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(57) ABSTRACT

The synthesis of layered free-standing papers, films, tapes,
and painted coatings. composed of acid-functionalized, few-
layer molybdenum disulfide (MoS,) and reduced graphene
oxide (rGO) tlakes for use as a binder-iree conducting elec-
trode 1n NIB applications are described. The mechanical and
clectrochemical performance of the layered free-standing
papers 15 also described. Synthesis was achieved through
vacuum filtration of lhighly homogenous dispersions com-
prising varying weight percentages of extoliated MoS, tlakes
in graphene oxide 1n DI water, followed by thermal reduction.
The electrochemical behavior of the composite paper was
evaluated as a counter electrode against pure Na foil 1 a
half-cell configuration. In addition, the unaxial tensile testing
of the composite papers demonstrated their exceptionally
high fracture strength.
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ROBUST MOS2/GRAPHENE COMPOSITE
ELECTRODES FOR NA+ BATTERY
APPLICATIONS

RELATED APPLICATION

[0001] Thepresent application claims the priority benefit of

U.S. Provisional Patent Application Ser. No. 61/862,289,
filed Aug. 5, 2013, entitled ROBUST MoS,/GRAPHENE
COMPOSITE PAPER BASED EL! JCTRODES FOR

NA+BATTERY APPLICATIONS, incorporated by reference
in its enfirety herein.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to sodium 1on batteries
and the use of a high capacity storage mechanism for Na 1on
insertion using a MoS,/graphene nanocomposite.

[0004] 2. Description of Related Art

[0005] Lithium 1on batteries (LIBs) have been researched
extensively for a variety of energy-storage applications that
include portable electronic devices and electric vehicles.
However, there are concerns over the cost, safety, and avail-
ability of L1 reserves for large-scale applications involving
renewable energy integration and the electrical grid. As a
result, sodium 1on batteries (SIBs) have drawn increasing
attention because, 1n contrast to lithium, sodium resources are
practically inexhaustible. Additionally, sodium 1s far less
expensive and 1volves a greener synthesis method while
maintaining a similar ion 1insertion chemistry. However, many
challenges remain before SIBs can become commercially
competitive with the LIB technology. For instance, Na 10ns
are about 53% larger in radius than Li 1ons. This makes 1t
difficult to find a suitable host material to accommodate Na
ions and allow reversible and rapid 10n insertion and extrac-
tion. However from an electrochemical point of view, sodium
has a very negative redox potential (-2.71 V, vs. SHE) and a
small electrochemical equivalent (0.86 gA/h), which makes 1t
the most advantageous element for battery applications after
lithium. Despite encouraging work on Na-based battery
chemistry 1n the past decades, only high-temperature Na/S
(operating at 300° C.) and Na/Ni1Cl, (ZEBRA battery) sys-
tems have been commercially developed for electric vehicles
and MWh scale electric energy storage. A major obstacle
hindering the broad market penetration of these Na batteries
1s the long-term stability and endurance of the battery com-
ponents at the high temperatures of 300° C. or higher. If a
room temperature Na+ 1on rocking chair battery (SIB) can be
achieved, 1t would bring about a great improvement in the
safety and operational simplicity with respect to conventional
high temperature SIBs and also a remarkable decrease 1n cost
with regard to LIBs, thus ensuring sustainable applications
for large scale electric energy storage.

[0006] There 1s a need 1n the art for a SIB that can operate
at or near room temperature with good cycling stability and at
high charge-discharge rates.

SUMMARY OF THE INVENTION

[0007] In one embodiment, the mvention provides a com-
position comprising a carbonaceous material selected from
the group consisting of graphene and reduced graphene
oxide. The composition further comprises sodium 1ons
therein.

Jun. 23, 2016

[0008] The mvention further provides an electrode com-
prising the foregoing composition, as well as a battery com-
prising the inventive electrode.

[0009] Inanother embodiment, amethod of cycling sodium
ions 1s provided. The method comprises providing a compo-
sition comprising a carbonaceous material selected from the
group consisting of graphene and reduced graphene oxide.
The composition comprises a number of channels therein,
and the method comprises introducing sodium 1ons into at
least some of the channels.

[0010] The invention 1s also directed towards a method of
preparing an exioliated dichalcogenide. The method com-
prises providing a dichalcogenide to be exioliated. The
dichalcogenide 1s contacted with a superacid to yield the
exioliated dichalcogenide.

[0011] Inyetanother embodiment, the invention provides a
method of forming a composition useful as an electrode. The
method comprises removing solids from a suspension of
graphene oxide and a transition metal dichalcogenide to yield
a composite. The composite 1s heated at a temperature of from
about 300° C. to about 900° C. for a time period of from about
100 minutes to about 140 minutes to yield a heat-treated
composite comprising reduced graphene oxide. In another
embodiment, the composite 1s preferably heated at a tempera-
ture of from about 300° C. to about 600° C., and more prei-
erably from about 450° C. to about 530° C. for about 115-125
minutes.

[0012] The invention 1s also directed towards a reduced
graphene oxide electrode having a sodium capacity of at least
about 110 mAh/g, with respect to the weight of the electrode
and at 100 mA/g. That sodium capacity exists for at least
about 40 cycles.

[0013] Finally, the mvention 1s also concerned with a
method of forming a high-sodium capacity, reduced graphene
oxide electrode. The method comprises heating a composi-
tion comprising reduced graphene oxide at a temperature of
from about 450° C. to about 550° C. for a time period of from
about 60 minutes to about 180 minutes to form the electrode.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

[0014] FIG. 1 1s a schematic representation showing syn-
thesis of a rGO/MoS, composite paper according to the
invention, along with the electrochemical testing carried out
using 1t as an anode 1n a half-cell configuration;

[0015] FIG. 2 1s a scanning electron microscope (SEM)
photograph of: (a) rGO; (b) 20MoS,; (c¢) 50MoS,, (d)
70MoS, and (e) 90MoS, paper and (1-1) their corresponding
SEM cross-sectional images. The inserts 1n (a-d) are digital
photographs demonstrating the flexibility of the inventive
rGO and rGO/MoS, paper shown 1n the corresponding SEM
image. TEM images and SAED patterns (insert) of (1) rGO
and (3-1) rGO/MoS, composite corresponding to the SEM
images above;

[0016] FIG. 3 (top) shows the calculated total interaction
potential energy (V,), repulsion (V,;;.,), and attraction
energy (V. ) (per unit area) with increasing MoS,, sheet
separation distance (log scale) 1s shown; (inset) experimen-
tally measured zeta potential measurements, showing better
dispersion stability at higher pH values; and (bottom) tensile
testing data for MoS,/rGO composite papers with varying wt.
% of MoS, 1n rGO;

[0017] FIG. 4 depicts the voltage profile of MoS,/rGO
composite (a) rGO, (¢) 20MoS,/rGO, (e) 60MoS, (RAW)/
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rGO, (g) 60MoS,/rGO and (1) 60MoS,/rGO (annealed in
nitrogen), along with corresponding (b, d, 1, h, 1) differential
capacity curves cycled at various current densities;

[0018] FIG. 5 illustrates the charge capacity of all the
anodes symmetrically cycled at approx. 25 mA/g along with
their cyclic efficiencies;

[0019] FIG. 6 shows the post-cycle analysis of the cycled
anodes: (a through d) digital camera images of rGO, 20, 30,
70 wt. % MoS,/rGO composite anodes; (e through h) low
magnification SEM 1mages; and (3 through 1) high magnaifi-
cation SEM 1mages of the dissembled anodes;

[0020] FIG. 7 provides: a comparison of Raman spectra (a)
and x-ray diffraction spectra (b) of thermally-reduced GO at
different temperatures with GO and graphite; electrical con-
ductivity (c¢) of all the free-standing papers compared with
GO free-standing paper and graphite powder; high-resolution

x-ray photoelectron spectra of Cls peak corresponding to (d)
300rGO, (e) 500rGO, (1) 700rGO and (g) 900rGO; and SEM

cross-sectional 1mages of (h) 300rGO, (1) 500rGO, (3)
700rGO and (k) 900rGO show the morphology of the paper
(average thickness ~10-15) um; scale bar 1s 20 um);

[0021] FIG. 8 1s: a comparison of first cycle charge/dis-
charge and differential capacity curves of 300rGO, 500rGO,

700rGO and 900rGO cycled 1n (a, b) Li1-1on and (¢, d) Na-1on
battery half-cell at 100 mA/g anode; Lithium charge capacity
(¢) and corresponding columbic efliciency of various rGO
clectrodes asymmetrically cycled at varying current densi-
ties; continued long term symmetric cycling () of all the
anodes at 1600 mA/g anode for 1,000 cycles; sodium charge
capacity (g) and corresponding columbic efficiency of vari-
ous rGO anodes symmetrically cycled at varying current den-
sities, where current densities and capacities are with respect
to total electrode weight and total electrode volume;

[0022] FIG.9is acomparison of the 1000” charge capacity
data for L1 and Na half-cells presented as a function of elec-
trode-annealing temperature and C/O ratio;

[0023] FIG. 10 provides post-electrochemical cycling data,
where (a, b, ¢) and (b, d, 1) are the digital, SEM and TEM
images, respectively, of the best performing 900rGO-LIB and
500rGO-NIB paper electrodes; and

[0024] FIG. 11 provides the following mechanical testing
data: (a) Digital camera images at various stages of the load-
ing; (b) Engineering stress-strain plots of 300rGO, 500rGO,
700rGO and 900rGO free-standing papers; and (c¢) bar chart
representing the calculated mean of theiwr modulus, failure
stress and failure strain.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0025] As used herein, the term “graphene oxide™ refers to
an oxide prepared by oxidizing graphite, and thus 1s under-
stood to include graphite oxide. The graphene oxide has a
structure 1n which a carbon layer includes an oxygen-contain-
ing group such as a hydroxyl group, an epoxide group, a
carboxyl group, or a ketone group. Graphene oxide 1s distin-
guished from graphite 1n that graphene oxide can be dispersed
in a solution, and thus can be formed 1nto a thin layer. That 1s,
when graphene oxide 1s formed as a thin film by using a
graphene oxide dispersion and the thin film 1s then reduced,
graphene in the form of a sheet may be formed. As used
herein, “rGO” indicates a compound that was prepared by
reducing the graphene oxide.

[0026] The term “graphene” as used herein refers to poly-
cyclic aromatic molecules comprising, and preferably con-
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sisting of, a plurality of carbon atoms covalently bonded to
cach other. The covalently bonded carbon atoms may form a
6-membered ring as a repeating unit, or may further include a
S-membered ring and/or a 7-membered ring. Thus, graphene
appears as a single layer of covalently bonded carbon atoms
(usually, bonded via a sp® bond). The graphene may have
various structures that may vary according to the number of
5-membered rings and/or 7-membered rings.

[0027] The graphene may be formed as a single layer of
graphene. Alternatively, the graphene may be formed as mul-
tiple layers of mono layer graphene sheets stacked upon one
another. In this regard, the graphene will typically have a
maximum thickness of less than about 100 nm. Generally, the
side ends of the graphene are saturated with hydrogen atoms.

[0028] The rGO has types and physical properties that are
similar to those of the graphene described above, but has
somewhat different electrical properties when compared to
graphene. In particular, rGO has decreased conductivity
when compared to graphene. Additionally, rGO does not have
a Tull graphene structure (C—C/C—C conjugated structure)
and has fewer C—C bonds than graphene. In other words,
because oxygen atoms or nitrogen atoms are partially mixed
between the carbon atoms, the rGO has various band-gaps.

[0029] The graphene oxide utilized 1n the present invention
can be prepared by treating graphite with a strong (1.¢., having
apK ofless than about -6.0 at 25° C.) acid. In particular, the
graphene oxide may be prepared by adding a strong acid (e.g.,
sulfuric acid) and an oxidizing agent (e.g., potasstum perman-
ganate) to graphite, heating the mixture to induce a reaction
therebetween, cooling the reaction product to room tempera-
ture, and adding an oxidizing agent such as hydrogen perox-
ide thereto to oxidize the graphite.

[0030] Turning now to the various embodiments of the
present mvention, 1 one embodiment the ivention 1s con-
cerned with a reduced graphene oxide material that has a high
storage capacity for sodium 1ons. This composition 1s useful
as an electrode and 1s formed by heating a graphene oxide
composition at a temperature of from about 450° C. to about
550° C., more preterably from about 480° C. to about 520° C.,
and even more preferably about 500° C. This heating 1s pret-
erably carried out for a time period of from about 60 minutes
to about 180 minutes, more preferably from about 90 minutes
to about 150 minutes, and even more preferably from about
110 minutes to about 130 minutes. Preferably, the graphene
oxide composition that is heated 1n this embodiment consists
essentially of, or even consists of, graphene oxide. That 1s, the
composition 1s at least about 97%, preferably at least about
99%, and even more preferably about 100% graphene oxide.
This results 1n an electrode that preferably consists essentially
of, or even consists of, reduced graphene oxide. Furthermore,
the final electrode of this embodiment 1s at least about 97%,
preferably at least about 99%, and even more preferably about
100% reduced graphene oxide.

[0031] The reduced graphene oxide formed by the above
process can be used as a high-sodium storage capacity elec-
trode. The electrode can take any shape or form desirable for
the particular final use, including those selected from the
group consisting of free-standing papers, films, tapes, and
painted coatings. The electrode will have a sodium capacity
of at least about 110 mAh/g, preferably at least about 130
mAh/g, more preferably at least about 150 mAh/g, even more
preferably at least about 170 mAh/g, and even more prefer-
ably from about 170 mAh/g to about 400 mAh/g for at least
about 40 cycles. The “mAh/g” 1s with respect to the total
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weight of the electrode or the material that will be used to
form an electrode (e.g., the pure rGO or the composites
described below), as appropriate in the particular context.
Additionally, any use of the “/g” or “g~ "> herein is intended to
refer to this weight basis, even 1f not specifically mentioned.

[0032] While the above embodiment 1s concerned with
non-composite electrodes, in further embodiments the mven-
tion provides composite electrodes. More particularly, the
invention provides an SIB composite electrode that com-
prises rGO and a redox component. In particular embodi-
ments, the redox component can include transition metal
dichalcogenides (TMDCs). The dichalcogen of the TMDC
can include dichalcogens of chalcogen atoms selected from
the group consisting of S, Se, and Te, with S (1.e., a disulfide)
being particularly preferred. Any transition metal 1s suitable,

including those selected from the group consisting of Mo, W,
Fe, HF, and Sn, with Mo being particularly preterred. The
most preferred such TMDC 1s MoS,.

[0033] Other embodiments of the present mvention con-
cern methods for fabricating a well-organized interleaved
free-standing composite anode comprising MoS,particles or
exfoliated flakes (nano-flakes) supported on an rGO matrix.
In certain embodiments, graphene oxide sheets readily form
good dispersions 1n water, which may be mixed with MoS,
nano-flakes by sonication. In such embodiments, filtering
such mixture can form homogeneously-layered nanocom-
posite paper with MoS, nano-flakes trapped between the GO
layers, which may then be reduced by heat treatment to an
MoS,/rGO composite material. In certain embodiments, the
heat treatment can include thermal reduction at 500° C. under
argon for about 2 hours.

[0034] In certain methods according to the present mven-
tion, MoS, 1s added to the graphene oxide dispersion 1n an
amount of at least about 1%, 5%, 10%, 20%, 30%, 40%, 50%,
55%, or 60% by weight, based upon the combined dry weight
of the graphene oxide and MoS, materials. In other embodi-

ments, the MoS, 1s added to the graphene oxide dispersion in
an amount no more than about 95%, 90%, 80%, 70%, 65%.,

60%, 50%, 40%, 35%, or 30% by weight, based upon the
combined dry weight of the graphene oxide and MoS., mate-
rials. In one or more embodiments, the GO/MoS, dispersion
can comprise MoS, 1n an amount ranging from about 1% to
about 90%, preferably from about 20% to about 85%, more
preferably from about 35% to about 80%, and even more
preferably from about 60% to about 75% by weight, based

upon the combined dry weight of the graphene oxide and Mo
S, materials.

[0035] Following filtering and heat treatment, the rGO/
MoS, composite material may comprise MoS, 1n an amount
ol at least about 1%, 5%, 10%, 20%, 30%, 40%, 50%, 55%.,
or 60% by weight. In other embodiments, the rGO/MoS,
composite material may comprise MoS, 1 an amount no
more than about 95%., 90%, 80%, 70%, 635%, 60%, 50%,
40%, 35%, or 30% by weight. In particularly preferred
embodiments, the rGO/MoS, composite material comprises
MoS, 1 an amount ranging from about 1% to about 90%,
preferably from about 20% to about 85%, more preferably
from about 35% to about 80%, and even more preferably from
about 60% to about 75% by weight.

[0036] In various embodiments, the rGO/MoS, composite
material can iclude rGO 1 an amount ranging from about
3% to about 50%, preferably from about 10% to about 40%,

and more preferably from about 15% to about 30% by weight.
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[0037] In one or more embodiments, the rGO/MoS, com-
posite material can include MoS,, particles/flakes positioned
between flat, sheet-like layers of the rGO matenal, thereby
forming an rGO/MoS, paper. In various embodiments, the
rGO/MoS, paper can have a thickness ranging from about 10
um to about 100 um, and more preferably from about 10 um
to about 20 um. In certain embodiments, an rGO/MoS, paper
having a diameter of approximately 14.3 mm can have a
weight of from about 8 mg to about 30 mg, preferably from
about 10 mg to about 25 mg, more preferably from about 13
mg to about 22 mg, and even more preferably from about 15
mg to about 20 mg. Thus, the rGO/MoS, composite material
may have a density of between about 1 g/cm’ to about 25
g/cm’, preferably between about 1.5 g/cm” to about 10 g/cm”,
and more preferably about 2 g/cm” to about 5 g/cm”.

[0038] With 1ts large surface area, rGO can serve as the
ideal host material to the semiconducting MoS,particles/
nano-flakes between 1ts layers, providing the necessary elec-
tronic path and consistent performance at high current densi-
ties, and structural stability. The rGO can, advantageously
provide Na storage capacity for the anode while simulta-
neously achieving the foregoing, while the MoS, particles
offer further Na storage capacity for the anode.

[0039] Certain embodiments of the present invention con-
cern the synthesis of free-standing composite paper made of
MoS, particles or nano-flakes intercalated in graphene sheets.
In this composite material, rGO can serve as an effective
current collector and electron conductor with a stable chemi-
cal and mechanical structure. In certain embodiments, this
flexible, free-standing paper (rGO/MoS, paper) does not
include the copper current collector typically used 1n a
rechargeable battery. In one or more embodiments, an SIB
anode comprising rGO/MoS, paper 1s essentially free of (1.e.,
less than about 1% by weight, and preferably less than about
0.5% by weight) or preferably does not include (i.e., about 0%
by weight) a conductive polymeric binder or conducting
agent.

[0040] In various embodiments, the rGO material 1s used to
embed MoS, particles or flakes, which can actively cycle
Na-1ons. In one or more embodiments, the rGO/MoS, com-
posite electrode can exhibit a stable charge capacity (anode)
of at least about 200 mAh/g (with respect to the total weight
of the electrode), preferably at least about 225 mAh/g, and
more preferably from about 225 mAh/g to about 250 mAh/g,
with excellent cyclability of Na+ without any appreciable
(1.e., less than about 10%, and preferably less than about 5%)
degradation inthe 0.10 V to 2.25 V range (versus Na/Na+) for
up to at least about 30 cycles at room temperature. In one or
more embodiments the rGO/MoS, composite electrode can
exhibit a stable charge capacity (anode) at temperatures of
about —15 degrees Celsius.

[0041] The SIB composite anodes of the present invention
may be used 1in many devices, including those selected from
the group consisting of batteries for personal electronics,
vehicle batteries, and aircraft batteries. In certain embodi-
ments, the SIB composite anodes of the present imnvention
may be used 1n any size and/or shape SIB, such as, coin cells
or cylindrical cells. In various embodiments, the SIB com-
posite anode can comprise rGO/MoS, paper having a maxi-
mum diameter ranging from about 1 mm to about 100 mm,
preferably from about 5 mm to about 80 mm, or more pret-
erably from about 10 mm to about 70 mm. In certain other
embodiments, the rGO/MoS, paper can have a maximum
diameter of at least about 5 mm, about 10 mm, about 50 mm,
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about 100 mm, or about 500 mm. It should be understood that
these ranges and values of the size of the rGO/MoS, paper are
non-limiting, and that larger or smaller rGO/MoS, papers are
also contemplated by this mvention. Further, 1t should be
understood that the maximum diameter refers to the longest
straight line extending from one point on the edge of the
rGO/MoS,paper to another point on the edge of the rGO/
MoS, paper passing through the center point, and does not
necessarily require the rGO/MoS, paper to be circular or
cylindrical 1n shape.

Materials and Instrumentation

[0042] Sodium nitrate (99.2%), potassium permanganate
(99.4%), sulturic acid (96.4%), hydrogen peroxide (31.3%
solution 1n water), hydrochloric acid (30% solution 1n water),
and methanol (99.9%) were purchased from Fisher Scien-
tific™, All materials were used as recerved without further
purification.

[0043] Scanning electron microscopy (SEM) of the synthe-
s1zed material was carried out on a Carl Zeiss EVO MA10
system with incident voltage of 5 KV to 30 KV. TEM 1mages
were digitally acquired by use of a Phillips CM 100 operated
at 100 KV. Material characterization was made using X-ray

diffractometer (XRD) operating at room temperature, with
nickel-filtered CuKc. radiation (A=1.5418 A).

[0044] Raman spectra were measured utilizing a LabRAM
ARMIS Raman spectrometer using 633 nm laser excitation
(laser power of 17 mW) as the light source. Electrical con-
ductivity measurements were carried out by use of a four-
point probe setup and Keithley 2636 A (Cleveland, Ohio) dual
channel sourcemeter 1n the ohmic region. The surface chemi-
cal composition was studied by X-ray photoelectron spec-
troscopy (XPS, PHI Quantera SXM) using monochromatic
Al Ko X-radiation. Static uniaxial in-plane tensile tests were
conducted 1n a simple test setup. The sample strip was secured
on one end by a computer-controlled movable stage (M-111.
2DG from PI), while the other end was fixed to a 1N load cell
(ULC-1N Interface), which in turn was fixed to an immovable
stage. All tensile tests were conducted in controlled strain rate
mode with a strain rate of 0.2% min~'. The samples were cut
with a razor into rectangular strips of approximately 5x135
mm?* for testing without further modification. Electrochemi-
cal cycling of the assembled cells was carried out using mul-
tichannel battery test equipment (Arbin-BT2000, Austin,
Tex.) at atmospheric conditions.

EXAMPL!

T
[

Preparation of Graphene Oxide

[0045] A modified Hummer’s method was used to make
graphene oxide. That 1s, concentrated H,SO, (130 mL) was
added to a mixture of graphite flakes (3 g) and NaNO, (1.5 g).
The mixture was cooled using an ice bath. KMn0, was added
slowly to this mixture. The mixture was stirred for 12 hours at
50° C., after which 1t was quenched with water (400 mL ) with
30% H,O, (3 mL) while 1n an 1ce bath so that the temperature
did not go beyond 20° C. The remaining material was then
washed 1n succession with 200 mL of water twice, 200 mL of
30% HCI, and 200 mL of ethanol. The material remaining
alter these extended washes was coagulated with 200 mL of
cther and filtered through a paper filter. The filtrate was dried
overnight to obtain dry graphene oxide (GO).
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EXAMPLE 2

Preparation of Exfoliated MoS, Flakes

[0046] MoS, powder (2 mg/mlL, 99%, Sigma Aldrich) was
sonicated for 30 min in concentrated chlorosulphonic acid
(superacid, 99%, Sigma Aldrich), and the nonexfoliated
sheets were allowed to settle. More specifically, the superacid
was slowly added to the MoS, powder 1n an argon-filled
glovebox (dew point —30° C.). The solution was then care-
fully transferred 1n 1.0 L of distilled water for quenching
(done with extreme caution 1n a glovebox). Additional dilu-
tion with DI water was done to reduce the solution acidity.

EXAMPLE 3A

Preparation of Reduced GO and MoS, Composite
Paper

[0047] Inthis Example, 20 mL colloidal suspension of the
GO from Example 1 1n 1:1 (v/v) water and 1sopropanol was
made by sonication for 10 minutes. The MoS, matenal (pre-
pared as described 1n Example 2) was added to this solution,
and the solution was further sonicated for 60 minutes and
stirred for 6 hours for homogenous mixing. The composite
suspension was then filtered by vacuum filtration though a
10-um filter membrane (HPLC grade, Millipore). The
GO/MoS, composite paper obtained was carefully removed
trom the filter paper and dried. This dry paper then underwent
thermal reduction at 500° C. under argon atmosphere for 2
hours. The heat-treated paper was then punched into small
circles and was directly used as electrode material 1n the
Na-1on battery half-cell. The samples were labeled as rGO, 20
MoS,, 50 MoS,, 70 MoS, and 90 MoS, for pristine rGO
paper and rGO with 20, 50, 70 and 90 weight % of MoS, inthe

total weight of the paper, respectively.

EXAMPLE 3B

Preparation of Free-Standing GO Paper

[0048] In this Example, a 10-mL colloidal suspension of
the GO from Example 1 i 1:1 (v/v) water was prepared by
first sonicating for 10 minutes. Once the suspension was
made, it was {iltered by vacuum filtration though a 10-um
filter membrane. The free-standing paper obtained was care-
tully removed from the filter paper and dried. This dry paper
then underwent reduction by heat treatment 1n a tube furnace
at various reduction temperatures, ranging from 300° C. to
900° C., under high purity Ar or NH; for 2 hours. The thermal
reduction process resulted i conversion of GO to rGO. The
reduced paper was then punched into small circles and used as
working electrodes for LIB and SIB half-cells. Loading was
approximately 0.75 to 4 mg/cm.

EXAMPLE 4A

Coin Cell/Battery Assembly of GO/MoS, Composite
Paper

[0049] For electrochemical testing, 2032 half coin cells
were made by punching 14.3-mm diameter pieces out of the
composite paper of Example 3A for use as the negative elec-
trode 1n the cell. A few drops of electrolyte solution of 1 M
NaC10, i (1:1 v/v) dimethyl carbonate:ethylene carbonate
(1onic conductivity 10.7 mS/cm) was used. A 25-um thick
(19-mm diameter) glass separator soaked 1n the electrolyte
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was placed between the anode and pure sodium fo1l (14.3-mm
diameter, 75-um thick) counter electrode. Washer, spring, and
a top casing were placed on top to complete the assembly
betore crimping. Electrochemical performance of the battery
was tested using a multichannel BT2000 Arbin test unit
sweeping between 2.25 V to 10 mV vs Na/Na™ at approxi-
mately 25 mA/g.

EXAMPLE 4B

Coin Cell/Battery Assembly of rGO Paper

[0050] Hali-cell batteries were 1n a manner similar to that
described in Example 4A, but using the paper of Example 3B.
[0051] Flectrochemical performance of the assembled coin
cells of this Example was tested using a multichannel BT2000
Arbin test unit sweeping between 2.5V to 10mV vs Li/Li" or
Na/Na™ using the following cycle schedule: (a) Asymmetric
mode: L1 or Na was inserted at 100 mA/g (based on total
clectrode weight), while the extraction was performed at
increasing current densities of 100, 200, 400, 800, 1600, and
2400 mA/g anode for 5 cycles each, and returning back to 100
mA/g anode for the next 10 cycles; and (b) Symmetric mode:
Later, all the cells were subjected to symmetric cycling at a
current density of 1,600 mA/g anode for up to 1,000 cycles,
returning back to 100 mA/g anode for the last 50 cycles.

Results and Discussion

GO/MoS, Composite Paper

[0052] During acid functionalization of MoS,, the super-
acid protonates the MoS,, surfaces, and these charged surfaces
can experience electrostatic repulsion forces and form a
stable dispersion in aqueous solution (also observed visu-
ally). Additionally, C potential measurements can quantify
this surface charge existing on MoS, sheet surfaces and hence
assist in establishing the dispersion stability. The C potential
measured at varying solution pH with the same MoS, con-
centration provided an understanding of the pH-dependent
MoS, sheet stability 1n the solution. Hence, a separate solu-
tion of 1 mg/mL MoS, 1n superacid (top portion) was used for
C potential measurements. The surface potential showed a
range varying from -1.67 mV atpH of 3 to -36.3 mV ata pH
of 10, shown as an 1nsert in FIG. 3 (TOP). As higher surface
potential (negative) implies more stable suspensions, based
on the obtained results, higher pH suggests a larger exposed
MoS, sheet surface.

[0053] For C potential measurements, the pH was varied by
adding 0.01 M NaOH solution. Also, because the contribution
from dissociated OH™ 1ons 1n the measured potential 1s mini-
mal, 1t was neglected 1n the analysis. The lower pH range was
limited to protect the instrument electrode.

[0054] Accordingly, the total potential energy (V) at the
surface interaction of two adjacent MoS, sheets 1s the ditfer-
ence 1n repulsive potential energy (V ;1) and attractive van
der Waals energy (V. ). V 5710 Tor MoS, surfaces 1s deter-
mined using the measured C potential, surfactant concentra-
tion, and distance between two separated sheets, and 'V ,;;-1s
calculated using atomic density and surface energy. The total
potential energy 1s then given by V. =V, .
V. o ~4Ae e ke -Anp>C/2D?, where A is the area of
MoS, sheet, p 1s the number of atoms per unit area, and €, and
€, are the relative permittivity of water (80.1 at 20° C.) and the
absolute permittivity (8.85x107'% F/m), respectively. Addi-
tionally, C is the experimentally measured surface potential
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(36.3 mV), D is the distance of sheet separation, p°C is the
estimated surface energy per umit area (approximately 2.06x
107°® J/m?®), and x is the double-layer thickness given as
1/[e, € ,kT/2¢’n,]°> (n,=9.05x10°" is the number of surfac-
tant molecules per unit volume of solution; e=1.6x10""" C).
FIG. 3 1s the plot for total interaction energy per unmit area of

the sheet (V/A).

Morphology of the GO/MoS, Composite Paper

[0055] SEM images in FI1G. 2 show the top view and cross-
sections of (a, €) rGO, (b, 1) 20MoS., (¢, g) 5S0MoS, and (d, h)
70MoS, composite papers, respectively. The papers were
approximately 10-to 100-um thick, with a relatively homo-
geneous composition. The open structure observed in the
cross-sectional 1images 1s good for large sodium 1ons to nter-
calate and deintercalate easily even when higher current den-
sities are applied. The msert in FIG. 1(a-d) shows digital
photographs that show the outstanding structural flexibility of
the rGO and rGO/MoS, composite paper. Corresponding
TEM 1mages 1n FIG. 2(%-k) show that the GO sheets layered
well, with few layers of MoS,, thus forming a very good
clectron conductive layer and also a support structure for the
free-standing paper. The insert in FIGS. 2/ and 2/ shows the
selected area electron diffraction (SAED) pattern obtained
from the spot indicated with a red circle 1n their correspond-
ing images. The hexagonal spot pattern, 1n the 1nsert of FIG.
2i , indicate that the graphitic AB stacking is preserved 1n the
lattice after thermal reduction. For the SAED pattern 1in FIG.
2/, the multiple spot pattern was due to the polycrystallinity of
restacked rGO sheets, while a second set of spot patterns were
also observed due to the MoS, sheets.

[0056] Tensile tests of the papers were determined 1n order
to quantily the strength of the free-standing paper. Three
strips were measured per sample for free-standing films. Ten-

sile testing data 1s included i FIG. 3 (BOTTOM).

[0057] FIG. 4 shows the charge/discharge curves and dii-
terential capacity curves for (a,b) rGO and (¢ 1)rGO/MoS,
with varying MoS, content. FIG. 4a shows the voltage pro-
files of rGO for 1°” and 2”"“ cycle. The first cycle discharge and
charge capacities were 784 mAh/g and 86 mAh/g. The dii-
terential capacity profiles in FI1G. 4b showed a primary reduc-
tion peak at 200 mV, a secondary reduction peak at 610 mV,
and a weak oxidation peak at 0.9 V. The peak at 200 mV,
which was present 1n all subsequent cycles, 1s associated with
intercalation of rGO, while the peak at 610 mV signifying SEI
formation, which existed only 1n the first cycle. F1G. 4d shows
the differential capacity curves of 1° and 2 cycle of MoS./
rGO. In the first cycle, there were three reduction peaks at
around 150 mV attributed to MoS,/rGO intercalation. Peaks
at 580 mV and 1.8 V are attributed to SEI formation 1n rGO
and MoS,, respectively, as these peaks were present only
during the first cycle. Only one subtle anodic peak at 1.35V
was observed. As the percentage of MoS, increases, the
domination of MoS,—Na reaction increases, which was evi-
dently seen with an increase 1n intensity of the reduction peak
at around 0.8 V and 0.9 V 1n the first cycle when compared to
the rGO peak at 600 mV.

[0058] FIG. 5 shows the charge capacities and columbic
elficiency of rGO, 20MoS,, 60MoS,, anodes cycled at 25
mA/g. For rGO, the 1% cycle charge capacity was observed at
~81.5 mAl/g, which was stable at ~70.5 mAh/g in the 40
cycle. The high 1rreversible first cycle capacity resulted from
a electrochemical reaction contributing to solid-electrolyte
interphase (SEI) layer formation. In the case of a rGO/MoS,
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composite, the first cycle charge capacity increased corre-
sponding to the percentage of MoS, present 1n the mixture.

[0059] To check the integrety of the anode, the cells were
disassembled, and the anodes recovered for further charac-
terization. FIG. 5 shows digital photographs (a-d) as well as
low resolution (e-h) and high resolution (1-1) SEM 1mages of
the anodes after 40 cycles. No evidence of surface cracks,
volume change, or physical imperiections were observed in
the SEM 1mage, suggesting mechanical/structural strength of
the rGO/MoS, composite paper. In all cases, the evidence of
SEI fermatlen due to repeated cycling of Na 1ons could be
observed. The contamination in the specimen indicated by the
arrows was from the residue of glass separator fibers. Also,

these anodes had been exposed to air during the transfer
process, resulting in oxidation of L1+ 1ons, which appeared as
bright spots in the images (due to its non-conducting nature).

Conclusions Pertaining to GO/MoS, Composite Paper

[0060] The present invention successiully formed compos-
ite layered paper comprising exioliated MoS, nanoflakes 1n
an rGO matrix. Mechanical tests revealed exceptional
mechanical strength (from about 3 to about 5 MPa fracture
strength) and very low failure strain (less than about 1.5%) 1n
these materials. Further, the composite paper was directly
utilized as a binder-free, electrically-conducting electrode in
a Na+ battery half-cell as a counter electrode and its perfor-
mance was evaluated as a potential anode for Na+ battery full
cell. These tests revealed a high electrochemical capacity of
250 mAh/g at the anode level, with excellent cyclability of
Na+ without any appreciable degradation 1n the 0.10 to 2.25
V range (versus Na/Na+) for up to at least about 50 cycles at
room temperature.

Results and Discussion

rGO Paper

(I) Chemical and Structural Analysis

[0061] Chemical characterization of the GO prepared 1n
Example 1 was thermally-annealed at various temperatures,
with those results being presented i FIG. 7. Successiul oxi-
dation of graphite to GO, and subsequent reduction to rGO
was confirmed by Raman, X-ray diffraction (XRD), and XPS
techniques. The Raman spectrum in FIG. 7a showed the
typical G-peak along with the emergence of D-peak in GO
and rGO papers. No appreciable change was observed in peak
position or width for specimens as a function of annealing,
temperature. Subsequent characterization involved XRD
(FIG. 7b), which showed a significant increase in interlayer
spacing between graphite with 1ts characteristic peak at
26.55° 20(dspacing=3.4 A) and GO at 11° 20(d-spacing=8.
01 A) owing to the heavy functionalization. Due to removal of
oxygen groups during thermal reduction, the iterlayer spac-
ing of rGO shifted back closer to that of graphite with higher
annealing temperatures. Peak broadening was also observed,
which suggests large distribution of graphene interlayer
spaces 1n the paper. Further characterization involved mea-
surement of the electrical conductivity (FI1G. 7¢ ) by use of a
four-point test setup. For the 300rGO specimen, the conduc-
tivity was considerably higher than GO paper (1.e., by almost
8 orders of magmtude). The conductivity of the papers
annealed at higher temperatures gradually approached that of
graphite powder with 900rGO paper showing about 5.88
S/cm. Further chemical analysis of thermally reduced GO
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was conducted by XPS of the Cls peak, which 1s shown in
FIG. 7(d-g). The intensity of the C—0 peak decreased while
concurrently graphitic carbon and epoxy/ether carbon peak
became narrower with increasing annealing temperature. The
scanning electron microscopy (SEM) cross-sectional images
of the free-standing papers (FIG. 1(%-%)) showed more open
and disordered structure as a result of annealing at elevated
temperatures. This 1s attributed to the structural changes that
occur as more and more oxygen groups are removed, leaving
behind a defective graphitic plane. This increased unevenness
of 1individual graphene sheets made the papers look fluflier

with thickness increasing from 10 um for 300rGO to 15 um
tor 900rGO.

(II) Imitial Electrochemical Analysis

[0062] Once the morphology and composition of the rGO
papers was established, their electrochemical charge/dis-
charge characteristics were studied as working electrode 1n

[.1- and Na-1on half-cells.

[0063] FIG. 8(aq and b) shows the voltage charge/discharge
profile and corresponding differential capacity curves of the
clectrodes tested 1n L1 hali-cell. When cycled at 100 mA/g
anode for the first five cycles, 900rGO had the highest charge
capacity o1 364 mAh/g anode, followed by 700rGO, 500rGO,
and 300rGO at 312, 292, and 104 mAh/g anode, respectively.
The L1 electrochemaical capacity for S00rGO was higher than
other graphene paper electrodes prepared through vacuum
filtration technique. From the differential capacity curve, 1t
was observed that all electrodes had a major anodic peak at 50
mYV and a cathodic peak at ~200 mV, which are attributed to
L1 10n 1ntercalation and extraction in the graphitic structure.
Another anodic peak, which 1s characteristic to solid electro-
lyte interface (SEI), was observed at 550 mV for 300rGO.
This peak gradually shifted to 350 mV as the annealing tem-
perature was increased to 900° C. Annealing at higher tem-
peratures causes imndividual graphene layers to get closer and
perhaps more ordered 1n a structure similar to graphite (see
XRD data), which can form SEI in LIBs at lower discharge
potentials.

[0064] Na hali-cell voltage discharge profiles were sub-
stantially different than LIB. As shown in FIG. 8¢, when
cycled at a current density of 100 mA/g anode against
Na/Na+, 500rGO had the highest charge capacity of the 122
mAh/g anode. Surprisingly, all the other cells had much lower
charge capacity at 20, 34 and 41 mAh/g anode for 300rGO,
700rGO, and 900rGO clectrodes, respectively. The differen-
tial capacity curve (FIG. 8d) showed two anodic peaks at
~120 and 500 mV, and a cathodic peak around ~100 mV was

also observed for the Na cells.

(III) Long-Term Electrochemical Analysis

[0065] In the case of Li half-cell on further cycling as
shown 1n FIG. 8¢, 900rGO maintained the charge capacity at
324 mA/g anode (90% capacity retention) while 700rGO and
500rGO only retain 83% and 72% of 1ts mitial capacity,
respectively. With increasing current density of 2.4 A/g,
charge capacity o1 900rGO dropped down to the same level as
that of 700rGO at 180 mAh/g. However, the cell reverted back
to a higher capacity once 1t was brought back to a current
density of 100 mA/g anode. The electrodes were subjected to
turther abuse by symmetric cycling at a current density of 1.6
Al/g electrode for an additional 1,000 cycles (FIG. 8f). The

900rGO was the best performing cell with a very stable
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charge capacity of 72 mAh/g anode that increased back to 1ts
original first-cycle charge capacity o1 327 mAh/g anode when
the cell was cycled at 100 mA/g anode. On the other hand, the
300rGO electrode had practically no charge capacity at 1.6
A/g anode, and the cell had fickle performance when cycled
back at 100 mA/g anode, indicating that the anode structural
integrity was compromised.

[0066] Forthe Nahalf-cell, therate capability data 1s shown
in FIG. 8¢. The 500rGO had the best performance, with a
charge capacity of 115 mAh/g anode (95% of first cycle
capacity) after S cycles. The cell remained fairly stable, with
a charge capacity of 52 mAh/g anode even at an extremely
high current density of 2.4 A/g. And when cycled back at 100
mA/g anode, 1t recovered to a stable charge capacity at 110
mA/g anode, which 1s 98% of 1ts initial capacity. The 500rGO
had a relatively high charge capacity even when cycled sym-
metrically at 1.6 A/g anode. Impressively, when the cell was
reverted back to cycling at 100 mA/g anode, the charge capac-
ity recovered to 1ts 1imitial value and the cell performance was
stable thereafter for another 50 cycles.

[0067] Basedon the performance of all electrodes cycled in
the L1 half-cell, the increase 1n charge or reversible capacity
with increasing thermal reduction temperature was attributed
to: (a) the observed decrease 1n the percentage of oxygen
functional groups present in the GO and the increased degree
of crystallization of the rGO as shown 1n FIG. 9; and (b) the
resulting improvement in electrical conductivity of the com-
posite paper (FI1G. 7¢). However, for electrodes cycled in the
Na halt-cell, the charge capacity and the columbic efficiency
decreased with an increasing degree of crystallization for
specimens reduced at 700° C. and 900° C. This could again be
attributed to that fact that the Na intercalation capacity of
ordered graphite 1s negligible, while the higher charge capac-
ity of the 500rGO over the 300rGO electrode 1s attributed to
Na intercalation 1n expanded graphene layers due to the oxy-
gen groups still present 1n the matenal.

[0068] In order to further substantiate these observations,
specimens were annealed 1n NH, atmosphere, rather than Ar.
The reduction of GO 1n ammonia simultaneously reduces GO
to rGO, bring more order to 1ts structure and improving elec-
trical conductivity due to N-doping. Only the best performing
L1 and Na electrodes (1.e., 900 rGO and 500 rGO) were
annealed 1n ammomnia and their cyclic performances com-
pared. The XRD plot showing improved order of graphene in
rGO, the electrical conductivity data showing improvement
due to N-doping, and the cycling data each lead to two very
important observations. Specifically: (a) the L1 charge capac-
ity for 900 rGO/NH, did not improve but its L1 rate capabaility
was astoundingly high, and the electrode delivered a straight-
line performance (~200 mAh/g at 2400 mA/g); and (b) the Na
charge capacity for 500 rGO/NH3 was a complete shut-down
(~10 mAh/g). These observations show that high Na interca-
lation 1n graphene paper electrode 1s a combination of two
factors: moderate electrical conductivity; and disordered or
expanded nature of rGO sheets.

[0069] (IV) Post-Electrochemical Analysis

[0070] Later, the cells were disassembled 1n lithuated or
sodiated state to study the electrode’s morphology and
chemical structure. Spherical SEI structures were observed
on Li-cycled electrodes (b), while Na-cycled electrodes
showed pine leaf-like features (e). (Note: In (a) and (d) only
half the paper electrode 1s shown, the other half was dispersed
in EC/DMC solution for preparing the TEM specimens).
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[0071] FIG. 10 shows digital camera images as well as
high-resolution SEM images and corresponding TEM 1mages
of 900rGO-L1 and 500rGO-Na anodes. Remarkably all elec-
trode specimens looked intact with no visible large or micro
surface cracks. Further, a stable SEI layer formation and the
presence of glass fiber separator residue could be observed.
When the high-resolution SEM and TEM images of anodes
cycled i L1 half-cell and Na hali-cell were compared, very
distinct differences could be observed. In case of the Li-
cycled electrode, the SEI had formed 1n the shape of circular
balls but 1n the case of Na-cycled electrodes, layering with
pine tree-like features and nano-tlower-like features were
observed. Similar differences were observed in the TEM
images also.

10072]

[0073] We performed static tensile testing of papers to
ascertain the fracture strength and strain to failure as
described previously. Engineering stress-strain plots dertved
from load displacement curves and digital images at various
stage of the specimen loading are presented in FIG. 5 (a
through c¢). Both the fracture strength and corresponding
strain to failure decreased with increasing annealing tempera-
ture used. The papers annealed at 700° C. and 900° C. were
considerably more brittle than those annealed at 500° C. The
fracture strength was observed to be almost an order of mag-
nitude lower than those reported for the rGO papers prepared
by chemical reduction at room temperatures, whereas the
failure strain was observed to be almost 2-3 times higher than
highly ordered well-packed rGO paper prepared at room or
slightly higher temperatures. The decrease in strength for
specimens annealed at higher temperatures is attributed to the
structural damage and introduction of vacancies and other
topological defects 1n the platelets as the result of the release
of gaseous components under high pressures.

[0074] Thehigh strain to failure (as high as 3%) observed 1n
all specimens 1s most likely due to the highly crumpled struc-
ture of the paper allowing considerable straightening and

unfolding of the platelets upon application of the tensile load
(FIG. 11).

[0075]

[0076] In summary, long-term lithium and sodium cycling
behavior of free-standing GO paper electrodes were prepared
by vacuum-assisted assembly technique followed by reduc-
tion at different temperatures 1n order to modulate the paper
defect density, electrical conductivity, and mechanical
strength. The L1 charge capacity of the electrode increased
with increasing thermal reduction temperature, demonstrat-
ing a stable charge capacity of ~325 mAh/g (total electrode
weight) at 900° C., one of the highest reported for GO paper
clectrodes prepare by similar techniques. The Na charge
capacity was the highest for specimens annealed at 500° C. 1n
Ar (~110 mAh/g at 100 mA/g, total electrode weight or ~77
mAh/cm at 70 pA/cm based on total volume of the electrode)
and near zero for specimens annealed at the same temperature
in NH; and 900° C. in Ar. These observations are a direct
result of the changing nature of ordering 1n graphene layers in
the paper electrodes (1.e., increasing order and decreased
interlayer spacing caused complete shutdown of sodium’s
cyclability 1n the paper electrodes).

(V) Mechanical Characterization

Conclusions Pertaining to rGO Paper

1. A composition comprising a carbonaceous material
selected from the group consisting of graphene and reduced
graphene oxide, said composition further comprising sodium
ions therein.
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2. The composition of claim 1, said composition further
comprising a dichalcogenide.

3. The composition of claim 2, wherein said composition
comprises particles of said dichalcogenide supported on said
carbonaceous material.

4. The composition of claim 2, wherein said composition
comprises particles of said dichalcogenide homogeneously
dispersed within layers of said carbonaceous material.

5. The composition of claim 1, wherein said carbonaceous
material 1s porous so as to comprise a number of channels
therein, and said sodium 1ons are i1n at least some of said
channels.

6. The composition of claim 2, wherein said composition
comprises particles of said dichalcogenide intercalated
between two or more sheets comprising said carbonaceous
material.

7. The composition of claim 1, wherein said composition 1s
in a form selected from the group consisting of free-standing
papers, films, tapes, and painted coatings.

8. The composition of claim 1, wherein said carbonaceous
material 1s present at a level of between about 10% to about
20% by weight, based upon the weight of the composition.

9. The composition of claim 2, wherein said dichalco-
genide 1s present 1n said composition at a level of from about
60% to about 90% by weight, based upon the weight of the
composition.

10. The composition of claim 2, wherein said dichatco-
genide 1s a disulfide.

11. The composition of claim 2, wherein said dichalco-
genide 1s a transition metal dichalcogemde.

12. The composition of claim 11, wherein said transition
metal 1s selected from the group consisting of Mo, W, Fe, HI,
and Sn.

13. An electrode comprising the composition of claim 1.

14. The electrode of claim 13, wherein said electrode 1s
essentially free of conductive polymeric binders.

15. The electrode of claim 13, wherein said electrode 1s
essentially free of conducting agents.

16. The electrode of claim 13, wherein said electrode 1s an
anode.

17. The electrode of claim 13, wherein said anode exhibaits
a stable charge capacity of between about 225 mAh/gto about
250 mAh/g with respect to the weight of the electrode and at
100 mA/g.

18. The electrode of claim 13, wherein said electrode has a
diameter of from about 10 mm to about 160 mm.

19. The electrode of claim 13, wherein said composition

comprises a dichalcogenide, and said dichalcogenide 1s a
disulfide.
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20. The electrode of claim 19, wherein said dichalcogemde
1s a transition metal dichalcogenide.

21. The electrode of claim 20, wherein said transition metal
1s selected from the group consisting of Mo, W, Hf, Fe, and

Sn.

22. A battery comprising the electrode of claim 13.

23. The battery of claim 22, wherein said battery comprises
one selected from the group consisting of a coin cell batteries
and cylindrical cell batteries.

24. The battery of claim 22, wherein said battery comprises
an electrolyte.

25. A method of cycling sodium 10ons, said method com-
prising;

providing a composition comprising a carbonaceous mate-

rial selected from the group consisting of graphene and
reduced graphene oxide, said composition comprising a
number of channels therein; and

introducing sodium 1ons 1nto at least some of said channels.

26. The method of claim 25, said composition further com-
prising a dichalcogenide.

277. The method of claim 26, wherein said dichalcogenide 1s
a disulfide.

28. The method of claim 26, wherein said dichalcogenide 1s
a transition metal dichalcogenide.

29. The method of claim 28, wherein said transition metal
1s selected from the group consisting of Mo, W, Hf, Fe, and
Sn.

30. The method of claim 26, wherein said composition
comprises particles of said dichalcogenide supported on said
carbonaceous material.

31. The method of claim 26, wherein said composition
comprises particles of said dichalcogenide homogeneously
dispersed within layers of said carbonaceous material.

32. The method of claim 25, wherein said carbonaceous
material 1s porous so as to comprise a number of channels
therein, and said sodium 1ons are in at least some of said
channels.

33. The method of claim 26, wherein said composition
comprises particles of said dichalcogenide intercalated
between two or more sheets comprising said carbonaceous
material.

34. The method of claim 23, wherein said composition 1s 1n
the form of an electrode.

35. The method of claim 34, wherein said electrode 1s an
anode.

36. The method of claim 235, further comprising storing

said sodium 1ons 1n said channels.
37-50. (canceled)
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