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COMPOSITE FILM AND METHOD OF FORMING THE SAME

CROSS-REFERENCE TO RELATED APPLICATION
[0001] . This application claims the benefit of priority of US application No. 61/729,429 |
filed November 23, 2012, the contents of it being hereby incorporated by reference in its

entirety for all purposes.

TECHNICAL FIELD

1 [0002]  The present invention relates to composite films and methods of forming the same.

BACKGROUND

[0015]  Flexible electrode materials have received great amount of interest due to their
potential applications in wearable or roll up gadgets such as electronic papers, collapsible
displays and other personal multimedia devices. Recent literature has introduced free
standing paper carbon based electrodes that are promising for producing flexible electronic -
devices. Carbon nanotubes (CNT) and its composites have been extensively studied to form
flexible electrodes. However, their relatively high production cost and difficulty of getting
stable CNT dispersion have hindered its préctical application. |

[0016] Recently, graphene based electrodes have gained interest due to its remarkable
mechanical and electrical properties as well as good electrochemical stability. In order to
form flexible electrode, assembly of individual graphene nanoshéets into a macroscopic free-
standing and flexible graphene paper is of interest. Sevéral recent reports on the freestanding
graphene paper have shown good flexibility upon bending.

[0017]  Flexible graphene'based electrodes can be used in wide range applications such as
thermoelectric, gas sensor, bio sensor, fuel cell, etc. Flexible graphene based electrodes can
also be used for flexible energy storage devices such as batteries and supercapacitors.
Although graphene based electrodes have been widely reported, most of the electrodes are in
powder form that require metal substrates as their current collector or have a low mass (<05
mg cm?) leading to a low areal capacitance (mF cm™®). High areal capacitance is crucial in
miniaturization of the energy storage device for modern gadget applications. Electrodes that
have high areal capacitance are able to store more charges compared to electrodes having a

low areal capacitance.
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[0018]  Further improvement of flexible and free-standing graphene electrode is possible
by incorporating pseudocapacitive materials to form flexible hybrid electrode. Among
pseudocapacitive materials, ruthenium dioxide (RuO;) has been well recognized due to its
high spe.ci‘ﬁc capacitance (up to 1300 F g') and good electrochemical stability. However,
commercial application of RuO, has been slow due high costs of RuO,. Thus, cheaper
‘transition metal oxides, such as MnO;, V,0s, Co304 and NiO need to be further explored as
the alternative electrode materials. The areal capacitance of hybrid metal oxide/graphene
based flexible electrodes is still far from satisfactory. For instance, graphene/MnOz coated on
- the textile has been reported with areal capacitance of 94.5 mF ecm™® (315 F gh). A
graphene/MnO; paper electrode without any supporting current collector (i.e. textile, sponge,
foam, metallic substrates) has also been reported. However, the mass of the electrode is very

low (0.07 mg cm’?), thus the areal capacitance tends to be low, 17.9 mF cm'z‘ (256 F g').

SUMMARY OF THE INVENTION

[0019] In a first aspect, the present invention refers to a method of forming a metal
oxide/reduced graphene oxide composite film. The method may include providing a graphene
oxide dispersion. The method may also include adding a metal oxide to the graphene oxide
dispersiop to form a metal oxide/graphene oxide dispersion. The method may additionally
include forming a metal oxide/graphene oxide film by filtering the metal oxide/graphene
oxide dispersion using a directional flow directed assembly. The method may further include
reducing the metal oxide/graphene oxide film using a reducing agent to form the metal
oxide/reduced graphene oxide composite film. ’

[0020] In ¥a second aspect, the present invention relates to a composite film. "The
compésite film may include one or more sheets of reduced graphene oxide. The composite
film may further include one or more metal oxide nanostructures attached to the one or more

sheets of reduced graphene oxide.

BRIEF DESCRIPTION OF THE DRAWINGS
[0021]  The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying

drawings, in which:
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FIG.. 1 shows a method of forming a metal oxide/reduced graphene oxide composite film

according to oﬂe embodiment. |

FIG. 2A shows a circular metal oxide/graphene oxide film with a diameter of 4.5 cm being

reduced to two strips of metal oxide/graphene oxidé film according to one embodiment.

FIG. 2B shows the strip of metal oxide/graphene oxide film in FIG. 2A being adhered to a

filter paper using a thermal tape according to one embodiment.

FIG. 2C shows the two strips of metal oxide/graphene oxide films in FIG. 2A being

arranged on a Teflon vessel accordihg to one embodiment.

FIG. 3 is a graph of relative capacitance (in %) against applied current density of the metal

- oxide/reduced graphene oxide composite film (mAgh).

FIG. 4A shows a cross sectional view of MnO,/RGO sheets at low magnification.

FIG. 4B shows a cross sectional view of MnO,/RGO sheéts at high magnification.

FIG. 4C shows a top view of an edge of a MnO,/RGO sheet.

Fig. 4D shows MnO»/RGO sheets showing the presence of MnO, nanoparticles. |

Fig. 4E shows a digital image of MnO,/RGO sheets.

FIG. 5A shows the Raman spectra of MnO,/RGO paper measured from Raman confocal

microscopy. _ »

FIG. 5B shows the X-ray photoelectron spectroscopy spectra (XPS) of Mn 2p signal of
MnO,/RGO paper. _ ,

FIG. 5C shows the X-ray photoelectron spectroscopy spectra (XPS) of O 1s signal of
MnO,/RGO paper.

FIG. 5D shows the X-ray photoelectron spectroscopy spectra (XPS) of C 1Is signal. of
MnO,/RGO paper.

FIG. SE is a plot of weight retention (%) against temperature (°C) illustrating the

thermogravimetric analysis of MnO,/RGO paper. |

FIG. 5F is a plot of stress (MPa) against strain (%) illustrating dynamic mechanical analysis

(DMA) of MnO,/RGO paper. |

FIG. 6 shows a cross sectional view of MnO2/RGO sheets formed by immersing MnO,/GO

in hydrazine solution.

FIG. 7A shows the cyclic voltammograms (current density (A cm™) against potential (V)) of
MnQ,/RGO free-standing paper and RGO free-standing paper (with mass of 3.6+0.1 mg cm’ |
%) from 0 to 0.9 V with Ag/AgC] as the reference electrode in 1 M Na,SOs.
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FIG. 7B shows the charge discharge curves (potential (V) against time (s)) of both RGO and
MnO»/RGO papers at different applied currents.
FIG. 7C shows the areal capacitance (mF?) of MnOz/RGO‘and RGO papers against applied
current densities (mA g’').
FIG. 8A shows the device in its bent state. _
FIG. 8B shows the bending radius of the device being measured.
FIG. 8C shows the cyclic voltammograms (current (A) against potential (V))-of the super
capacitor device with MnO,/RGO paper and RGO paper as the positive and negative
electrodes under normal flat and bending conditions at 10 mV s™..
FIG. 8D shows the cyclic voltammograms (current (A) against potential (V)) of the super
capacitor device in its bent state under different scan rates. ‘
FIG. 8E shows the charge discharge curves (potential (V) against time (s)) of the bent device
at different applied current. |
FIG. 8F shows a graph of areal capacitance (mF?) of the bent device against applied current
densities (mA g™). '
FIG. 8G shows a Nyquist plot of the bent device.
FIG. 8H shows én enlarged scale of the Nyquist plot in FIG. 8G at high frequency range
measurement.
FIG. 81 éhows the cycling stability performance of the bent device at three different applied
currents (250 mA g, 500 mA g~', 1000 mA g™").
FIG. 8J plots the areal energy density (WW h cm™) against areal power density (uW cm™) of
the bent device under different applied currents.

- FIG. 8K shows an image of 8 LED lights being powered by one asymmetric supercapacitor '
device.
FIG. 9A shows a top view of a V205/RGO sheet.
FIG. 9B shows a cross sectional view of V,05/RGO sheets.
FIG. 9C shows at top view of a V,0s/RGO sheet at high magnification showing the presence
of V,05 nanoparticles. |
FIG. 10A shows the Raman spectra of V,0s/RGO paper measured from Raman confocal
miCroscopy.
FIG. 10B shows the X-ray photoelectron spectroscopy spectra (XPS) of V2ps, signal of
V,05/RGO paper.
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FIG. 10C shows the X-ray -photoelectron spectroscopy spectra (XPS) of Ols signal of
V,05/RGO paper. |

FIG. 10D shows the X-ray photoelectron spectroscopy spectra (XPS) of Cls signal of
V,05/RGO paper.

FIG. llA is a plot of weight retention (%) against temperature (°C) illustrating the
thermogravimetric analysis of V,0s/RGO paper and RGO paper.

FIG. 11B is a plot of stress (MPa) against strain (%) illustrating dynamic mechanical analysis
(DMA) of V,05/RGO paper. ’

FIG. 11C shows a photo of a RGO/ V,0s paper bent along a round template.

FIG. 11D shows a photo of a V,05/RGO paper bent manually by hand.

FIG. 12A shows the cyclic voltammograms (current density (A cm'?) against potential (V))
of V,05/RGO free-standing paper and RGO free-standing paper. -

FIG. 12B shows the charge discharge curves (potential (V) against time (s)) of both RGO
and V,0s/RGO papers at different applied currents.

FIG. 12C shows the areal capacitance (mF cm’®) of V,05/RGO and RGO papers against
applied current densities (mA g™). ‘

FIG. 13A shows the cyclic voltammograms (current (A) against potential (V)) of the device
under normal flat and bending conditions at 25 mV st

FIG. 13B shows the device been tested in the flat state.

FIG. 13C shows the device being tested in the bent state.

FIG. 13D shows the cyclic voltammograms (current (A) against pbtential (V)) of the device
in its bent state under different scan rates. ' '
FIG. 13E shows the charge-discharge curves (potential (V) against time (s)) of the bent
device as well as the flat device at different applied currents.

FIG. 13F shows a plot of areal capacitaﬁce (mF cm™) against different applied current
densities (A g') for the device in the flat state and the bent state.

FIG. 13G shows a Nyquist plot 6f the bent device.

FIG. 13H shows an enlarged scale of the Nyquist plot in FIG. 13G at high frequency range
measurement. | |

FIG. 131 shows the cycling stability performance of the bent device at 0.25 A g™

FIG. 13J shows the disassembled device after conducting the tests.
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FIG. 13K plots the areal energy density (uW h cm™) against areal power density (uW cm™)
of the device under flat and bent conditions under different applied currents.

FIG. 13L shows the device being used to light up 8 LED lights.

DETAILED DESCRIPTION OF THE INVENTION
[0022] In a first aspect, the present invention refers to a method of forming a metal
oxide/reduced graphené oxide composite film. FIG. 1 shows a method of forming a metal
oxide/reduced graphene oxide composite film according to one embodiment. The method
may include, in 102, providing a graphene oxide dispersion. The method may also include, in
104, adding a metal oxide to the graphene oxide dispersion to form a metal oxide/graphene
oxide dispersion. The method may additionally include, in 106, forming a metal
oxide/graphene oxide film by filtering the metal oxide/graphene oxide dispersion using a
directional flow directed assembly. The method may further include, in 108, reducing the
metal oxide/graphene oxide film using a reducing agent to form the metal oxide/reduced
graphene oxide composite ﬁhﬁ.
[0023] In the present context, a dispersion is a material system inclduding more than one
phase where at least one of the phases consists of finely divided phase domains dispersed
throughout a continuous phase. The finely divided phase domains may be in colloidal size .
range. '
[0024] Metal oxide/reduced graphene oxide composite films formed by this method may
have thicker cross sections and higher areal mass compared to conventional hybrid paper
electrodes without affecting gravimetric or areal capacitance significantly. The gravimetric or
areal capaciances may also be improved. Metal oxide/reduced graphene oxide composite
films formed by this method are generally more mechanically robust and flexible compared
to other thinner and low areal hybrid paper electrodes. Various steps may improve exfoliation
of the metal oxide/reduced graphene oxide composite film, resulting in improved quality over
conventional hybrid paper electrodes. _
[0025] In one embodiment, the method may include modifying the dimensions of the
metal oxjde/graphene oxide film before reducing the metal oxide/graphene oxide film. For
instance, the metal oxide/graphene oxide film may be reduced from larger dimensions to
smaller dimensions. The dimensions of the metal oxide/graphene oxide film may be modified

to below about 6 cm in length and below about 4 cm in width, e.g. below about 3.5 cm in
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length and below about 1.5 .cm in width, e.g. below 3 c¢m in length and below 1 cm 1n width.
Advantageously, smaller dimensions may help in better penetration of the reducing agent to
the film and consequently result in a more uniform exfoliation of the film during the
reduction process. In one embodiment, the metal oxide/graphene oxide film may be cut or
modified to maximize the perimeter to area ratib.

[0026] In one embodiment, the metal oxide/graphene oxide film may be adhered on an
absorbeﬁt material suitable for absorbing excess reducing agent during reduction of the metal
oxide/graphene oxide film. The metal oxide/graphene oxide film may be adhered on thé
absorbent material using an adhésive such as a thermal tape. The absorbent material may help
the reducing agent to reach the back of the metal oxide/graphene oxide film, i.e. the side of
the metal oxide/graphene oxide film adhered to the absorbent material. The absorbent
material may be filter paper (i.e. cellulose filter paper). The filter paper used may be
commercial filter paper. Other non-limiting examples of absorbent materials may include
nylon, hydrogels, fabrics etc. The width of the absorbent material may be twice the width of
the metal oxide/graphene oxide film. The length of the absorbent material may be less than or
equal to 7 cm.

[0027] In one embodiment, reduction of the metal oxide/graphene oxide film may be
carried out in a vessel such as a Teflon vessel. The metal oxide/graphene oxide film may be
arranged on the wall of the vessel such that the length of the metal oxide/graphene oxide film
film is substantially vertical. Positioning the metal oxide/graphene oxide film such that the
metal oxide/graphene oxide film is substantially vertical may help reducing agent penetrate
into the inner portions of the metal oxide/graphene oxide film film. Positioning the rhetal
oxide/graphene oxide film such that the metal oxide/graphene oxide film is substantially
- vertical may also reduce the curvature of the film as well as the resultant stress if the surface
on which the film is adhere to is curved. The metal oxide/graphene oxide film may be
arranged such that all sides of the metal oxide/graphene oxide film are equally exposed to the
reducing agent. The vessel may be an autoclave. The reducing agent may be selected from
any one of hydrazine, hydrazine hydrate, urea or a combination thereof.

[0028]  FIG. 2A shows a circular metal oxide/graphene oxide film 202 with a diameter of
4.5 cm being reduced to two strips of metal oxide/graphene oxide film 204a, 204b according

to one embodiment. Each strip is of dimensions 3 cm by 1 cm.
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[0029]  FIG. 2B shows the strip of metal oxide/graphene oxide film 204a in FIG. 2A
being adhered to a filter paper 206a using a thermal tape 208a according to one embodiment.
Additionally, the strip of metal oxide/graphene oxide film 204b is being adhered to filter
paper 206b using thermal tape 208b. The length of the filter papers 206a, 206b is each 7 cm.
[0030] FIG. 2C shows the two strips. of metal oxide/graphene oxide films 204a, 204b in
FIG. 2A being arranged on a Teflon vessel 210 according to one embodiment. The Teflon
vessel 210 has a height of about 10 cm and an inner diameter of about 2.5 cm with a capacity
of 50 ml. The Teflon vessel 210 acts as a sealed autoclave during the reduction process. The
vessel 210 contains about 2 ml of hydrazine solution 212. The metal oxide/graphene oxide
films 204a. 204b are positioned vertically on the wall of the vessel 210. The metal
oxide/graphene oxide films 204a. 204b may be positioned on the walls of the vessel together
with the filter papers 206a, 206b and the thermal tapes 2'0.8a, 208b. Hydrazine vapour from
the hydrazine solution 212 acts as a reducing agent to reduce the metal oxidé/graphene oxide
film 204a, 204b during the reduction process.

[0031]  Experiments have been carried out with metal oxide/graphene oxide ﬁfms 204a,
204b of different dimensions. It has been found that films 204a, 204b with lengths below 3
cm and widths below 1 cm results in a more uniform exfoliation when the reduction is carried
out in the vessel 210. ‘

[0032]  The filter paper 206a, 206b helps the reducing agent reach the back of the metal
oxide/graphene oxide films 204a, 204b, i.e. the side of the metal oxide/graphene oxide films
adhered to the filter papers 206a, 206b. The filter papers 206a, 206b are found to be wetted
by reducing agents after reduction.

[0033] Positioning the metal oxide/graphene oxide film 204a, 204b such that the metal
oxide/graphene oxide film 204a, 204b is substantially vertical may help reducing agents such
~as hydrazine vapour penetrate into the inner portions of the metal oxide/graphene oxide film
film 204a, 204b. On the other hand, positioning the metal oxide/graphene oxide film 204a,
204b horizontally may prevent uniform flow of reducing agents such as hydrazine vapour
into the inner portions of the metal oxide/graphene oxide film film 204a, 204b.

[0034]  Also, positioning the metal oxide/graphene oxide film 204a, 204b horizontally may
result in the metal oxide/graphene oxide film 204a, 204b being curved due to the curvature of
the vessel 210, which would induce stress continuously during the reduction process. On the

other hand, positioning the metal oxide/graphene oxide film 204a, 204b such that the metal
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oxide/graphene oxide film 204a, 204b is substantially vertical may reduce the curvature and
the stress induced during the reduction process. |

[0035]  Further, positioning the metal oxide/graphene oxide film 204a, 204b on the cap of
the vessel 210 may reduce the exposure of the metal oxide/graphene oxide film 204a, 204b
to the hydrazine vapour and increases the likelihood of the metal oxide/graphene oxide film
- 204a, 204b to be contaminated by air outside the vessel 210 due to leaks between thé cap and
the body of the vessel 210. Moreover, if the distance between the metal oxide/graphene oxide
film 204a, 204b and the hydrazine solution 212 is too far (e.g. about 10 cm or more), there
may be insufficient reducing agent, i.e. hydrazine vapour reaching the metal oxide/graphene
oxide film 204a, 204b for complete reduction of the metal oxide/graphene oxide film 204a,
204b at such a distance.’

[0036]  For the example shown in FIG. 2C, the metal oxide/graphene oxide film 204a,
204b should be positioned at a distance of about 3 cm to about 4 cm from the hydrazine
solution 212. Positioning the metal oxide/graphene oxide film 204a, 204b at a distahce less
than 3 cm from the hydrazine solution 212 may cause the metal oxide/graphene oxide film
204a, 204b to get wet easily from the continuous exposure to hydrazine vapour, resulting in
the stacking of the resultant reduced graphene oxide sheets. Positioning the the metal
oxide/graphene oxide film 204a, 204b at a distance more than 4 cm from the hydraiine
solution 212 may cause incomplete reduction of the metal oxide/graphene oxide film 204a,
204b as highlighted earlier. »

[0037] The reduction time may range from about 12 hours to about 48 hours, e.g. from
about 18 hours to about 36 hours, e.g. from about 22 hours to about 26 hours, from about 23
hours to about 25 hours, e.g. about 24 hours. The temperature in which reduction occurs may
range from about 50 °C to about 150 °C, e.g. from about 60 °C to about 100 °C, from about
80 °C to about 90 °C, e.g. about 85 °C.

'[0038] Reducing the metal oxide/graphene oxide film using a vapour-based reducing
agent such as hydrazine vapour may remove the need for a dispersant agent. Further, the
reduction may be carried out at relatively low temperatures. Advantageously, formation of
aggregated reduced graphene oxide (RGO) due to high temperature exposure or
“contaminated” RGO due to the presence of dispersant agent may be avoided. Release of

gaseous species such as carbon dioxide (CO,) formed during the reduction process may help
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to exfoliate the graphene oxide paper and prevents it from forming a compact layered
structure. |

(0039] In one embodiment, the directional flow directed assembly may include a filter
paper such as a cellulose filter paper. In one preferred embodiment, the filter paper may have
a maximum pore size of about 0.25 um. Experiments have shown that metal oxide/graphene
oxide film obtained from filter papers with maximum pore sizes of about 0.25 pum tend to
have signiﬁéantly less cracks and is less brittle than using filter papers with larger pore sizes
or using other materials. Altemnatively, the directional flow directed assembly may also
include nylon.

[0040] In one embodiment, forming the composite may further include treating the metal
oxide/reduced graphene oxide composite film with acid after reducing the metal
oxide/graphene oxide composite film. In one embodiment, forming the metal oxide/reduced
graphene oxide composite film may further include drying the metal oxide/reduced graphene
oxide composite film after treating the metal oxide/reduced graphene oxide composite film
with acid. Drying the metal oxide/reduced graphene oxide composite film may include
partially drying the metal oxide/reduced graphene oxide compdsite film.

[0041]  The acid used may be any suitable acids, including nitric acid, hydrochoric acid,
sulphuric acid etc. The acid may be a concentrated acid (e.g. 6M HNOs3). The film may be
treated with acid for a duration ranging from 2 hours to about 10 hours, e.g. from about 4
hours to about 6 hours, e.g. about 5 hours. Advantageously, treating the metal oxide/reduced
graphene oxide composite film with acid helps enhance the hydrophilicity of the composite
film and facilitates the ion penetration of the aqueous electrolyte. As a result, the capacitance
of the electrode formed from the metal oxide/reduced graphene oxide composite film may
possess better capacitance performance, especially at higher discharge rates. FIG. 3 is a
grdph of relative capacitance (in %) against applied current density of the metal
oxide/reduced graphene oxide composite film (mAg™"). Line 302 represents the metal
oxide/reduced graphene oxide composite film sample which has been treated with acid. Line
304 represents the metal oxide/reduced graphene oxide composite film sample which has not
been treated with acid. FIG. 3 shows that the non acid treated composite film sample cannot
undergo the charge/discharge process at current density higher than 250 mAg™'. Also, the rate
capability of the non acid treated composite film sample is worse than the rate éapability of

the acid treated composite film sample. The poor wetting property of the non acid trated
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composite film sample results in difficulties.of ions to reach the inner part of the electrode,
especially at higher charge/discharge, leading to poor rate capability.

[0042] Drying the metal oxide/reduced graphene oxide composite film may be carried out
using a hot plate. Drying may be carried out from about 5 hours to about 15 hours, e.g. from
about 8 hours to about 12 hours, from about 9 hours to about 11 hours, e.g. about 10 hours.
The metal oxide/reduced graphene oxide composite film may be dried at a temperature
ranging from about 40 °C to about 80 °C, e.g. from about 50 °C to about 70 °C, e.g. about 60
°C. Alternatively, drying the metal oxide/reduced graphene oxide composite film may be
carried out using other suitable means such as a heater, an oven etc.

[0043] In one embodiment, the metal oxide may be added to the graphene oxide
dispersion by adding a metal oxide precursor to the graphene oxide dispersion. The metal
oxide precursor may reacted in the graphene oxide dispersion to form the metal oxide. The
metal oxide precursor may be a metal salt. The metal oxide precursor used depends on the
metal oxide desired. For instance, NH4sVO; may be used to form V,0;5, Mn(NO;); may be
used to form MnO,, Co(NO3),':6H,0 may be used to form Co3;0,, and Ni(NO3),.6H,0O may
be used to form NiO etc. In an alternative embodiment, the metal oxide may be added
directly to the graphene oxide dispersion.

[0044] In one embodiment, the method may further include further adding an oxidizing
agent to the graphene oxide dispersion. The oxidizing agent may oxidize the metal oxide
precursor to form the metal oxide.For instance, HNO; may be used to form V,0s5, KMnO4
may be used to produce MnO,, citric actd may be used to produce Co;04, and urea may be
used to produce NiO. The oxidizing agent may be added to the graphene solution with
stirring at an elevated temperature. Stirring may be carried out for at least 0.5 houfs, e.g. at
least about 1 hour, e.g. at least about 2 hours, e.g. at least about 3 hours. The elevated
temperture may range from about 50 °C to about 95 °C, e.g. about 80 °C to about 90 °C, e.g.
about 85 °C. Stirring at an elevated temperature may help to ensure. a more uniform
distribution of metal oxide nanostructures (e.g. nanoparticles) on the reduced graphene
sheets. ‘

[0045] The method may further include applying sonication éfter adding the metal oxide
precursor to the graphene oxide dispersion. Sonication may help to form the metal oxide. The
duration in which sonication is applied may be for at least about 30 minutes, e.g. for at least

about 60 minutes, for at least about 120 minutes.
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[0046] In one embodiment, the metal oxide may be a transition metal oxide. The metal
oxide may be selected from manganese oxide, vanadium oxide, cobalt oxide, nickel oxide,
molybdenum oxide, ruthenium oxide, palladium oxide, chromium oxide, tita.hium oxide,
copper oxide, iron oxide and zinc oxide.

[0047] In one embodiment, providing the graphene oxide dispersion may include
exfoliating graphite oxide (GO). Exfoliating the graphite oxide may include centrifuging (and
washing) the graphite oxide. Exfoliating the graphite oxide may include applying sonication
to the graphite oxide. The graphite oxide may be diluted with deionized water and washed via
centrifuging. Washing may be carried out using a dilute acid such as dilute hydrcloric acid
(e.g. 1:10 HCI solution). In one instance, the graphite oxide dispersion may have a
concentration of about 2 g 1"' and the amount of graphite oxide dispersion may be 7.5 ml.
[0048]  In one embodiment, the method may further include forming graphite oxide from
graphite Graphite oxide may be formed from graphite using a modified Hummers method.
Forming graphite oxide from graphite may include oxidizing graphite using concentrated
sulphuric acid and potassium permanganate.

[0049]  In one embodiment, the graphite powder may be added to solution of concentrated
H,S04, K,S,0s, and P,0s (e.g. about 70 °C to about 90 °C, e.g. about 80 °C). The resultant
dispersion may be thermally isolated and allowed to cool to room temperature over a period
of time (e.g. about 5 h to about 7 h e.g. about 6 h). The resultant dispersion may then be
repeatedly diluted with distilled water, filtered, and washed until the pH of the dispersion
became about neutral (e.g. pH about 6.5 to about 7.5). The ﬁltered preoxidized graphite may
be dried in air at ambient temperature -overnight. The preoxidized graphite may be then
subjected to oxidation by Hummers’ method. The oxidized graphite powder may be added to
concentrated H,SO4 (e.g. at about -5 °C to about 5 °C, e.g.. 0 °C). KMnO, may be added
gradually with stirring and cooling, so that the temperature of the mixture was not allowed to
reach about 20 °C. The mixture may be then stirred (e.g. at about 25 °C to about 45 °C, e.g.
about 35 °C for about 1 h to 3 h, e.g. about 2 h), and distilled water was added. The reaction
may be allowed to continue for a predetermined period of time (about 10 minutes to about 30
minutes, e.g. about 15 minutes) before being terminated by adding a large amount of distilled
water and H,O, (e.g. 30%) solution. The mixture may then be filtered and washed with a

suitable dilute acid (e.g. 1: 10 HCI) in order to remove metal ions. The graphite oxide formed
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may be suspended 1n distilled water to give a graphite oxide dispersion. The graphite oxide
dispersion may be further treated to remove metal ions and acids.

[0050] In one embodiment, a composite film may be provided. The composite film may
be formed by a method described herein. |

[0051] In a second aspect, the present invention relates to a composite film. The
composite film may include one or more sheets of reduced graphene oxide (RGO). The
composite film may further include one or more metal oxide nanostructures attached to the
one or more sheets of reduced graphene oxide.

[0052] A film may eilso be referred to as paper. As such, a RGO film may be referred to as
a RGO paper. Similarly, a metal oxide/RGO composite film may be referred to as a metal
oxide/RGO paper.

[0053] Nanostructures refer to structures that have in their greatest diménsion a mean
diameter of 100 nm or smaller, preferably in the range of about 1 to about 50 nm. In one
embodiments, nanostructures include nanoparticles.

[0054] In one embodiment, the nanostructures may be nanoparticles. Nanoparticles are
particulate materials that have in their greatest dimension a mean diameter of 100 nm or
smaller, preferably in the range of about 1 to about 50 nm. Additionally or alternatively, the
nanostructures ‘may include nanorods, nanobelts, nanopillars etc.

[0055] A sheet of graphene oxide may include one <;r a few layers, each layer including
carbon atoms and oxygen containing groups.

[0056] Reduced graphene oxide (RGO) refers to graphene ‘oxide with oxygen-containing
groups partly removed. In other words, each layer of reduced graphene oxide have less
oxygen atoms bonded to the carbon atoms than each layer of graphene oxide.

[0057]  The oxygen-containing groups in RGO may provide anchoring sites for the metal
oxide nanostructures. The incorporation of metal oxides in RGO may exploit the good
electro-chemical double-layer capacitance (EDLC) of RGO and food pseudoéapacitance
behaviour of the metal oxide. The ELDC may be due to accumulation of charges at the on the
electrode/electrolyte double-layers, which is highly dependent on the effective surface area of
the active material. Chemical or structural changes may be negligible during the transfer and
accumulation of charges, making EDLC stable when subjected to high cycle loading.
Pseudocapacitance, on the other hand, may be attributed to the fast and reversible Faradic

redox reactions occuring on the near-surfaces of the active material, giving rise to charge
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generation. Unlike EDLC where the electrical charge storage is statically in the double-
layers and enhanced by ionic migration between the electrodes without any interaction
between the electfode and the ions, a pseudocapacitor does have a chemical reaction at the
electrode. A typical reaction may be a redox reaction where the ion is o* and. during
charging at-one electrode there is a redu‘ction reaction and the other elecfrode an oxidation
reaction. In discharging the reaction is reversed hav'ing' and the ions move in the other
direction across the electrolyte. Besides redox reactions, intercalation and electrosoption may
also contribute.pseudocapacitan(ie.

[0058]  The low conductivity of metal oxide may make the metal oxide unsuitable for high
mass loading and extended cycling. However, by forming the composite film, the RGO
alleviates the low conducitvity issues of the metal oxides, helps to provide a more stable
cycling performance and promotes better reversibility at high loading mass.

[0059] In other words, the composite film combines the high conducivity and EDLC of
RGO and the high pseudocapacitance of the metal oxide.

[0060] The metal oxide nanostructures anchored on the RGO may act as spacers for
preventing aggregation of the RGO sheets but also provide pathways for effective ionic
transport. Additionally, the surface area may be increased for EDLC, leading to high areal
capacitance. Further, the cpmposite film allow the use of organic electrolytes for achieving a
larger working potential window.

(00611 In one embodiment, an electrode may be provided. The electrode may include the
composite film.

[0062] The electrode may be a free-standing electrode. In other words, the electrode may
be free of components such as current collector, binder or other additives. For instance, the
electrode does not require a metal substrate as a current collector. Advantageusly,
manufacturing costs may be reduced.' Additionally, weight of the electrode may also be
reduced.

[0063] In one embodiment, the electrode may have high areal mass. For instance, the
electrode may have an areal mass of more than about 1.5 mg cm’?, e.g. more than about 2.0
mg cm>. A high areal mass may lead to a high areal capacitance for a given specific
capacitance. As highlighted above, a high areal capacitance may allow the electrode to store

more charges per unit area and is crucial for the miniaturaization of energy storage devices.
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[0064] In one embodiment, the electrode is flexible and have high mechanical strength.
The electrode may have a tensile strength of more than 5 MPa, e.g. more than 6 MPa. The
elctrode may have a Young's Modulus of more than 1 GPa, e.g. more than 1.5 GPa, e.g. more
than 1.7 GPa. The electrode may exhibit little deviation in capacitance behaviour when the
electrode is bent compared to when the electrode is unbent or flat. The deviation may be less
than 30% or less than 20% or less than 10% or less than 5% or less than 2%.

[0065] The electrode may have an areal capacitance of more than 150 mF-cm?. The
electrode may have an areal capacitance of more than 150 mF cm™ when a current having a
current density of less than or equal to about 100 mA g, e.g. less than or equal to about 50
mA g is applied. The electrode may have an areal capacitance of more than 300 mF cm™.
The e]ectrode may have an areal capacitance of more than 300 mF cm? when a current
having a current density of less than of.eqﬁal to about SO0 mA g™ is applied.. :
[0066] Inone embodiment, a device including an electrode having the composite film may
be provided. The device may have a further electrode. The further electrode may include a
reduced graphene oxide (RGO) film. The device may be a capacitor device such as an
asymmetric super capacitor device. The electrode having the composte film may be the anode
and the further electrode including the RGO film may be the cathode.

[0067] The device may exhibit negligible degration in performance when in the flat
(unbent) state and in the bent state. The bent device may have a specific capacitance of more
than 80% or more than 90% or more than 95% to a specific capacitance of the flat (unbent)
device. A

[0068] The device may be robust. The device may be configured to retain more than 80%
of its capacitance value after 8,000 cycles of continous charging and discharging. The device
may be able to retain more than 90% of its capacitance value after 3,600 cycles of continuous
chargi'ng and discharging.

[0069] The device may be to achieve a maximum energy density of more than about 30
pW h cm™ €.g. more than 35 uW h cm™. The device may be able to to achieve a maximum
energy density of more than about 30 pW h cm™ e.g. more than 35 pW h cm™ both in the flat
(unbent) state and the bent state. The device may be able to power 8 light emitting diode
(LED) bulbs.

EXPERIMENTAL SECTION
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Manganese Dioxide/Reduced Graphene Oxide (MnO,/RGO)

[0070]  Pre-oxidized graphite oxide was prepared via a modified Hummers method.
Graphite oxide was exfoliated via sonication, centrifuged and washed to obtain graphene
oxide (GO) dispersion (2 g I'"). Metal oxide salt (Mn(NOs3); was added into 7.5ml GO
dispersion and underwent further sonication at fixed time (30 minutes). KMnO; as an
oxidizing agent was added into the GO dispersion while stirring at a fixed temperature of
85°C for 1 hour. The product was then filtered using directional flow directed assembly via a
vacuum filtration method. The filter paper used during vacuum filtration is cellulose with
maximum pore size of 0.025 um. The filtered metal oxide/GO paper was dried and peeled off
manually from the filter paper. No solvent or dissolution of the filter paper was required in
this step. The hybrid paper was defined into appropriate dimensions (3 cm by 1 c¢cm) to
expose as much of the sides of the sample as possible to open air. The hybrid paper was then :
adhered onto a vertical filter paper strip holder (commercial filter paper) using thermal tape.
The vertical filter paper strip holder is twice the width of the hybrid paper and its length is 7
cm. The vertical filter paper strip holder and the hybrid paper were positioned inside a 50ml
Teflon vessel that has been preloaded with 2 ml hydrazine solution. The hybrid paper was
placed at a distance of 3 to 4 cm from the hydrazine solution. The reduction of metal
oxide/GO paper using N,Hy4 vapor via autoclave treatment at fixed temperature of 85 °C was
carried out for 24 hours. The paper was then treated in concentrated acid solution (6 M HNO3)
for 5 hours. The paper is then air dried on a hotplate at 60 °C for 10 hours. . »
[0071] Modified vapor reduction method was introduced during the reduction process, by
exposing the paper electrodes that are positioned on the wall of the Teflon vessel to the
hydrazine vapor. In order to have a more controlled and uniform hydrazine thermal exposure,
the MnO,/graphene oxide (GO) was cut into 3 cm by 1 cm. Also, filter paper is used as a
holder to absorb excess hydrazine vapour and to facilitate the hydrazine vapour to reach the
back of the MnO,/GO film. Further, the MnO,/GO film is positioned vertically on the Vessel.
The MnO,/GO film is placed at a distance of 3 to 4 cm from the hydrazine solution.

[0072]  Cross sectional views of the scanning electron micrograph MnO»/RGO sheets are
shown in FIGS.} 4A and 4B. FIG. 4A shows a cross sectional view of MnO,/RGO sheets at
low magnification. FIG. 4B shows a cross sectional view of MnO,/RGO sheets at high
magnification. Stacking and aggregation problem of the RGO sheets are commonly observed

in literature reported to date. As a result, the unique properties of individual graphene sheets,
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such as high surface area, were compromised or not .available in macroscopic graphene paper
assembly. The method described herein is able to obtain well separated RGO sheets as clearly
observed in FIGS. 4A and 4B. _

[0073]  FIG. 4C shows a top view of an edge of a MnO,/RGO sheet. FIG. 4C shows that
RGO sheets have an open sheet arrangement. These characteristics are particularly useful to
provide more accessible surface area and easy pathways for fast electrolyte ions diffusion,
leading to low charge transfer resistance and high capacitance of the electrode. FIG. 4D is a
top view of MnO,/RGO sheets showing the presence of MnO, nanoparticles. Nanospherical
morphology. of MnO, can be seen sandwiched within RGO sheets indicating successful
attachment of MnO, on the RGO sheets.

[0074]  FIG. 4E shows digital images of free-standing MnO>/RGO paper electrode. The
image on the left in FIG. 4E shows the MnO2/RGO paper being folded and slotted in a test
tube. The top right image in FIG. 4E shows the MnO,/RGO paper being placed in a test tube.
The bottom right image in FIG. 4E shows the MnO,/RGO paper being held by a pair of
tweezers. Macroscopic layered feature of interconnecting RGO sheets acts as mechanical
sﬁpport for MnO2/RGO paper, resulting in the good mechanical properties of this hybrid
paper. FIG. 4E shows remarkable flexibility of large areal mass MnO,/RGO paper electrode
(~3.7 mg cm™ ) upon bending and folding. .

[0075] FIG. 5A shows the Raman spectra of MnO,/RGO paper measured from Raman
confocal microséopy. There are three peaks observed in the Raman spectra of MnO,/RGO
paper within the range of 400 to 2000 cm . The peak at 641 cm’' is due to the Mn-O
stretching vibration in basal plane of MnOg and symmetric stretching vibration of the MnOg
group which indicate the presence of MnO, in our sample. The presence of RGO 1is
confirmed with the existence of G and D band. The G band which is the characteristic of sp®
hybridized C-C bonds in two dimensional hexagonal lattice can be found at 1580 cm™'. This
peak position is consistent with Raman spectra of graphene prepared from micromechanical
- cleavage method, and there is no shift to a higher wavenumber which is typically found for N
doped graphene. This indicates that MnO,/RGO paper is not doped by nitrogen. The D band
that corresponds to the defect and disorder carbon in graphite layers is detected at 1350 cm !
. The high intensity of D peak is commonly observed in chemically reduced GO due to the

presence of residual oxygen functional groups and other defects.
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[0076] FIG. 5B shbws the X-ray photoelectron spectroscopy spectra (XPS) of Mn 2p
signal of MnO,/RGO paper. It includes two peaks which correspond to the spin orbit doublet
of Mn 2ps3;; and Mn 2p, 5, respectively. The Mn 2p;, peak is centered at 653.8 eV, while Mn
2ps/, peak can be deconvoluted into three peaks which indicate the presence of mixed valence
of manganese oxide phases. Deconvoluted peaks of Mn 2ps; at 641.2 and 642.5 eV may be
attributed to the presence of Mn(IlI) and Mn(IV) species in the sample, respectively. The
shakeup saiellite which is centered at 646 eV has been reported to be due to the presence of
Mn(II) oxide phase. The amount of each oxide phase estimated from XPS data is about 29.3,
19.4 and 51.3% for Mn(Il), Mn(III) and Mn(IV) phase, respectively. Thus, MnO, exists as
the major manganese oxide phase in MnO,/RGO paper. : '
[0077]  FIG. 5C shows the X-ray photoelectron spectroscopy spectra (XPS) of O 1s signal
of MﬁOz/RGO paper. The presence of MnOs in the sample was further confirmed with O 1s
signal of XPS spectra which can be deconvoluted into three peaks. The peaks centered at
530.9 and 532.3 eV correspond to O-Mn and O-C bond respectively. In addition, the weak
signal at 534.2 eV indicates the presence of O-H bond. The presence of hydrates' in MnO,
electrode has been reported to enhance the diffusion of electrolyte ions via hopping within
H,0 and OH sites.

[0078]  FIG. 5D shows the X-ray photoelectron spectroscopy spectra (XPS) of C 1s signal
of MnO,/RGO paper. The C 1s peak in FIG. 5D can be deconvoluted into four peaks,
indicating the presence of four types of carbon bonds: C-C/C = C (284.4 eV), C = O (288.1
eV), O = C-0 (290.6 eV). The C 1s peak includes mostly C-C/C = C bonds and the peak
intensities of the oxygen associated groups are rather low. These chafacteristics suggest that
significant amount of deoxygenation process of graphene oxide had taken place during the
reduction, indicating the successful reduction of graphene oxide into reduced graphene oxide.
Besides that, C bound to nitrogen is also observed at 285.6 eV, which can be attributed to the
reduction process by hydrazine as well as HNO; treatment during the final step of the
synthesis process. The presence of the C-N bond has been observed in several works on RGO
that used hydrazine as reducing agent.

[0079] FIG. 5E is a plot of weight retention (%) against temperature (°C) illustrating the
thermogravimetric analysis of MnO,/RGO paper. FIG. SE showé that the amount of MnO; in
the MnO,/RGO paper estimated from thermogravimetric analysis (TGA). The MnO, content
is estimated about 20 %. Mechaﬁical properties of the MnO,/RGO electrode are investigated
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by dynamic mechanical analysis (DMA). FIG. 5F is a plot of stress (MPa) against strain (%)
illustrating dynamic mechanical analysis (DMA) of MnO,/RGO paper. Mechanical properties
of MnO,/RGO paper were investigated by usling dynamic mechanical analysis (DMA). The
measured tensile strength and Young’s modulus extracted from stress strain curve of the
sample is about 8.79 MPa and 2.89 GPa respectively, which is comparable to other free-
standing graphene-based papers reported in the literature. Nevertheless, the estimated 2D
Young’s modulus (E*®) of single layer MnO»/RGO is lower than E?° of epitaxial and free-
standing monolayer graphene. This is due to the presence of defects in the chemically
reduced graphene oxide and local heterogeneities with the incorporation of MnO, in the free-
standing graphene-based paper.

[0080] In addition, MnO2/RGO sheets are also formed by immersing MnO,/GO in
hydrazine solution in a petri disc. FIG. 6 shows a cross sectional view of MnO,/RGO sheets
formed by immersing MnO,/GO in hydrazine solution. The cross sectional view of
MnO,/RGO paper sampie that underwent autoclave reduction shows less aggregation and
stacking of the RGO sheets compared to the sample reduced by immersion in hydrazine
solution. .

[0081]  Asshown in FIG. 4A and FIG. 6, the thigkness of MnO,/RGO paper of the similar
mass reduced in the autoclave (FIG. 4A) is about four times of the MnO,/RGO paper
reduced by immersion inside the hydrazine solution (FIG. 6). This structure formed by
hydrazine vapour reduction is particularly useful and provides easy pathway for the
electrolyte ions diffusion during the charge discharge process, thus lead to the capacitive
improvement of the supercapacitor electrode.

[0082] In order to explore the advantages of high mass, flexible and free-standing
MnO,/RGO pﬁpers as supercapacitor electrode, electrochemical studies of MnO,/RGO paper
are compared to RGO paper that has similar areal mass as MnO,/RGO paper. Three electrode
test configuration was employed to evaluate the electrochemical performance of both
samples. A platinum sheet and Ag/AgCl were used as counter and reference electrodes
. respectively. The free-standing papers were directly connected to the metal clip as the
working electrode for electrical connection without any metallic supports or other type of
current collectors (e.g. metallic substrate, carbon paper, carbon cloth/foam).

(0083]  FIG. 7A shows the cyclic voltammograms (current density (A cm’z) against
poténtial (V)) of MnO»/RGO free-standing paper and RGO free-standing paper (with mass of
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3.6+0.1 mg cm™) from 0 to 0.9 V with Ag/AgCl as the reference electrode in 1 M Na,SO,.
702 indicates the cyclic voltammogram of MnO,/RGO free-standing paper while 704
indicates the cyclic vbltammogram of RGO free;standing paper. Larger area under the cyclic
voltammogram of MnO,/RGO paper as compared to RGO paper indicates the capacitive
improvement of RGO paper due the presence of MnO, pseudocapacitive materials. The
voltammograms of both free-standing papers show rectangular shape indicating the ideal
capacitive behavior due to the electrical double layer charge storage of reduced graphene
oxide. 702 additionally indicates fast, reversible, successive surface redox reactions of MnO,
in MnO,/RGO hybrid paper.

[0084]  FIG. 7B shows the charge discharge curves (potential (V) against time (s)) of both
RGO and MnO,/RGO papers at different applied currents. 706 indicates the charge-discharge
curve of MnO,/RGO paper at 100 mA g'l, 708 indicates the charge-discharge curve of
MnO,/RGO paper at 250 mA g’ 710 indicates the charge-discharge curve of RGO paper at
100 mA g and 712 indicates the chafge-discharge curve of RGO paper at 250 mA g'. The
charge—discharge curves of both RGO and MnO,/RGO papers show negligible IR (internal
resistance) drop which indicates their low equivalent series resistance (ESR). Additionally,:
the curves of both samples are symfnetric and include relatively straight lines. The electrical
conductivities measured using four point probe were found to be 565 + 26 and 532 + 137 S
m™ for RGO and MnO,/RGO, respectively. The presence of about 20 wt% MnO, ‘
- nanoparticles on RGO sheets doe§ not cause conductivity degradation but resulted in the
larger variation of conductivity vaiues across the hybrid paper. The conductivity obtained is
comparable to most other chemical.reduced free-standing graphene papers reported in the
literature (typically 200 — 700 Sm™").

[0085] FIG. 7C shows the areal capacitance (mF cm?) of MnO»/RGO and RGO papers
against applied current densities (mA g'l). 714 shows the variation of areal capacitance for
MnO,/RGO paper while 716 shows the variation of areal capacitance for MnO,/RGO paper.
The areal capacitance of MnO,/RGO paper at 100 ﬁA g is about 802 mF cm™ (specific
capacitance Cqp - 217 F g'). When the applied current increases to 500 mA g™!, the areal
capacitance of the MnO,/RGO paper reduces to 454 mF cm 2. The areal capacitance of
MnO,/RGO paper can be as high as 897 mF cm (specific capacitance Cyp-243F g’') when
the applied current density further reduces to 50 mA g'.
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[0086] The areal capacitance of MnO,/RGO paper is relatively higher as compared to
other flexible MnO,/carbon based hybrid flexible electrodes and other carbon based
electrodes reported up to date. This improvement may be mainly attributed td the well
separated RGO sheets decorated with MnO; nanoparticles that facilitates more accessible
areas for the electrolyte ions as well as wrinkled and curves surface features of MnO,/RGO
paper that provide more accessible surface area between the electrolyte and electrode
material. In addition, this structure also allows an easy and relatively fast penetration of the
- electrolyte 1ons. BécaUse of that, MnO,/RGO paper reported in this work can be fabricated
with higher areal mass than the average mass of the free standing graphene based electrode
reported in the literature without suffering the dramatic drop of the gravimetric or areal
capacitance when the paper electrodes are prepared using high areal mass.
[0087]  On the other hand, the pristine RGO paper shows much lower areal capacitance as
compared to MnO,/RGO paper. The areal capacitance of RGO paper of the similar mass at
50 and 100 mA g is about 234 mF cm™ (specific cépacitance Cyp-67F g"') and 179 mF cm”
? (specific capacitance Cs; - 51F g'"), respectively. The areal capacitance can be as low as 47
mF cm™ when the applied current is increased up to 500 mA g'. Therefore, incorporation of
pseudocapacitive material MnO, is important to improve the capacitive performance of RGO
based paper electrode.
[0088] A prototype asymmetric supercapacitor device has also been fabricated with
MnO»/RGO paper and RGO paper as the positive and negative electrodes. Asymmetric
configuration is chosen as it offers wider operating potential window, thus providing higher
energy density. Electrochemical tests of asymmetric device with electrode size of 3 cm X 1
cm each were performed between 0 and 1.5 V. The device was tested in flat and bent state
with a bending radius of 1.2 cm. FIG. 8A shows the device in its bent state. FIG. 8B shows
the bending radius of the device being measured.
[0089] FIG. 8C shows the cyclic voltammograms (current (A) against potential (V)) of
the super capacitor device with MnO,/RGO paper and RGO paper as the positive and
negative electrodes under normal flat and bending conditions at 10 mV s"'. 802 shows the
voltammogram of the device when the device is in the normal flat state while 804 shows the
voltammogram of the device when the device is in the bent state. It is found that bending
exérts negligible effect on the capacitive behavior of asymmetric device as voltammograms

of the device in both bent and flat states display almost the same quasirectangular shape.
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[0090]  Further cyclic voltammetry tests of the device performed in its bent state under.
different scan rates. FIG. 8D shows the cyclic voltammograms (current (A) against potential
(V)) of the super capacitor device in its bent state under different scan rates. 806 shows the
voltammogram of the device under a scan rate of 2mV s™', 808 shows the voltammogram of
the device under a scan rate of 5 mV s, 810 shows the voltammogram of the device under a
scan rate of 10 mV s, 812 shows the voltammogram of the device under a scan rate of 25
mV s and 814 shows the voltammogram of the device under a scan rate of 50 mV s'. The
bent device exhibits quasirectangular shape at all scan rates, suggesting the good capacitance
characteristic of the device even at its bending state.

[0091] | FIG. 8E shows the charge discharge curves (potential (V) against time (s)) of the
bent device at different applied currents. 816 indicates the charge-discharge curve of the bent
device at 10 mA g, 818 indicates the charge-discharge curve of the bent device at 25 mA g,
820 indicates the charge-discharge curve of the bent device at 50 mA g and 822 indicates
the charge-discharge curve of the bent device at 100 mA g'. Each charge—discharge curve
displays a straight line and symmetric curve within a 1.5 V potential window.

[0092] FIG. 8F shows a graphlof areal capacitance (m F?) of the bent device against
applied current densities (mA g'). The areal capacitance of the bent asymmetric device with
active mass of 15 mg at 100 mA g ' is about 90.5 mF cm > (0.27 F). The areal capacitance
can be as high as 113 mF cm ™ (0.34 F) when the applied current density reduces to 10 mA
g~'. The areal capacitance of the bent device is relatively higher as compared to other
graphene paper electrodes tested in similar testing configuration without bending, indicating
good mechanical robustness of our device and the advantage of incorporating
pseudocapacitive MnO; into graphene paper. ‘

[0093] In addition, electrochemical impedance (EIS) spectroscopy measurement of the
bent device was performed in order to understand the relationship between capacitive
properties and electronic as well as ionic resistance of the device. FIG. 8G shows a Nyquist
plot of the bent device. FIG. 8H shows an enlarged scale of the Nyquist plot in FIG. 8G at
high frequency fange measurement. At high frequency region, the low intercept at Z real axis
(0.46 Q ) is related to the low equivalent series resistance (ESR) of the device. At low
frequency region, impedance characteristic is related to the diffusion of electrolyte ions into

the active materials. For ideal capacitive behavior, the plot in low frequency regibn should be
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parallel to imaginary Z axis forming a 90 ° slope. Experirhental siope is closer to 90 ° which
indicates a predominantly capacitive behavior of the bent asymmetric device.

[0094]  Electrochemical stability of the bent asymmetric device was examined under
continuous charge—discharge test at three different applied currents for 3600 IC};cles. FIG. 8I
shows the cycling stability perforrhance of the bent device at three different applied currents
(250 mA g™, 500 mA. g™', 1000 mA g™). FIG. 8I plots the relative spéciﬁc capacitance (Csp
relative) against thé cycle number. '

[0095]  The first 750 cycles were performed at applied current of 250 mA g™' ( &~ 3.75
mA). There is almost no degradation of the capacitance observed and capacitance remains
unchanged until the end of 750 cycles. The next 1350 cycles were done at 500 mA g (=175
mA). The bent device is able to retain 93% of its capacitance at the end of this cycling test,
indicating a good stability of the bent device. The last stage of the cycling test was done at
much higher applied current (1000 mA g”' & 15 mA) for 1500 cyéles. The bent device is
able to retain 84% of its capacitance. The stability performance of our device is better than
low areal mass freestanding graphene/MnO; paper which showed 26% degradation of Ci,
after 1000 cycling test in flat condition. Furthermore, it is also comparable to carbon
- nanoparticles/MnO, on flexible carbon fabric electrode that was tested in the bent condition
for 1000 cycles.

[0096] FIG. 8J piot.s the areal energy density (uW h cm™) against areal power density
(W cm™) of the bent device under different applied currents. Requirements of two
applications, i.e. storing electrical power generated from thermoelectric and ambient air flow
are also indicated in FIG. 8J. Areal power density as high as 3.8 mW cm™? can be achieved
at applied current of 1000 mA ¢! with energy densityb of 11.5 uW h cm™ . The bent device is

able to possess a maximum of 35.1 ¢ W h cm™

areal energy at lower areal power of 37.5 u W
cm>. These performances are able to meet requirement of certain applications such as storing
electrical power generated from thermoelectric and ambient airflow as indicated in FIG. 8J
or other applications such as powering radio frequency identification tags (RFID) that
typically need power in the range of 1-100 uW.

[0097]  Furthermore, in order to demonstrate the real application of our asymmetric
supercapacitor device, the device was used to power 8 bulbs of light emitting diode (LED)

decorating lights which normally require two AA batteries as power supply. FIG. 8K shows
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an image of 8 LED lights being powered by one asymmetric supercapacitor device. After

charging one unit of asymmetric device, the device could power 8 LED lights for at least 25 s.

‘Vanadium (V) Oxide / Reduced Graphene Oxide (V,05/RGO or VGO)

[0098]  Pre-oxidized graphite oxide was prepared via a modified Hummers method. P,Os
(10 g) and K5S,05 (10 g) were added to concentrated H,SO4 (30 mL) and graphite flakes (20
g) with stirring at 80 °C for 6 h. The mixture was cooled and diluted with DI water before
undergoing vacuum filtration and dried at room temperature. The pre-oxidized graphite oxide
(3 g and KMnO4 (9 g) were added to concentrated H;SO, (69 mL) while keeping the
temperature below 20 °C. The content was heated to 40 °C and stirred for 2 h. DI water (350
mL) and H,0; (7.5 mL) were added into the mixture and aged overnight to allow graphite
oxide to settle. To obtain graphene oxide, 7.5 ml of the graphite oxide was diluted with DI
water (15 mL) and washed via centrifuge with 1:10 HCI solution several times. The content
was then diluted with DI water and subjected to several hours of ultrasonication to e;(foliate
the graphite oxide.

[0099] 90 mg of ammonium metavanadate (NH4;VOs3) was added to GO for further
ultrasonication for 30 minutes. 5 M HNO; was then added to adjust the pH to 2, and allowéd
to stir at 85 °C for 1 hour. The solution was then filtered via vacuum filtration using a 0.025
um pore nitrocellulose membrane filter (Milipore). The film (V,05/GO) was dried and peeled
off from the membrane filter. The electrode size was 1 x 2 cm for 3-electrode tests and 1 x 3
cm for two electrode device test.

[00100] The electrodes were positioned inside the wall of teflon-lined autoclaves filled with
2 mL hydrazine monohydrate (Sigma) by securing them on filter paper strips (Advantec). The
electrodes were reduced after placing the sealed autoclave in an oven at 85 °C for 24 hours.
The V,05/RGO electrodes were then dried and acid treated by soaking in HNOj; solution for
a few hours. The acid treated electrodes were then dried at 60 °C in air for 4 hours.

[00101] The morphology of the V,05/RGO papers, i.e. V,05/RGO papers, was investigated
using field emission scanning electron microscopy (FESEM, JEOL-7600F). Raman
spectroscopy investigations were performed using Witec confocal Raman microscopy with
laser wavelength of 488 nm. X-ray photoelectron spectroscopy (XPS) analysis was carried
out on a Thermo Scientific ESCALAB 250 Xi spectrometer with a monochromatized Al Kot
X-ray source (1486.6 e€V) at a constant dwell time of 50 ms and a pass-energy of 50 eV.
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Mechanical properties were obtained via Dynamic Mechanical Analysis (DMA) using TA
Instruments DMA Q800. Resistivity measurements were done using a 4-point probe
(Advanced Instrument Technology, CMT-SR2000N). To determine the composition of the
V,05 and RGO, Thermogravimetric Analysis (TGA) was done using TA Instruments Q500.
[00102] Electrochemical tests were carried out using Solartron 1470E electrochemical
interface. Three electrode tests were done using Pt and Ag/AgCl (3 M KCI) as the counter
and reference electrode, respectively. The free-standing electrode was used as-synthesized (1
cm x 2 cm) as the working electrode, with half the electrode (2.2+0.1 mg cm?) immersed in
the electrolyte (1 M LiClO4 in Propylene Carbonate). To fabricate a prototype asymmetric
supercapacitor, a two-electrode device which consists of V,0s/RGO as the anode and RGO
as the cathode was setup. Electrolyte used was the same as three-electrode test and the
electrode size was 1 x 3 cm each, with total mass of both working electrode at approximately
20 mg. Commercial filter paper (Advantec) was wetted via soaking in 1 M LiClO4/PC prior
to being utilized as separator in the device. The device was than sandwiched between two Ti
foils and tested. Electrochemical Impedance Spectroscopy (EIS) waé conducted at constant
voltage (5 mVlamplitude) with sweeping frequency from 90 kHz to 4 mHz.

[00103] FIG. 9A shows a top view of a V,0s/RGO sheet. FIG. 9B shows a cross sectional
view of V,0s/RGO sheets. FIG. 9C shows at top view of a V,0s5/RGO ‘sheet at high
magnification showing the presence of V,0s nanoparticles. FIG. 9A reveal a wrinkled and
crumpled surface, which is due to defects from the breaking of sp® bonds in the original
graphite. These wrinkles also increase the accessible surface érea for ion interaction from the
electrolyte. FIG. 9B shows well-defined layers of the RGO sheets, indicating good
exfoliation of the V,0s/RGO sheets. The RGO stack in the V,05/RGO sample gains an
increase in inter-layer spacing which leads to the stack thickness increment, demonstrating
the successful exfoliation via hydrazine vapour in a high pressure environment. FIG. 9C
shows the successful incorporation of V,0s nanoparticles on the RGO sheets. The largest
inter-layer spacing was as high as 230 um, with the average spacing at approximately 30 pm.
Such degree of exfoliation is extremely high compared to other reported works on free-
standing graphene composites that usually suffer from poor exfoliation and close stacking of
adjacent RGO layers. We attribute the excellent RGO layer separation of our work to the
efficient hydration of the GO layers that allows the ease of hydrazine vapour in-diffusion that

leads to highly reduced state of our RGO electrodes.
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[00104] FIG. 10A shows the Raman spectra of V,Os/RGO paper measured from Raman
confocal microscopy. The peaks at 1335 cm™ and 1585 cm™ in FIG. 10A corresponds to the
D band and ‘G band of graphitic carbon, respectively. The D band is characteristic of the
defects énd disorder in the C=C system (sp3 hybridization) due to strong oxidation from the
Hummers method during synthesis of GO. The G band represents the C=C bonds (sp2
hybridization) in the system. sp2 hybridization is changed to sp3 hybridization due to the
employment of the Hummers method while sp2 hybrization is restored due to hydrazine
reduction. The D band intensity to the G band intensity ratio is almost equal. The Raman
spectra thus reveal that the carbon lattice underwent structural changes during the synthesis
of RGO. | |

[00105] Characteristic peaks arising from V,0s can also be seen in the Raman spectra. The
peaks at 285 cm’, 403 cm'l, 472 cm", 525 cm'l, 687 cm™ and 984 cm™ correspond to that
reported for single crystal and polycrystalline V,0s films. Raman shifts at 984 cm™

! are due to the

correspond to the stretching modes of V=0. Peaks at 525 cm™ and 687 cm’”
stretching and bending mode of V;-O (triply coordinated oxygen), respectively. The peak at
285 cm™ and 403 cm™ are assigned to the bending vibrations of V=0, while 472 cm' is due
to the bending vibrations of V-O-V (bridging doubly coordinated oxygen).

[00106] X-ray Photoelectron Spectroscopy (XPS) was employed to further characterize the
V,05/RGO paper. FIG. 10B shows the X-ray photoelectron spectroscopy spectra (XPS) of
V2p3p, signal of V,0s/RGO paper. The broad and asymmetric peak of V2ps, at 517.1 eV
(V2ps1,) can be attributed to V>*in V,0s. Deconvolution of this peak reveals additional peaks
at 516.0 and 517.2 €V, which corresponds to the spin-orbit splitting of V2ps/, in V** and V**
respectively. However, the relative low intensity of the deconvoluted V* (VO,) peaks
suggésts that a majority of the Vanadium are of +5 oxidation state, indicating that most of the
oxides present were V,0s.

[00107] FIG. 10C shows the X-ray photoelectron spectroscopy spectra (XPS) of Ols
signél of V,05/RGO paper. The Ols spectrum centered at 532 eV can be deconvoluted into
three peaks: Ols O-C peak at 531.7 eV and Ols O=C-O peak at 533.2 eV which correspond
to the remaining oxygen functional groups on RGO; and V-O peak at 530.6 eV which is
attributed to the oxygen ions in V,0s. The intensity of the V-O peak is a similar range as the

V2p3 peaks; the peak at 535 eV is attributed to the presence of H,O molecules, indicating the
highly hydrated state of our free-standing electrodes.
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[00108] FIG. 10D shows the X-ray photoelectron spectroscopy spectra (XPS) of Cls signal
of V,05/RGO paper. The Cls peak can be deconvoluted into 5 peaks, each indicating the
different carbon bonds: C=C (284.6 e¢V); C-N-and C-O (285.2 eV); C=N (286 eV); C=0 (287
eV), 0-C=0 (288.2 eV). The presence of the C=N and C-Npeaks are attributed to hydrazine'
reduction and HNOj; acid treatment of the electrode. Furthermbre, the peak intensities of
oxygen associated groups in the Cls peak are rather low, suggesting that a good degree of
reduction has taken place, where most of the okygen functional groups from GO have been
removed. The significantly higher C=C peak intensity also shows the resto’ration of the
disrupted sp2 bonds during oxidation of graphite to GO, which is in agreement to our Raman
studies, further implying the successful reduction of GO to RGO.

[00109] A low sheet resistance of 29.1 Q o' is measured from the free-standing
V205/RGO paper, which indicates that most of the GO has been suécessfully reduced to
RGO with the restoration of the sp2 hybridization leading to improved conductivity.

[00110] Thermogravimetric analysis (TGA) was done to investigate the weight percentage
of V,0s present in our free-standing composite electrodes. FIG. 11A is a plot of weight
retention (%) against temperature (°C) illustrating the thermogravimetric analysis of
V,05/RGO paper and RGO paper. For pristine RGO, the initial step loss of approximately
15% until 200 °C is due to the evaporation of adsorbed water within the RGO layers, which
supports our claim of a highly hydrated RGO sheet. The subsequent gentle and gradual mass
loss can be attributed to the pyrolysis of remaining labile oxygen functional groups which
have not been removed during the hydrazine reduction process. The final step loss at 550 °C
is due to the sublimation of the carbon backbone. This final step loss for V,0s/RGO occurs at
a relatively low temperature and can be attributed to the presence of V,0s, which catalyzes
the RGO combustion. From the TGA curve, the amount of V,0s is calculated to be
approximately 10 wt%. \
[00111] To show the good physical properties and mechanical robustness of our free-
standing electrodes, dynamic mechanical analysis (DMA) was used to analyze the Young’s
Modulus and tensile strength. FIG. 11B is a plot of stress (MPa) against strain (%)
illustrating dynamic mechanical analysis (DMA) of V,0s/RGO paper. Young’s Modulus of
1‘.7 GPa was measured from the elastic region of the stress-strain curve, with tensile strength
reaching up to 6.1 MPa. This is attributed to the ordered layer structure of the RGO that

exhibits high mechanical strength in the in-plane direction, which is a characteristic of
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graphene due to the strong sp2 bonds between the carboh atoms. Compared to the previous
work on MnO,/RGO free-standing electrodes, the tensile strength seems lower but this
V,05/RGO electrode is able to sustain strain up to almost 3% of its original dimensions. This
is possibly due to the highly hydrated nature of V,05 which reduces the brittleness of the
electrode, as can be seen in the lower Young’s modulus and tensile strength. FIG. 11C shows
a photo of a V,0s/RGO paper bent along a round template. FIG. 11D shows a photo of a
V,0s5/RGO paper bent manually by hand. |

[00112] Electrochemical tests using a three electrode setup was used to investigate the
capacitive behavior of our V,05/RGO free-standing electrodes. The free-standing electrode
was cut into a 1 x 2 cm? sheet and directly used as the working electrode without any current
collector or support. Platinum sheet and Ag/AgCl were used as counter and reference
electrodes, respectively. 1 M Lithium Perchlorate in Propylene Carbonate (LiClO4/PC) was
used as the electrolyte.

[00113] FIG. 12A shows the cyclic voltammograms (current density (A cm™) against
potential (V)) of V,0s/RGO free-standing paper and RGO free-standing paper. 1202
indicates the cyclic voltammogram of V,0s/RGO free-standing paper while 1204 indicates
the cyclic voltammogram of RGO free-standing paper from -0.8V to 0.8V. Cyclic
voltammetry (CV) of V,0s/RGO free-standing paper showed a larger area compared to pure
RGO free-standing paper, signifying the role of V,0s in delivering pseudocapacitance. By
choosing an organic electrolyte instead of an aqueous one, we are able to extend the potential
rangeup to 1.6 V. ,

[00114] Galvanostatic charge-discharge tests were conducted at different current densities
to investigate the specific capacitance (Csp) of the free-standing electrodes. FIG. 12B shows
the charge discharge curves (potential (V) against time (s)) 'of both RGO and V,05/RGO
papers at different applied currents. 1206 indicates the charge-discharge curve of V,0s/RGO
paper at 100 mA g, 1208 indicates the charge-discharge curve of V,0s/RGO paper at 250
mA g, 1210 indicates the charge-discharge curve of RGO paper at 100 mA g"'and 1212
indicates the charge-discharge curve of RGO paper at 250 mA g,

[00115] FIG. 12C shows the areal capacitance (mF cm?) of V,05/RGO and RGO papers
against applied current densities (mA g'). 1214 shows the variation of areal capacitance for
V,05/RGO paper while 1216 shows the variation of areal capacitance for RGO paper. Areal

capacitance was calculated based on the area of the electrode which was immersed into the
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electrolyte (active area). In all three-electrode tests, the active area was kept constant at 1 x 1
cm?. _

[00116] The composite V,0s/RGO electrodes achieved specific capacitance (Csp) of up to
129.7 F g’ (areal capacitance - 277.8 mF cm™) at a current density of 0.1 A g’'. This is much
higher in comparison to the specific capacitance (C,p) obtained by pristine RGO of similar
mass at the same current density (39.05 F g, 87.9 mF cm'z). When the current density is
reduced to 0.05 A g, specific capacitance (Csp) increases to 178.5 F g (areal capacitance -
3822 mF cm?). In contrast, the specific capacitance (Cyp) of the pristine RGO is 78.4 F g
(areal capacitance - 176.6 cm'z)

[00117] The loading density was approximately 2.2+0.1 mg cm?, which is higher than
other reported free-standing electrodes. For our calculations, the mass is based on the whole
electrode which was immersed in the electrolyte. In some reports, the mass used for
calculation of specific capacitance (Csp) was underestimated with only the active materials
taken into account (neglecting the substrate or template). Considering the high mass of our
composite electrode, such a performance is outstanding compared to other reports in current
literatures. The excellent exfoliation of our composite electrodes enables easy access of
electrolyte ions onto the surfaces of both RGO and V,0s nanoparticles which are anchored on
the RGO sheets. This creates more accessible surface area for ionic interaction between the
ions and active material, giving rise to enhanced Electrochemical Double-Layer Capacitance
(EDLC) and pseudocapacitance.

[00118] We also employed a two-electrode device testing procedure to investigate the
performance of our electrodes in an asymmetric system. i.e. a device, where V,0s/RGO was
employed as the anode while free-standing RGO was used as the cathode. Both electrodes
were cut into dimensions of 1 x 3 cm each and placed onto Ti foil as contacts. The total mass
of both electrodes used in the fabrication of the device was approximately 20 mg, which is
very high (> 5 times higher) compared to other reported devices. For device testing, the
potential window was further extended up to 2.5 V. The device was tested in the flat state and
the bent state.

[00119] FIG. 13A shows the cyclic voltammograms (current (A) against potential (V)) of
the device under normal flat and bending conditions at 25 mV s'. 1302 shows the
voltammogram of the device when the device is in the normal flat state while 1304 shows the

voltammogram of the device when the device is in the bent state. Through the use of an
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. asymmetric configuration coupled with an organic electrolyte, the potential was able to be
extended to a much higher range as the absence of water eliminates the issue of water
decomposition in the electrolyte, making it possible to achieve higher energy densities. FIG.
13B shows the device been tested in the flat state. FIG. 13C shows the device being tested in
the bent state. T hé device is bent by securing the device onto a 30 mm diameter tube. The
bending angle is 145°. Tests for the device in the flat state are repeated for the device in the
bent state. FIG. 13A shows negligible deviation of the voltammogram of the device in the
bent state from the voltammogram of the device in the flat state. This suggests good stability
and capacitive behavior of the device even at the bent state. This is comparable to what others
have reported about bent device tests, whéreby the CV shapes had little or no deviations from
CV shapes obtained when the device were in the relaxed state

[00120] Further cyclic voltammetry tests of the device performed in its bent state under
different scan rates. FIG. 13D shows the cyclic voltammograms (current (A) against potential
(V)) of the device in its bent state under different scan rates. 1306 shows the voltammogram
of the device under a scan rate of 5 mV s™', 1308 shows the voltammogram of the device
under a scan rate of 10 mV s™, 1310 shows the voltammogram of the device under a scan rate
of 25 mV s and 1312 shows the voltammogram of the device under a scan rate of S0 mV s™".
(00121] FIG. 13E shows the charge-discharge curves (potential (V) against time (s)) of the
bent device as well as the flat device at different applied currents. 1314 indicates the charge-
discharge curve of the flat device at 50 mA g™, 1316 indicates the charge-discharge curve of
the flat device at 100 mA g and 1318 indicates the charge-discharge curve of the bent device
at 50 mA g and 1320 indicates the charge-discharge curve of the bent device at 100 mA g
[00122] = The charge-discharge scans in FIG. 13E reveals a specific capacitance (Csp) of
52.5 mF cm™ (capacitance 157.51 mF) at current density of 0.1 A g for the device.
Considering the high mass. of both V205/RGO and RGO electrodes in the device (20 mg),
such a capacitance value is worth highlighting. Even for carbon nanoparticles-MnO, free-
standing hybrid electrodes with mass of 0.562 mg that have been reported, the total
capacitance measured normalized to MnO; was 92.73 mF. Additionally, graphene-MnO,
electrodes that have been reported were only able to exhibit capacitance 17.92 mF due to its
very low mass of its electrodes. This highlights the importance of having a high loading mass
electrode which does not impedes contact resistance but instead participate actively in the

generation and/or storage or charges. This is further enhanced by the excellent exfoliation of
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the RGO sheets, whiéh allows more accessible surface areas for ionic interactions.
Furthermore, the extended voltage range allows increased capacitance without the issue of
electrolyte decomposifion, achiéving higher energy density.

[00123] FIG. 13E also shows similar charge-discharge curve when the device is in the bent
state and when the device is in the flat state. The bent device was able to achieve specific
capacitance (Csp) of 50.6 mF cm™ at current density of 0.1 A g, which was comparable to
the performance in the flat state (52.5 mF cm™).

[00124] FIG. 13F shows a plot of areal capacitance (mF cm™) against different applied
current densities (A g']) for the device in the flat state and the bent state. 1322 indicates the
plot for the device in the flat state while 1324 indicates the plot for the device in the bent
state. The highest Cy, achieved for the bent device was 108.7 mF cm?at0.01 A g'.

~ [00125] In addition, ‘electrochemical impedance (EIS) spectroscopy measurement of the
bent device was performed in order to understand the relationship between capacitive
properties and electronic as well as ionic resistance of the device. FIG. 13G shows a Nyquist
plot of the bent device. FIG. 13H shows an enlarged scale of the Nyquist plot in FIG. 13G at
high frequency range measurement. At high frequency region, the first intercept of the curved
portion of the plot on the Z real axis provides the low equivalent series resistance (ESR) of
the device. The ESR was determined to be 3.36 Q. The 45 ° slope in the mid frequency region
is typical of Warburg impedance, which is due to the frequency dependence of ion
diffusion/transport in the electrolyte. A short Warburg region is indicative of short ion
diffusion paths, which is evident in our case. In the low frequency region, an almost 90 °
slope is characteristic of capacitive behavior. | |
[60126] To investigate the stability of the device, we subjected it to continuous charge-
discharge tests for up to 8000 cycles. The cycling tests were conducted at a current density of
0.25 A g'. FIG. 131 shows the; cycling stability performance of the bent device at 0.25 A g
FIG. 131 plots the relative specific capacitance (Cs, relative) against the cycle number.
[00127] As seen in FIG. 131, the capacity ;etention does not drop below 85% for the entire
duration of the stabilify test, which is indicative of excellent reversibility and stability of the
device. A possible reason for the gradual incréase in relative specific capacitance (Cy, relative)
in the first 2000 cycles could be due to the activation phase of the active materials. After
reaching equilibrium, the relative specific capacitance (Cs, relative) hovered between the 90-

100% region, which shows the excellent stability of the device. Such cycling stability is
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superior to other reported tests, whereby the number of cycles test devices were subjected to
was less than 5000, or the capacitance retention was less than 90%. |

[00128] FIG. 13J shows the disassembled device after condﬁcting the tests. The free-
standing electrode did not show any sign of breakage or cracks after tests conducted in the
bent state, as well as after 8000 cycles of stability tests.

A[00129]. FIG. 13K plots the areal energy density (WW h cm™) against areal power density
(W cm’®) of the device under flat and bent conditions under different applied currents. In the
flat state, power density as high as 625 W kg’ (4.17 mW cm™) can be achieved at 0.5 A g,
with an energy density of 1.22 W h kg’ (8.1 pW h cm™). The maximum energy density
achievable was 13.3 W h kg (89 pW h cm™), with power density dropping to 12.5 W kg’
(0.083 mW cm™). In the bent state, the device is able to possess a maximum energy density
of 13.6 W h kg (90.9 pW h cm'z). These results show that our device is able to meet the
requirement of commercial applications such as powering radio frequency identification
(RFID) tags which require power in the range of 1 — 100 pW. To demonstrate the ability to
power up commercial devices, we used an unit of the assembled device to light up 8 LED
lights which normally requires 2 AA batteries (3 V) as power supply. FIG. 13L shows the
device being used to light up 8 LED lights.

Calculations

[00130] Specific capacitance of the paper electrode tested in three electrode configuration
is calculated .from its discharge curve. The discharge specific capacitance (gravimetric

capacitance) in F g’ is calculated according to this calculation:
Csp = (I x At)/(m x AV).

[ is the applied current, At is the discharge time, m is the mass of the paper electrode, and

AV is the potential window of the test.

[00131] The areal capacitance of the paper electrode in F cm? is calculated as the
following:
C=(Cyp x m)/A

A is the area of the paper electrode that immersed in the electrolyte (= cm?).
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The electrochemical measurements of an asymmetric device are calculated according to the

following formulas:
c=l/-[AV/At]
C=c/A

Where c is the measured capacitance of the device, I is the applied current during charge

discharge test and AV/At is the slope of the discharge curve after iR drop. C is areal

capacitance of the device in F cm™ and A is the footprint area of the device (=3 cm?).

[00132]
following:
Pacat = (AEX 1)/ A
AE = |Emax - Emin / 2

Earea= (P x At) / 3600

Calculations for the areal power and energy specifications are based on the

Where P a1 1s the areal power in W cm'z, I 1s the applied current in A, AE is the potential

window of the test in V and A is the area of the device in cm2 E areal 18 areal energy in W h

em™ and Atis the discharge time in s.

Comparison

[00133] Values obtained by experiments are compared to the values reported in literature

cited below.
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[00134] By "comprising” it is meant including, but not limited to, whatever follows the
word "comprising". Thus, use of the term "comprising" indicates that the listed elements are
required or mandatory, but that other elements are optional and may or may not be present.
[00135] By "consisting of" is meant including, and limited to, whatever follows the phrase
"consisting of". Thus, the phrase "consisting of" indicates that the listed elements are required
or mandatory, and that no other elements may be present.

[00136] The inventions illustratively described herein may suitably be practiced in the
absence of any element or elements, limitation or limitations, not specifically disclosed

"on

herein. Thus, for example, the terms "comprising”, "including", "containing", etc. shall be
read expansively and without limitation. Additionally, the terms and expressions employed
herein have been used as terms of description and not of limitation, and there is no intention
in the use of such terms and expressions of excluding any equivalents of the features shown
and described or portions thereof, but it is recognized that various modifications are possible
within the scope of the invention claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred embodiments and optional
features, modification and variation of the inventions embodied therein herein disclosed may

be resorted to by those skilled in the art, and that such modifications and variations are

considered to be within the scope of this invention.
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[00137] By "about" in relation to a given numberi_cal‘ value, such as for temperature and
period of time, it is meant to include numerical values within 10% of the specified value.
[00138] The invention has been described broadly and generically herein. Each of the
narrower species and sub-generic groupings falling within the generic disclosure also form
part of the invention. This includes the generic description of the invention with a proviso or
negative limitation removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein.

[00139] Other embodiments are within the following claims and non- limiting examples. In
addition, where features or Vaspe,cts of the invention are described in terms of Markush groups,
those skilled in the art will recognize that the invention is also thereby described in terms of

any individual member or subgroup of members of the Markush group.
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CLAIMS

Claims

- 1. A method of forming a metal oxide/reduced graphene oxide composite film , the method
comprising:
providing a graphene oxide dispersion;
adding a metal oxide to the graphene oxide dispersion to form a metal
oxide/graphene oxide dispersion;
forming a metal oxide/graphene oxide film by filtering the metal oxide/graphene
oxide dispersion using a directional flow directed assembly; and
reducing the metal oxide/graphene oxide film using a reducing agent to form the

metal oxide/reduced graphene oxide composite film.

2. The method according to claim 1, the method further comprising:
modifying the dimensions of the metal oxide/graphéne oxide film before reducing

the metal oxide/graphene oxide film.

3. The method according to claim 2,
wherein the dimensions of the metal oxide/graphene oxide film is modified to below

3 cmin length and below 1 cm in width.

4. The method according to any of claims 1 to 3,
wherein the metal oxide/graphene oxide film is adhered on an absorbent material
suitable for absorbing excess reducing agent during reduction of the metal

oxide/graphene oxide film.

5. The method according to any one of claims 1 to 4,
wherein reduction of the metal oxide/graphene oxide film is carried out in a vessel;
and |

wherein the metal oxide/graphene oxide film is arranged on a wall of the vessel.

6. The method according to claim 5,
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wherein metal oxide/graphene oxide the film is arranged on the wall of the vessel |

such that the length of the metal oxide/graphene oxide film is substantially vertical.

- The method of claim 5 or claim 6, wherein the film is arranged such that all sides of the

metal oxide/graphene oxide film are equally exposed to the reducing agent.

The method according to any of claims 5 to 7,

wherein the vessel is an autoclave.

The method according to claim 8,
wherein the reducing agent is selected from any one of hydrazine, hydrazine hydrate,

urea or a combination thereof.

The method accbrding to any one of claims 1 to 9,
wherein forming the metal oxide/reduced graphene oxide composite film further
comprises treating the metal oxide/reduced graphene oxide composite film with acid

after reducing the metal oxide/graphene oxide composite film.

The method according to claim 10,
wherein forming the metal oxide/reduced graphene oxide composite film further
comprises drying the metal oxide/reduced graphene oxide composite film after

treating the metal oxide/reduced graphene oxide composite film with acid.

The method according to any of claims 1 to 11, |
wherein the metal oxide is added to the graphene oxide dispersion by adding a metal
oxide precursor to the graphene oxide dispersion; and
wherein the metal oxide precursor is reacted in the graphene oxide dispersion to

form the metal oxide.

The method according to claim 12, the method further comprising:

further adding an oxidizing agent to the graphene oxide dispersion; and
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wherein the oxidizing agent oxidizes the metal oxide precursor to form the metal

oxide.

The method according to any of claim 12 or claim 13,
wherein sonication is applied after adding the metal oxide precursor to the graphene

oxide solution.

The method according to any one of claims 1 to 14,
wherein the metal oxide is selected from manganese oxide, vanadium oxide, cobalt
oxide, nickel oxide, molybdenum oxide, ruthenium oxide, palladium oxide, chromium

oxide, titanium oxide, copper oxide, iron oxide and zinc oxide.

The method according to any of claims 1 to 15,

wherein providing the graphene‘oxide dispersion includes exfoliating graphite oxide.

The method according to claim 16,

wherein exfoliating the graphite oxide comprises centrifuging the graphite oxide.

The method according to claim 16 or claim 17,

wherein exfoliating the graphite oxide comprises applying sonication to the graphite

The method according to any of claims 16 to 18, the method comprising:

forming graphite oxide from graphite.
The method according to claim 19,
wherein forming graphite oxide from graphite comprises oxidizing graphite using
concentrated sulphuric acid and pbtassium permanganate.

A composite film formed by the method according to any of claims 1 to 20.

A composite film comprising:

one or more sheets of reduced graphene oxide; and
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one or more metal oxide nanostructures attached to the one or more sheets of

reduced graphene oxide.
An electrode comprising the composite according to claim 21 or claim 22.
The electrode according to claim 23, wherein the electrode is a free-standing electrode.

The electrode according to claim 23 or claim 24, wherein the electrode has an areal

capacitance of more than 150 mF cm™.

The electrode according to ény of claims 23 to 25, wherein the electrode has an areal

capacitance of more than 300 mF cm™.

The electrode according to any of claims 23 to 26, wherein the electrode has an areal

mass of more than 1.5 mg cm?.



