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(57) ABSTRACT

The presently claimed invention provides a highly conductive
composite used for electric charge transport, and a method for
fabricating said composite. The composite comprises a plu-
rality of one-dimensional semiconductor nanocomposites
and highly conductive nanostructures, and the highly conduc-
tive nanostructures are incorporated into each of the one-
dimensional semiconductor nanocomposite. The composite
is able to provide fast electric charge transport, and reduce the
rate of electron-hole recombination, ultimately increasing the
power conversion efficiency for use in solar cell; provide fast
electrons transport, storage of electrons and large surface area
for adsorption and reaction sites of active molecular species
taking part in photocatalytic reaction; enhance the sensitivity
of'a surface for biological and chemical sensing purposes for
use in biological and chemical sensors; and lower the imped-
ance and increase the charge storage capacity of a lithium-ion
battery.
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HIGHLY CONDUCTIVE NANO-STRUCTURES
INCORPORATED IN SEMICONDUCTOR
NANOCOMPOSITES

CROSS REFERENCE TO RELATED
APPLICATION

Pursuant to 35 U.S.C. §119(e), this is a non-provisional
patent application which claims benefit from U.S. provisional
patent application Ser. No. 61/735,068 filed Dec. 10, 2012,
and the disclosure of which is incorporated herein by refer-
ence.

COPYRIGHT NOTICE

A portion of the disclosure of this patent document con-
tains material, which is subject to copyright protection. The
copyright owner has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the Patent and Trademark Office patent
file or records, but otherwise reserves all copyright rights
whatsoever.

FIELD OF THE INVENTION

The present invention relates to a nanocomposite, and par-
ticularly relates to a carbon-based nanocomposite. The
present invention also relates to a preparation method for
forming said nanocomposite to improve functional applica-
tions.

BACKGROUND

There is a never ending search for advanced materials.
Many of these advanced materials are composite materials.
Composites are formed when various distinct materials are
engineered together to create a new material. The idea is to
take best advantage of the strengths of each component mate-
rial complementing their weaknesses. Composites may be
engineered with unique properties to suit very distinct appli-
cations such as solar cell, catalyst, sensor, or electronic
device. An important property that has been frequently inves-
tigated is electrical conductivity. In different applications,
there is always a strong demand to employ a composite mate-
rial having superior electrical conductivity. One of the out-
standing examples is dye sensitized solar cell (DSSC).

DSSC based on mesoporous TiO, is a promising low-cost,
high-efficiency photovoltaic device for solar energy conver-
sion. To-date, a power conversion efficiency (PCE) of 15%
has been obtained. Despite this, further improvement is nec-
essary for DSSC to compete with silicon-based solar cells.

In a conventional DSSC, a monolayer of molecular dye is
adsorbed at the surface of a mesoporous wide band-gap semi-
conductor oxide film, such as TiO,, or ZnO. However, elec-
tron transport in nanoparticle-based device is limited by a
trap-limited diffusion process. The slow charge diffusion
increases the probability of recombination, resulting in lower
efficiency. Moreover, the grain boundaries encountered dur-
ing electron transport lead to fast recombination prior to their
collection at the electrode. Much effort has been devoted to
improve charge transport property and collection efficiency.

One promising solution is to use a one-dimensional (1-D)
nanostructure photoanode to replace the nanoparticle film,
which provides a direct pathway for collection of charges
generated throughout the device. Electron transport in 1-D
nanostructures, such as nanowires, nanofibers, nanorice
(elongated 1-D structure with two ends having smaller diam-
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eter compared to rest of the structure) or nanorods, is expected
to be several orders of magnitude faster than that of nanopar-
ticles. Another approach to improve the electron transport and
collection is by incorporating highly electrically conductive
materials, such as carbon tubes, graphite, in titanium photo-
anode. The presence of conductive materials in a titanium
photoanode is expected to improve the charge transport prop-
erties and extend the electron lifetime, thereby improving the
performance of the device. Several groups have reported that
utilizing nanocomposite photoanodes, such as titanium/car-
bon nanotubes, and titanium/graphene, can enhance electron
transport and collection efficiency.

Electron transport in two architectures of nanocomposites
in prior arts are depicted in FIGS. 1A and 1B.

As shown in FIG. 1A, carbon nanotubes (CNTs) 101 are
totally surrounded or embraced by TiO, nanoparticles 102. At
first, electron-hole pairs are firstly generated in the TiO,
nanoparticles 102 under light excitation, and the electrons
103 migrate towards the CNTs 101 from the TiO, nanopar-
ticles 102. Electron transfer routes 104 within and across the
TiO, nanoparticles 102 are shown by curly arrows. Once the
electrons 103 arrive at the CNTs 101, acting as direct-charge
transport superhighways, the electrons 101 are rapidly trans-
ferred towards fluorine doped tin oxide (FTO) glass 105 due
to the superior conductivity of the CNTs 101. Direct electron
transfer routes 106 within the CNTs 101 are shown by straight
arrows.

As shown in FIG. 1B, the CNTs 101 are totally surrounded
or embraced by TiO, nanorods 107. Similarly, electron-hole
pairs are firstly generated in the TiO, nanorods 107 under
light excitation, and the electrons 103 migrate towards the
CNTs 101 from the TiO, nanorods 107. The electron transfer
routes 104 within and across the TiO, nanorods 107 are
shown by thinner straight arrows. Once the electrons 103
arrive at the CNTs 101, the electrons 103 are rapidly trans-
ferred towards the FTO glass 105 due to the superior conduc-
tivity of the CNTs 101. The direct electron transfer routes 106
within the CNTs 101 are shown by straight arrows.

However, regarding the two fore-mentioned architectures
in the prior arts, the electron transfer routes for the generated
electrons to travel from the generation sites to the CNTs are
long and many electrons are susceptible to recombine with
the holes (in case of solid-state DSSC) and electrolytes (in
case of liquid DSSC) on their routes to the FTO glass elec-
trode, leading to decrease of the power conversion efficiency.
For the first architecture, the electrons are easily recombined
with the holes in the hole transfer materials (HTM) for solid-
state DSSC or oxidized electrolytes for the liquid DSSC at the
grain boundaries of the TiO, nanoparticles. Also, the TiO,
nanoparticles are loosely attached with each others, thus
extending significantly the electron transfer routes. For the
second architecture, the electrons are also easily recombined
with the holes or electrolytes at the grain boundaries of the
TiO, nanorods and at exposed areas of CNT not fully covered
with nanorods. Similarly, the TiO, nanorods are loosely
attached with each other, thus extending significantly the
electron transfer routes.

Additionally, the TiO, nanoparticles, or the TiO, nanorods
are loosely attached on the CNTs, leading to limited amount
of electrical contact surface areas between the CNTs and the
TiO, nanoparticles or the TiO, nanorods, thereby reducing
electron transfer rate and increasing the exposure of CNT to
the holes in HTM and oxidized electrolytes which increases
also the probability of the electron-hole recombination.

Consequently, there is an unmet need for a nanocomposite
which is effective in providing fast electric charge transport,
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and reducing the rate of electron-hole recombination, ulti-
mately increasing power conversion efficiency.

SUMMARY OF THE INVENTION

Accordingly, a first aspect of the presently claimed inven-
tion is to provide a highly conductive composite.

In accordance with an embodiment of the presently
claimed invention, a composite comprises a plurality of one-
dimensional semiconductor nanocomposites, wherein each
of'the one-dimensional semiconductor nanocomposites com-
prises: one or more semiconductor media; and one or more
highly conductive nanostructures; wherein the one or more
highly conductive nanostructures are dispersed within the
each of the one-dimensional semiconductor nanocomposites,
and are covered substantially by and interfacially bonded to
the one or more semiconductor media, leading to improved
electrical conductivity of the one-dimensional semiconductor
nanocomposite.

Preferably, the one-dimensional semiconductor nanocom-
posite is in a structure selected from the group consisting of
nanorod, nanowire, nanofiber, and nanorice. Material of the
one or more highly conductive nanostructures is carbon-
based, gold, silver, aluminum, zinc, nickel, platinum, or tin.
The one or more highly conductive nanostructures are
selected from the group consisting of single-wall carbon
nanotubes, multi-wall carbon nanotubes, carbon nanorods,
carbon nanowires, graphene sheets, and their combinations.
The composite comprises 2 to 10 percent by weight of the
highly conductive nanostructures. Preferably, the composite
comprises 2 to 6 percent by weight of the highly conductive
nanostructures.

A second aspect of the presently claimed invention is to
provide a method for fabricating the composite.

In accordance with an embodiment of the presently
claimed invention, a method for fabricating said composite,
comprising the steps of: preparing a semiconductor precursor
solution; adding a plurality of highly conductive nanostruc-
tures to the semiconductor precursor solution to form a solu-
tion; producing a plurality of preformed one-dimensional
semiconductor nanocomposites with the solution; heating up
the plurality of the preformed one-dimensional semiconduc-
tor nanocomposites with a temperature rise rate having a
range from 0.1° C./min to 5° C./min until reaching a calcina-
tion temperature having a range from 200° C. to 1000° C.;
calcinating the plurality of the preformed one-dimensional
semiconductor nanocomposites with the calcination tem-
perature for a calcination period; and cooling down the plu-
rality of the preformed one-dimensional semiconductor
nanocomposites from the calcination temperature at a tem-
perature decreases rate having a range from —0.1° C./min to
-5° C./min until formation of the composite.

Preferably, the temperature rise rate has a range from 0.1°
C./min to 3° C./min. The temperature decrease rate has a
range from -0.1° C./min to -3° C./min. The calcination tem-
perature has a range from 300° C. to 600° C. The solution
comprises 0.05 to 0.15 percent by weight of the highly con-
ductive nanostructures.

A third aspect of the presently claimed invention is to
provide a highly conductive nanocomposite.

In accordance with an embodiment of the presently
claimed invention, a one-dimensional semiconductor nano-
composite comprises: one or more semiconductor media; and
one or more highly conductive nanostructures; wherein the
one or more highly conductive nanostructures are dispersed
within the one-dimensional semiconductor nanocomposite,
and are covered substantially by and interfacially bonded to
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the one or more semiconductor media, leading to improved
electrical conductivity of the one-dimensional semiconductor
nanocomposite.

A fourth aspect of the presently claimed invention is to
provide a method for fabricating the one-dimensional semi-
conductor nanocomposite.

In accordance with an embodiment of the presently
claimed invention, a method for fabricating said one-dimen-
sional semiconductor nanocomposite comprises the steps of:
preparing a semiconductor precursor solution; adding a plu-
rality of highly conductive nanostructures to the semiconduc-
tor precursor solution to form a solution; producing a pre-
formed one-dimensional semiconductor nanocomposite with
the solution; heating up the preformed one-dimensional semi-
conductor nanocomposites with a temperature rise rate hav-
ing a range from 0.1° C./min to 5° C./min until reaching a
calcination temperature having a range from 200° C. to 1000°
C.; calcinating the plurality of the preformed one-dimen-
sional semiconductor nanocomposites with the calcination
temperature for a calcination period; and cooling down the
preformed one-dimensional semiconductor nanocomposites
form the calcination temperature until formation of said
nanocomposite.

Unlike the traditional nanocomposite used for DSSC, the
nanocomposite of the presently claimed invention provides
several advantages. The configuration of the nanocomposite
of the presently claimed invention is able to improve charge
transfer in the semiconductor photoanode once an electron is
injected there from the sensitzied dye, and reduce the loss of
electrons from recombination with the oxidized dye and with
electrolyte (liquid), or holes (solid-state). Furthermore, the
carbon-based nanostructure is able to act as an electron res-
ervoir for electron storage. The nanocomposite of the present
invention and the method for fabricating said nanocomposite
are applicable to solar cell, photocatalyst, nano-transistor,
chemical sensor, biological sensor, humidity sensor, or
lithium-ion battery.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention are described in
more detail hereinafter with reference to the drawings, in
which:

FIGS. 1A and 1B are schematic diagrams depicting elec-
tron transport in two architectures of nanocomposites in prior
arts respectively;

FIG. 1C is a schematic diagram depicting electron trans-
portin an architecture of a composite according to an embodi-
ment of the presently claimed invention;

FIG. 2A is a schematic diagram depicting electron trans-
port in an architecture of a nanocomposite with a magnified
view according to an embodiment of the presently claimed
invention;

FIG. 2B is a schematic diagram showing a magnified view
of the carbon-based nanostructure of FIG. 2A;

FIG. 3 is a schematic diagram showing a band gap diagram
of'a TiO,/CNT nanocomposite according to an embodiment
of the presently claimed invention;

FIG. 4A-C are schematic diagrams showing a first, a sec-
ond and a third exemplary embodiments of three configura-
tions of nanocomposites according to the presently claimed
invention;

FIG. 5 is a flow chart illustrating the steps of a method for
fabricating a carbon-based composite according to an
embodiment of the presently claimed invention;



US 8,987,706 B2

5

FIG. 6A is a SEM image of TiO, nanorods incorporating
MWCNTs according to a first exemplary embodiment of the
presently claimed invention;

FIG. 6B is a transmission electron microscopy (TEM)
image of MWCNTs according to the first exemplary embodi-
ment of the presently claimed invention;

FIG. 6C is a TEM image of TiO, nanorods incorporating
MWCNTs according to the first exemplary embodiment of
the presently claimed invention;

FIG. 6D is a high resolution transmission electron micros-
copy (HRTEM) image of TiO, nanorods incorporating
MWCNTs according to the first exemplary embodiment of
the presently claimed invention;

FIG. 6E is a SEM image of TiO, nanofiber before calcina-
tion according to the first exemplary embodiment of the pres-
ently claimed invention;

FIG. 7A-B show XPS spectra of photoanode with
MWCNTs and without MWCNTs respectively according to
the first exemplary embodiment of the presently claimed
invention;

FIG. 8 show Raman spectra of MWCNTs, TiO, nanorod
photoanode without and with MWCNTs respectively accord-
ing to the first exemplary embodiment of the presently
claimed invention;

FIG. 9 is a graph showing J-V characteristics of different
photoanodes according to the first exemplary embodiment of
the presently claimed invention;

FIG. 10 is a graph showing the effect of MWCNT concen-
tration in the precursor solution on J,_and FF according to the
first exemplary embodiment of the presently claimed inven-
tion;

FIG. 11 is a graph showing a normalized EQE spectraof a
thicker photoanode with different MWCNT concentrations in
the precursor solution according to the first exemplary
embodiment of the presently claimed invention;

FIG. 12 is a schematic diagram of a nanocomposite used
for a photocatalysis process in removal of nitiric oxide
according to an embodiment of the presently claimed inven-
tion;

FIG. 13 is a graph showing nitric oxide removal rates under
different percentages of CNT loadings according to an
embodiment of the presently claimed invention; and

FIG. 14 is a schematic diagram showing a field-effect
transistor comprising a layer of zinc oxide nanorods incorpo-
rated with CNTs according to an embodiment of the presently
claimed invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In the following description, semiconductor nanocompos-
ites incorporated with highly conductive nanostructures, and
methods for fabricating said semiconductor nanocomposites
are set forth as preferred examples. It will be apparent to those
skilled in the art that modifications, including additions and/
or substitutions, may be made without departing from the
scope and spirit of the invention. Specific details may be
omitted so as not to obscure the invention; however, the
disclosure is written to enable one skilled in the art to practice
the teachings herein without undue experimentation.

FIG. 1C is a schematic diagram depicting electron trans-
portin an architecture of a composite according to an embodi-
ment of the presently claimed invention. The composite com-
prises the TiO, nanorods 107 and the CNTs 101. The TiO,
nanorods 107 extend substantially throughout the volume of
the composite. Each of the TiO, nanorods 107 comprises a
semiconductor medium 108. The semiconductor medium
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108 can be either crystalline and/or amorphous. For example,
TiO, present in three possible crystalline phases—anatase,
rutile, and brookite, while ZnO is known to exist in two
crystalline  phases—hexagonal wurtzite and cubic
zincblende. SiO, presents in both crystalline form (quartz)
and amorphous form (glass). On the other hand, amorphous
polymeric semiconductors are quite common as well. A plu-
rality of the CNTs 101 is incorporated inside each of the TiO,
nanorods 107. The CNTs 101 are dispersed within each of the
TiO, nanorods 107, and are covered substantially by, and
interfacially bonded to semiconductor medium 108, leading
to have electrical contact to the semiconductor medium 108.

Under illumination, electron-hole pairs are generated, and
the electrons 103 migrate towards the CNTs 101 through the
semiconductor medium 108 of the TiO, nanorods 107. The
electron transfer routes 104 within the semiconductor
medium 108 are shown by curly arrows. Once the generated
electrons arrive at the CNTs 101, serving as direct-charge
transport subways, the electrons 103 are rapidly transferred
towards the FTO glass 105 within the CNTs 101. The archi-
tecture of the composite of the presently claimed invention is
able to reduce the lengthy electron transfer routes 104, and
increasing the chance of using the direct electron transfer
routes 106 within the CNTs 101, having much effective elec-
tron transport capability, thereby speeding up the electron
transport. As the generated electrons are transferred towards
the FTO glass 105 within a short period, the probability of
electron-hole recombination is substantially reduced.

FIG. 2A is a schematic diagram depicting electron trans-
port in an architecture of a nanocomposite with a magnified
view according to an embodiment of the presently claimed
invention. A carbon-based nanostructure 201 is incorporated
within a semiconductor nanorod 200, and is covered substan-
tially by, and interfacially bonded to a semicondictor medium
202. Upon excited by light, electrons 203 are generated by the
sensitized dye (not shown), and they are injected to the con-
duction band of the semiconductor nanorod 200, and subse-
quently transferred into the carbon-based nanostructure 201
through the semiconductor medium 202. Because of the supe-
rior conductivity of the carbon-based nanostructure 201, elec-
trons 203 are rapidly transferred towards a positive terminal
(not shown in FIG. 2A). Preferably, the carbon-based nano-
structure 201 includes but not limited to a CNT, carbon nano-
rod, carbon nanowire, graphene sheet. In addition, the semi-
conductor nanorod 202 can be a TiO, nanorod, or a TiO,
nanofiber. A plurality of the carbon-based nanostructures
with different nanostrctures can be incorporated into the
semiconductor nanorod 202

FIG. 2B is a schematic diagram showing a magnified view
of the carbon-based nanostructure of FIG. 2A. The carbon-
based nanostructure comprises carbon atoms arranged in sev-
eral regularly hexagonal patterns 204, which is able to store a
large number of electrons 203, and serves as an electron
reservoir.

FIG. 3 is a schematic diagram showing a band gap diagram
of a TiO,/CNT nanocomposite according to an embodiment
of the presently claimed invention. Upon irradiation, elec-
trons generated from the sensitized dye are injected into the
conduction band of the TiO,. The photogenerated electrons
quickly move to CNT array whereas the separated holes are
left behind in TiO,. This process creates separation of the
electron-hole pairs, thereby reducing the chance of the elec-
tron-hole recombination and increasing the photocurrent
response.

FIG. 4A shows a first exemplary embodiment of a configu-
ration of a nanocomposite according to the presently claimed
invention. The nanocomposite comprises a one-dimensional
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semiconductor 400, and a plurality of CNTs 402. The CNTs
402 are incorporated within the one-dimensional semicon-
ductor 400, and surrounded by the crystalline and/or amor-
phous semiconductor medium 401 of the one-dimensional
semiconductor 401. The CNTs 402 can be single-wall and/or
multi-wall.

FIG. 4B show a second exemplary embodiment of the
configuration of the nanocomposite according to the pres-
ently claimed invention. The nanocomposite comprises the
one-dimensional semiconductor 400, and a plurality of car-
bon nanowires 403. The carbon nanowires 403 are incorpo-
rated within the one-dimensional semiconductor 400, and
surrounded by the semiconductor medium 401 of the one-
dimensional semiconductor 400. The carbon nanowires 403
can be replaced by carbon nanorods. Alternatively, both the
carbon nanowires 403 and the carbon nanorods can be incor-
porated within the one-dimensional semiconductor 400.

FIG. 4C show a third exemplary embodiment of the con-
figuration of the nanocomposite according to the presently
claimed invention. The nanocomposite comprises the one-
dimensional semiconductor 400, and a plurality of graphene
sheets 404. The graphene sheets 404 are incorporated within
the one-dimensional semiconductor 400, and surrounded by
the semiconductor medium 401 of the one-dimensional semi-
conductor 400.

Preferably, the one-dimensional semiconductor 400 is a
semiconductor nanorod, semiconductor nanofiber, or semi-
conductor nanowire.

FIG. 5 is a flow chart illustrating the steps of a method for
fabricating a carbon-based composite according to an
embodiment of the presently claimed invention. In step 501,
a semiconductor precursor solution is prepared. In step 502,
carbon-based nanostructures are added and dissolved in the
semiconductor precursor solution. In step 503, a plurality of
preformed one-dimensional semiconductor nanocomposites
incorporated with the carbon-based nanostructures is pro-
duced by an electrospinning method. Preferably, the solution
is electrospun by applying a high voltage over a collector
distance to produce the preformed one-dimensional semicon-
ductor nanocomposites. In step 504, the preformed one-di-
mensional semiconductor nanocomposites are heated up in
an oven by a temperature rise rate ranging of 0.1° C./min to 5°
C./min until reaching a calcination temperature ranging of
200° C. to 1000° C. to remove both organic and aqueous
phases. In step 505, the preformed one-dimensional semicon-
ductor nanocomposites are calcinated at the calcination tem-
perature for a calcination period. In step 506, the preformed
one-dimensional semiconductor nanocompositess are cooled
down from the calcination temperature at a temperature
decreases rate having a range from -0.1° C./min to -5°
C./min until formation of the composite, which comprises a
plurality of one-dimensional semiconductor nanocompos-
ites. The structure of the one-dimensional semiconductor
nanocomposite after calcination may be different from that of
the preformed one-dimensional semiconductor nanocompos-
ite before calcination. In step 507, the composite is treated
with titanium tetrachloride and further washed with ethanol.

In step 503, the preformed one-dimensional semiconduc-
tor nanocomposite can be fabricated by a solution method, or
a chemical method.

Due to different thermal expansion coefficients between
the preformed one-dimensional semiconductor nanocompos-
ites (e.g. nanofibers) and the carbon-based nanostructures
containing therein, leading to differential expansion between
the semiconductor and the carbon-based nanostructure, the
preformed one-dimensional semiconductor nanocomposites
(e.g. nanofibers) are easily broken up into a plurality of
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shorter, length-wise one-dimensional semiconductor nano-
composites (e.g. nanorods) during the calcination process due
to stress caused by differential expansion (during heating)
and differential contraction (during cooling). As the size of
the one-dimensional semiconductor nanocomposites is sig-
nificantly smaller than that of the preformed one-dimensional
semiconductor nanocomposites, the one-dimensional semi-
conductor nanocomposites can be more tightly packed, lead-
ing to increase electrical contact among the one-dimensional
semiconductor nanocomposites, thus enhancing the electrical
conductivity of the composite ultimately formed.

In addition, it is found through extensive testing that con-
trolling correctly the temperature rise rate and the tempera-
ture decrease rate is a key factor to preserve the integrity of the
finally obtained composite, otherwise too sudden change in
temperature causes “cracks” in the composite that deteriorate
its function, ultimately affecting the performance of the
device.

Hence the preferable ranges of the temperature rise rate and
the temperature decrease rate during calcinating the pre-
formed one-dimensional semiconductor composite are from
0.1° C./min to 3° C./min, and from -0.1° C./min to -3°
C./min respectively.

In addition, the calcination temperature is also a key factor
to preserve the suitable phase of semiconductor. For example,
when the calcinations temperature exceeds 600° C., an
increasing fraction of TiO, exists as rutile phase rather than
the more desirable anatase phase for use in dye sensitized
solar cells.

Accordingly, the preferable range of the calcination tem-
perature is between 300° C. and 600° C., which work gener-
ally for most semiconductors.

Preferably, the solution in step 502 comprises 0.05 to 0.15
wt % of the carbon-based nanostructures.

Alternatively, a sole one-dimensional semiconductor
nanocomposite can be fabricated by the above method. Sim-
ply, a single preformed one-dimensional semiconductor
nanocomposite is produced in step 503.

Accordingly, the present invention is not limited to employ
the carbon-based nanostructures. Other highly conductive
nanostructures can be employed. The materials of the highly
conductive nanostructures are listed in Table 1.

TABLE 1
Material o (S/m) at 20° C.
Carbon (graphene) 1.0x 108
Silver 6.30 x 107
Copper 5.96 x 107
Annealed copper 5.80 x 107
Gold 4.10 x 107
Aluminium 3.5% 107
Calcium 2.98 x 107
Tungsten 1.79 x 107
Zinc 1.69 x 107
Nickel 1.43 x 107
Lithium 1.08 x 107
Iron 1.00 x 107
Carbon 10%-107
Nanotubes (Single/multiple
walls)
Platinum 9.43 x 106
Tin 9.17 x 106
Carbon steel (1010) 6.99 x 10¢
Lead 4.55 x 10°
Titanium 2.38 x 106
Grain oriented electrical 2.17 x 108
steel
Manganin 2.07 x 108
Constantan 2.04 x 108
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TABLE 1-continued

Material o (S/m) at 20° C.
Stainless steel 1.45 x 10°
Mercury 1.02 x 10°
Nichrome 9.09 x 10°
Titanium dioxide 4.0x10°
Zinc Oxide 033 x 10°-2 x 10°
GaAs 5x 1080 103

1.25x 10* to 2 x 10°
2% 10% to 3 x 10° //basal plane
3.3 x 10? 1 basal plane

Carbon (amorphous)
Carbon (graphite)

Carbon (diamond) ~10713
Germanium 2.17
Sea water 4.8

Drinking water Sx10™t05x 1072

Conductivity is measured by Siemens per meter (S/m).
Superconductive material is theoretically infinite. Conduc-
tive metals are in the range of 10* S/m. On the other hand,
conductivity for semiconductor such as TiO, is only 4x10°
S/m and for ZnO, it is 0.33x10°-2x10° S/m. Therefore, it
would be useful it highly conductive materials can be inserted
in the semiconductor to improve electron transfer and reduce
electron-hole recombination.

In the present invention, the method has been developed of
inserting highly conductive materials in the one-dimensional
semiconductor nanocomposite such as CNT (single/multiple
walls) with conductivity of 105-10” S/m, or even graphene
with one-atom (carbon) thick layer of graphite with conduc-
tivity of 10® S/m. It is intended that this highly conductive
materials, which are in form of'a nanostructure, and present in
the 1-D semiconductor nanocomposite, should have conduc-
tivity of at least 105 S/m.

According to an embodiment of the present claimed inven-
tion, the composite comprises 2 to 10 percent by weight of the
highly conductive nanostructures. Preferably, the composite
comprises 2 to 6 percent by weight of the highly conductive
nanostructures.

Example 1

TiO,/PVP/MWCNT composite nanofibers were first elec-
trospun on fluorine doped tin oxide (FTO) glass (15Q per
square) from a precursor solution that contained titanium
isopropoxide (TIP, 4 g), polyvinylpyrrolidone (PVP, 3.5 g),
acetic acid (2 g), MWCNT (0.05~0.15 g) and ethanol (100
mL). All materials were obtained from Sigma-Aldrich and
used without further purification. The voltage of 70 kV was
applied over a collector distance of 19 cm. A layer of TiO,/
MWCNT nanorods was peeled off from the original FTO
glass after calcination and then transferred to another FTO
glass with an ultra-thin adhesive TiO, paste. The TiO,/
MWCNT nanorod photoanode was obtained after calcinating
at 450° C. for 2 h. The corresponding temperature rise rate
was 1° C./min until reaching the calcination temperature of
450° C. The thickness of the photoanode was measured by a
surface profiler (TENCOR P-10).

Before sensitization, the photoanode (3 mmx3 mm) was
first treated with an aqueous solution of TiCl,, (40 mM) at 60°
C. for 15 min. After treatment, the photoanode was washed
with ethanol and dried in vacuum at 80° C. Subsequently, it
was immersed in a solution of 0.3 mM Ruthenium dye (N719)
in absolute ethanol at 55° C. for 24 h. The soaked photoanode
was then washed with ethanol to remove “unanchored” dye
molecules and subsequently dried in vacuum at room tem-
perature. Platinum-sputtered FTO glass was used as the
counter electrode. The counter electrode and dye-anchored
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photoanode were assembled into a sandwich prototype with
surlyn (DuPont, 25 um). The internal space of the cell was
filled with a liquid electrolyte, which consisted of 0.6 M
1-methyl-3-propylimidazolium iodide (PMII), 0.05 M Lil,
0.05 M 1,, and 0.5 M 4-tert-butyl pyridine (TBP) in acetoni-
trile.

The photovoltaic characterization was carried out by a
Keithley 2400 digital source meter under illumination of
AM1.5G 100 mW/cm? from a solar simulator ABET SUN
2000. The power density of the solar simulator was calibrated
by a silicon reference cell (NIST) and monitored by a power
meter throughout the testing. The external quantum efficiency
(EQE) values were measured with an EQE system equipped
with a xenon lamp (Oriel 66902, 300 W), a monochrometor
(Newport 66902), a Si detector (Oriel 76175_71580) and a
dual channel power meter (Newport 2931_C).

FIG. 6A shows a SEM image of TiO, nanorods incorpo-
rating MWCNTs. The diameter of the TiO, nanorod is
approximately 70 nm, and the length of the TiO, nanorods is
of order of hundreds of nanometers to micrometers. Note that
the MWCNT is not visible from the SEM image, which
suggests that the MWCNTs are in the TiO, nanorods.

FIG. 6B-D shows the related TEM images. FIGS. 6B and
6C show TEM images of MWCNTs and TiO, nanorods incor-
porating MWCNTs. FIG. 6D shows a HRTEM image of TiO,
nanorods incorporating MWCNTs. From the TEM image of
MWCNTs (FIG. 6B), it can be seen that the outside diameter
of'the MWCNT ranges from 7 to 12 nm and the inside diam-
eter is about 3 nm. The electrospun TiO, nanorods incorpo-
rating the MWCNTs exhibit clear crystal lattice fringes
(FIGS. 6C and 6D). As shown in FIG. 6D, the crystal inter-
planar spacing of the TiO, grains is about 0.35 nm corre-
sponding to the (101) planes of the anatase phase. On the
other hand, the crystal inter-planar spacing of 0.34 nm corre-
sponds to the (002) plane of the MWCNT. The foregoing
morphology analysis indeed confirmed that the MWCNTs
were inside the TiO, nanorods.

FIG. 6E shows a SEM image of TiO,/MWCNTs nanofi-
bers before calcination. Comparing with FIG. 6A, TiO,/
MWCNTs nanofibers regarding as the preformed state, are
much longer in length than that of TiO,/MWCNTs nanorods.
It illustrates that the TiO,/MWCNTSs nanofibers were broken
up into a plurality of shorter, length-wise, TiO,/MWCNTs
nanorods during calcination.

XPS spectra of TiO, nanorod photoanode with and without
MWCNTs were measured to further confirm the presence of
CNTs in the TiO, nanorods. The results shows that C is peak
of photoanode with 0.1 wt % MWCNTs (in precursor solu-
tion for electrospinning) as shown in FIG. 7A is stronger than
that without as shown in FIG. 7B, which suggests that the
MWCNTs were successfully incorporated in the TiO, nano-
rods of the photoanode.

The Raman spectra of MWCNTs, electrospun TiO, with-
out and with MWCNTs can be seen in FIG. 8. For the disor-
der-induced D-band and G-band modes of MWCNTs, peaks
that correspond to 1375 and 1575 cm™" were observed, and
the D/G band ratio was 0.93. It is observed that the intensity
of G-band modes of MWCNTs was reduced when the
MWCNTs were incorporated in the TiO, nanorods, while a
new peak was observed at lower frequency approximately at
1850 ¢m™*, which corresponds to the 1-D linear C-chains
consisting of more than 40 atoms inside the MWCNTs.

To investigate the effect of thickness of the photoanode on
the performance of the DSSC device, two sets of devices each
with different photoanode thickness, 6.6+0.7 um and
14.3x£0.3 pm, respectively, have been developed for testing.
Furthermore, for each device the effect of different MWCNT



US 8,987,706 B2

11

concentrations in precursor solutions (0.05, 0.10, and 0.15%
respectively) on the performance of the device was also stud-
ied. The performance of devices of TiO, nanofiber photoan-
odes without incorporation of MWCNT served as reference.

FIG. 9 shows the typical photocurrent-voltage (J-V) per-
formance curves of these devices, where hollow-symbol
curve represents thinner photoanode with thickness about
6.6+0.7 um, and solid-symbol curve represents thicker pho-
toanode with thickness about 14.3+0.3 um. The details of the
photovoltaic parameters and performance of the DSSC with
different photoanodes are listed in Table 2.

TABLE 2
MWCNTs wt % in  Thickness V. Jee FF PCE
precursor solution [pm] V] [mAcm™2] [%] [%]
0% 7.90 0.73 15.40 50.08 5.63
16.7 0.74 16.30 51.24 6.18
0.05% 6.7 0.72 8.92 70.22 4.51
11.83 0.73 11.90 71.49 6.21
14.47 0.76 14.20 72.27 7.80
223 0.74 13.4 71.20 7.06
0.10% 6.04 0.72 11.10 73.07 5.84
12.61 0.76 15.90 72.99 8.82
14.64 0.75 18.53 73.68  10.24
18.99 0.76 15.93 71.73 8.28
0.15% 7.32 0.73 8.72 75.87 4.38
12.84 0.74 11.90 76.76 6.76
13.97 0.78 12.11 75.54 7.13
19.25 0.73 8.50 74.67 4.57

From the J-V curves, it can be seen that the fill factor (FF)
has been improved through introducing the MWCNT in the
photoanode. With the same amount of MWCNT, the thicker
photoanode shows both higher short-circuit current density
(I,.) and open-circuit voltage (V). It is worth to note that the
photoanode with thickness of 14.3+0.3 um was the optimized
thickness, which can be seen in Table 2.

To investigate the effect of the dosage of MWCNT in the
photoanode on the performance of the device, different
samples with weight percentages of MWCNT from 0.05% to
0.15% in the precursor solution for electrospinning were pre-
pared.

FIG. 10 shows the effect of amount of MWCNT on both J .
and FF. By increasing the concentration of MWCNT from
0.05% 10 0.1% for the thinner photoanode, Jsc improved from
8.92t0 11.1 mAcm™2, which represents a 24% increase. Simi-
lar approach shows that 30% enhancement can be realized for
the thicker photoanode. However, upon further increase in the
amount of MWCNT to 0.15%, J. decreased in both sets of
photoanode devices. Despite this reverse trend, the FF kept
increasing with increasing the amount of MWCNT. Measure-
ment of the external quantum efficiency (EQE) was carried
out to further investigate the mechanism of enhancement in
device performance.

As seen in FIG. 11, the normalized EQE response at all
wavelengths is enhanced when the concentration of MWCNT
in the precursor solution was increased from 0.05% to 0.10%.
However, further increase in the concentration of MWCNT to
0.15%, results in reduction in EQE at all wavelengths. This
can be understood from the following. Given the MWCNT is
incorporated inside the photoanode, this can rapidly capture
and transport the photogenerated electrons and concurrently
reduce the undesirable recombination and back-reaction.
Therefore, at low MWCNT concentration increasing the
amount of MWCNT in the photoanode improves the charge
collection efficiency and reduces the recombination, which
results in improved performance (J,., EQE). However, at
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light harvesting between dye molecules (N719) and
MWCNT, and as aresult the dye loading capacity and thus the
efficiency are both reduced. There could be other more com-
plicated mechanisms involved with MWCNT overdose.
Therefore, it is necessary to optimize the amount of
MWCNTs in the photoanode to balance the electron transport
property and dye loading capacity. Upon optimization of the
parameters for the photoanode, a high efficiency of 10.24%
has been attained for the photoanode with nanorods incorpo-
rating 0.1% MWCNTs in the precursor solution. It is worthy
to note that the improved efficiency for the photoanode incor-
porating MWCNTs is largely due to the improved FF. Based
on the previous studies, the FF of devices without incorpo-
rating MWCNTs in the photoanode was typically between 50
and 55%. By incorporating MWCNTs in the photoanode, the
FF is boost to 70-75%, which is a 35% increase. Therefore,
introducing MWCNTs in a photoanode can improve the elec-
tron transport properties and suppress the recombination,
both of which lead to an improvement of the charge collection
efficiency.

The TiO,/MWCNT composite of the photoanode com-
prises approximately 2 to 6 percent by weight of the
MWCNTs with respect to range of 0.05% to 0.15% of the
MWCNTs per weight in the precursor solution. Preferably,
the TiO,/MWCNT composite comprises 4 percent by weight
of the MWCNTs as seen in these results.

In summary, MWCNTs, which performs an ideal electron
transport superhighway, are introduced inside TiO, nanorods.
This configuration is successfully applied in the photoanode
to improve the performance of a DSSC device. Different
concentrations of MWCNTs in precursor solution for elec-
trospinning on the device performance have been investi-
gated. The FF of the DSSC device increases as the MWCNT
amount in the nanorods increases from 0.05% to 0.15% (in
precursor solution). The J_ first increases due to improved
electron charge transport property and subsequently it
decreases due to a lower dye loading capacity of the photo-
anode at high MWCNT concentration. At a 0.1% MWCNT
concentration, the DSSC device exhibits the highest effi-
ciency of 10.24%, with highJ_ 0f 18.53 mA cm™ and a FF of
74%. The improved efficiency is largely due to the improved
FF. These positive results confirm that the electrospun nano-
rods incorporating CNTs provide an effective means to utilize
economical materials optimally for developing a photoanode
with efficient charge transport properties for realizing solar
energy conversion in the future.

Consequently, as shown from the above experimental
results, the MWCNTs are successfully incorporated into the
TiO, nanorods according to the presently claimed invention.
Such configuration of the nanocomposite is able to improve
charge transfer in the semi-conductor photoanode once elec-
trons are injected from the sensitzied dye, and reduce the
number of electrons in combining with oxidized dye, and
with electrolyte (liquid), or holes (solid-state).

Example 2

Similar to the experimental conditions of Example 1, the
electrospun nanofibers were calcinated at the final tempera-
ture of 550° C. (for 2 h) instead of the optimal 450° C. as used
in Example 1. Accordingly, three tests were carried out at
550° C. with a rate change in temperature of 1° C./min, and
with 0.1% wt MWCNTs in precursor solution Three samples
A-C were obtained. It was expected that more rutile phase
was found in the TiO, nanofibers, which were unfavorable for
the solar cell. Indeed, as shown on Table 3, tests on these
samples A-C reveal lower fill factor less than 70% with excep-
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tion of sample B, and lower short circuit density current (J,.)
falling short of 12 mAcm™. The highest power conversion
efficiency (PCE) corresponds to 5.54% which is only half of
10.24% obtained at the optimal condition with the final cal-
cination temperature of 450° C.

TABLE 3
Ve Tee FF PCE
Sample [V] [mAcm™] [%] [%]
A 0.70 7.21 61.82 3.12
B 0.72 10.5 73.28 5.54
C 0.72 5.08 63.15 231
Example 3

After confirming the preferred optimal calcination tem-
perature 0f 450° C. by keeping the rate of temperature change
at 1° C./min, additional tests were made at 450° C. but with
the rate of temperature change increased to 3° C./min. Four
tests were carried out at 450° C. with a rate change in tem-
perature of 3° C./min, and with 0.1% wt MWCNTs in pre-
cursor solution. Four samples D-G were obtained. Firstly, the
photoanodes (or composites) were observed to have cracks
dueto too rapid change in the oven temperature. The cracks in
photoanodes are detrimental to performance of the solar cells.
Indeed, Table 4 shows disappointing PCE less than 2.5% and
much lower J_ of less than 5.5 mAcm™ despite the final
calcination temperature being at the optimal value of 450° C.

TABLE 4
Thickness Voo Jee FF PCE
Sample [1m] V] [mAem?]  [%]  [%]
D 2.2 0.73 3.63 39 1.56
E 16.9 0.71 5.47 64 2.48
F 13.5 0.69 3.64 47 1.19
G 6.5 0.70 4.28 64 191

To conclude, workable DSSC cell can be produced with
calcinations temperature between 450-550° C., and with rate
of change in temperature to-and-from the final calcinations
temperature of 1° C.-3° C./min. The preferred optimal final
calcinations temperature is 450° C., and the preferred optimal
rate of change in temperature for annealing the photoanode is
1° C./min to avoid rapid thermal changes which result in
cracks in the photoanode.

Accordingly, the nanocomposite of the presently claimed
invention is not limited to the application of solar cell. The
nanocomposite is applicable to photocatalyst, nano-transis-
tor, sensor, or lithium battery.

FIG. 12 is a schematic diagram of a nanocomposite used
for a photocatalysis process in removal of nitric oxide accord-
ing to an embodiment of the presently claimed invention. The
nanocomposite comprises a TiO, nanostructure 1201 (par-
tially shown in FIG. 12) and a carbon nanotube 1202. The
TiO, nanostructure 1201 is applied as a photocatalyst. The
carbon nanotube 1202 is embedded inside the TiO, nano-
structure 1201. Under UV irradiation, electron-hole pairs are
generated in the TiO, nanostructure 1201. The generated
electrons are transferred to, and further trapped within the
carbon nanotube 1202, serving as an electron reservoir. The
electrons trapped by the carbon nanotube 1202 are less likely
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to be recombined with the holes so that they are further used
for removal of nitric oxide, as shown in the following chemi-
cal equations:

e +0,—~0,"
H*+0O,”—=.HO,
NO+.HO,—NO,+.0OH

NO,+OH—HNO,

Due to the superior adsorption property of the carbon nano-
tube 1202, active species such as oxygen, water vapor, nitro-
gen monoxide, nitrogen dioxide are effectively adsorbed on
the surface of TiO, nanostructure 1201 and more so on the
surface of the carbon nanotube 1202. Photogenerated elec-
trons combined with the adsorbed oxygen to generate oxygen
radicals, which further combine with hydrogen ions from the
water vapor adsorbed on the surface of semiconductor/CNT
to produce hydroxyl radicals which convert NO to NO,, and
subsequently to nitric acid. Apart from having the unique
advantage of providing large surface area for adsorption of
the active species, the carbon nanotube 1202 also provides a
large number of electrons in the reserve to initiate the above
reactions, enhancing the rate in converting NO ultimately to
nitric acid.

FIG. 13 is a graph showing nitric oxide removal rates under
different percentages of CNT loadings according to an
embodiment of the presently claimed invention. The amount
of' the nitric oxide removal is plotted with time. As shown in
the graph, the removal rate of NO with CNT loaded TiO,
nanorods increases by twice the magnitude as compared with
that without CNT loaded TiO, nanorods.

According to another embodiment of the presently claimed
invention, a photocatalyst comprising TiO, doped with car-
bon nanotubes according to the present invention is appli-
cable to degradation of benzene and methyl orange.

According to an embodiment of the presently claimed
invention, a composite of the present invention comprising
zinc oxide nanorods incorporated with CNTs, is used to fab-
ricate a nano-transistor for field-effect transistor with termi-
nals.

FIG. 14 is a schematic diagram showing a field-effect
transistor comprising a layer of zinc oxide nanorods incorpo-
rated with CNTs according to an embodiment of the presently
claimed invention. The field-effect transistor comprises a gate
1401, a source 1402, and a drain 1403. A layer of zinc oxide
nanorods incorporated with CNTs 1404 is deposited on top of
the gate 1401, and located between the source 1402 and the
drain 1403, that helps to increase current between the two
terminals. The layer 1404 also acts as a switch to control
on/off of current in the two terminals as used in many pro-
cessors and integrated circuits. In addition, the speed of the
transistor is increased due to efficient transfer of charges in
CNTs inside the semi-conductor, and sensitivity is also
increased since more charges are potentially stored inside the
CNTs.

According to an embodiment of the presently claimed
invention, a FET comprising the composite of the present
invention is applicable to oxygen sensor as oxygen adsorption
onto the gate changes the electrical properties. The added
CNTs between a source and a sink of the FET can make the
gain much more sensitive.

According to an embodiment of the presently claimed
invention, the composite of the present invention is applicable
to biosensor since the carbon-based nanostructures can
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increase hydrophilicity of biosensor. Better wetting of bio-
logical cells implies a stronger signal for the sensor.

According to an embodiment of the presently claimed
invention, an electrochemical biosensor for cancer cells
based on TiO,/CNT nanocomposite modified electrodes is
provided. The TiO,/CNT nanocomposite modified electrode
can accelerate heterogeneous electron transfer rates, and thus
enhance the relevant detection signal. This significant
increase is attributed to the amplification in the surface area of
the electrode by the modified nanocomposites. Meanwhile,
the electrochemical response of K;[Fe(CN),] can be obvi-
ously increased when the electrode is covered with cancer
cells.

According to an embodiment of the presently claimed
invention, a carbon paper modified by the TiO,/CNT nano-
composites of the present invention is provided.

According to an embodiment of the presently claimed
invention, Pd-doped TiO, nanofiber networks for gas sensor
applications comprising the nanocomposites of the present
invention are provided. Noble metal acts as an electron accep-
tor on semiconducting oxide surfaces, which contributes to
the increase of the depleted layer. Therefore, the change in
resistance is larger as compared to the pristine oxide case,
leading to an increase in response.

According to an embodiment of the presently claimed
invention, Li-ion batteries comprising the nanocomposites of
the present invention are provided. TiO, is an abundant, low
cost, and environmentally benign material, which is also
structurally stable during Li insertion/extraction and is intrin-
sically safe by avoiding Li electrochemical deposition. Mean-
while, hybrid nanostructures of the present invention, such as
anatase TiO,—CNT hybrids, anatase TiO,—RuO, nano-
composite, combined with conventional carbon additives
have demonstrated an increased Li-ion insertion/extraction
capacity in the hybrid electrodes at high charge/discharge
rates. The nanocomposite of the present invention is able to
lower the impedance of the Li-ion batteries, and increase the
corresponding storage capacity.

Consequently, the composite of the present invention is
able to provide fast electric charge transport, and reduce the
rate of electron-hole recombination, ultimately increasing the
power conversion efficiency for use in solar cell; provide fast
electrons transport, storage of electrons and large surface area
for adsorption and reaction sites of active molecular species
taking part in photocatalytic reaction; change the sensitivity
of'a surface for biological and chemical sensing purposes for
use in biological and chemical sensors; and lower the imped-
ance and increase the charge storage capacity of a lithium-ion
battery.

The foregoing description of the present invention has been
provided for the purposes of illustration and description. It is
not intended to be exhaustive or to limit the invention to the
precise forms disclosed. Many modifications and variations
will be apparent to the practitioner skilled in the art.

The embodiments were chosen and described in order to
best explain the principles of the invention and its practical
application, thereby enabling others skilled in the art to
understand the invention for various embodiments and with
various modifications that are suited to the particular use
contemplated. It is intended that the scope of the invention be
defined by the following claims and their equivalence.

What is claimed is:

1. A composite comprising a plurality of one-dimensional
semiconductor nanocomposites, wherein each of the one-
dimensional semiconductor nanocomposite comprises:
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one or more semiconductor media; and

one or more highly conductive nanostructures;

wherein the one or more highly conductive nanostructures
are dispersed within the each of the one-dimensional

5 semiconductor nanocomposite, and are covered sub-

stantially by and interfacially bonded to the one or more
semiconductor media, leading to improved electrical
conductivity of the one-dimensional semiconductor
nanocomposite;

19 wherein the one-dimensional semiconductor nanocompos-
ites are in a structure of nanorod;
wherein the semiconductor medium is titanium dioxide
with substantial anatase phase;
s  wherein the highly conductive nanostructures are multi-

wall carbon nanotubes; and

wherein the composite comprises 2 to 6 percent by weight

of the multi-wall carbon nanotubes.

2. A method for fabricating the composite of claim 1,

20 comprising the steps of:
preparing a semiconductor precursor solution, comprising
titanium isopropoxide, polyvinylpyrrolidone, acetic
acid, and ethanol;

adding a plurality of multi-wall carbon nanotubes to the

25 semiconductor precursor solution to form a solution,
wherein the solution comprises 0.05 to 0.15 percent by
weight of the multi-wall carbon nanotubes;

electrospinning the solution by applying a voltage over a

collector distance to form a plurality of titanium dioxide
30 nanofibers incorporated with the multi-wall carbon
nanotubes;

heating up the plurality of the titanium nanofibers incorpo-

rated with the multi-wall carbon nanotubes with a tem-
perature rise rate of approximately 1° C./min until
35 reaching a calcination temperature of approximately
450° C.;
calcinating the plurality of the titanium nanofibers incor-
porated with the multi-wall carbon nanotubes at the
calcination temperature of approximately 450° C. for
40 approximately 2 hours; and
cooling down the plurality of the titanium nanofibers incor-
porated with the multi-wall carbon nanotubes from the
calcination temperature of approximately 450° C. with a
temperature decrease rate of approximately —1° C./min
45 until formation of the composite comprising a plurality
of one-dimensional titanium dioxide nanorods incorpo-
rated with the multi-wall carbon nanotubes.

3. A composite comprising a plurality of one-dimensional

semiconductor nanocomposites, wherein each of the one-
50 dimensional semiconductor nanocomposites comprises:

one or more semiconductor media; and

one or more highly conductive nanostructures;

wherein the one or more highly conductive nanostructures

are dispersed within the each of the one-dimensional

55 semiconductor nanocomposites, and are covered sub-
stantially by and interfacially bonded to the one or more
semiconductor media.

4. The composite of claim 3, wherein the one-dimensional
semiconductor nanocomposite is in a structure selected from

60 the group consisting of nanorod, nanowire, nanofiber, and
nanorice.

5. The composite of claim 3, wherein material of the one or
more highly conductive nanostructures is carbon-based, gold,
silver, aluminum, zinc, nickel, platinum, or tin.

65 6. The composite of claim 3, wherein the one or more
highly conductive nanostructures are selected from the group
consisting of single-wall carbon nanotubes, multi-wall car-



US 8,987,706 B2

17

bon nanotubes, carbon nanorods, carbon nanowires,
graphene sheets, and their combinations.

7. The composite of claim 3, wherein the composite com-
prises 2 to 10 percent by weight of the highly conductive
nanostructures.

8. A method for fabricating the composite of claim 3,
comprising the steps of:

preparing a semiconductor precursor solution;

adding a plurality of highly conductive nanostructures to

the semiconductor precursor solution to form a solution;
producing a plurality of preformed one-dimensional semi-
conductor nanocomposites with the solution;
heating up the plurality of the preformed one-dimensional
semiconductor nanocomposites with a temperature rise
rate having a range from 0.1° C./min to 5° C./min until
reaching a calcination temperature having a range from
200° C. to 1000° C.;

calcinating the plurality of the preformed one-dimensional
semiconductor nanocomposites with the calcination
temperature for a calcination period; and

cooling down the plurality of the preformed one-dimen-

sional semiconductor nanocomposites form the calcina-
tion temperature at a temperature decreases rate having
arange -0.1° C./minto —-5° C./min until formation of the
composite.

9. The method of claim 8, wherein the temperature rise rate
has a range from 0.1° C./min to 3° C./min.

10. The method of claim 8, wherein the temperature
decrease rate has a range from -0.1° C./min to -3° C./min.

11. The method of claim 8, wherein the calcination tem-
perature has a range from 300° C. to 600° C.

12. The method of claim 8, wherein the step of producing
the plurality of the preformed one-dimensional semiconduc-
tor nanocomposites with the solution comprises:

electrospinning the solution by applying a voltage over a

collector distance.

13. The method of claim 8, wherein the solution comprises
0.051t0 0.15 percent by weight of the highly conductive nano-
structures.

14. A one-dimensional semiconductor nanocomposite
comprising:

one or more semiconductor media; and

one or more highly conductive nanostructures;
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wherein the one or more highly conductive nanostructures
are dispersed within the one-dimensional semiconduc-
tor nanocomposite, and are covered substantially by and
interfacially bonded to the one or more semiconductor
media.

15. The nanocomposite of claim 14, wherein the one-di-
mensional semiconductor nanocomposite is in a structure
selected from the group consisting of nanorod, nanowire,
nanofiber, and nanorice.

16. The nanocomposite of claim 14, wherein material of
the one or more highly conductive nanostructures is carbon-
based, gold, silver, aluminum, zinc, nickel, platinum, or tin.

17. The nanocomposite of claim 14, wherein the one or
more highly conductive nanostructures are selected from the
group consisting of single-wall carbon nanotubes, multi-wall
carbon nanotubes, carbon nanorods, carbon nanowires,
graphene sheets, and their combinations.

18. A method for fabricating the one-dimensional semi-
conductor nanocomposite of claim 14, comprising the steps
of:

preparing a semiconductor precursor solution;

adding a plurality of highly conductive nanostructures to

the semiconductor precursor solution to form a solution;
producing a preformed one-dimensional semiconductor
nanocomposite with the solution;
heating up the preformed one-dimensional semiconductor
nanocomposites with a temperature rise rate having a
range from 0° C./min to 5° C./min until reaching a
calcination temperature having a range from 200° C. to
1000° C.;

calcinating the plurality of the preformed one-dimensional
semiconductor nanocomposites with the calcination
temperature to form the composite for a calcination
period; and

cooling down the preformed one-dimensional semicon-

ductor nanocomposites from the calcination tempera-
ture until formation of the nanocomposite.

19. The method of claim 18, wherein the temperature rise
rate has a range from 0.1° C./min to 3° C./min, and the
temperature decrease rate has a range from -0.1° C./min to
-3° C./min.

20. The method of claim 18, wherein the calcination tem-
perature has a range from 300° C. to 600° C.
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