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CONDUCTIVE PAPER AND METHOD OF FORMING THE SAME

Cross-reference to Related Application

[0001] This application claims the benefit of priority of United States patent
application No. 61/892,108, filed 17 October 2013, the content of it being hereby

incorporated by reference in its entirety for all purposes. .

Technical Field

[0002] Various aspects of this disclosure relate to conductive papers and methods of

forming the same.

Background

[0003] Cellulose is one of the most common organic material on earth. Paﬁer‘is a
pr(;duct made of cellulose that is widely used. It has advantages such és low cost,
flexibility and pOro’sity, which allow it to be widely used. Recently, paper has been
uéed for electronics applications, and electronic elements such as transistors have
been fabrige‘lted-on'paper asa substrate. |

Summary

—[0004] In various embodiments, a method of forming a conductive paper may be
provided. The method may include forming a first layer over a membrane, tﬁe first
layer inqluding an electrically conductive nanostructured material. The method may
also include forming a second layer, the sepond layer including cellulose material,
over the first layer so that an intermediate layer inc_:lu}ding the electﬁcally conductive
nanostmctured material and the cellulose mateﬁal is formed between the first layer
and the second layer by interspersion of the electrically conductive nanostructured

material between the cellulose material, thereby forming a stacked structure including
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the first layer, the second layerkand the intermediate layer. The method may further
include sepérating »the stacked structure from the membrane to form the conductive
paper. |

[0005] In various embodiments, a conductive paper may be provided. The conductive
paper may include a first layer iricludihg an électrically conductive nanostructured
material. The conductivé paper may also include a second layer over the first layer, the
second layér including a cellulose material. The conductive paper may fuﬁher include
an intermediate layer between the first layer and the second layer, the intermediate
| layer including the electrically conductive nanostructured material interspersed

between the cellulose material.

Brief description of the drawings

[0006] The invention will be better understood with reference to the detailed
description when cbnsidered in conjunction with the non-limiting examples and the
accompanying drawings, in which:

FIG. 1 is a schematic showing a conductive paper accordiﬁg to various embodiments.
| FIG. 2 is a schematic illustrating a methb_d to form a conductive nanopaper according
to various embodiments. | |
FIG. 3A is a photo of a transparent nanopaper according to various embodiments.
FIG. 3B is a schematic showing a setup to measure a transparency of a substrate .
according to various embodiments.
FIG. 3C is a scanning electron microscopy image of a nanopaper according to various
embodiments. | |
FIG. 3D is a graph of counts against diameter (nm) showing the diameter distribution of
a sarhple of cellulose nanofibrils according to various embodiments. |
FIG. 4A is a flowchart showing amethod of forming a conductive nanopaper according

to various embodiments.
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FIG. 4B is a schematic illustrating the method shown in FIG. 4A according to various
embodiments.

FIG. 5A shows a graph of stress (MPa) against strain (%) of a conductive nanopaper
formed according to various embodiments.

" FIG. 5B shows a field emission scanning electron microscopy (FESEM) image of
cellulose nanofibrils (CNFs) according to various embodiments.

FIG. 6A shows a graph of transmittance (%) against wavelength (nm) of various
samples at about zero mm from an integrating sphere detector (d = 0 mm).

FIG. 6B shows a graph of transmittance (%) against wavelength (mn) of various
_saﬁples at about twenty mm from an integrating sphere detector (d = 20 mm).

FIG. 6C shows a graph of transparency (%) against distance (mm) medsured for light of
wavelength of about 600 nm.

FIG. 7A shows a photo of a nanbpaper according to various embodiments held to the
background. - |

FIG. 7B shows a photo of a nanopaper according to various embodiments held at a
 distance from the background. |

FIG. 7C shows a photo of a nanopaper treated with PDMS according to various
embodiments held to the background. ‘

FIG. 7D shows a photo of a nanop'aper treated with PDMS according to various
embodiments held at a disténce ﬁom the background.

FIG. 8A is a photo showing the resistance measurement (_)f a conductive nanopaper -
formed by a method including depositing electrically conductive nanostructured
material first, followed by depositing the cellufose material on the electrically
conductive nanostructured material according to various embodiments. '

FIG. 8B is a photo showing the resistance measurement of a conductive nanopaper
formed by‘ a method including depositing the cellulose material first, followed by
depositing the electrically conductive nanostructured material on the cellulose

material according to various embodiments.
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FIG. 9A is a schematic illustrating introduction of a plurality of droplets including the
electrically conductive-nanostructured material to the membrane according to various
embodiments. _

FIG. 9B is a schematic further illustrating the selective layering approach according to
various embodiments.

FIG. 10A is a schematic showing a first group of droplets being deposited according
to various embodiments.

FIG. 10B is a schematic showing a seéond group of droplets being deposited
according to various embodiments.

FIG. 10C is a schematic shows a third ~gr6up of droplets being deposited according to
various embodiments.

FIG. 10D is a schematic showing a fourth group of dropleté being depos'ited according
to varibus )embodiments.

FIG. 11 is a box plot of sheet resistance (ohms/square) of multiple point measurements
on a conduétive naﬁopapef formed with the selective layering approach according to
various embodiments. |

FIG. 12A is a schematic showing a membrane being provided according to various
-.embodiments. |
FIG. 12B is a schematic showing a plurality of droplets being deposited on or
introduced to the membrane according to various embodiments.

FIG.12Cis a scherﬁatic showing nanocellulose material being vacuum filtered on the
Ag nanowire droplets according to various embodiments. |

FIG. 12D is a scherﬁatic showing' a stacked structure including the. nanocéllulose
materiél and the silver (Ag) nanowire droplets being dried according to vaﬁous
emb.odiments; _

FIG. 12E is a schematic showing the ‘stacked structure being peeled off from the

membrane according to various embodiments.



WO 2015/057168 ) ) PCT/SG2014/000489

FIG. 12F is-a schematic showing a conductive nanopaper including the silver (Ag)
nanowires and the nanocellulose material according to various embodiments.
FIG. 13A is a photo of an elecfrochromic paper being applied' With a potential
difference of about +0.3 V relative to a silver/silver chloride (Ag/AgCl) reference
electrode according to various embodiments. | '
FIG 13B is a photo of the electrochromic paper (shown in FIG. 13A) being applied
with a potential difference of about -0.7 V relative to the silver/silver chloride
(Ag/AgCl) reference electrode éccording to various embodiments.
FIG. 14A is a ﬁeid emission scanning electron microscbpy (FESEM) image of a
conductive nano.paper acéording to various embodiments.
FIG. 14B is a field emission scanhing electron microscopy (FESEM) image of an
electrochromic paper including tungsten oxide on the conductive nanopaper according
to various embodimeﬁts.
FIG. 14Cis a maghiﬁed field emission scahning electron microscopy (FESEM) image
showing tungsten oxide (_WCg) nanoparticlés anchored to a cellulose nanofibril
- according to various embodiments. | -
FIG. 15A is a schematic showing forming a ﬁfst layer on a membrane according to
various embodiments.
FIG. 15B is a schematic showing forming a second layer over the first léyer according
to various embodiments. | , |
FIG. 15C_ is a schematic showing the stécked structure being separated from the
membrane according to various embodiments. | |
FIG. 15D is a schématic showing electrodes on the stacked structure according th
various embodiments. |
FIG. 16A is a schematic showing a photodetector according to various embodiments.
FIG. 16B is a photo showing the photodetector illustrated in FIG. 16A being held at a
distance from a backgfound. ' ’

FIG. 16C is a photo showing the photodetector shown in FIG. 16B on the background.
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FIG. 16D is a field emission scanning'electrode microscopy image (FESEM) of the
disulphide (MoS;) nanosheets according to various embodiments.

FIG.16Eisa magnified field emission scaﬁning electrode microscopy image (FESEM)
of the disulphide (MoSy) nanbshéets accordihg to various embodiments.

FIG. 16F is a further magnified field emission scanning electrode microscopy image
(F.ESEM) of the disulphide (MoS;) nanosheets according to various embodiments. |
FIG. 17A is a graph of current (ﬁA) as a function of voltage (V) measured under light
condition and under dark condition according to various embodiments.

FIG. 17B is a graph of current (nA) as a function of time (s) according to various
- embodiments.

FIG. ﬁC is.a graph of normalized current (in a1;bitrary units or a.u.) as a function of

time (s) for set and reset operations accdrding to various embodiments.

Detailed description

[0007] The following detailed description refers to the accompanying drawings that
show, by way of illustration; specific details and embodiments in which the invention
may be practiced.

[0008] The word "exemplary" is used herein to mean "serving as an example, insfance,
or illustration”". Any embodiment or design described herein as "exemplary" is not
necessarily to be construed as preferred or advantageous over other embodirr’lentsvor','
designs. | |
{0009] It should be underétood that the terms “on”, “over”, “tbp”, “bottor.n?\’, “down”,
“side”, “back”, “left”, “right”, “front” etc., when used in the following description are
used for convenience and to aid understanding of relative positions or directions, and
not intended to limit the orientation of any device or structure or any part of any
device or structure.

[0010] A first layer over a second léyer may include the first layer on the second layer

or the first layer separated from the second layer by one or more intervening layers.
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[0011] FIG. 1 is ‘a s(éhematic 100 showing a conductive paper according to various
embodiments. The conductive paper may include a first layer 102 including an
electrically conductive nanostructured material. The conductive paper rhay also include
a secoﬁd layer 104 over the first layer 102, the second layer 104 including a cellulose
material. The conductive paper may further include an intermediate layer 106 between
the first layer 102 and the second layer 104, the intermediate layer 106 including the
electrically coﬁductive nanostructured material interspersed between the cellulose
material. |
- [0012] In other words, a paper including cellulose material and electrically condﬁctive
nanostructured material may be provided. The cellulose material may be on the
electrically conductive nanostructured material so that the paper includes a first layer
having the electrically conductive nanosfructured material, a second layer having the
cellulose material as well as an intermediate layer between fhe first layer and the second
layer, the intermediate layér containing electrically conductive nanosiructured material
interspersed or interfused with the cellulose material. Various embodiments may
provide a flexible conducting medium for various applications. Various embodiments
may provide a medium which is transparent or have a high degree of transparency.
Various embodiments may provide a medium with high tensile strength.

[0013] In vérious embodiments, the intermediate iayer may also be referred to as an
interfacial region or an interfuse layer. The intermediate layer may be a very thin
layer. The intermediate layer may have a thickness greater than zero nm. The
intermediate Iayér may be an intermix _layer including. the cellulose material and the
electn'cally. conductive nanostructured material. The first layer may be a separate,
distinct layer from the second layer. If the transferred layer includes densely packed
materials such as graphene or MoS,, the intermediate layer may be typically a very thin
interfused layer.

[0014] In various embodiments, the ce]lulose material may be or fnay include a

plurality of cellulose nanofibrils (CNFs). A nanofibril may be a fine fiber or filament
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with a diameter in the nanometer range. The cellulose nanofibrils may also be referred
to as a nanocellulose material. Each cellulose nanofibril of the plurality of cellulose
--nanofibrils may have a width or diameter of less than about 100 nm, or less than about |
50 nm, or less than about 40 nm, or less than about 30 nm, e.g. of about 20 nm. A
cellulose nanofibril may further have a length in the micrometer rai_lge.

[0015] In contrast, conventional paper may be made of cellulose fibers with diameters
in. the micrometer range, e.g. about 20 um. As the fiber diameter ié larger than the

| wavelength of visible light, there is strong light scattering on the fibers as‘ well a's n
the internal pores. As such, conventional paper may not be transparent.

I[(l)016] The plurality of cellulose nanoﬁbrils may be isolated cellulose nanofibrils. In
other words, the cellulose nanofibrils may not be attached or anchored to a cellulose
fiber backbone. Cellulose ﬁbers are typically made of cellulose fibers backbones (of
about 20 pum) including bundles of nanofibers or nanofibrils. The isolated cellulose
nanofibrils may be standalone nénoﬁb'n'l’s. The nanofibrils may be disintegrated from
cellulose fibers by dphysical liberation method in a refining system. For instance; the
cellulosé fibers with attached nanofibrils may be disintegrated using a high pressure
hbmogenizer and filtered to obtain celiulose nanofibrils.

[0017] The cellulose nanofibrils may be more chemical resistant and fnay not meltin
solvents such as acetone compared to cellulose material such as cellulose ester (a
derivative- of cellulose with the hydroxyl groups replaced by alkoxy groups). The
cellulose ester méy not be in nanoscale and may not have a high degree of
transpérency. | : ‘

[0018] The plﬁrality of cellulose nanofibrils may form an.iﬁterconnected network of
celluiose ext'ending from the s_econd layer 104 to the intermediate layér 106. In other
words, the plurality of cellulose nanofibrils may interlock or contact or bond tb one
another to form the network. Bonding may include hydrogen bonding.

[0019] The electrically conductive nanostructured material may include a plurality of

nanostructures. The maximal dimension of the nanostructures may be between about
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0.5 nm to about 20 nm, or about 0.5 nm to about 15 nm or about 0.5 nm to about 12 nm
or about 0.5 nm to about 5 nm, or about 5 nm to about 12 nm. or about 5 nm to ébout 15
nm. The nanostructures may form an interconnected network extending from the first
layer 102 to the intermediate layer 106. The nanostructures may also interlock or
contact or bond to one another to form the network.

{0020] In various embodiments, as the plurality of cgllulose nanofibrils form an
’inter'connected_ network of cellulose extending from the second layer 104 to the
- intermediate layer 106 and as the nanostructures form an interconnectéd network
extending from the fllrst.layer 102 to the intermediate layer 106 to interperse with the
, cellulo§e .nanoﬁbrils at the intermediate layer 106, an integrated conductive paper may
be formed. The integrated conductive paper may possess high structural strength.
[0021] When the eleptrically conductive nanostructured material is interspefsed
between or interfused with the cellulose material, the surface area of interaction
between the electrically conductive nanostructured material and the cellulose material
- may bé incréased, giving rise to enhanced interaction between the electrically
conductive néx_wstructﬁred material and the cellulose material. The interaction may
include physical interaction such as interlocking, or entanglement (e.g. between
nanowires and cellulose nanofibrils. The interaction may z;dditionally or alternatively
“include strong van der waal attraction between the electrically conductive
‘nanostructured matefi'al and the cellulose material. Additionally or alternatively, the
electrically conductive nan'ostructured material may be attached to  the éellulose'
material directly : tthugh functional groups such as hYdroxyl’ groups on the
n%mocellulose or pféserit on the nanostructured material itself. |

| [0022] The electrically cc_mduc_:tive nanostructured material méy.be or may include
semiconducting nénostructdred material. In other words, the term “electrically
conductive nanostructured. material” as used herein may include also semiconducting
nanostructured material. The semiconducting nanostructured ‘material méy or may not

_ be extrinsicdlly doped with dopants.
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[0023] The percentage composition or proportion of cellulose material ‘may increase
from interfuse layer 106 to the second layer 104. The percentage composition or
proportion of elecfrically conductive material may increase from the interfuse layer
106 to the ﬁfst layer 102. In various embodiments, the first layer 102 may be without or
inay be substantially devoid of the éellulose material. The first layer 102 may include
less than léss than 1 wt 9% of the cellulose material. In various embodiments, the second.
layer 104 may be without or may be Substantially devoid of the electrically conductive
nanostrﬁctured material.; The second layer 104 may inélude less than 1 wt % of the
electrically conductive nanostructured material. In various embodiments, the ratio of
the électrically conductive nanostructured material to the cellulose material in the

’ interfaéial region or intermediate layer may range from 1:9 to 9:1. In various
embodiments, the intexmediéte layer 106 may be substantially thimér than the first
layer 102 and fhe second layer 104. The thickness of the intermediate layer 106 may be
ranging from more than zero to about the diafneter of the electrically conductive -
nanostruéturéd material (e.g. Ag nanowires)» used. When the electrically conductive
material vincludes densely packed graphene or MoS, layer, the intermediate layer may
be an interfused layer of very small thickness:

[0024]A fhe nanostructures may include one or more of .a group consisting of
nanoparticles, ._nanotubes, nanowires, nanb‘sheets. The nanosfructures may be or may
include metallic nanowires or semiconductor nanowires. The nanostructures may be
or may include nanotﬁbes such as carbon nanotubes. The nanostructures may be or
may include nanosheets such as graphene sheets or graphene oxide sheets. The
nanostructures rﬁay include molybdenum disulphide (MoS;) or tungsten disulphide -
(WS,) nanostructures. |

[0025] In various erﬁbodimcnts, the conductive paper may include a light scattering
reduétion material. The first layer 102, the second layer 104 and/ér the intermediate
Jayer 106 may include the light scattering reduction material. The light scatteriﬁg

reduction material may be a polymeric material such as polydimethylsiloxane (PDMS)
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or poly(methyl methacrylate) (PMMA). Other examples of light scattering reduction
materials .may include polymer-silica composites such as PDMS—silica composites or
various resins such as acrylic resin or epoxy resin or fluoropolymer resin etc. The
light scattering reduction material may futher improve transparency of the conductive
nanopaper. In various embodiments, a conductive paper may be formed by a method
described herein. - | .
[0026] In various embodiments, a device such as an electrochromic paper or a
_ photodetector, the device including a conductive nanopaper, may be provided.
[0027] In various embodiments, an electrochromic- paper may be provided. The
electrochromic paper may include a conductive nanopaper. The electrochromic paper
may also include an electrochromic material on the cOndﬁctive nanopaper. The
~ electrochromic material may be or may include tungsten oxide (WOs3). Besides WOs3,
other suitable electrochromic materials may bé or may include other transitional metal
oxides such as nickel oxide (NiO) cobalt oxide (Co3;04) and vanadium oxide (V,0s),
conducting polymers such as functionalized polypyrroles, polythiophenes and
polyanilines as well as molecular dyes such as Ethyl Viologen (EV), Prussian blue,
Pedot etc. |
[0028] The electrochromic material may be or may include -a plurality of
electrochromic nanostructu;es such as WOj3; nanoparticles or NiObnanowires attached
or anchored to the conductive nanopaper. In various embodiments, an electrochromiq
paper may be formed by a method described herein. |
[0029] In various embodiments, a photodetector may be provided. The photodetector
“may 1nclude a conductive nanopaper. The electrlcally conductive nanostructured
material may be a photosen51t1ve conducting (or semlconductmg) material such as
MoS,. The photodetector may ﬁlﬁher include a first electrode in contact with a first side .
or porti'on of the first layer (including the electrically conductive nanostructured

material) and a second electrode in contact with a second side or portion of the first

layer.
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[0030} The conductive paper may include a first layer 102 including an electﬁcally
conductive nanostrlictured material. The conductive paper may also include a second
layer 104 over or under the first layer 102, the second layer 104 including a cellulose
material. The conductive paper may further include an intermediate layer 106 between
the first layer 102 and the second layer 104, the intermediate layer including the
electrically conductive nanostructured material interspersed between the cellulose
material. The first layer 102, the second layer 104 and the intermediate layer 106 may
further include a light scattering reduction material. |

[0031] FIG. 2 is a schematic 200 illustrating a method to form a conductive
nanopaper according to various embodiments. The method m.ay include, in 202,
forming a first layer over a membrane, the first layer including an electrically
conductive n_anostructured material. The method may also include, in 204, forming a
second layer, the second layer including cellulose material, over the first layer so that .
an intermediate layer including the electrically conductive nanostructured material
and the cellulose material is formed between the first layer and the second layer by
interspersion of the electrically conductive nanostructured material between the
cellulose material, thereby forming a stacked structure including the first layer, the
second layer énd the intermediate layer. The method may further include, in 206,
separating the stacked structure from th¢ membrane to form the conductive paper.
[0032] In other words, a conductive nanopaper may be formed by introducing
electrically conductive nanostructured material over a membrane, followed by
introducing cellulose material on the electrically conductive nanostructured material,.
A stacked structure may result. The stacked structure may include a first layer
including the electrically conductive nanostructured material, a second layer including
the cellulose material and an intermediate layer bétween the first layer and the second
layer, the intermediate layer includirig the electrically conductive nanostructured

material interspersed between or interfused with the cellulose material.



WO 2015/057168 - ) - PCT/SG2014/000489

13

[0033] In various alternate embodiments, the method may include forming a second
layer- over the membrane, the second layer including the cellulose material. The
method may also include forming a first layer over the second layer, the first layer
including the electrically conductive nanostructured material so that an intermediate
layer including the electrically’conductive nanostructured material and the cellulose
material is formed between the first layer and the second layer by interspersion of the
electrically conductive nanostructured material between the cellulose material,
thereby forming a stacked structure including the first layer, the second layer and the
intermediate layer. The method may futher include separating the stacked structure
from the membrane to form the conductive paper.

[0034] However, forming the first layer.on the membrane first may have significant
~ advantages over forming the second layer on the membrane first. Forming the second
layer including the cellulose material first may result in a rough surface. This may
result in poor interconnection between the electrically conductive nanostructured
material subsequently introduced on the cellulose rhaterial. Conversely, forming the
first layer including the _electn'cally conductive nanostructured material first may
ensure that the electrically conductive nanostructured material are interconnected to
one another and to the cellulose material. As a result, the conductive nanopaper
fabricated by forming the first layer first, followed by the second layer over the first
layer, may have better conductivity. |
[0035] The membrane may be a‘porous membrane such as a polycarbonate membrane
or a cellulose mémbrane. References to a membrane may include references to any
suitable apparatus which is able to separate out the nanocellulose from a mixture as
well as to seﬁarate out eléctrically conductive nanostructured material from a mixture.
[0036] vFor»ming the first layer may include filtering a mixture including the
electrically conductive nanostructured material through the membrane so that the
electrically conductive nanostructured material is depositéd over or on the membrane.

The mixture may include the electrically conductive nanostructured material
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~ suspended in or mixed with a suitable medium, such as water. When the mixture of
the electrically conductive nanostructdred‘ material and the suitable medium is
introduced to the membrane, the suitable medium may be substantially drained from
the membrane, e.g. through pores on the membrane, leaving the electrically
conductive nanostructured material on the membrane.

[0037] Filtering the mixture including the electn'cally conductive nanostructured
material through the membrane may include introducing a plurality of droplets of the
mixture including' the electrically conductive nanostructured material to or over the
membrane. The plurality of droplets may be introduced to the membrane using a
pipette or a micro-pipette array dispenser. The mixture of electrically conductive
nanostrucfuredmaterial and the suitable medium may be picked up by the pipette or
the micro-pipette array dispenser and may lde intreduced to the membrane droplet by
droplet. ‘ ‘

[0038] Introducing the plurality of droplets to the membrane may include depositing a
first group of the droplets on or over the membrane so that the first group of droplets
forms a first sub-layer of droplets on or over the membrane. Introducing the plurality of
droplets to the membrane may further include depositing a second group of the droplets
on the first sub-layer of droplets so that the second group of droplets forms a second
sub-layer of droplets on the first sub-layer of droplets. The droplets may have a good
adhesiod and r_hay substantially maintain their shapes to form the sub-layers.

[0039] Sﬁbse‘quently, the method may include depositing a third group of the droplets -
on the second sub-layer of droplets so that the third group of dropletsfforr_nl's a third ,
sub-layer of droplets on the second sub-layer of droplets. The method may further
include depoéiting a fourth group of the droplets on the third sub-leyer of droplets so
that the fourth group of droplets forms a fourth sub-layer of droplets on the third
sub-layer of droplets. One or more sub-layers of droplets may be deposited to form the

first layer including the electrically conductive nanostructured material.
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[0040] Forming the second layer may include filtering a mixture including the
cellulose maferial_through the membrane after the first layér is formed so that the
second layer is formed over the first layer. The mixture may include the cellulose
material sﬁspended in or mixed with a suitable medium, such as water. When the
mixture of the cellulose material and the suitable medium is introduced, the suitable
medium may be substantially drained through the electrically conductive
nanostructured material and fhe membrane, leaving the electrically conductive
nanostructured material on the electrically conductive nanostructured material.

[0041] Alternatively, the second layer may first be formed by filtering a mixtufe
including the cellﬁlose material through the membrane so that the cellulose material is
deposited over the membrane. The first layer may be formed by filtering a mixture
including the conductive ﬁanostructured material through the membrane so that the first
layer is formed over the second layer. The plurality of droplets iﬁcludiﬁg the conductive
nanostructured material may be introduced on the cellulose material. The first group of
droplets may be deposited on the cellulose material so that the first group of droplets '
forms a first sub-layer of dropllets on the cellulose material. The second group of
droplets may be deposited so that the second group of droplets forms a second sub-layer
“ . of droplets on the first sub-layer of droplets..

[0042] A stacked structure may be formed by filtering a mixture including conductive
nanostructured material through a membrane and filtering a mixturé including the
cellulose material through the same membrane. The sequence of filtering may
determine whether the second layer is formed over the ﬁrst layer or the first layer is
formed over the second layer. ”

(0043] Forming the first layer and the second layer via filtration may offer significant
advantages 'compared to methods such as coating or printing: In coating or printing, a
dry nanopaper may be. coated or printed with the electrically conductive
nanostructured material. The interconnection and uniformity of the conductive inks

may not be guaranteed. In contrast, during filtering, uniformly deposited conductive
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nanostructure network may be formed first before it can be redistributed onto the
nanopaper polér surface due to van der waal force attraction. Additionally or
alternatively, interpersion may lead to greater mechanical interaction such as
interlocking between the cellulose material and the electrically’ conductive
nanostructured material.

[0044] Filtration may also provide advantages to methods such as blending, doping or
coating in which the entire paper may be blended, doped or coated with electrically
conductive nanostructured material. For such methods, the resul(ing structure formed
may not have distinct separate layers which are interfused at the intermediate layer or
interfacial region. A greater amount of electrically conductive nanostructured material
may be required, leading to waste. Further, the conductive paper formed this way may
ﬁot have good conductivity as the cellulose material may interfere with the movement
of electrons. A continuous conduction path may not be formed or a long winding -
conduction path may be formed bassing through the cellulose matrix. A
non-transparent conductive filler may be required to be incorporated into the cellulose |
matrix for nanopapers formed by methods such as blending, doping or coating. In
contrast, the conductive paper formed by filtration may include a continuous
conductive layer with a direct conduction path, leading to improved conductivity. -
Further, the conductive fillers covering the cellulose may reduce the hydrogen
interaction between cellulose fibers in the matrix, thus decreasing the structural
“strength. For instance, Ppy-Nanocellulose composite may be brittle. In contrast, for
the conductive paper formed 'by filtration, the hydrogen bonding in the second layer
between the cellulose material may not be deteroriated and a continuous conduction
‘forrhed may be formed in the first layer. The resulting conductive nanopaper may
bend and even fold while still retaining the conductivity. | |

[0045] The method may also include disintegrating a cellulose source material to
form the mixture comprising the cellulose material. The cellulose source material may

be or may include natural cellulose. The cellulose material may be orbmay‘ include a
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plurality of cellulosevnanoﬂﬁbrils. The plurality of cellulose nanofibrils may be or may
include isolated cellulose nanoﬁbr_ils.
[0046] Natural cellulose (e.g. wood pulp) may incliide cellulose fibers with cellulose
nanofibrils aggregated i_n micron-bundles . The natural cellulose may be disintegrated
to separate the cellulose nanofibrils from the cellulose bundles. A cellulose nanofibril
m'ay have a width or diameter in the nanometer range while a cellulose fiber may have
a width or diameter in the micrometer range. Mechanical disintegration may be
achieved using a homgenizer (using inline dispersing) and/or microﬂuidizer‘(usirlg
~ high pressure dispersing). Additionally or alternatively, disintegration may be
achieved usmg chemical modiﬁcation
[Ot)47] Each cellulose nanofibril of the plurality of cellulose nanoﬁbriis may have a
width or diarrieter of less than about 100 nm, or less than about 50 nm, or less than
40nm, or less than 30 nm, or of about 20 nm.

[0048] The method may include applying a pressure on the stacked structure before
separating the stacked structure from the rriembra'ne. The pressure may be applied by
~arranging the stacked structure between a first clamping structure and a second -
clamping structure and applying a compressive force to the stacked structure via the‘
first clamping structure and the second clamping structure. In other words, the method
may involve sandwiching the stacked structure between two clamping structures and
pressing the two clamping structures together. The clamping structures may be glass

slides. - | |

[0049] The method may include applying heat to the stacked structure before

separating the stacked structure from the membrane. The heat may be applied when the
. pressure is applied. In various alternate embodiments, the method may not include
applyirig heat to the stacked structure. In general, the temperature may be kept at about
25 °C to about 120 °C. However, the stacked structure m.ay be heated to a temperature
above t}ie boiling temperature of water (i.e. above 100 °C, e.g. 105 °C) for the stacked

structure may be dried at a faster rate. '
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[0050] In various embodim'enté, sepélrating the stacked structure from the membrane
may include peeling the stacked structure from the me.mbrane.. The stacked structure
may be separated or peeled off from the membrane as a whole. As the adhesion of the
electrically conductive nanostructured material to the cellulose material may be
greater compared to the adhesion_ of the electrically conductive nanostructured
material to the rriembrane, the elec'trically.conductive nanostructured material may be -
separated from the membrane togther with the cellulose material as a single integrated
stacked structure. |

[0051] In various. embodiments, the method may include adding a light scattering
| reduction material to the staci(ed structure. The light séattering reduction material may
include polymethysiloxane (PDMS). The light scattering reduction material may be
added to the ﬁrst layer, the second layer apd/or the intermediate layer. Adding the
light scattering reduction material may include applying the light scattering reduction
material to the stacked structure of impregnating the stacked structure with the light
scattering reduction ‘material. Adding the light scattering reduction material to the
. stacked structure may further improve transparency of the conductive nanopapef and
may reduce hazing.

[0052]' In various embodiments, the electn'caily conductive nanostructured material
_ rﬁay include one or more of a group consisting of nanoparticles; nanotubes, nanowires,
nanosheets. The electrically conductive nanostructured material may include
semiconducting nanostructured material.

[0053] In various embodiments, a method to form a conductive nanopaper may
in'clu'de forming a first layer, the first layer including anA electrically coriductivg
nanostructured material. The method may also include forming a second layér, the
second layer including cellulose bmaterial, over or under the first layer so that an
intermediate layer including the electrically conductive nanostructured material and
the cellulose material is formed between the first layer and the‘secvond layer by

interspersion of the électrically conductive nanostructured material between the
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cellulose materjal, thereby forming a stacked structure including the first layer, the
second layer and the intermediate layer, the stacked structure oVer a mefnbrane. The
method may further include separating the stacked structure from the membrane to
form the conductive pai)er. The method may include adding a light scattering reduction
material to the stacked structure.

[0054] A method of forming a device such as an electrochromic paper may be
provided according to various embodiments. The method may include forming a
cond‘ucﬁve nanopaper. The method may include introducing electrochromic material
to the conductive nanopaper. The electrochromic material may be attached or
anchored to the conductive nanopaper. The electrochromAic material may include a
plurality of electrochromic nanostructures anchored to the conductive nanopaper. The
electrochromic material may include tungsten oxide. |
[0055] A method of forming a photodetector may be provided according to various
embodiments. The method may include forming a conductive nanopaper. The method ’
may further include forming a first electrode to contact a first side or portion of the
first layer. The method may further include forming a second electrode to contact a
second side or portion bf tﬁe first layer. The electrically conductive nanostructured

_ material may include a photosensitive conducting or semiconducting material.
[0056] FIG. 3A is a photo 300a of a transparent nanopaper accordiﬁg to various
embodiments. The transparent nanopaper is positioned in front of a background with
wordings and the wordings are clearly visible from the photo, indicating transparency
of the nanopaper. As the average diameter of the cellulose nanofibrils (CNFs) is much
smaller than the Wavelength of visible light with greatly reduced light scattering, a
' nanopaper may be transparent or have a high degree of transparency.

[0057] In various embodiments, the conductive paper may be a conductive nanopaper.
Nanopaper rﬁay be obtained or formed from CNFs. A nanopéper may refer to a paper
including or made of CNFs: In one example, 3 wt% of CNF may be taken for 1.0 g and

mixed with 100 ml DI water to form a suspension. The suspension may be stirred well
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before vacuum filtration. The filtered CNF may form a “cake” on the filter membrane.
The “cake” with the membrane may be arranged or sandwiched between two flat glass
shides in én oven at about 105 °C to dry up. A nanopaper may be obtained based on
~ this refining filtration method. |

[0058] FIG. 3B is a schematic 300b showing a setup to measure a transparency of a
subétrate according to various embodiments. A substrate 302 such as a nanopaper may
be positioned between a light source 304 and an integrating sphere detector 306. The
integrating sphere detector 306 may detect the amount of light from the light source 304
transmitted through the substrate 302.

[0059] FIG. 3C is a scanning electron microséopy ,irhage 300c of a nanopaper
according to various embodiments. As shown in FIG. 3C, the nanopaper may include a
.plurality of isolated CNFs (i.e.not bundled together to form a cellulose fiber) forming
én interconnected network.

\[0060] FIG. 3D is a graph 300d of counts against diameter-(nm) showing the diameter
diétribution of a sample of cellulose nanofibrils (CNFs) according to various
embodiments. As shown in F IG. 3D, CNFs with diameters of about 20 nm may form
the largest proportion of CNFs in a sample of CNFs. The diameters of the CNFs may
range from about 15 nm to about 35 nm.

[0061] FIG. 4A is a flowchart 400a showing a method of forming a condﬁctive
nanopaper according to various embodiments. FIG. 4B is a schematic 400b illustrating
the method shown in FIG. 4A according to various embodiments. The method may be
referred to as a hot transfer method. In 410, a filtration system may be set up. The
ﬁltrati¢n system may include a filtration membrane 406, e.g. a polycarbonate (PC)
filtler membrane. In 420, a suspension or mixture of electrically conductive _
nmostmcﬁred material (e;g. Ag nanowires 402) may be filtered thrbugh the
membrane 406 to form a continuous conductive thin film. In various embodiments,
about 0.5 to about 1.0mg of Ag nanowires may be used. In 430, a suspension or

mixture 408 of cellulose material (e.g. nanocellulose material 404) rhay also be
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filtered through the same membrane 406 for filtering the Ag nanowires 402 so that the
nanocellulose material 404 may be on top of the Ag nanowires 402. In 440, the
stacke& structure including the nanocellulose material 404 and the Ag nanowires 402
‘may be sandwiched between two glass slides 412a, 412b and kept ai about 105 ° C
in an oven to dry. The stacked structure including the nanocellulose material 404 (i.e.
nanopaper) with the continuous thin transparent Ag nanowire thin film 402 may then
be peeled off the @embrane 406 in 450 to fofrn a conductive naﬁopaper. As the
adhesion of the Ag nanowires 402 to the nanopaper is greater than the adhesion of the
Ag nanowires to the membrane, the Ag nanowires 402 méy be transferred to the
nanopaper 404 as a continuous conductive thin film or layer when the nanopaper is
peeled off from the membrane 406. The abundant hydroxyl groups on nanocellulose
materiél 4047 may interact more strongly with the Ag nanowires 402 at an elevated
temperature than the membrane 406 does. The conductive nanopaper may include a
first layer including the Ag nanowires 402', a second layer including the nanocellulose
material 404 and an intermediate layer between the first layer and the second layer,
the intermediate layer including the Ag nanowires 402 interspersed between the
~ nanocellulose material 404.

[0062] The hot transfer method may be performed in the temperature range of about 25
to about 120 °C. For practical and fast operation, the temperature may be set above 100
°C (the boiling tembgrature of water), e.g. about 105 °C |

~ [0063] In one example, an excellent éonductivity with sheet resistance of about 0.77
€2 / sq may be achieved. The'Ag nanowires may be replaced .by other metallic
nanowires, CNTs or graphene, one-dimensional conduéting oxide nanowires, or
two-dimensional layer semiconducting materials such as MoS;, WS, etc:

{0064] The Ag nandwires may be replaced by semicondﬁcting nanostructured material.
In other words, eléctrically conducﬁve n_anostructured material may include
semiconduc-tor nanomaterials such as zinc oxide (ZnO). The semiconducting

nanostructured material may or may not be doped with extrinsic dopants.
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[0065] The electrically conductive nanostructured material may generally include
metallic nanostructures (e.g. nanowires or nanoparticles) or sémiconductor
nanostructures (e.g. nanowires or nanoparticles) or other ser;li-conductive/conductive
nanostructures. The electrically conductive nanostructured material may include for
instance, carbon nanotubes, graphene, reduced graphene oxide, conducting polymers,
metallic nanostructufes, molybdenum disulphide (MoS;) nanostructures and/or
tungsten disulphide (WS;) nanostructures.

[0066] In various embodiments, about 0.5 to abbut 1 g of about 3 to about 10 wt % of
CNF may be used to get a nanopaper with sufficient transparency. The larger thé weight,
the higher the maximum breakdown stress the nanopaper may sustain.

[0067] The diameter of a CNF may be determined by the source of natural cellulose as
. well as the method to séparate cellulose into nanoscale. CNF may be disintegrated from
tree pulps by a physical liberation method. The diameter may be, for instance, in the
range of about 15 nm to about 35 nm. The smaller the diameter of the CNF, the better
the transparency of the nanopaper.

[0068] In other words, nanocellulose material 404 may be made via the disintegration
of natural cellufose fibres into nanoscaled fibres by the physical liberation method. As
highlighted previously, the nanoscale dimension of nanocellulose material 404 may
allow the fabricated hanoﬁaper to be transparent or have a high degree of transparency.
Also,{ due to the reduction in fibril size, the mechanical strength of fabricated
condﬁctive nanopaper may be greatly enhanced.

[0069] In addition, fhe Ag n’ano’wires‘402 (or any conducting nanomaterial) and the
nanocellulose material 404 may be integrated through van der Waals or chemical
bonding. The relocation-of Ag nanowires may be attained via the hot transfer method
to form the conductive nanopaper. Additionally, by. using the hot transfer method, the
continuity of the Ag. nanowires 402 (or any conductiﬁg nanomaterial) may be greatly
improved compared to other methods such as coating or printing processes, Which may -

lead to improvement in conductivity.
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" [0070] The hot transfer method may; allow the electrically conductive nanostructured
material (e.g. Ag nanowires 402) to be interpersed With the cellulose matenal (e.g.
nanocellulose material 404). An intermediate layer or interfacial region between a first
layer including the electrically conductive nanostructured material 402 and a second
layer including the cellulose material 404 may be forrned; the intefrhediate layer or
interfacial region including the electrically conductive nanostructured material 402
interfuséd with the cellulose material 404.-
[0071] Superior mechanical properties arise from the reduced fiber size and thus an
increased densi‘ty and stronger interactionsvbetween fibers. . FIG. 5A shows a graph
500a of stress (MPa) against strain (%) of a conductive nanopaper formed according to
various embodiments. The tensile strength of the conducti\}e_ nanopaper may reach
about 20 GPa as shown in FIG. 5A. | |
[0072] When the suspension or mixture 408 of nanocellulose material 404 is added to
the continuous thin transparent Ag nanowire thin film 402 on the membrane, the Ag
‘nanowires 402 may come between the nanocellulose maferial 404 to form the
intermediate layer or interfacial fegion. The interpersion of the of the electrically
conductive nanostructured material between the cellulose material may provide a
large surface area between the electrically conductive nanostructured material and
the 'celluloée material, thus increasing the intensity of interaction \between thé
electrically conductive nanostructured material and the céllulose material (e.g.
between the hydroxyl groups of the cellulose material and hydroxyl groups bound to
the surface of the electrically conductive nanostrucfurcd material' of van der waal
forces between the cellulose material and the electrically conductive nanostructured
material) when the stacked structure is. dried or heated, leading to an intergrated
nanopaper. The interpersion of the of the electrically conductive nanostructured
material between the celluldse material may also increase the émount of mgchanical
interaction between the electricalfy conductive nanostructured material and the

cellulose material.
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[0073] | The great tensile strength may also arise from the nanopaper with enhanced
density and thus enhanced hydrogen bonding interaction between fibers.
[0074] Compared to methods such as roll coating, spraying, blending or doping, the hot
transfer method may enable full utilization of the electrically conductive
nanostructured material and only a very small amount of electrically conductive
‘nanostructured material may be required to form a continuous transparent conductive
layer (1.e. the first layer) on the conductive paper. Also, as the amount of electrically
conductive nanostructuréd material added may be small, the light scattering effect
caused by the elecﬁically conductive nanostructured matérial may be reduced.
. Additionally, the use of conductive fillers (which may nbt be transparent) may not be
required, thus further improving transparency. |
[0075] FIG. SB shows a field emission scanning electron @icroscopy (FESEM) image
- 5000 df cellulose nanofibrils (CNFs) according to various embodiments. Due to fibrils
size reduction, the light scattering effect may also be reduced substantially, causing the
nanopaper or conductive ﬁanopaper to be more transparent than a regular paper. When
an object is less than one tenth of the light wavelength, it may be free from the
scattering. As can be seen from the FESEM image 500b, the nanofibril may be
micrometers lon.g and may Be about 20 nm in width.
[0076] Transparency may be determined by measuring tfansmittance of light in a setup
such as the setup shown in FIG. 3B. FIG. 6A shows a graph 600a of transmittance (%)
against wavelength_ (nm) of various samples positioned at about zero mm from an
integrating sphere detector (d = 0 mm). 602 indicates the results for a nanopapér'
including CNF s, 604 indicates the results of a conductive nanopaper including ACNFs
and Ag nanowires, 606 indicates the results of a PDMS treated nanopaper, anvd‘ 608
indicates the results of a glass slide (used as a reference). FIG. 6B shows a graph 600b
of transmittance (%) ;igainst wavelength (nm) of various samples positioned at about
- twenty mm from an integrating sphere detector (d = 20 mm). 612 indicates the results

for a nanopaper including CNFs, 614 indicates the results of a conductive nanopaper
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including CNFs and Ag nanowires, 616 indicates the results of a PDMS treated
nanopaper (without Ag nanowires), and 618 indicates the results of a glass slide (used
as a reference). The light used may be in the ultravibolet — visible (uv — vis) range. FIG.
6C shows a graph 600c of transparency (%) against distance (mm) measured for light of
wavelength of about 600 nm. ‘
[0077] FIG. 7A shows a photo 700a of a nanopaper a;:cording to various embodiments
held to the background. FIG. 7B shows a photo 700b of a nanopaper according to
various embodiments held at a distance from the background. FIG. 7C shows a photo
700c of a nanopaper (without Ag nanbwireS) treated with PDMS according to various
embodiments held to the background. FIG. 7D shows a photo 700d of a nanopaper
treated wiith PDMS according to various embodiments held at a distance from the
background. )
[0078] As shown in FIG. 6A, ;he vacuum filtered nanopaper may exhibit a
transparency of around 90 % in the visible range (at zero distance from an integrating
* sphere -detector). The transmittance is impressive with the transparency almost the
same as the glass slide. However, the conductivé nanopaper may exhibit a hazing effect.
The transparency may‘decrease with the increase of distance from the object. The light
from the light source rhay be scattered to wide angles causing the source light intensity
to decrease. This behaviour may be evident from FIGS. 6B, 6C énd FIG. 7B, 7D.
[0079] In various embodiments, the conductive nanopaper or nanopaper méy include a
light scatteﬁﬁg reduction material to further improve transparency and/ér red_ucéhazing.
The light scattering reduction material may be a polymeric material such as
polydimethylsiloxane (PDMS). PDMS resin impregnation may cause the surface of the
nanopaper or conductive nanopaper to be flattened. Consequently, light scattering may
be reduced, which leads to a higher transparency. The transmittance loss wfth ‘distance
for PDMS treated hanopaper may'be slower than pristine nanopaper as shown in FIG.
6C, indicating redﬁced hazing effect. Impregnation of other resin or polymer matrix

with reduced refractive index may also be employed.
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-[0080] In various embodiments, the conductive nanopaper may have about 5% to

.ébout 100% transmission, €.g. about 2(‘)%>to abdut 70% transmission, €.g. about 40%
" to about 60% transmission in the viéible and/or ultraviolet range. For instance, a
conductive vnanopaper‘ of about 50% transmission in the visible range with Ag
nanowires. Transparency of the conductive nanopaper may further be improved by
addition of one or more light scattering reduction material as described herein or by
'.adjus‘ting the amount of electrically conductive nanostructured material used.
' [0081] As mentioned previously, another good advantage of the hot transfer method is .
that the electfica_lly conductive nanostructured material on the membrane may be
transferred or relocated to nanopaper in a continuous intact way. As a result, the surface
of nanopaper may bq conductive with a very low sheet resistance. Various
embodiments may include filtering a mixture including the electrically conductive
~ nanostructured materi‘al through a membrane so that the electrically conductive
- nanostructured matérial is deposited on the membrane (to form the first layer) )amd
filtering a mixture including the cellulose material through the membrane (to form the
- second layer) after tﬁe first layer is deposited so that the second layer is formed over |
the first layer. An iﬁtermediate layer including the cellulose material and the
electrically conductive nanostructured material may also be formed between the first
layer and the second layer. Various alternate embodiments ‘may include ﬁitering a
‘mixture inclﬁding the cellulose material through the membrane so that the cellulose
ﬁlateﬁal is deposited on the membrane (to form the second layer) and filtering a
mixture including the eleétn'cally conductive nanostructured matérial (to form the first
_léyer) after the second layer is deposited so that the first layer is formed over thé
‘second layer. However, if the filtering of electrically conductive nanostructured
material such as Ag nénowires 1s perforrﬁed onto a rough nanbpaper surface after the
nanopaper is made, it may not be as conductive. Suffacé-foughness may play a critical
role in ensuring good conductivity. If the second layer including the célh;lose material

is formed first, the rough surface of the second layer may result in poor interconnection
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between the electrically conductive nanostructured material (e.g. Ag nanowires)
subsequently deposited on the cellulose material. On the other hand, forming the first
léyer including the electrically conductive nanostructured material first (followed by
forming the second layer including cellulose material) may ensure that the electrically
conductive nanostructured material (e.g. Ag nanowires) are interconnected to one
another first. Forming the first layer, followed by the second layer over the first layer
may lessen the dependence and sensitivity of electrical conductivity on surface
roughness.

[0082] FIG. 8A is a photo 800a showing the resistance measurement of a conductive
~ nanopaper . fdrmed by a method including depositing electrically conductive
nanostructured material first, followed by depositing the cellulose material on the
electrically conductive nanostructured material according to various embodiments.
FIG. 8B is a photo 800b showing showing the resistance measurement of a conductive
nanopaper formed by a method including depositing the cellulose material first,
follov?ed by depositing the electrically conductive nanostructured material on the
cellulose material according to various embodiments. The reading of fhe conductive
paper in FIG. 8A shows 3.9 ohms while the reading of the conductive paper in FIG.
8B shows 71.9 kohms. This shows that depositing electrically conductive :
nanostructured material first, followed by depositing the cellulose material on the
| electrically conductive nanostructured material may result in improved conductivity.
[0083] A selective layering approach may be used to improve conductivity of the
flexible, conductive nanopaper. The ﬁltering of the mixture including they electrically
conductive nanostructured material through the‘ membrane may be carried out by
introducing the electrically conductive nanostructured material to the membrane in a
plurality of droplets of the mixture inclﬁding» the electrically conductive
nanostructured mateﬁal. FIG. 9A is a schematic 900a illustrating introduction of a _
plurality of droplets 902 including the electrically conductive nanostructured material

to the membrane 906 according to various embodimients. The plurality of droplets 902
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: may,be_ﬂi_ntfoduced to the membrane 906 using a pipette or a precision manifold
micro-pipette array dispenser. 100 pL of 0.25 mg/mL of multiple droplets of AgNW
droplet may be introduced to the membrane 906 and subsequently transferred to the
nanoeellulose material. |

[0084] FIG. 9B is a schematic 9005 further illustrating the selective layering approach
. according to various embodiments. Any number of droplets may be introduced to the
membrane. In 910, 9 droplets 902 may be introduced to the membrane. In 920, 13
droplets 902 may be introduced. 9 droplets 902 may be deposited on the membrane
906, followed by another 4 droplets 902. In 930, 19 droplets may be introduced. 9
droplets 902 may be deposited on the membrane 906, followed by another 4 droplets-
902, followed by another 6 droplets. In 940, 28 droplets may be introduced. 9 droplets
902 may be déposited on the membrane 906, followed by another 4 droplets 902,
- followed by another 6 droplets, followed by 9 droplets.

[0085] FIGS 10A — 10D illustrate the sequential deposition of droplets according to
various embodlments. FIG. 10A is a schematic 1000a showing a first group of '
droplets 1002a being deposited according to various embodiments. The membrane is
not shown in FIGS. 10A — 10D. The method may include depositing a first group of
.the droplets 1002a on the membrane so that the first group of droplets 1002a forms a
first sub-layer of droplets 1002a on the membrane. FIG. 10B is a schematic 1000b
showing a second gloup of droplets 1002b being deposited according to various
embodirnents. The method may further include depositing a second group of the
droplels 1002b on the first sub-layer of droplets 1002a so that the second group of
' droplets 1002b forms a second sub-layer of droplets 1002b on the first sub-layer of
droplets 1002a. FIG. 10Cis a schematlc 1000c shows a third group of droplets 1002¢
being deposited according to various embodiments. The method may further include
depositing a third gfoup of the droplets 1002c on the second sub-layer of ‘droplets
1002b so that the third group of droplets 1002¢ forms a third sub-layer of droplets
1002¢ on lhe second sub-layer of droplets 1002b. The second sub-layer 1002b is
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hidden frﬁm view in FIG. 10C. FIG. 10D is a schematic 1000d showing a fourth
group of droplets 1002d being -‘de_posited according to various embodiments. The
method may further include depositing a fourth group of the droplets 1002d on the
third sub-layer df droplets 1002¢ so that the fourth group of droplets 1002d forms a
fourth sub-layer of droplets 1002d on the third sub-layer of droplets 1002c.

[0086] The plurality of droplets may be viewed as 4 different sub-layers 1002a,
1002b, 1002c, IOOZd which may be deposited consecutively. In one instance, the first
sub-layer 1002a may spread 9 droplets of Ag nanowires across a 40mm -diameter
circular membfane, follow by second sub-layer 1002b and third subFIayer 1002¢ for
conneéting the droplets in the first sub-layer 1002a. Lastly, the 4th sub-layer 1002d
may reinforce the first sub-layer of droplets 1002a for enhancement of conductivity.
'[0087] FIG. 11 is a box plot 1100 of sheet resistance (ohms/squére) of multiple point
measurements on a conducfiv.e nanopaper formed with the selective layering approach
according to various embodiments. The conductive nanopaper may include 28 droplets'
of Ag nanowires on nanocellulose material. The box in FIG. 11 indicates the sheet
resigtance of each of the droplets. FIG. 11 shows the controllability of sheet resistance
with varying amount of nanowires. The average sheet resistance is about 3.59

‘ohms/square with the data ranging from about 3.3 to about 3.8 ohms/square.-

- :[0088] To achieve an average sheet resistance of 3.59 ohms/squarwe, 28 droplets of -

100puL. AgNW with 0.25mg/mL concentration may be vacuum filtrated. The volume
of droplets: may be controlled by micropipétfes. Specific amount of metallic Ag
nanowires may be transferred using a précision manifold micropipette array dispenser
to ratioﬁally tailor the_spatial distribution of nanowires. The low amount of nanowires
used in the selective layering approach may help reduce costs. The transmittance of
a conductive paper including Ag nanowires/nanocellulose (28 droplets configuration)
may be abbut 78.99T% at 600 nm wavelength. | 4

[0089] FIGS. 12A - F illustrate a method to form a conductive nanopaper using the

selective layering approach according to various embodiments. FIG. 12A is a
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schematic 1200a showing a membrane 1206 being provided according to Qarious

embodiments. The membrane 1206 may be a polycarbonate filter membrane. FIG. 12B

1s a schematic 1200b showing a plurality of droplets 1202 being deposited on or

introduced to the membrane 1206 according to various embodiments. The plurality of
droplets 1202 may include Ag nanowires. The Ag nanowires may. be suspended in

water or any other suitable medium.. One or more sub-layers of droplets may be

deposited on dr introduced to the membrane 1206 in the selective layering approach.

FIG. 12C is a schematic 1200c showing nanocellulose material 1204 being vaéuum

filtered on the Ag nanowire droplets 1202 according to various embodiments. FIG. 12D

isa échematic 1200d showing a stacked structure including the nanocellulose material

1204 and the Ag nanowire droplets 1202 being dried according to various embodiments.
The stacked structure may be pressed between two glass slides 1212a, 1212b and

heated to dry-the stacked structure. FIG. 12E is a schematic 1200e showing the stacked

structure being peeled off from the membrane 1206 according to various embodiments.

As the adhesion of the Ag nanowire droplets 1202 to the nanocellulose material 1204 is

greater than the adhesion of the droplets 1202 to the membrane 1206, the Ag nanowire
1202 may be separated from the membrane 1206 together with the nanocellulose

material 1204. FIG. 12F is a schematic 1200f showing a conductive nanopaper

including the Ag nanowires 1202 and the nanocellulose material 1204 according to

various embodiments. The conductive nanopaper may include a first layer iﬁcluding

the Ag nanqwires 1202, a second layer"ovér the first layer including the nanocellulose

material 1204 and an intermediate layer or interfacial region between the first and

second layer, the intermediate layef or interfacial region including Ag nanowires '1202

interspersed-with nanocellulose material 1204.

[0090] Various embodiments may provide a refining filtration method to fabricate a

flexible, foldable and tranéparent conductive nanopaper. The nanbpapér may have a

high mechanical strength, e.g. about 20 GPa (Young’s Modulus), with good

transparency. The method may include a hot transfer method for relocating
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electrically conductive nanostructured materials from a polycarbonate membrane to
nanopaper for fabricating transparent, conductive nanopapers with an excellent
conducfivity of sheet resistance of only 0.77 Q / sq. Various embodiments may
involve a simple and efficient transfer method, which may lead to a lot of possibilities
in fabricating novel devices.

[0091] Devices may be formed using the transparent conductive nanopaper.
Preliminary results demonstrate the feasibility of nanopaber incorporated dévices.
Electrochromic nanopaper may be formed using the transparent conductive nanopaper.
Electrochromism may refer to the phenomenon of reversibly changing color when a
charge is applied. An electrochromic material may be able to reversibly change its
colour when it is placed in a different »eléctronic state. By absorbing an electron (the
electrochromic material is reduced) or by ejecting one (the electrochromié material is
oxidised), the material may be able to change its colour. Various types of materials and
structures may be used to construct electrochromic device. Electrochrorﬁiém may occur
due to the electrochemical redox reactions that take place in electrochromic materials. |
[0092] An elecfrochromic ‘nanopaper may be made by first making a conducﬁve
transparent paper. An electrochromic material such as tungsten oxide (WOQO3) may bé
deposited on the conductive nanopapér. The WO3 may bé electrochemically deposited
for a predetermined duration of time (e. g. about 100s) onto the conductiv;: nanopaper
from peroxotungstié acid (PTA) in a three electrode environment.

[0093] FIGS. 13A and 13B show the operation of an electrochromic paper according to
various embodimeﬁts. FIG. 13A is a photo 1300a of an electrochromic paper being
_- éﬁplied with a potential difference of about +0.3‘ V relative to a Ag/AgCl reference
electrode according to vgﬁoUs embodiments. FIG. 13B is a photo 1300b of the
electrochromic paper (shown in FIG. 13A) being applied with a potential difference of
about -0.7. V relative to the Ag/AgCl reference electrode according to various
embodiments. WO; exhibits a metallic yellowish colour at about +0.3 V and a dark

blue colour at about -0.7V. As shown in FIGS. 13A, 13B, the active electrochromic
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material (i.e. WO3) biased at different potential differences (such as about + 0.3 V and
about -0.7V) relative to a reference electrode (such as Ag/AgCl reference electrode in
LiClOqy, propylene carbonate electrolyte) may exhibit an obvious change in colour,
Ihaking the electrochromic paper practical for real applications.

[0094] As the conductive nanopaper surface covered with hydrbphilic OH functional
groupsl bound to the CNFs, the nanofibrils may serve as a reservoir for PTA storage
~ and/or an easy anchoring‘ surface for deposited WO;. This may lead to full coverage of
WO; nanoparticles over the conductive nanopaper su;face in a short time.

[0095] FIG. 14A is a ﬁeid emission scanning electron microscopy (FESEM) image
1400a of a conductive nanopaper according to various embodxments FIG. 14B i1s a
field emission scannmg electron mlcroscopy (FESEM) image 1400b of an
electrochromic paper including tungsten oxide on the conductive nanopaper according
to various embodiments. FIG. 14C is a magnified field emission scanning electron
microscopy (FESEM) image 1400c showing tungsten oxide (WO;) nanoparticles
anchored to a cellulose nanofibril according to various embodiments. The enhanced
electrochemical performance of conductive nanopaper may lead to an electrochromic
ﬁaper_ more densely covered with WO;, which may contribute to the high color contrast.
Besides WO;, other suitable electrochromic materials may include other transitional
metal oxides such as nickel oxide (NiO) and cobalt oxid¢ (Co0), conducting polymers
such as functionalized polypyrroles, polythiophenes and polyanilines as well as
‘molecular dyes such as Ethyl Viologen (EV).

[0096] The transfer method may be used in othér device applications like
phc;todetectors and transistors. This advanced blatform technology of producing
conductive nanopapers may be scalable and compétitive‘ from a market and
manufacturing prospective. ‘ »

[0097] FIGS. 15A-D illustrate a rﬁethod of forming. a photodetector according to
various embodiments. FIG. 15A is a schematic 15002 showing forming a first layer

1502 on a membrane 1506 according to various embodiments. The first layer 1502 may
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include an electrically conductive nanostructured material such as molybdenum
disulphide (MoS,) nanostructures, e.g. MoS; nanosheets. Before forming the first layer
1502, a suitable masking material such as PDMS may be deposited .on the membrane
1506 and patterned to form a masking layer 1514. Patterning may involve a
* lithographic method such as photolithography. The electrically cbnductive
nanostfuctured material may then be deposited, e.g. using filtration, on the membrane
to form the first layer 1502,

[0098] FIG. 15B is a schematic 1500b showing forming a second layer 1504 over the
first layer 1502 according to various embodiments. The second layér 1504 may include
a cellulbse material such as a nanocellulose material. The masking layer 1514 may be
removed prior to forming the second layer 1504. The cellulose material may be
deposited on the electrically conductive nanostructured material using a suitable
method such as filtration. An intermediate layer (not shown) including the electrically
conductive nanostructured material and the cellulose material may be formed between
the first layer 1502 and a portion of the second 'laygr 1504 by interspersion of the
electrically conductive nanostructured material between the cellulose material. |
[0099] FIG. 15C is a schematic 1500c showing the stacked structure being separated
from thé membrane 1506 according to various embodiments. The stacked structure
‘may be peeled off from the membrane 1506. The stacked structure may be reoriented so
that the first layer 1502 may be over the second layer 1504. FIG. 15D is a schematic
ISbOd showing electeres 1518a, 1518b on the stacked structure according to various
embodiments. A first electrode 1518a may be formed on a first end region of the
stacked structure and electrically contacting the first layer 1502. A second electrode
1518b may be formed on a second end region of the stacked structure and electrically
cohtacﬁng the first layer 1502. The first electréde 1518a may be separated or isolated
from the second electrode 15 1.8b. On other words, there may be a gap between the first

electrode 1518a and the second electrode 1518b, the gap exposing the first layer 1502. |
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The electrodes 1518a, 1518b may include a suitable conductive material such as
platinum. |

[00100] FIG. 16A is a schematic 1600a showing a photodetector according to
various embodiments. The photodetector may include a conductive nanopaper. The
conductive nanopaper may include a second layer 1604 including cellulose material.
The conductive nanopaper rﬁay further include a first layer 1602 over a portion of the
second layer 1604. The first layer 1602 may include én electrically conductive
nanostructﬁred material such as MoS; nanosheets. The conductive nénopaper may
further include an intermediate layer (not shown) between the first layer 1602 and the
second layer 1604. The intermediate layer may include the electrically coﬁductive
nanostructured material interspersed between the cellulose material. The photodetector
may further i.nclude a first electrode 1618a on the second layer 1604 contacting a first
side or portion of the first layer 1602 and a second electrode 1618b on the second layer
1604 contacting a second side or portion of the first layer 1602. The photodetector may
be a transparent photodetector. FIG. 16B is a photo 1600b showing the photodetector
illustrated in FIG. 16A being held at a distance ﬁom a background. There is some
amount of hazing when the photodetector is held at a distance as shown in FIG. 16B
and the words in the background are not clearly visible. FIG. 16C is a photo 1600c
showing the photodetector shown in FIG. 16B on the background. In other words, thgre
is zero distance between the photodetector and the background. When the
" photodetector is on the background, the wordings are clearly visible. |
[00101] FIG. 16D is a field emission scanning electrode microscopy image (FESEM)
1600d of the diéulphide (MoS;) nanosheets according to various embodiments. FIG.
16E is a magﬁiﬁed field emission scanning electrode microscopy image.(FESEM)
1600e of the disuiphide (MoS,) nanqsheets according to various embodiments. FIG.
16F is a further magnified field emission scanning electrode microscopy image
(FESEM) 1600f of the disulphide (MoSz)- nanosheets according to various

embodiments.
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[00102] The photodetector has also been.demorlxstrated to work. FIGS. 17A - C
illustrate the performance of the photodetector according to various embodiments. FIG.
17A 1s a graph 1700a of current (nA) as a function of voltage (V) measured under light
cOnditioﬂ and-under dark condition according to various embodiments. 1702 shows the
data under light condition while 1704 shows the data under dark condition. The
ﬁhotodetector exhibits a higher current under light condition compared to under dark
condition. FIG. 17B is a graph 1700b of current (nA) as a function of time (s) according.
to various embodiments. The current may measured while the photodetector is turned
‘_‘on” (under light condition) and “off” (ﬁnder dark’condition)}. The current flowing
thrbugh the detector when the photodetector is turned “0;1” may be about 5.65 nA and
the éurrent flowing through the detector when the photodetector is turned “off” may be
about 5.4 nA. FIG. 17C is a graph 1700c of ﬁormalized current (in arbitrary units or a.u.)
as a function of time (s) for set and reset operations according to various embodiments.
Lines 1706 and 1708 are fitted to data measured. 1706 shows the normalized current
~ measured during a reset operation while 1708 shows the normalized current measured
during a set operation. |
[00103] Methods described,heréin may further contain analogous features of any
structure or conductive paper described herein. Correspondingly, structures or
conduétive papers described herein may further contain analogous features of any
methods described herein.

[00104] While the invention has been particulaﬂy shown and described with
réference to specific embodiments, it should be understood by those skilled in the aﬁ
that various changes in form and detail may be made therein without departing from the
spirit and scobe of the invention as defined by the appended claims. The scope of the
invention is thus indicated by the appended claims and all changes which come within
the meaning and range of equivalency of the claims are thérefore intended to Be

embraced.
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CLAIMS

1. Amethod of forming a conductive paper, the method including:
forming a first layef over a membrane, the first layer comprising an
electrically conductive nanostructured material;
forming a second layer, the second layer comprising cellulose material, over
the first layer so that an intermediate layer comprising the electrically
conductive nanostructured material and the cellulose material is formed
between the first layer and the second layer by interspersion of the
electrically conductive nanostruct(ned material between the cellulose
material, thereby forming a stacked structure comprising the first layer, the
second layer and the intermediate layer; and |

separating the stacked structure from the membrane to form the conductive

paper.

2. The method according to claim 1,
wherein forming the first layer comprises filtering a mixture comprising the
electrically conductive nahostructured material through the membrane so that
the electrically conductive nanoétructured material is deposited on the

membrane.

3. The method according to claim 2, -
Whéreih filtering the mixture comprising the electrically conductive
nanostructured material through the membrane cor_npﬁses introducing a
plurality of vdroplets of the mixture comprising the electrically conductive

nanostructured material to the membrane.
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4. The method according to claim 3,
wherein introducing the plurality of droplets to the membrane comprises:
depositing a first group of the droplets on the membrane so that the first
group of dropléts forms a ﬁrst sub;layer of droplets on the membrane; and
depositing a second group of the droplefs on the first sub-l.ayeriof droplets so
that the second group of drdplets forms a second sub-layer of droplets on the .

first sub-layer of droplets.

5. The method according to claim 3 or claim 4,
. wherein the plurality of droplets is introduced to the membrane using a

pipette or a micro-pipette array diépenser_.

6. The method according to any of claims 2 to 5,
wherein forming the second layer comprises filtering a mixture comprising .
the cellulose material through the membrane after the first layer is formed so

that the second layer is formed over the first layer.
7. The method according to claim 6, further comprising:
disintegrating a cellulose source material to form the mixture compriéing the

cellulose material.

*8.  The method according to claim 7,

- wherein the cellulose source material is natural cellulose.

9. The method according to any of claims 1 to 8,

wherein the cellulose fnatefial compriScs a plurality of cellulose nanofibrils.

© 10. The method according to claim 9,
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wherein the plurality of cellulose nanofibrils are isolated cellulose

nanofibrils.

11. The method according to claim 9 or claim 10,
‘wherein each cellulose nanofibril of the plurality of cellulose nanofibrils has

a diameter of less than 50 nm.

12. The method according to any of claims 1 to 11, further comprising:
| applying a pressure on the stacked structure before separating the stacked

structure from the membrane.

13. The method according to claim 12,
wherein the preésure isvapplied by arranging the stacked structure between a
- first clamping structure and a second clamping structure and applying a
compressive force to the stacked structure via the first clamping structure and

the second clamping structure.

14. The method according to"any of claims 1 to 13, further comprising:
| applying heat to the stacked structure before separating the stacked structure

from the membrane.

‘15. The rﬁethod according to any of claims 1 to 14,

wherein the stacked structure is heated to a temperature above 100 °C.

16. The method according to any of claims 1 to 15,
wherein separating the stacked structure from the membrane comprises

peeling the stacked structure from the membrane.
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The method according to any of claims 1 to 16,

wherein the membrane is a polycarbonate membrane.

The method according to any of claims 1 to 17, further comprising:

adding a light scattering reduction material to the stacked structure.

The method accbrding to claim 18,

wherein the light scattering reduction material is polymethysiloxane.

The method according to any of claims 1 to 19,
wherein the electrically conductive nanostructured material comprises one or
more of a group corisisting of nanoparticles, nanotubes, nanowires,

nanosheets.

The method according to any of claims 1 to 20, R
. wherein the electrically conductive nanostructured mateﬁal comprises

semiconducting nanostructured material.
A conductive paper formed by a method according to any of claims 1 to 21.

A conductive paper éomprising:
a first layer comprising an electrically conductive nanostructured material;
a second layer ovér the first layer, the second layer comprisfng a cellulose |
material; and
_an i‘ntermediate layer between the first layer and the second layer, the
_intermediate layer comprising the electriéally conductive nanostructured

material interspersed between the cellulose material.
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24. The conductive paper according to claim 23,

wherein the cellulose material comprises a plurality of cellulose nanofibrils.

25. The conductive paper according to claim 24,
‘wherein the plurality of cellulose nanofibrils are isolated cellulose

nanoﬁbrils.

26. The conductive paper according to claim 24 or claim 25,
- wherein each cellulose nanofibril of the plurality of cellulose nanofibrils has

a diameter of less than 50 nm.

27. The conductive paper according to any of claims 24 to 26,
wherein the plurality of cellulose nanofibrils forms an interqonneéted
network of cellulose extending from the second layer to the intermediate

layer.

28. The conductive paper according to any of claims 23 to 27,
wherein the electrically conductive nanostructured material comprises a

plurality of nanostructures.

29. The conductive paper according to claim 28,
wherein the nanostructures form an iriterconnected network extending from

the first layer to the intermediate layer.

30. The conductive paper according to any of claims 28 to 29, '
wherein the nanostructures comprise one or more of a group consisting of

nanoparticles, nanotubes, nanowires, nanosheets.
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36.

37.

- 38.
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The conductive paper according to any of claims 28 to 29,
wherein the nanostructures comprise metallic nanowires or semiconductor

nanowires.

The conductive paper according to any of claims 28 to 29,

wherein the nanostructures comprise carbon nanotubes.

The conductive paper according to any of claims 28 to 29,
wherein the nanostructures comprise molybdenum disulphide or tungsten

disulphide nanostructures.

The conductive paper according to any of claims 23 to 33,
wherein the electrically conductive nanostructured material comprises

semiconducting nanostructured material.

The conductive paper according to any of claims 23 to 34,
wherein the first layer, the second layer and the intermediate layer further

comprises a light scattering reduction material.

The conductive paper according to claim 35,

wherein the light scattering reduction material is 2 polymeric material.

The conductive paper according to claim 35 or claim 36,

wherein the light scattering reduction material is polydimethylsiloxane.
An electrochromic paper comprising:

the conductive nanopaper according to any of claims 22 to 37; and-

an electrochromic material on the conductive nanopaper.
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39. The electrochromic paper according to claim 38,
wherein the electrochromic material comprises a plurality of electrochromic

‘nanostructures anchored to the conductive nanopaper.

40. The electrochromic paper aécording to claim 38 or claim 39,

“ wherein the electrochromic material comprises tungsten oxide.



