran in a 2000 mL glass
beaker, and the lignin-tetrahydrofuran mixture is stirred for
2 hours. 32.9 grams of iron (III) chloride (FeCl;, from
Sigma-Aldrich) is added to 100 mL DI water in a 500 mL.
glass beaker and the mixture is stirred for 30 minutes. The
Iron (IIT) chloride solution drop-like (~2 m[./min) is added
to the lignin-tetrahydrofuran solution. The final mixture is
stirred for 2 hours, followed by keeping the mixture at room
temperature for 24 h, and then oven-drying it at 110° C. for
one day.

Example 22

[0080] 100 grams of kraft lignin (provided by Domtar) is
first added to 100 mL tetrahydrofuran in a 2000 mL glass
beaker, and the lignin-tetrahydrofuran mixture is stirred for
2 hours. 40.0 grams of iron (II) chloride tetrahydrate
(FeCl,-4H,0) from Sigma-Aldrich) is added to 100 mL DI
water in a 500 mL glass beaker, and the mixture is stirred for
30 minutes. The iron (II) chloride solution drop-like (~2
ml./min) is added to the lignin-tetrahydrofuran solution. The
final mixture is stirred for 2 hours, followed by keeping the
mixture at room temperature for 24 h, and then oven-drying
it at 110° C. for one day.

Example 23

[0081] 300 grams of kraft lignin (provided by Domtar) is
mixed with 48.3 grams Iron (III) oxide (from Sigma-Al-
drich, powder, <5 um, =99%). The mixture is grounded in a
ball mill machine (Planetary Ball Mill) with 1000 rpm for 2
hours.

Example 24

[0082] 300 grams of kraft lignin (provided by Domtar) is
mixed with 33.3 grams Iron powder (from Sigma-Aldrich,
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powder, <10 um, =99.9%). The mixture is grounded in a ball
mill machine (Planetary Ball Mill) with 1000 rpm for 2
hours.

Example 25

[0083] 300 grams of kraft lignin (provided by Domtar) is
mixed with 48.3 grams Iron oxides nanoparticles (~25 nm,
299.9%). The mixture is grounded in a ball mill machine
(Planetary Ball Mill) with 1000 rpm for 2 hours.

Examples 26-28

[0084] Examples 26-28 illustrate the effects of different
lignin sources on precursor preparation.

[0085] Different lignin sources, alkali lignin, organsolv
lignin, and lignosulfonates (all from Sigma-Aldrich) are
used to prepare the precursors. 300 grams of each of three
lignin samples (Sigma-Aldrich) are first added to 300 mL
tetrahydrofuran in a 2000 mL glass beaker, and the lignin-
tetrahydrofuran is stirred for 2 hours. 246.0 grams of Iron
(IIT) nitrate nonahydrate is added to 100 mL DI water in a
500 mL glass beaker and the mixture is stirred until all solids
dissolve completely. This preparation of iron nitrate solution
repeats three times. The prepared three sets of Iron nitrate
solutions drop-like (~2 mI./min) are added to each of three
lignin-tetrahydrofuran solutions, respectively. These three
final mixtures are stirred for 2 hours, respectively, followed
by keeping each of three mixtures at room temperature for
24 h, and then oven drying them at 110° C. for one day.

TABLE 1

Precursors using different lignin sources.

Precursor sample Lignin Sources

Example 26 Alkali lignin (Sigma-Aldrich)
Example 27 Organsolv lignin (Sigma-Aldrich)
Example 28 LS lignin (Sigma-Aldrich)
Examples 29-33
[0086] Examples 29-33 illustrate preparation of precursors

with black liquor.

Example 29

[0087] 246.0 grams of Iron (III) nitrate nonahydrate are
added to 100 mL DI water in a 500 mL glass beaker, and the
mixture is stirred until solid dissolves completely, followed
by adding the Iron nitrate solution drop-like (~2 mI./min) to
black liquor from kraft pulp mills which contains about 300
grams of kraft lignin, and stirring the iron nitrate-black
liquor mixture for 1 hours. The final mixture is kept at room
temperature for 24 h, and then filtered., followed by washing
the solid with DI water for 3 times, and then oven-drying the
washed solid at 110° C. for one day.

Example 30

[0088] 246.0 grams of Iron (III) nitrate nonahydrate and
21.4 grams of copper nitrate tetrahydrate [Cu (NO,),-4H,0]
are added to 100 mL DI water in a 500 mL glass beaker, and
the mixture is stirred until all solids dissolve completely,
followed by adding the Iron and copper nitrate solution
drop-like (~2 mL./min) to black liquor from kraft pulp mills



US 2017/0113936 Al

which contains about 300 grams of kraft lignin, and stirring
the iron-copper nitrate-black liquor mixture for 1 hours. The
final mixture is kept at room temperature for 24 h and then
filtered, followed by washing the solid with DI water for 3
times, and then oven-drying the washed solid at 110° C. for
one day.

Example 31

[0089] 33.3 grams Iron powder is added black liquor from
kraft pulp mills which contains about 300 grams of kraft
lignin, and the iron powder-black liquor mixture is stirred
for 30 minutes. 21.4 grams of copper nitrate tetrahydrate
[Cu(NO,),-4H,0] is added to 50 mL DI water in a 500 mL
glass beaker, and the copper nitrate mixture is stirred until
the solid dissolves completely. Then copper nitrate solution
is added drop-like (~2 ml./min) to the iron powder-black
liquor mixture and the mixture is stirred for 1 hours. The
final mixture is dried at 110° C. for one day, followed by
grinding the dried mixture in a ball mill machine with 1000
rpm for 2 hours.

Example 32

[0090] 33.3 grams Iron powder is added the black liquor
from kraft pulp mills, which contains about 300 grams of
kraft lignin, and the iron-black liquor mixture is stirred for
1 hours. The final mixture is dried at 110° C. for one day,
followed by grinding the dried mixture in a ball mill
machine with 1000 rpm for 2 hours.

Example 33

[0091] 10.7 g of copper nitrate is dissolved in 20 mL. DI
water, stirred for 30 minutes, then 33.3 grams Iron powder
is added to the copper nitrate solution, stirring for 30
minutes. The mixture is kept at room temperature for 24 h,
and then transferred to an oven where it is dried at 150° C.
for one day. The dried Cu—Fe powder is grounded in a ball
mill machine for 30 minutes. Followed by adding the
Cu—TFe powder to a black liquor from kraft pulp mills which
contains about 300 grams of kraft lignin, stirring for 1 hours.
The mixture is dried at 110° C. for one day. The dried
mixture is grounded in a ball mill machine for 2 hours.

Examples 34-35

[0092] Examples 34-35 illustrate preparation of precursors
with other biomass feedstocks.

Example 34

[0093] 246.0 grams of Iron (II) nitrate nonahydrate from
Sigma-Aldrich is added to 100 mL DI water in a 500 mL
glass beaker and the iron nitrate mixture is stirred until the
solid dissolves completely. The Iron nitrate solution drop-
like (-2 mI/min) is added to 100 g wood char, followed by
stirring the mixture for 0.5 hours. Wood char is obtained
from a typical fast pyrolysis process. The iron-char mixture
is kept at room temperature for 24 h, and then oven-dried at
110° C. for one day.

Example 35

[0094] Fifty grams of Iron (III) nitrate nonahydrate from
Sigma-Aldrich dissolve in 1000 mL. DI water, followed by
adding 100 grams of sugar, which are selected from glucose,
xylose, arabinose, galactose, mannose, cellulose, hemicel-
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Iulose, starch or mixture sugars from biomass hydrolysis
process, to the iron (III) nitrate solution. The iron nitrate-
sugar mixture is stirred for 0.5 hours and then transferred
into a five-liter Parr reactor in which the mixture is heated
at the temperature maintained at 160 to 180° C. for 8 hrs.
After the reaction, a black product is collected and washed
three times with DI water. The final washed product is
oven-dried at 110° C. for 12 h.

Examples 36-40

[0095] Examples 36-40 illustrate pretreatment of precur-
SOIS.
[0096] One hundred fifty grams (150g) of the iron-impreg-

nated kraft lignin sample from each of Examples 1-5 is
thermally treated using a muflle furnace (FIG. 6). The inert
carrier gas—either argon or nitrogen is first introduced into
the furnace at a flow rate of 80 mL/min for 30 minutes. The
furnace is temperature-programmed with a rate of 2.5°
C./min to 300° C. and kept at 300° C. for 2 hours. The
furnace is turned off and the samples are allowed to cool to
ambient temperature naturally. Then the cooled sample is
loaded into a ball mill machine and grounded in 1000 rpm
for 30 minutes. Each of the pretreated samples is labeled as
Example 36, Example 37, Example 38, Example 39, and
Example 40, respectively.

TABLE 2

Pretreated samples from Examples 1-5.

Sample Precursor Purging gas Flow rate (mL/min)
Example 36 Example 1  Argon/Nitrogen 80

Example 37 Example 2 Argon/Nitrogen 80

Example 38 Example 3 Argon/Nitrogen 80

Example 39 Example 4  Argon/Nitrogen 80

Example 40 Example 5 Argon/Nitrogen 80

[0097] Fresh dried precursors were examined by thermal

gravimetric analysis (TGA) and temperature-programmed
decomposition (TPD) (FIGS. 7 and 8). The significant mass
loss was observed around 190 to 300° C. and was mainly
due to CO, release. The calculation suggests that the pres-
surization rate at 237° C. in the existing thermal treatment
system (2-inch O.D. ceramic tube with a 26-inch length) is
294 psi/min. Scaling up the manufacturing process may
cause a pressurization rate increase to 500 psi/min at the
temperature zone between 190 to 300° C. This type of
pressure increase may breakdown a reactor system. Accord-
ingly, in certain embodiments, the catalyst-lignin precursors
are pre-decomposed for safety operation before loading into
the reactor. According to the TGA and TPD results, the
desired pre-decomposition temperature is set between 250 to
300° C.

Examples 41-50

[0098] Examples 41-50 illustrate the effects of solvent
types on graphene material production yield.

[0099] Fifty grams (50 g) of the iron-impregnated kraft
lignin sample from each of Examples 1-5 and Examples
36-40 is packed in the middle of a 2-inch OD ceramic
tubular reactor (FIG. 3). The welding gas of 50 mL/min
argon and 80 ml./min CH,, is first introduced into the reactor
for 30 minutes. The reactor is temperature-programmed with
a heating rate of 30° C./min to 1000° C. and kept at 1000°
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C. for 1 hour under the welding flow gases. The furnace is
cooled down by a rate of 10° C./min to room temperature
under a flow of 50 ml/min argon. Each of the reacted
samples is labeled as Examples 41-50, respectively.

TABLE 3

Effects of different solvents on graphene nanomaterial
production at the temperature of 1000° C. for 1 hour.

Graphene
Example Precursor Solvents nanomaterial yield (%)
Example 41 Example 1 Water 523 = 1.0
Example 42 Example 2 Ethanol 53.7+0.8
Example 43 Example 3 Acetone 543 = 0.7
Example 44 Example 4 1,3-Dioxane 54.5 = 0.7
Example 45 Example 5 Tetrahydrofuran 55.1 =05
Example 46 Example 36 Water 722 0.5
Example 47 Example 37 Ethanol 73.5 0.6
Example 48 Example 38 Acetone 74.1 £ 0.5
Example 49 Example 39 1,3-Dioxane 745 £ 0.5
Example 50 Example 40 Tetrahydrofuran 753 0.4

Examples 51-56

[0100] Examples 51-56 illustrate the effects of iron load-

ing on graphene material production yield.

[0101] Fifty grams (50 g) of the iron-impregnated kraft
lignin sample from each of Examples 6-11 is packed in the
middle of a 2-inch OD ceramic tubular reactor. The carrier
gas—argon (99.9% purity) is first introduced into the reactor
at a flow rate of 50 mL/min for 30 minutes. The reactor is
temperature-programmed with a heating rate of 2.5° C./min
to 300° C. and kept at 300° C. for 30 minutes. The furnace
is then continually heated up by 30° C./min to 1000° C. with
the welding gas of 50 ml./min argon and 80 mI./min and
kept at 1000° C. for 1 hour under the welding flow gases.
The furnace is cooled down by 10° C./min to room tem-
perature under a flow of 50 mL/min argon. Each of the
reacted samples is labeled as Examples 51-56, respectively.
FIGS. 9A-1 demonstrate X-ray diffraction (XRD), scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM) results of the products with different iron
loading. In particular, FIGS. 9A-D illustrate SEM images of
products with iron loading of 7.5% (FIG. 9A), 5% (FIG.
9B), 10% (FIG. 9C), and 12.5% (FIG. 9D); FIGS. 9E-H
illustrate TEM images of products with iron loading of 5%
(FIG. 9E), 7.5% (FIG. 9F), 10% (FIG. 9G), and 12.5% (FIG.
9H); and FIG. 91 illustrates an XRD plot of the different iron
loading conditions.

TABLE 4

Effects of iron loading on graphene nanomaterial production
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Examples 57-61

[0102] Examples 57-61 illustrate the effects of transitional
metals on graphene nanomaterial production.

[0103] Fifty grams (50 g) of the sample from each of
Examples 12-16 are packed in the middle of a 2-inch OD
ceramic tubular reactor. The carrier gas—argon (99.9%
purity), is first introduced into the reactor at a flow rate of 50
ml/min for 30 minutes. The reactor is temperature-pro-
grammed with a heating rate of 2.5° C./min to 300° C. and
kept at 300° C. for 30 minutes. The furnace is then continu-
ally heated up by 30° C./min to 1000° C. with the welding
gas of 50 mL/min argon and 80 mL/min and kept at 1000°
C. for 1 hour under the welding flow gases. The furnace is
cooled down by 10° C./min to room temperature under a
flow of 50 mL/min argon. Each of the reacted samples is
labeled as Examples 57-61, respectively.

TABLE 5

Effects of transitional metals on graphene nanomaterial
production at the temperature of 1000° C. for 1 hour.

Example Precursor Metals Graphene nanomaterial Yield (%)
Example 57 Example 12 Ni 452 = 0.7

Example 58 Example 13 Cu 52.1 £ 0.6

Example 59 Example 14 Co 553 0.9

Example 60 Example 15 Mo 59.7 £ 1.0

Example 61 Example 16 W 60.2 = 0.7

Examples 62-65
[0104] Examples 62-65 illustrate the effects of different

metal catalysts on graphene nanomaterial production.
[0105] Fifty grams (50 g) of the different metals-impreg-
nated kraft lignin samples from each of Examples 17-20 are
packed in the middle of a 2-inch OD ceramic tubular reactor.
The carrier gas—argon (99.9% purity), is first introduced
into the reactor at a flow rate of 50 mL/min for 30 minutes.
The reactor is temperature-programmed with a heating rate
01'2.5° C./min to 300° C. and kept at 300 ° C. for 30 minutes.
The furnace is then continually heated up by 30° C./min to
1000° C. with the welding gas of 50 mI./min argon and 80
ml/min CH, and kept at 1000° C. for 1 hour under the
welding flow gases. The furnace is cooled down by 10°
C./min to room temperature under a flow of 50 ml./min
argon. Each of the reacted samples is labeled as Examples
62-65, respectively.

TABLE 6

Effects of iron resources on graphene nanomaterial production
at the temperature of 1000° C. for 1 hour.

Graphene

at the temperature of 1000° C. for 1 hour. Example Precursor Iron resources nanomaterial yield (%)
Graphene Example 62 Example 21 FeCl, 523 = 1.0
Example Precursor Iron loading (%) nanomaterial yield (%) Example 63 Example 22 FeCl, SL3x 1.2
Example 64 Example 23  Iron oxide powder 50.1 = 0.7
Example 51 Example 6 25 57.0 = 1.0 Example 65 Example 24 Iron powder 49.3 = 0.8
Example 52 Example 7 7.5 55.7 0.7
Example 53 Example 8 12.5 553 0.6
Example 54 Example 9 15 552 0.7
Example 55 Example 10 15 552 £ 0.6 Examples 66-69
Example 56 Example 11 20 547 0.8
[0106] Examples 66-69 illustrate the effects of different

welding molecules on graphene nanomaterial production.
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[0107] Effects of different welding gases—hydrogen (H,),
methane (CH,), carbon dioxide (CO,), and natural gas
(NG), on production yield of graphene materials from lignin
are evaluated. Fifty grams (50 g) of Example 40 sample are
packed in the middle of a 2-inch OD ceramic tubular reactor
in each run. The welding gas is introduced into the reactor.
The reactor is temperature-programmed with a heating rate
ot 30° C./min to 1000° C. and kept at 1000 ° C. for 1 hour.
The furnace is cooled down by 10° C./min to room tem-
perature. Each of the reacted samples is labeled as Examples
66-69, respectively.

TABLE 7

Effects of purging gas on graphene nanomaterial production at
the temperature of 1000° C. for 1 hour.

Welding gas

Welding Graphene

Ar molecular gas  nanomaterial
Example Precursor (mL/min) (mL/min) yield (%)
Example 50 Example 40 50 CH, 80 753 £04
Example 66 Example 40 50 H, 80 60.1 = 0.5
Example 67 Example 40 50 0 623 0.5
Example 68 Example 40 50 NG 80 77.1 £ 0.8
Example 69 Example 40 50 CO, 80 56.2 = 0.5

Examples 68 and 70-73
[0108] Examples 68 and 70-73 illustrate the effects of

temperature ramp rate on graphene nanomaterial production.
[0109] Heating rate is an important factor in determining
biomass thermal product yields. Effects of different tem-
perature ramp rates—2.5, 5, 10, 20 and 30° C./min on
graphene material yield are evaluated. One hundred fifty
grams (150 g) of Example 40 sample are packed in the
middle of a 2-inch OD ceramic tubular reactor in each run.
The purging gas is introduced into the reactor at a flow rate
of 80 mL/min. The reactor is temperature-programmed with
five different heating rates of 2.5, or 5, or 10, or 20, or 30°
C./min to 1000° C., respectively, and all kept at 1000° C. for
1 hour. The furnace is cooled down by 10° C./min to room
temperature. Each of the prepared samples is labeled as
Examples 68, 70-73, respectively.

TABLE 8

Effects of temperature ramp rate on graphene nanomaterial production.

Welding gas
Temperature flow rate Graphene

ramp rate ml/min nanomaterial

Example Precursor (° C./min) Ar NG yield (%)
Example 70  Example 40 2.5 50 80 742 £ 0.7
Example 71  Example 40 5 50 80 75.0 £ 0.8
Example 68 Example 40 10 50 80 77.1 £ 0.8
Example 72 Example 40 20 50 80 783 0.5
Example 73 Example 40 30 50 80 76.6 = 0.7
[0110] Our results show that higher temperature ramp rate

will promote the formation of graphene structure. During
lignin catalytic thermal carbonization process, C—O, C—0,
C—C and C—H bonds are first catalytically broken down
and volatiles (CO,, CO, H,O, H,, and CH,) are released.
Some active carbon species like carbene form, and then
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bond each other to form C—C structure around catalyst
particles. If the temperature ramp rate is lower, catalyst
particles are trapped inside a tightly condensed carbon shell.
This prevents the further catalytic function of the catalyst.
Catalyst particles won’t be sealed by carbon shell if the
temperature ramp rate is fast enough, therefore, catalytic
function can be kept during further reaction.

Examples 67-68 and 74-77

[0111] Examples 67-68 and 74-77 illustrate the effects of
purging gas flow rate on graphene nanomaterial production.

[0112] Three purging gas flow rates, 80, 150, and 300
ml./min are evaluated. Fifty grams (50 g) of Example 40
sample are packed in the middle of a 2-inch OD ceramic
tubular reactor in each run. The purging gas (either argon or
NGQG) is introduced into the reactor. The reactor is tempera-
ture-programmed with a heating rate of 10° C./min to 1000°
C. and kept at 1000° C. for 1 hour. The furnace is cooled
down by 10° C./min to room temperature. Each of the
prepared samples is labeled as Examples 67-68, 74-77,
respectively.

TABLE 9

Effects of iron resources on graphene nanomaterial production
at the temperature of 1000° C. for 1 hour.

Welding gas

Flow rate Yield to

ml./min graphene
Example Precursor Ar NG nanomaterials
Example 67 Example 40 80 0 623 =05
Example 74 Example 40 150 0 59.7 £ 0.7
Example 75 Example 40 300 0 556 £ 0.5
Example 68 Example 40 50 80 77.1 £ 0.8
Example 76 Example 40 50 150 78.5 £ 0.7
Example 77 Example 40 50 300 77.6 £ 1.0

Examples 68 and 78-81
[0113] Examples 68 and 78-81 illustrate the effects of

thermal treatment time on graphene nanomaterial produc-
tion.

[0114] Effects of different thermal treatment times—O0,
0.5, 1, 3, and 5 hours, on graphene material yield are
evaluated. Fifty grams (50 g) of Example 40 sample are
packed in the middle of a 2-inch OD ceramic tubular reactor
in each run. The welding gas is introduced into the reactor.
The reactor is 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 is cooled down by 10° C./min
to room temperature. Each of the prepared samples is
labeled as Examples 68, and 78-81, respectively. FIGS.
10A-G demonstrate XRD, SEM, and TEM results of the
products under different thermal treatment time. In particu-
lar, FIGS. 10A-C illustrate SEM images of products with
thermal treatment time of 1 hour (FIG. 10A), 3 hours (FIG.
10B), and 5 hours (FIG. 10C); FIGS. 10D-F illustrate TEM
images of products with thermal treatment time of 1 hour
(FIG.10D), 3 hours (FIG. 10E), and 5 hours (FIG. 10F); and
FIG. 10G illustrates an XRD plot of the different thermal
treatment times.
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TABLE 10

Effects of thermal treatment time on graphene nanomaterial
production at the temperature of 1000° C. for 1 hour.

Welding gas
Flow rate Thermal Graphene
ml./min treatment time nanomaterial

Example Precursor Ar NG (hr) yield (%)
Example 78 Example 40 50 80 0 742 £ 0.3
Example 79 Example 40 50 80 0.5 758 £ 0.5
Example 68 Example 40 50 80 1 77.1 £ 0.8
Example 80 Example 40 50 80 3 80.6 = 0.9
Example 81 Example 40 50 80 5 852 = 1.1
Examples 50 and 82-87
[0115] Examples 50 and 82-87 illustrate the effects of

thermal heating temperature on graphene nanomaterial pro-
duction.

[0116] Effects of different heating temperatures—500,
600, 750, 850, 900, 950 and 1000° C. on graphene material
yields are evaluated. Fifty grams (50 g) of Example 40
sample are packed in the middle of a 2-inch OD ceramic
tubular reactor in each run. The welding gas is introduced
into the reactor. The reactor is temperature-programmed
with a heating rate of 10° C./min to the desired heating
temperature and kept at that temperature for 1 hours. The
furnace is cooled down by 10° C./min to room temperature.
Each of the prepared samples is labeled as Examples 50, and
82-87, respectively.

TABLE 11

Effects of heating temperature on graphene nanomaterial
production at the temperature of 1000° C. for 1 hour.

Welding gas Thermal
Flow rate heating Graphene

ml/min temperature nanomaterial

Example Precursor Ar CH, °C) yield (%)
Example 82 Example 40 50 80 500 86.5 = 0.5
Example 83 Example 40 50 80 600 81.6 = 0.5
Example 84 Example 40 50 80 750 757 0.3
Example 85 Example 40 50 80 850 70.7 £ 0.4
Example 86 Example 40 50 80 900 65.1 0.3
Example 87 Example 40 50 80 950 67.6 = 0.5
Example 50 Example 40 50 80 1000 753 £04
Examples 88-92
[0117] Examples 88-92 illustrate the effects of precursor

particle size on graphene material production.

[0118] Sample from Example 40 is separated to different
size: =44, 44-125, 125-177, 177-250, 250-420 um. Fifty
grams (50 g) of each of five size samples are packed in the
middle of a 2-inch OD ceramic tubular reactor in each run.
The welding gas is introduced into the reactor. The reactor
is temperature-programmed with a heating rate of 10°
C./min to 1000° C. and kept at 1000° C. for 1 hour. The
furnace is cooled down by 10° C./min to room temperature.
Each of the prepared samples is labeled as Examples 88-92,
respectively. FIGS. 11A-I demonstrate XRD, SEM, and
TEM results of the products with different precursor particle
size. In particular, FIGS. 11A-D illustrate SEM images of

12
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products with precursor sizes of between 250 and 420 pm
(FIG. 11A), 177 and 250 pum (FIG. 11B), 125 and 177 pm
(FIG. 11C), and 44 and 125 pm (FIG. 11D); FIGS. 11E-H
illustrate TEM images of products with precursor sizes of
between 250 and 420 um (FIG. 11E), 177 and 250 um (FIG.
11F), 125 and 177 um (FIG. 11G), and 44 and 125 pum (FIG.
11H); and FIG. 111 illustrates an XRD plot of the different
precursor sizes.

TABLE 12

Effects of the precursor particle size on graphene nanomaterial
production at the temperature of 1000° C. for 1 hour.

Purging gas
Welding gas

flow rate Precursor Graphene

ml/min particle size nanomaterial
Example Precursor Ar CH, (pm) yield (%)
Example 88 Example 40 50 80 =44 78.1 £ 0.5
Example 89 Example 40 50 80 44-125, 763 0.3
Example 90 Example 40 50 80 125-177 757 0.5
Example 91 Example 40 50 80 177-250 75.1 = 0.7
Example 92 Example 40 50 80 250-420 74.6 = 0.5

Examples 45 and 93-95

[0119] Examples 45 and 93-95 illustrate the effects of

different lignin sources on graphene nanomaterial produc-
tions.

[0120] Fifty grams (50 g) of the iron-impregnated lignin
sample from each of Examples 21-23, are packed in the
middle of a 2-inch OD ceramic tubular reactor. The carrier
gas—argon (99.9% purity), is first introduced into the reac-
tor at a flow rate of 50 mL/min for 30 minutes. The reactor
is temperature-programmed with a heating rate of 2.5°
C./min to 300° C. and kept at 300° C. for 30 minutes. The
furnace is then continually heated up by 30° C./min to 1000°
C. with the welding gas of 50 m[./min argon and 80 m[./min
CH,, and kept at 1000° C. for 1 hour under the welding flow
gases. The furnace is cooled down by 10° C./min to room
temperature under a flow of 50 ml/min argon. Each of the
reacted samples is labeled as Examples 45, 93-95, respec-
tively.

TABLE 13

Effects of lignin resources on graphene nanomaterial production

Graphene nanomaterial

Example Precursor yield (%)
Example 45 Example 5 551 +05
Example 93 Example 21 555 =04
Example 94 Example 22 52.7 =09
Example 95 Example 23 53.5 0.7
[0121] Structural Parameters
[0122] VI. Graphene Materials Structure Analysis
[0123] Currently, graphene materials characterization

mainly depends on electron microscopy techniques, e.g.,
SEM and TEM, Raman spectroscopy, and XRD. SEM
technique can be used to obtain the overall morphology
information of graphene materials. HRTEM technique can
be used to get the detail information fringes structure. The
XRD technique is a good method to evaluate the average
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structure parameters (such as lateral size and thickness) of
graphene materials, and which can also be used to rough
estimation the relative content of graphitic materials. The
crystallite thickness (Lc) was calculated from the (002) band
at half maximum intensity by applying Scherrer equation:

KA
~ Bcosf

Where A is the wavelength of incident X-rays, K is 0.89, B
and 6 correspond to the full width at half maximum
(FWHM) and the Bragg angle of the peak respectively. The
Raman technique is a good method for recognizing the
defects in graphene materials. The crystal diameter (also
been called lateral size, [La) of graphene materials also can
be calculated by D and G bands as shown in the equation 1:

La(nm) = (2.4x 10*10)/14(§—G)
D

Where, A is the wavelength of the laser, I; and I, are the
intensity of G and D band, respectively.

[0124] To evaluate the quality and quantity analysis the
structure parameters, our graphene materials (Example 68,
Example 78 to 81, and Example 88 to 92) were characterized
by XRD, Raman, SEM, and TEM. Meanwhile, two com-
mercial materials (Example C1 and C2) were also charac-
terized as comparison. The structure parameters of graphene
materials are list in Table 14.

TABLE 14

Structure parameters of graphene material

Instrument

XRD Raman SEM TEM
Example Le (nm) La (nm) Particle size (um)  Layers
Example 68 6 19 0.5-10 9
Example 78 4 13 0.5-5 6
Example 79 5 16 0.5-10 7
Example 80 9 28 0.5-10 12
Example 81 13 35 0.5-10 16
Example 88 12 37 0.5-20 30
Example 89 6 19 0.5-10 25
Example 90 7 22 0.5-10 20
Example 91 6 19 0.5-10 13
Example 92 6 18 0.5-10 10
Example C1* 21 164 1-30 27
Example C2* 0.7 19 1-20 5

*Example C1 and C2 are commercial graphene materials which made from CVD and
thermal chemical exfoliation process, respectively.

[0125] Inview of the above, it will be seen that the several
advantages of the disclosure are achieved and other advan-
tageous results attained. As various changes could be made
in the above methods without departing from the scope of
the disclosure, it is intended that all matter contained in the
above description and shown in the accompanying drawings
shall be interpreted as illustrative and not in a limiting sense.
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What is claimed is:
1. A method of synthesizing carbon-based materials, the
method comprising:
providing precursors;
forming carbon-encapsulated metal structures from the
precursors; and
forming nano-shell structure-based graphene materials
from the carbon-encapsulated metal structures.
2. The method of claim 1, wherein providing the precur-
sors comprises preparing the precursors.
3. The method of claim 2, wherein preparing the precur-
sors comprises mixing a biomass and a catalyst.
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4. The method of claim 3, wherein the biomass is selected
from the group consisting of kraft lignin, organosolv lignin,
lignosulfonates, hydrolytic lignin, black liquor, and combi-
nations thereof.

5. The method of claim 3, wherein the biomass is selected
from the group consisting of woody biomass and its deriva-
tives, wood chips, wood char, wood-based chars, pyrolysis
char, starch, wood-derived sugars, active carbon, carbon
black, and combinations thereof.

6. The method of claim 3, wherein the biomass is dis-
persed in a solvent selected from the group consisting of
water, ethanol, acetone, 1,3-dioxane, 1,4-dioxane, tetrahy-
drofuran, and combinations thereof.

7. The method of claim 3, wherein the catalyst is selected
from the group consisting of a metal catalyst, a bi-metallic
catalyst, a tri-metallic catalyst, a tetra-metallic catalyst, and
any other multi-metal catalyst.

8. The method of claim 7, wherein the metal catalyst is
selected from the group consisting of transition metals, salts
thereof, oxides thereof, and combinations thereof.

9. The method of claim 7, wherein the metal catalyst is a
combination of metals selected from the group consisting of
Fe, Cu, Ni, Co, Mo, W, salts thereof, oxides thereof, and
combinations thereof.

10. The method of claim 3, wherein mixing the biomass
and the catalyst includes mixing between 2.5% and 30% by
weight catalyst with between 70% and 97.5% by weight
biomass.

11. The method of claim 3, wherein mixing the biomass
and the catalyst forms a catalyst-impregnated biomass.

12. The method of claim 1, wherein forming the carbon-
encapsulated metal structures comprises thermally treating
the precursors.

13. The method of claim 1, wherein forming nano-shell
structure-based graphene materials includes opening the
carbon-encapsulated metal structures to form shell-like
structures, then welding and reconstructing the shell-like
structures to form the nano-shell structure-based graphene
materials.

14. The method of claim 13, wherein welding and recon-
structing the shell-like structures comprises application of a
welding reagent gas under high temperature.

15. The method of claim 14, wherein the welding reagent
gas is selected from the group consisting of light hydrocar-
bons, argon, hydrogen, natural gas, other carbonaceous
gases, and combinations thereof.

16. The method of claim 14, wherein the high temperature
includes a temperature of between 500° C. and 1,500° C.

17. The method of claim 1, further comprising pretreating
the precursor prior to forming the carbon-encapsulated metal
structures.

18. The method of claim 17, wherein the pretreating is
selected from the group consisting of pre-decomposing the
precursor, grinding the precursor, and a combination thereof.

19. The method of claim 1, wherein the nano-shell struc-
ture-based graphene materials comprise multi-layer gra-
phene-based materials selected from the group consisting of
nano-graphene shell connected chains, graphene nanoplate-
lets, fluffy graphene, flat graphene sheets, curved graphene
sheets, graphene sponges, graphene-encapsulated metal,
metal carbide nanoparticles, graphene strips with a common
metal joint, and combinations thereof.

20. The method of claim 1, further comprising post-
treating the graphene materials with water, steam, carbon
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dioxide, hydrogen sulfide, carbon disulfide, ammonia, a
basic solution, or an acid solution.

21. The method of claim 1, further comprising purifying
the graphene materials with water, steam, carbon dioxide,
hydrogen sulfide, carbon disulfide, ammonia, a basic solu-
tion, or an acid solution.

22. The method of claim 20, further comprising purifying
the graphene materials with water, steam carbon dioxide,
hydrogen sulfide, carbon disulfide, ammonia, a basic solu-
tion, or an acid solution.

23. A method of synthesizing carbon-based materials, the
method comprising:

preparing precursors from a biomass and a catalyst;

forming carbon-encapsulated metal structures from the

precursors, the forming of the carbon-encapsulated
metal structures including thermally treating the pre-
cursors; and

forming nano-shell structure-based graphene materials

from the carbon-encapsulated metal structures, the
forming of the nano-shell structure based graphene
materials including opening the carbon-encapsulated
metal structures to form shell-like structures, then
welding and reconstructing the shell-like structures to
form the nano-shell structure-based graphene materi-
als;

wherein the biomass is selected from the group consisting

of kraft lignin, organosolv lignin, lignosulfonates,
black liquor, hydrolytic lignin, woody biomass and its
derivatives, wood ships, wood char, wood-based chars,
pyrolysis char, starch, wood-derived sugars, active car-
bon, carbon black, and combinations thereof; and
wherein the catalyst is at least one transition metal.

24. The method of claim 23, wherein mixing preparing the
precursors includes forming a catalyst-impregnated bio-
mass.

25. The method of claim 23, further comprising post-
treating the graphene materials with water, steam, carbon
dioxide, hydrogen sulfide, carbon disulfide, ammonia, a
basic solution, or an acid solution.

26. The method of claim 23, further comprising purifying
the graphene materials with water, steam, carbon dioxide,
hydrogen sulfide, carbon disulfide, ammonia, a basic solu-
tion, or an acid solution.

27. The method of claim 25, further comprising purifying
the graphene materials with water, steam carbon dioxide,
hydrogen sulfide, carbon disulfide, ammonia, a basic solu-
tion, or an acid solution.

28. A method of synthesizing carbon-based materials, the
method comprising:

preparing precursors from a kraft lignin and a transition

metal catalyst;

pretreating the precursors;

forming carbon-encapsulated metal structures from the

precursors, the forming of the carbon-encapsulated
metal structures including thermally treating the pre-
cursors; and

forming nano-shell structure-based graphene materials

from the carbon-encapsulated metal structures, the
forming of the nano-shell structure based graphene
materials including opening the carbon-encapsulated
metal structures to form shell-like structures, then
welding and reconstructing the shell-like structures to
form the nano-shell structure-based graphene materi-
als.
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29. The method of claim 28, further comprising post-
treating the graphene materials with water, steam, carbon
dioxide, hydrogen sulfide, carbon disulfide, ammonia, a
basic solution, or an acid solution.

30. The method of claim 28, further comprising purifying
the graphene materials with water, steam, carbon dioxide,
hydrogen sulfide, carbon disulfide, ammonia, a basic solu-
tion, or an acid solution.

31. The method of claim 29, further comprising purifying
the graphene materials with water, steam carbon dioxide,
hydrogen sulfide, carbon disulfide, ammonia, a basic solu-
tion, or an acid solution.

32. A method of synthesizing carbon-encapsulated metal
structures, the method comprising:

preparing precursors from a biomass and a catalyst;

optionally pretreating the precursors; and

thermally treating the precursors to form carbon-encap-

sulated metal structures.
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