A BIOMIMETIC APPROACH TO LOW-COST FABRICATION OF COMPLEX
NANOSTRUCTURES OF METAL OXIDES BY NATURAL OXIDATION AT
LOW- TEMPERATURE [0001]Thisapplication claims priority from U.S.
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BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The invention relates to metal oxide
nanostructures formed by natural oxidation at low
temperatures.

Description of the Related Art

[0003] Metal oxides have increasing applications in
semiconductors due to their wide Dbandgap and large
excitation binding energy. As a typical wide-bandgap
semiconductor oxide with a large excitation binding energy
(about 60 meV), zinc oxide 1is one of the more important

functional materials having wunique properties of near



Field of the Invention [0002]Theinventionrelatestometaloxide
nanostructuresformed by naturaloxidation atlow temperatures. Description of
the Related Art  [0003] Metal oxides have increasing applications in
semiconductors due to their wide bandgap and large excitation binding
energy. As a typical wide-bandgap semiconductor oxide with a large
excitation binding energy (about 60 meV), zinc oxide is one of the more

impertant functional materials having unique propgdies-atpear ciectrical
conductivity and piezoelectricity.

[0004] In order to develop technologies to obtain
ultraviolet 1lasing from metal oxide (e.g., =zinc oxide)
nanorods, it is necessary to develop methodologies to
produce one-dimensional (1D) metal oxide nanostructures
suitable for applications in electronic and optoelectronic
devices. Especially, large-scale and low-cost controllable
growth of well-aligned ZnO nanorods on suitable substrates
is desired for these cutting-edge applications.

[0005] Related art methods of producing nanorods include
high-temperature vapor-phase processes that are expensive
and energy-intensive. The temperatures required for these
processes typically range from 900 to 1100 °C. As a result,
liquid phase coating of substrates with nanoparticles cannot
be accomplished using high-temperature vapor phase processes.
However, the complex solution chemistry of these schemes has
yielded a complex technology prone to producing
irreproducible results.

[0006] A typical related art approach to producing ZnO
nanoparticles entails the synthesis of metal oxides from
organometallic precursors using a two-step approach: (i) the

formation of metal nanoparticles from an organometallic
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ultraviolet emission,optical transparency,electrical conductivity and
piezoelectricity. [0004]In order to develop technologies to obtain ultraviolet
lasing from metal oxide (e.g., zinc oxide) nanorods, it is necessary to develop
methodologies to produce one-dimensional (1D) metal oxide nanostructures
suitable for applications in electronic and optoelectronic devices. Especially,
large-scale and low-cost controllable growth of well-aligned ZnO nanorods on

syablg.substrates, is desired forthese cuttingedge applications,; [0003]; s .

Related art methods of producing nanorods include high-temperature

vapeiphase pyocessesthat are-expensive and-ensrgyntensive. dieoxidize
temperatures required for these processes typically range from 900 to 1100

Cr &saa 1esultdiguid phasecoatingrofssubginates withhRgnopartistes¢anaat of
be accomplished using high-temperature vapor phase processes. However,
theieamplex solutionichesristry afdhese schepesthas yieltded &eampiaxamine
technology prone to producing irreproducible results.
and tetrahydrofuran (M. Monge et al. Angew. Chem. Int. ed.,
2003, 42, 5321-5324). Other approaches to metal oxide
nanoparticles were also reported previously.

[0007] Copper oxide has also been of considerable
interest because it forms the basis of technologically
important materials such as high-temperature superconductors
and plays practical roles in catalysis, sensing, and solar
energy technology. Conventional methods of forming copper
oxide nanoparticles include thermal decomposition, oxidation,
reduction and hydrolysis of metal or metal salts. However,
there is still a need for simple technologies to form copper
oxide nanomaterials from solutions at moderate, i.e., room,
temperatures from simple aqueous solutions.

[0008] Accordingly, modern semiconductor and laser

technology requires reliable and reproducible new metal

oxide materials that are easy and inexpensive to prepare.



[0006] A typical related art approach to producing ZnO nanoparticles entails
the synthesis of metal oxides from organometallic precursors using a
two-step approach: (i) the formation of metal nanopatrticles from an
organometallic precursor, and (ii) oxidation of the metallic nanopatrticles.
Alternately, unstable organometallic systems (which oxidize readily) are
utilized. For example, a complicated system of bisalkyl zinc is oxidized in a

solution of hexadecylamiggvpag telah e fudi=trMenge et al. Angew.

Chem. Int. ed., 2003, 42, 5321-5324). Other approaches to metal oxide

nangpagisies wete,alsorepgrted praviously, {QQQACopper oxidehas also o
been of considerable interest because it forms the basis of technologically
inppedart materalssuch asdlighdemperatiressuparconductorsuand playsa11y
practical roles in catalysis, sensing, and solar energy technology.
Conventiesal methods of farming coppesaxideinanoparticles inciude thermald
decomposition, oxidation, reduction and hydrolysis of metal or metal salts.
However athtergds stilf atheed édrasimple technologies to form copper oxide
nanomaterials from solutions at moderate, i.e., room, temperatures from
simfletddjeousrsotutionst [G008} ecordinglyimodém semiconmdudtorantetal
laser technology requires reliable and reproducible new metal oxide materials
tmﬁ;ﬁ@eaqum@ﬁﬁgypéngv@y)@@@ahg formed at room temperature

using simple solution chemistry. The invention can provide a
metal oxide nanomaterial without the use of complex organic
ligands.

[0011] The invention, in part, pertains to a method for
manufacturing a metal oxide nanostructure that includes
oxidizing metallic metal 1in the presence of a solution
containing a ligand such as a liquid amine to form a metal-
ligand complex, and decomposing the metal-ligand complex to
form the metal oxide nanostructure. The metal oxide
nanostructure can be formed on a substrate having a lattice
match with the metal oxide to be deposited. The metal can
be selected from all the transition metals that can form
complexes with ligands with functional groups such as amine,
carboxyl, aldehyde, etc. The metal can be any transition
metal such as of Sc¢, Ti, Vv, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y,

Zr, Nb, Mo, Tc¢, Ru, Rh, Pd, Ag, Cd, Hf, Ta, W, Re, Os, Ir,
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SUMMARY OF THE INVENTION [0009] Accordingly,theinventionisdirected
to producing a metal oxide nanomaterial that substantially obviates one or
more problems due to limitations and disadvantages of the related art.

[0010] An object of the invention is to provide a metal oxide nanomaterial that
can be formed at room temperature using simple solution chemistry. The
invention can provide a metal oxide nanomaterial without the use of complex

okganis ijgands; JO0EL LT he inventign, i Rart. Rertaingdo amethod fr or i,
The metal can most preferably be zinc or copper and the
metal oxide is then zinc oxide or copper oxide. When the
nanostructure is 7Zn0O, it can be formed on a substrate of
metallic zinc or a 7ZnO film-coated substrate. When the
nanostructure 1is CuO, it can be formed on a substrate of
metallic copper or a CuO film-coated substrate.

[0012] In the invention the liquid amine can be at least
one of HCONH,, HCON(CHs),, HCON(CH;CHs),, HCON(CH;CH,CHs),,
HCONH-n-butyl, HCONH-iso-butyl or HCONH-tert-butyl. The
metal amino complex can be Zn-formamide or Cu-formamide.
The decomposing can be performed 1in the presence of
dissolved oxygen. The metal oxide nanostructure can be ZnO
nanorods or dendritic CuO. The Zn0O nanorods can have a
diameter of 10 to 1000 nm, preferably a few tens to 100 nm.
The Zn0O nanorods can also have a diameter of 80 to 170 nm.
The solution can be a 2-10% aqueous solution of HCON, or
higher. The solution can further contain an amino acid.
The temperature can be 0-100 °C or higher in some cases,
preferably 65 °C. Also, oxygen is dissolved in the liquid

amine.

[0013] The invention, 1in part, pertains to a method of

manufacturing a metal oxide nanostructure that includes
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manufacturing a metal oxide nanostructure that includes oxidizing metallic
metal in the presence of a solution containing a ligand such as a liquid amine
to form a metalligand complex, and decomposing the metal-ligand complex to
form the metal oxide nanostructure. The metal oxide nanostructure can be
formed on a substrate having a lattice match with the metal oxide to be
deposited. The metal can be selected from all the transition metals that can
forp,complexes witbdigands, with tunctional,groups,such as,aMiae.Cabexyl,
aldehyde, etc. The metal can be any transition metal such as of Sc, Ti, V, Cr,
Mih d&e5n0a Ni, Gl ZBe Y aZin Ny MogJ 1y Run RO, Bd, Ag, £dy HfrTaiWoRe g
Os, Ir, Pt, Au or Hg. The metal can preferably be Zn, Cu, Fe or Ni. The metal
carpRest preterably be zine or cepper and:tbe metal oxide i therrzinc oxide,e
or copper oxide. When the nanostructure is ZnO, it can be formed on a
subsitaterafdnetallic zinaer a ZnQ filrorcoaied substrate Mbescthe of 80 to
nanostructure is CuQO, it can be formed on a substrate of metallic copper or a
CuDfim-coated substrate. [0012]In the invention the liquid amine can be at
least one of HCONH2, HCON(CH3)2, HCON(CH2CH3)2,
HcgB‘&gbl]zcHI%%H%)%7&'1@9%‘7'-,r!fpuy&rjégog!glf'{:lgg?@méloora metal oxide
HCONH-tert-butyl. The metal amino complex can be Zn-formamide or

QHé@é@@fﬂigguFQeﬁﬁQ%ﬂp%ieﬁi cande,perfernedin the presence f o of
dissolved oxygen. The metal oxide nanostructure can be ZnO nanorods or

dendritic Ca63. The 4nQ papgrads garhavea diareterofk0 tQ,;00Q N
preferably a few tens to 100 nm. The ZnO nanorods can also have a

diametes ©f 8040470 nrxx<ERR selution ganhe a2-10% aqueews solsion afng
HCONZ2 or higher. The solution can further contain an amino acid. The
terRperaturereans be 2100 Caorikigheninsapecases) preferably 656 Als0e .
oxygen is dissolved in the liquid amine.
The nanorods can also have a diameter of 80 to 170 nm.
Immersing metallic zinc in an aqueous amine solution forms
the nanorods.

[0015] Additional features and advantages of the
invention will be set forth in the description which follows,
and in part will be apparent from the description, or may be
learned by practice of the invention. The objectives and
other advantages of the invention will be realized and
attained by the structure particularly pointed out in the
written description and claims hereof as well as the
appended drawings.

[0016] It is to be understood that both the foregoing

general description and the following detailed description
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[0013]The invention, in part, pertains to a method of immersing a metal in a
solution of 2-10% aqueous HCONH2. The metal can be a metal foil such as a
zinc foil or a copper foil. The temperature can be 65 C. The nanostructure

can be ZnO nanorods having a diameter of 80 to 170 nm. [0014]The
invention, in part, pertains to a metal oxide nanostructure formed from ZnO
nanorods having a diameter of 10 to 1000 nm, preferably a few tens to 100
n@y; whete the paperods have a hexagopal,crystallographic merpholagy, agd.
the nanorods can be oriented perpendicular to a substrate. The nanorods can
alsprhave a diamgteraf 80 ta,1 {0 am.dapnersing snetaliciziac inapaqueOUSs
amine solution forms the nanorods. [0015] Additionalfeaturesand
advantagesof the

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The accompanying drawings, which are included to
provide a further understanding of the invention and are
incorporated in and constitute a part of this application,
illustrate embodiments of the invention and together with
the description serve to explain the principle of the
invention.

[0018] In the drawings:

[0019] Fig. 1 shows SEM image of 7ZnO nanorod array grown
directly from Zn foil in 5% formamide aqueous solution at 65
oC;

[0020] Fig. 2 shows the X-ray diffraction pattern of a
highly oriented Zn0O nanorod array the grown on a Zn
substrate;

[0021] Fig. 3A shows an SEM image of a ZnO array grown
from a 10% formamide aqueous solution;

[0022] Fig. 3B shows an SEM image of a Zn0O array grown

from a 2% formamide aqueous solution;



invention will be set forth in the description which follows, and in part will be
apparent from the description, or may be learned by practice of the invention.
The objectives and other advantages of the invention will be realized and
attained by the structure particularly pointed out in the written description and
claims hereof as well as the appended drawings. [0016]It is to be understood
that both the foregoing general description and the following detailed

desqré@tiq] of Fﬁ%i.nVQ”tQ{b%e %W@@MQBQ%P@P%Q{M apd are infepded,
to provide further explanation of the invention as claimed. BRIEF

DESGRIBRION QF JHE RRAWINGSferent formamide concentrations;

[0024] Fig. 5 shows the relationship between nanorod
diameter and formamide content;

[0025] Fig. 6 schematically shows the growth of metal
oxide nanotubes over a metal oxide coated substrate;

[0026] Fig. 7A shows an TEM image of nanorod morphology
and SAED pattern of the selected nanorod;

[0027] Fig. 7B shows a high-resolution TEM image of an
isolated nanorod, as indicated in Fig. 7A;

[0028] Fig. 8 shows an overview SEM image of pale blue
spherulites grown on copper substrate (7.0 x 7.0 x 0.127 mm)
for 6 days in 1 mL of 9 M formamide aqueous solution;

[0029] Fig. 9 shows SEM images of 3D dendritic structure
of copper hydroxide crystals grown on copper substrate for 6
days in 1 mL of 9 M formamide aqueous solution: (A) top view,
(B) oblique view at a tilting angle of 45° (C) cross-—
section view of dendritic crystals, and (D) HR-TEM image of
a broken nanosheet, which was collected from copper
substrate covered with dendritic crystals;

[0030] Fig. 10 shows the temporal evolution of copper

concentration in 1 mL of 9 M formamide aqueous solution;



[0017]The accompanying drawings, which are included to provide a further
understanding of the invention and are incorporated in and constitute a part
of this application, illustrate embodiments of the invention and together with
the description serve to explain the principle of the invention. [0018]In the
drawings: [0019]Fig. 1 shows SEM image of ZnO nanorod array grown
directly from Zn foil in 5% formamide aqueous solution at 65 C; [0020]Fig. 2

Sho‘f@d@?])('rq:yi%iﬁracqqn Paé?%{wf atime—dependent evolution of
dendritic crystal morphology at different growth stages for
2 days (A), 3 days (B), 4 days (C), 5 days (D), 6 days (E),
and 9 days (F), respectively;

[0032] Fig. 12 shows a reaction-volume-controlled self-
organized growth of highly porous dendritic architectures,
where (A) shows an SEM image of a dumbbell-like dendritic
crystal produced in the 1-mL reaction system after 6 days,
(B) shows an SEM image of dendritic porous network produced
in the 0.5-mL reaction system after 6 days, and upon
increasing the time up to 10 days, and (C) shows an SEM
image of a Dbicontinuous film-like inorganic scaffold that
was gradually formed while the contour of the dendritic
crystals disappeared;

[0033] Fig. 13 shows an SEM image of shell-ornamented,
dendritic spherulites of copper hydroxide grown on a copper
substrate for 8 days in 1 mL of 9 M formamide aqgueous
solution containing 0.5 mM glycine;

[0034] Fig. 14 shows the temporal evolution of dendritic
crystal morphology by SEM at different growth times of 6
days (A), 7 days (B), and 9 days (C), respectively, and
corresponding enlarged structures are shown in the right-

hand images;



highly oriented ZnO nanorod array the grown on a Zn substrate; [0021] Fig.
3A shows an SEM image of a ZnO array grown from a 10% formamide
agueous solution; [0022]Fig. 33 shows an SEM image of a ZnO array grown
from a 2% formamide aqueous solution; [0023]Fig. 4 shows the evolution of
ZnO from solution

[0035] Fig. 15A shows the powder XRD pattern of

crystalline monoclinic CuO;

[0036] Fig. 15B shows an overview TEM image of CuO with

arrows indicating ellipsoid particles and with an inset SEM

image;

[0037] Fig. 15C shows a high-resolution TEM image of

CuO;

[0038] Fig. 16A shows a high resolution TEM image of a
single CuO ellipsoidal particle;

[0039] Fig. 16B shows a selected area electron

diffraction (SAED) pattern of a single CuO ellipsoidal

particle;

[0040] Fig. 17 shows a schematic illustration of

a

single-crystalline assembly of cupric oxide Dbuilt from

aggregated nanoparticles;

[0041] Fig. 18A shows a TEM image and SED pattern of the

early stage formation of nanoparticles of CuOj;

[0042] Fig. 18B shows an HRTEM image with identical

(200) lattice planes in the primary particles with wvarious

lattice directions being indicated by arrows;

[0043] Fig. 18C shows a TEM image and SED pattern of an

intermediate stage after 24 hours of aging of a few hundred

primary nanoparticles into a loosely organized aggregate;
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as a function of time at different formamide concentrations; [0024]Fig. 5
shows the relationship between nanorod diameter and formamide content;
[0025]Fig. 6 schematically shows the growth of metal oxide nanotubes over a
metal oxide coated substrate; [0026] Fig. 7A shows an TEM image of
nanorod morphology and SAED pattern of the selected nanorod,;

[0044] Fig. 18D shows a TEM image and SED pattern of a
stage after 1 week of aging of a single-crystalline
nanoarchitecture; and

[0045] Fig. 19 shows a schematic illustration of stewise
orientation and aggregation of a large number of primary

particles into a monocrystalline structure.

DETAILED DESCRIPTION

[0046] Reference will now be made in detail to the
preferred embodiments of the invention, examples of which

are illustrated in the accompanying drawings.

[0047] The invention fabricates metal oxide
nanostructures from aqueous solutions at moderate
temperatures. The invention produces the simple self-

seeding growth of uniform, large area metal oxide nanoarrays
at low temperatures. The invention also eliminates the
requirement for using exotic metals as catalysts or metal
oxides as seed particles. The exclusion of exotic metal
catalysts and counterions is an important advantage when
fabricating reliable devices, because even very low impurity
concentrations can incorporate dopant species into
semiconductor nanorods to generate unintentional defect

levels that significantly effect device properties.

11



[0027]Fig. 73 shows a high-resolution TEM image of an isolated nanorod, as
indicated in Fig. 7A; [0028]Fig. 8 shows an overview SEM image of pale blue
spherulites grown on copper substrate (7.0 x 7.0 x 0.127 mm) for 6 days in 1
mL of 9 M formamide aqueous solution; [0029] Fig. 9 shows SEM images
of 3D dendritic structure of copper hydroxide crystals grown on copper
substrate for 6 days in 1 mL of 9 M formamide aqueous solution: (A) top

vievv[,(.@) gplique,view.af a,tilting aﬁgﬁ@%@ (@%8r0§§§vﬁc@ﬁé{@é’!8£ of a
dendritic crystals, and (D) HR-TEM image of a broken nanosheet, which was

callacted feam coppey substrgte coverad with dendriticcrysials; d0030]Fig. Qe

shows the temporal evolution of copper
help of an organic ligand, preferably formamide (HCONH;),
which leads to the continuously releasing of metal ions (for
example Zn?" or Cu®?" ions) into the liquid phase in the form
of an amino complex. The aligned metal oxide nanorods
covering the metal surface are made by the simultaneous
thermal decomposition of metal-formamide complex. The
diameters of nanorods are tunable from several tens to a few
hundred nanometers by simply changing the formamide
concentration in aqueous solution.

[0049] When considering =zinc, due to the coordinating
ability of formamide molecules with metal ions, the
resultant Zn?" ions release continuously from zinc substrate
into solution phase in the form of complexing [Zn(HCONHg)ﬂ2+
ions, which overcomes thus the passivation effect of metal
surface. Under hydrothermal condition, the decomposition of
complexing compound occurs simultaneously at low temperature,
providing the growth of ZnO on the Zn substrate.

[0050] The synthesis of 1D ZnO nanostructures using
metallic zinc as a precursor entails using pure or almost
pure zinc as a precursor at near room temperature (65 °C).

The synthetic principle is based on the slow oxidation of

12



concentration in 1 mL of 9 M formamide aqueous solution;
[0031]Fig.11showstime-dependentevolutionof dendritic crystal morphology at
different growth stages for 2 days (A), 3 days (3), 4 days (C), 5 days (D), 6
days (E), and 9 days (F), respectively; [0032]Fig. 12 shows a
reaction-volume-controlled self- organized growth of highly porous dendritic
architectures, where (A) shows an SEM image of a dumbbell-like dendritic

crystalprogduced ig fhe L-ml.- raactionsystem affer §,days, (3) shows,an SEMe

image of dendritic porous network produced in the 0.5-mL reaction system
afley@,days, and4pon increasingdhe timewp, 10 10waysy and{Sdshows anne

SEM image of a bicontinuous film-like inorganic scaffold that was gradually

farmed whie dhe ceateursafihedendiitic crysialsrdisappeared; phase in the
form of an amino complex. The aligned ZnO nanorods covering
the Zn surface are made by the simultaneous thermal
decomposition of the Zn-formamide complex. The diameters of
the nanorods are tunable from several tens to a few hundred
nanometers by simply changing the formamide concentration in
aqueous solution.
EXAMPLE 1

[0051] The oxidation of metal zinc under control of

formamide molecules and the growth of Zn0O nanorod arrays was
carried out in a 4-ml glass vial. Before use, high-purity
zinc foils were carefully washed in an ultrasonic bath of
absolute ethanol. Formamide was used directly without
further purification. In a typical procedure, a piece of

zinc foil was dimmersed into 1.5 ml aqueous formamide

(HCONH,;) solution. The formamide content in the water varied

\

within a range of 2-10 %. The vial was then heated in a
drying oven at a constant temperature of 65 °C, and kept
still for 24 hours. It could be observed that the surface of
Zn substrate was tarnished gradually and a thin layer of

white ZnO covers the entire surface of substrate. The =zinc
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[0033]Fig. 13 shows an SEM image of shell-ornamented, dendritic
spherulites of copper hydroxide grown on a copper substrate for 8 days in 1
mL of 9 M formamide aqueous solution containing 0.5 mM glycine; [0034]Fig.
14 shows the temporal evolution of dendritic crystal morphology by SEM at
different growth times of 6 days (A), 7 days (3), and 9 days (C), respectively,
and corresponding enlarged structures are shown in the right-hand images;

[%Figéé'“m tB@tPOM&r %Bg@@tt%}'&(gf alcohol and deionized

water, and dried at room temperature before characterization.

[0052] Fig. 1 shows a typical scanning electron
microscope (SEM) image of the materials grown on a zinc
substrate in 5 % formamide aqueous solution for 24 hours.
The image confirms that a high density of well-oriented
nanorods uniformly grew over the entire substrate. The
diameters of these nanorods range from 80 to 170 nm, whereas
most of the nanorods have a diameter of 140 nm. The
hexagonal end face and perfect side surfaces of the nanorod
can be clearly identified in the inset image of Fig. 1. The
well-defined hexagonal crystallographic morphology provides
strong evidence that all nanorods grow along the <0001>
direction and are indeed well-faceted crystals.

[0053] The corresponding XRD pattern of zinc foil with
the Zn0O nanorod array is depicted in Fig. 2. In addition to
diffraction peaks of the Zn substrate, the (002) diffraction
peak 1in the Zn0O diffraction pattern 1s distinguishingly
strong, whereas other peaks are either extremely weak or not
detected. This indicates that the nanorods within the array
are grown along «c—axis direction, and are oriented

preferentially in a perpendicular fashion onto the substrate.
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crystalline monoclinic Cu0; [0036] Fig. 153 shows an overview TEM image
of CuO with arrows indicating ellipsoid particles and with an inset SEM
image; [0037]Fig. 15C shows a high-resolution TEM image of Cu0; [0038]Fig.
16A shows a high resolution TEM image of a single CuO ellipsoidal particle;

[0054] The oriented 7ZnO nanorods on the substrate with
various average diameters were synthesized using the simple
liquid-phase procedure by adjusting the formamide content of
solution. The evolution of the rod array morphology with
amount of formamide in solution 1is clearly shown in SEM

images of Fig. 3.

[0055] Fig. 3A shows an SEM image of a Zn0O array grown
from a 10% formamide aqueous solution, where large, well-
formed nanotubes having a regular hexagonal morphology can
be readily observed (see insert). The diameter of the ZnO
nanotubes can be observed to range from about 0.3 to 0.5 um.

[0056] Fig. 3B shows an SEM image of a ZnO array grown
from a 2% formamide aqueous solution, where the nanowires
have a smaller diameter than those formed from a 10%

formamide solution. Here, the nanowires have a diameter of

about a few tens to a few hundred nanometers.
EXAMPLE 2

[0057] Using materials similar to Example 1, ZnO

o°

nanorods were grown onto a zinc substrate from a 5
formamide solution at 65 °C for 24 hours. The resulting
rods had a well-faceted hexagonal diameter of about 140 nm

and were very densely packed on the substrate. X-ray
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[0039]Fig.163showsaselectedareaelectron diffraction (SAED) pattern of a
single CuO ellipsoidal particle; [0040]Fig. 17 shows a schematic illustration of
a single-crystalline assembly of cupric oxide built from aggregated
nanoparticles; [0041]Fig. 18A shows a TEM image and SED pattern of the
early stage formation of nanoparticles of Cu0;

diffraction analysis identified the structure to be Wurtzite
Zn0O, and that the preferential growth direction of the
nanorods was along the c—-axis or highly oriented c-axis
alignment of nanorods over a large substrate area.
Referring to Fig. 7A, TEM analysis of nanorods removed from
the Zn substrate showed that the nanorods were about 1.6 um
in length and had a uniform diameter along the entire length.
Selective Area Electron Diffraction (SAED) determined that
the nanorods were single crystals grown along the [0001]
direction. In Fig. 7B, TEM analysis revealed a lattice
spacing of 0.52 nm, which corresponds to a d-spacing of
(0001) crystal planes, further confirming <0001> to be the

preferential growth direction.

[0058] The anisotropic growth of ZnO crystals along the
[0001] direction may be caused by inherent polar properties
along the c-axis. The velocities of crystal growth in

different crystallographic planes are:

Veo1i0> > Veoiit> > Veoooi> = V<0001>
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[0042]Fig. 183 shows an HRTEM image with identical (200) lattice planes in
the primary particles with various lattice directions being indicated by arrows;
[0043]Fig. 18C shows a TEM image and SED pattern of an intermediate
stage after 24 hours of aging of a few hundred primary nanoparticles into a
loosely organized aggregate; [0044]Fig. 18D shows a TEM image and SED
pattern of a

[0059] Strong room-temperature photoluminescence spectra
of the resulting Zn0O nanoarrays can exhibit a near band-edge
emission using a He-Cd laser as an excitation source.

[0060] To wunderstand the formation mechanism of 7ZnO
nanorods on a substrate at elevated temperature, the kinetic
process of crystal growth was studied in 5% formamide
aqueous solutions. Fig. 4 shows the evolution of Zn as a
function of time from solutions of 5%, 10% and 20% formamide
at 65 °C, where 5% formamide at room temperature was used as
a control.

[0061] In Fig. 4, the =zinc concentration increases
proportionally with reaction time due to the continuous
release of zinc ions into solution, and Zn complexes can
accumulate up to 0.23 mM gradually after 24 hours in 5%
formamide solution. In 5% formamide at 65 °C, the oxidation
of metallic zinc is initially very slow, and the resulting
low level of zinc concentration can induce heterogeneous
nucleation preferentially on a zinc substrate. With
prolonged reaction time, freshly produced Zn species can be
continuously supplied for the subsequent crystal growth on
the heterogeneous nuclei through the thermal decomposition

of the resulting Zn-formamide complexes.
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stage after 1 week of aging of a single-crystalline nanoarchitecture; and
[0045]Fig. 19 shows a schematic illustration of stewise orientation and
aggregation of a large number of primary particles into a monocrystalline
structure. DETAILED DESCRIPTION [0046] Reference will now be made in
detail to the preferred embodiments of the invention, examples of which are
illustrated in the accompanying drawings.

[OOﬁHEBvae@@yﬁggggﬁggmegygépe5 hours of ZnO growth from a

5% formamide solution at 65 °C, a sub-monolayer of uniform
Zzn0 seed particles about 120 nm in size were observed.

[0063] The size of the Zn0O nanorods can be tuned by
manipulating the concentration of formamide. Fig. 5 shows
the relationship between nanorod diameter and formamide
content for growth for 24 hours at 65 °C with formamide
contents of 2, 3, 5, 6, 8 and 10%. Increasing the formamide

content for 2 to 5 to 10% gradually increases the average

diameter of the nanorods from 50 to 140 to 320 nm. The
average diameter of the Zn0 nanorods increases
proportionally with increasing formamide content. This

linear relationship demonstrates that adjusting the
predetermined content of formamide can control the nanorod
diameter.

[0064] As was shown in Fig. 4, increasing the formamide
content from 2, 5, 10 to 20% will increase the zinc
concentration after 24 hours at 65 °C to 0.12 0.23, 0.37,
and 0.86 mM respectively. Although not shown in Fig. 4,
increasing the formamide content to 40% will vyield a
concentration of 1.49 mM after 24 hours at 65 °C. This
increased supply rate of Zn-formamide complexes shows the

formation of thicker nanorods result from increasing the
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nanostructuresfromaqueoussolutionsatmoderate temperatures. The invention
produces the simple self-seeding growth of uniform, large area metal oxide
nanoarrays at low temperatures. The invention also eliminates the
requirement for using exotic metals as catalysts or metal oxides as seed
particles. The exclusion of exotic metal catalysts and counterions is an
important advantage when fabricating reliable devices, because even very

|01W>ERQHQ%C%?JHF?@P”51‘%3@1&0%9@@8@%%&%1%9@ P@nin a range
semiconductor nanorods to generate unintentional defect levels that

signifigantly effechdevige preperties 048I The invention uilizes the,slow: own
oxidation of a metal such as zinc by naturally dissolved oxygen with the help

oban asganicdigans;psetesably formamided HCONHZ), shich leadsrto-theni de
continuously releasing of metal ions (for example Zn2 or Cu2 ions) into the
liquid phasesinithe fore of anmasainescomplex 0Rhe aligned metal oxide  were
nanorods covering the metal surface are made by the simultaneous thermal
decomposiiorioftmetal forrhamide eomplex.cthe diaimeters of hanorddsaaret o
tunable from several tens to a few hundred nanometers by simply changing
thecfornaimidecconceritration inraguedus sokiionof3049]WHren eohsidesing -
zinc, due to the coordinating ability of formamide molecules with metal ions,
the Ut ZARwionsreleasercoatifousiyrfremiziac sabstratenintoasolutio
phase in the form of complexing [Zn(HCONH2),]2 ions, which overcomes
thiiCthe' passivation effectf métal Surfaces Underiydrsthernaicohditiory @
the decomposition of complexing compound occurs simultaneously at low
terRperatire PredidingtiePgrowth st ZnO'BR tRé 7 substPatée—crystalline

structure preferentially grown along the c-axis.

[0066] For the growth mechanism of oriented nanorod
arrays, heterogeneous nucleation at the initial stage is
important for vertical and in-plane alignments of nanorods.
In the invention, foreign seed particles were not introduced
to grow the Zn0O nanorod, the heterogeneous nucleation may
occur at any site on the substrate for catalyst-free crystal
growth. Since Dboth Zn and Zn0O have hexagonal crystal
structure with lattice constants of a = 0.2665, ¢ = 0.4949
and a = 0.3249, ¢ = 0.5206, respectively, ZnO tends to have
an epitaxial orientation relationship of lattice planes with
the base zinc metal. Therefore, the epitaxial heterogeneous
nucleation results in a uniform distribution of ZnO particle

seeds on the substrate in the invention, and oriented 1D
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[0050]The synthesis of 1D ZnO nanostructures using metallic zinc as a
precursor entails using pure or almost pure zinc as a precursor at near room
temperature (65 C). The synthetic principle is based on the slow oxidation of
metal zinc by naturally dissolved oxygen with help of organic ligand
formamide (HCONH2), which leads to the continuously releasing of Zn2 ions
into liquid phase in the form of an amino complex. The aligned ZnO nanorods

cg\é@{mmﬁé&%ﬁa&@@r@m@qﬁ Ry dhe simyliang _Q%ggggﬁalrelationship
decomposition of the Zn-formamide complex. The diameters of the nanorods

agrtunable from sevgialiens ie &teunhundrednanemelars Busimpstrate.
changing the formamide concentration in aqueous solution. EXAMPLE 1
As has been observed (see, e.g., Fig. 3A) nearly all the
nanorods grow vertically from the substrate. For those
nanorods that do not grow vertically, their growth may
become physically limited as the misaligned nanorods begin
to impinge on other neighboring crystals.

[0067] In a preferred embodiment of the invention,
nanostructures can be grown over almost any substrate. Fig.
6 schematically shows the growth of metal oxide nanotubes
over a metal oxide coated substrate, where Zn is preferably
the metal component.

[0068] In Fig. 6, substrate 10 can be any suitable
material, such as glass, quartz, silicon, GaAs, polyethylene
terephthalate, etc. Over substrate 10 1is coated a metal
oxide 20 which can be Zn0O, Al-doped 7Zn0O, indium tin oxide
(ITO), indium =zinc oxide (IZO), etc. Metal foils 30 are
arranged 1n a formamide solution 40 to form the metal
formamide complex that feeds the growth of the nanorods 50.
EXAMPLE 3

[0069] A glass substrate was coated with an
approximately 150 nm thick Z2n0O film using radio-frequency

magnetron sputtering. The coated substrate was placed in a

20



[0051]The oxidation of metal zinc under control of formamide molecules and
the growth of ZnO nanorod arrays was carried out in a 4-ml glass vial. Before
use, high-purity zinc foils were carefully washed in an ultrasonic bath of
absolute ethanol. Formamide was used directly without further purification. In
a typical procedure, a piece of zinc foil was immersed into 1.5 ml aqueous
formamide (HCONH2) solution. The formamide content in the water varied

within:a range of 2:1Q %.; The vial was then heated 4 a-drying oven at aro ;i 1
constant temperature of 65 C, and kept still for 24 hours. It could be observed

that the surface of Znsubstatevas trnished gradually and athin layerofi e
white ZnO covers the entire surface of substrate. The zinc foil was taken out

apdwvashed-with alcehol and deionized wates-and deed akroog temperaturen
before characterization. [0052] Fig. 1 shows a typical scanning electron
micreseape{SEM) iniage of the matesialssgmwvem otra zine sulistrate inb:=%zno
formamide aqueous solution for 24 hours. The image confirms that a high
densityof welliorientedsnanrarodsiunifarmaly grelnoventhe enfite substraieawer
The diameters of these nanorods range from 80 to 170 nm, whereas most of
theonarotodsthiave a diimeterodd40 nhinel henltexdgonal end=face @pet rate,
perfect side surfaces of the nanorod can be clearly identified in the inset
infage of Fig.si.orhe wedl-défirtdd: hexagonakcerystatiographicaherphsidgy fast
provides strong evidence that all nanorods grow along the <0001> direction
aid e ifigedivell-facehed crystals. (00531 TRe édrespording X RDYratierAe -

of zinc foil with
The concentration of zinc precursors is uniform throughout

the surface of seed particles on the ZnO-film-coated
substrate, and growth takes place on entire seed particles
to give rise to solid nanorods. At higher zinc concentration
regions near the zinc foils, the growth rate has increased
with respect to the rate of diffusion, and the =zinc
concentrations are largely decreased close to the top area
of 1D Zn0O nanostructures, leading to the preferential growth
of nano-walls and limiting the growth of nanorods.
EXAMPLE 4

[0070] One ZnO-film-coated substrate and two 7 x 7 mm
zinc foils were immersed in 3 mL of 5% formamide aqgueous
solution (v/v) in a 10 mL sample vial followed by 24 hours
heating at a constant temperature of 65 °C. The substrates

were then rinsed with ethanol and dried 1n air Dbefore
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the ZnO nanorod array is depicted in Fig. 2. In addition to diffraction peaks of
the Zn substrate, the (002) diffraction peak in the ZnO diffraction pattern is
distinguishingly strong, whereas other peaks are either extremely weak or not
detected. This indicates that the nanorods within the array are grown along
c-axis direction, and are oriented preferentially in a perpendicular fashion
onto the substrate. [0054]The oriented ZnO nanorods on the substrate with

V%ﬂ%‘ﬂ%@t’@ﬁ%@%ﬁ@tem weke SMﬂ@@éiz%Héi{%% sipple |£q}4§@'é?§'@ﬁ§lly
procedure by adjusting the formamide content of solution. The evolution of

the-kad-araymerphalogy with ameunt of farmamide in solution isgleatly zno
shown in SEM images of Fig. 3. [0055] Fig. 3A shows an SEM image of a

Znghakray grawnifiomaa 4 09 fermmamide pguequssolution, ovhere.largé.e xrD
well-formed nanotubes having a regular hexagonal morphology can be
readilycahservad (sge-inserth e diaimeten ofithe ZnOynanotubesiean beoo2)
observed to range from about 0.3 to 0.5 m. [0056] Fig. 33 shows an SEM
image ofaZn0 arraykgrown fromZze 2% foumamidsiaguesus sellfionpavhieren :
the nanowires have a smaller diameter than those formed from a 10%
forbmamidé sohitiotl) Here, dhe mapdwire$s havéa diarfeterof abouter feve terst
to a few hundred nanometers.
Zzn0 nanorods along the c-axis orientation (perpendicular to
the substrate surface). The obtained strong near-uv
emission peak of the Z2n0O nanorod array centered at
approximately 400 nm and is attributed to near band-edge
transition. Also, a ZnO nanotube array on a =zinc foil
produced nanotubes having diameters of 200-300 nm, typically
with a mean diameter of approximately 250 nm and a uniform
wall thickness of approximately 30 nm.

[0071] In this embodiment of the invention, the mean
diameter of ZnO nanorods grown on the substrate
(approximately 100 nm) is much smaller than that of
nanotubes grown on zinc foils (approximately 250 nm) because
of the much higher seed density on the ZnO-film-coated
substrate than the nucleation sites on native oxide layer of
zinc foil. The resulting thinner nanorods on the ZnO-film-

coated substrate are more stable due to their small top area

of polar metastable (001) surface and large lateral area of
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EXAMPLE 2 [0057]Using materials similar to Example 1,ZnO nanorods were
grown onto a zinc substrate from a 5% formamide solution at 65 00 for 24
hours. The resulting rods had a well-faceted hexagonal diameter of about
140 nm and were very densely packed on the substrate. X-ray diffraction
analysis identified the structure to be Wurtzite ZnO, and that the preferential
growth direction of the nanorods was along the c-axis or highly oriented

Ciaxis alignment etnanorads overa large subsiale area. Refering 1o Fig. -
7A, TEM analysis of nanorods removed from the Zn substrate showed that

the,panerods werg ahowt 1.6 my.in lgngth apd hagd auniform diamefer along pe

the entire length. Selective Area Electron Diffraction (SAED) determined that
thenBagerodsawere singbe srystalsrgrewn: along=thes[000d ] girectian okbBig. due

73, TEM analysis revealed a lattice spacing of 0.52 nm, which corresponds to

atbspaciagrof (08043 crystal planes, fusthermeardismimg «0004>1tp betheace .

preferential growth direction. [0058]The anisotropic growth of ZnO crystals

alomgtthed, the formation of thicker hollow ZnO nanotubes can
reduce the top metastable area and enlarge the lateral area
of the most stable low-index nonpolar surfaces with respect
to their corresponding solid nanorods.

[0072] In the invention, surface-stabilized
nanoparticles act as nanoscale building blocks that can
spontaneously self-assemble into various ordered
nanostructures in a process that is usually controlled by
altering the surface properties of particles. The oriented
aggregation growth of nanoparticles into low-dimensional
crystalline nanomaterials can be attained through linearly
oriented attachment. The oriented aggregation of
nanoparticles is suitable for the formation of low
dimensional crystalline materials such as ZnO nanorods, CdTe
nanowires, 0-Fe,0; disks/ellipsoids and monocrystalline CuO.

[0073] For example, monocrystalline CuO can be grown

from nanoparticles at room temperature in an anisotropic

aggregation-based crystal growth process. A few hundred
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[0001] direction may be caused by inherent polar properties along the c-axis.
The velocities of crystal growth in different crystallographic planes are:
V<01i0> > V<Olil> > V<0001> = V<0001> [0059]Strong room-temperature
photoluminescence spectra of the resulting ZnO nanoarrays can exhibit a
near band-edge emission using a He-Cd laser as an excitation source.
[0060] To understand the formation mechanism of ZnO nanorods on a

substrate;afielevated iemperature; the kinetic pracess of crystal growthwas, n
studied in 5% formamide aqueous solutions. Fig. 4 shows the evolution of Zn

as arfupstion of tinae don) selitions-0f:5%, 10% and20% formamide at 65 C,
where 5% formamide at room temperature was used as a control.

[0074] Stepwise orientation and aggregation of a large
number of nanoparticles in three dimensions has been
observed, from the formation of primary CuO nanoparticles,
to the preferential one-dimensional (1D) orientation of
nanoparticles along the (001) direction at an early stage.
Eventually, 3D-oriented aggregation forms a monocrystalline
structure built from nanoparticles. Selective adsorption of
formamide molecules on different crystallographic planes of
monoclinic CuO nanoparticles plays an important role in the
anisotropic growth of uniform nanoparticle-built
monocrystals.

EXAMPLE 5

[0075] A piece of pure copper foil (10 mm x 10 mm x
0.127 mm) was immersed in 2 mL of formamide in a 10 mL vial
at room temperature. Copper metal was oxidized slowly by
naturally dissolved oxygen in formamide (< 0.05% water).
cu?® ions were continuously released from the copper foil
into the formamide (without introducing counterions such as

Cl7), which oxygen was simultaneously reduced:

O, + 2H,0 + 4e” > 40H (1)
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[0061]In Fig. 4, the zinc concentration increases proportionally with reaction
time due to the continuous release of zinc ions into solution, and Zn
complexes can accumulate up to 0.23 mM gradually after 24 hours in 5%
formamide solution. In 5% formamide at 65 C, the oxidation of metallic zinc is
initially very slow, and the resulting low level of zinc concentration can induce
heterogeneous nucleation preferentially on a zinc substrate. With prolonged

repction time, freshly produced Zn,specigs can be.continuously, supplied for
the subsequent crystal growth on the heterogeneous nuclei through the

thermal decomposition of the respltingiZn-formamidescemplaxes: 11006215k

example, after 5 hours of ZnO growth from a 5% formamide solution at 65 00,
asub=monolayer Of unitoresZe© seed particles abeyt 120 nm o sizeowere, ] %

observed. [0063] The size of the ZnO nanorods can be tuned by
mastipulating the spnceatraticr of taymamidei fHig. 5 shawsibe relatieaship=1y
between nanorod diameter and formamide content for growth for 24 hours at
65 He-withdormainide contemnds efi 2,13; 5,for&antddk0%mdheraasing théorming
formamide content for 2 to 5 to 10% gradually Increases the average
dicwpeter of the hanorods freft 80 tocl4( 320 im cPheer metal:

Cu + 1/20, + H,0 + 4HCONH, = [Cu(HCONH;).]1*" + 20H  (2)

[0076] After six days, a total concentration of copper-—
complex ions of up to 60 nM was attained, as measured by
atomic emission spectroscopy. The resulting solution was
then diluted by a factor of five with deionized water (0.2
mL original solution was mixed with 1 mL water). The mixed
solution was left to stand at room temperature and a
brownish-black precipitate was observed after about 12 hours.
The flocculent precipitate was aged for one week Dbefore
samples were isolated for measurement.

[0077] Powder x-ray diffraction (XRD) confirmed the
formation of crystalline CuO (cupric oxide) . Low
magnification transmission electron microscopy (TEM) showed
the particles to have average lengths and widths of about 45
nm and about 130 nm, respectively. The primary small

nanoparticles interconnected with one another to form larger

secondary ellipsoidal architectures with recognizable
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averagediameteroftheZnOnanorodsincreases proportionally with increasing
formamide content.This linear relationship demonstrates that adjusting the
predetermined content of formamide can control the nanorod diameter.
[0064] As was shown in Fig. 4, increasing the formamide content from 2, 5,
10 to 20% will increase the zinc concentration after 24 hours at 65 00 to 0.12
0.23, 0.37, and 0.86 mM respectively. Although not shown in Fig. 4,

increasing the fQ!ma@anﬁsCOBgeauéeAO%/wi“aéﬁ&sio%&%C%@HmQT. 149 gn
mM after 24 hours at 65 C. This Increased supply rate of Zn-formamide

complaxas; shows the formation of thicker nanerads resultfremdpgreasing the
formamide content. It has been observed that within a range of 2-10%

formaipigles ZnQ panogeds 6t ANGVAIESQat-be grownrenr a-Zinesubstiate or
exclusively. When the formamide concentration is increased to 20%, zinc
compdexesnyere acoraulated to aungchyhighen cereenttatiamleyel tsmleaddao
crystal overgrowth of irregular nanorods on the substrate.
with phase purity and (001) orientation. The diffraction
pattern gave an average orientation distribution of about 5°,
measured from arc angles/lengths in the diffraction pattern.

[0078] It was also observed that all the SAED patterns
of single isolated ellipsoids show identical diffraction
patterns along the (001) direction of CuO. This 1is
attributed to the flat nature of the ellipsoidal particles,
which tend to lie flat on the TEM grid. The as-synthesized
nanostructures were observed to have smaller thicknesses of
about 10-15 nm (lateral dimension), but larger lengths and
widths of about 45 nm and about 130 nm, respectively.

[0079] The size scale of the as-synthesized ellipsoids
varies in the three dimensions (in the a, b and ¢ axes)
depending on the number of particles aggregates in the
direction of the particular axis. TEM analysis showed that
that anisotropic growth rates of the ellipsoidal particles
were ordered as follows: b > a > ¢ (or [010] > [100] >

[001]), indicating different particle-aggregation potentials.

Aggregation and attachment occurs preferentially between the
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[0065] However, when a 2% formamide solution was used, ZnO nanowires of
50 nm diameter were produced having a regular-edged shape and Wurtzite
single-crystalline structure preferentially grown along the c-axis. [0066] For
the growth mechanism of oriented nanorod arrays, heterogeneous nucleation
at the initial stage is important for vertical and in-plane alignments of
nanorods. In the invention, foreign seed particles were not introduced to grow
thepZpO nanerod., the heterogeneous nucleation maysoccunat any. site oncthe,
substrate for catalyst-free crystal growth. Since both Zn and ZnO have
hexagonalgrystal strugture with lattice copstants of @ = 012663.6 F 0.49¢49ca1
and a = 0.3249, ¢ = 0.5206, respectively, ZnO tends to have an epitaxial
ogentation selationshipablatticesplanes withtbe hase zing imetal.i Fherefore;ne
the epitaxial heterogeneous nucleation results in a uniform distribution of ZnO
padicie seeds©n the substrate in the invention, and oriented 1D
nanostructures are grown due to the epitaxial relationship of the lattice planes
betwees tlle nanorochand ithe substraiet Asrhas beearchserved{seepé€.g., the
Fig. 3A) nearly all the nanorods grow vertically from the substrate. For those
nandrods-that do not graw vertieathyrtheir grovith neayt beeorie physicallyles,
limited as the misaligned nanorods begin to impinge on other neighboring
crystals 1 [0067voa preferradembotimient of thel invientiont nanostrictireses -
can be grown over almost any substrate. Fig. 6 schematically shows the
grewttref ntetal txidecRahéribesdveica metat wkide cdated substrite whefao

Zn is preferably the metal component.
nanocrystals about 6-7 nm in diameter were formed, which was

consistent with the subunit size of the final ellipsoidal
architectures. SAED indicated preferential orientation
along the (001) crystallographic axis parallel to the c-axis.

[0081] When the aging time was extended to 5 hours,
removal by centrifugation left a colorless mother 1liquor,
indicating that complete formation of CuO nanoparticles.
Meanwhile some primary particles began to adhere closely.
After 24 hours, the small aggregates had grown together into
larger ellipsoidal nanostructures with observable boundaries
or voids between particles through stacking of more
particles.

[0082] Aggregation 1is energetically favored because the
formation of larger crystals can greatly —reduce the

interfacial energy of small primary nanoparticles. Strong
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[0068]In Fig. 6, substrate 10 can be any suitable material, such as glass,
quartz, silicon, GaAs, polyethylene terephthalate, etc. Over substrate 10 is
coated a metal oxide 20 which can be ZnO, Al-doped ZnO, indium tin oxide
(ITO), indium zinc oxide (1Z0O), etc. Metal foils 30 are arranged in a
formamide solution 40 to form the metal formamide complex that feeds the
growth of the nanorods 50. EXAMPLE 3 [0069]

Aglagssubstratewascoatedwithamagproximalely 150 nawthick 2o filmy using £
radio-frequency magnetron sputtering. The coated substrate was placed in a
nanoparticles, driven by the interactions between organic
ligands adsorbed on different particles. However, weakly
protected nanoparticles often undergo entropy-driven random
aggregation through strong interactions between the
particles themselves due to the facile desorption and
exchange of ligands. In the invention, the different
amounts of formamide-molecular oxygen atoms adsorbed on
different surface planes may depend on the corresponding
surface density of the metal atoms, i.e., copper atoms.
Copper atom densities on (001), (010) and (100) planes of
monoclinic CuO are calculated to be 12.5 atoms nm?, 8.5
atoms nm? and 11.5 atoms nm?, respectively. The most
stable surface plane is (001), with the highest density of
copper atoms and where formamide molecules are adsorbed more
densely, resulting in a weak aggregation driving force along
the c-axis. In contrast, the least stable surface plane is
(010), with the lowest density of copper atoms and where
formamide molecules are adsorbed more sparsely, resulting in
preferential aggregation growth along the b-axis. The self-
organized aggregates gradually transform themselves into
uniform ellipsoidal architectures, which are built up of

much smaller primary particles. As Ostwald ripening is
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5% formamide solution for 24 hours at 65 00, where Zn foils were arranged in
the solution around the periphery of the substrate. As a result, there was a
gradient in concentration of zinc precursors from the Zn foil to the ZnO
coated film substrate in the solution. At the lower concentration region around
the ZnO-film-coated substrate, the diffusion rate of the zinc precursors is
relatively fast with respect to the growth of the liquid-solid interface. The

C%%ﬁ%!%tﬁatiﬁ%g@é%c Rrecursets is upierm thrqughout the sy a%?g%fr%%%%ion
particles on the ZnO-film-coated substrate, and growth takes place on entire

seed paticles ta giverrise to solidbpanarpdsn At higher zing cgacentrationuiit
regions near the zinc foils, the growth rate has increased with respect to the
rate of diffusion, and the zinc concentrations are largely decreased close to
the top area of 1D ZnO nanostructures, leading to the preferential growth of

nan??/ggl}ﬁ andrdurgitinjgnt\peeng&r%\gh of nanorods, E>?DAMPIITSI;EQA(51 [0070]Qne. o
ZnO-film-coated substrate and two 7 X 7 mm zinc foils were immersed in

Mk-eLa% prmanide aqugaus sqlution fyfv) in 8,10 misample vial follgwed;

by 24 hours heating at a constant temperature of 65 C. The substrates were

thendnsed with-ethanol and dred,in aisbefpre charagterizatopkhe whole sp

substrate was successfully
intricate nanoarchitectures under nearly sustained
supersaturation of impurity-free nutrients, which are
supplied statically from the natural oxidation of metal.
The controllable supersaturation is important for the self-
organized growth of ultrathin nanosheets into intricate 3D
dendritic architectures of metal oxides in the absence of
self-assembled templates or matrixes. Self-oriented
dendritic nanostructures can be fabricated when a simple
amino acid (preferably glycine) is wused as an organic
additive. However, any suitable amino acid can be used as
an additive, including alanine, arginine, asparagine,
aspartic acid, cysteine, glutamine, glutamic acid, glycine,
histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, proline, serine, threonine, tryptophan,

tyrosine and valine.
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covered with uniform and dense arrays of hexagonal ZnO nanorods having a
diameter of approximately 100 nm. The XRD pattern of the nanoarrays
shows only a sharp (002) diffraction peak at 34.26 (full width at half
maximum: about 0.6-0.7), indicated a highly preferential growth of ZnO
nanorods along the c-axis orientation (perpendicular to the substrate
surface). The obtained strong near-uv emission peak of the ZnO nanorod
agraygentered at approximately 400 nm and is attributed to near band-edge
transition. Also, a ZnO nanotube array on a zinc foil produced nanotubes
havir[:)(gogﬁneters of 200-30f0 nm, typicafll with a pean diam7et§1r of 0127
approximately 258 1t and a Wb wall tickness 8f*aghroximaltaly 30 him:
[0071]In_this embodiment of the invention, the mean diameter of ZnO. .

AU oo o8 The SOt {agerci nedly SO0 A 1 mech Sesiep 1
than tha ofnalubes.araan anging i approximately, 250 am beeause,
of the much higher seed density on the ZnO-film-coated substrate than the
nyclegtion sites on native oxide layer of zinc foil, Thegesulting thinnet: oor,
nanorods on the ZnO-filmcoated substrate are more stable due to their small

top-area-gt polar mefastable (QQ1)-syiface and largedateratared.of 1posi,y s .

stable low-index nonpolar surfaces (parallel to the c-surface). However, on a

zing surfagenit may nathe anergetically favared.to form thickerselid ZnO e
nanorods due to their large top area of metastable (001) surface. Instead, the

fosmation-ef thicker hallow,Zp©i nanotubes can reduce the top metastable
area and enlarge the lateral area of the most stable low-index nonpolar

surfaoes siith respectdedbelr cosrespondingiselid faneradsy formamide and

[0072]Intheinvention,surface-stabilized
left at room temperature for about 6-10 days, solution color
changed gradually from colorless to light blue, indicating
the formation of [Cu(HCONH2)4]2+ complex ions. With
increasing reaction time, the resulting copper-formamide
complexes are slowly transformed in CuO crystal on the
substrate. Consequently, many pale blue spherulites grew
onto the copper surface over time, as revealed by low
magnification SEM (Fig. 8). SEM analysis also showed that
single particles have a round shape and a uniform size of
about 26 upm, and peanut and dumbbell shaped particles were
formed when two particles merged together. The spherulites
showed a dendritic flower structure made up of uniform

nanosheets (Fig. 9A and Fig. 9B). The ultrathin nanosheets

were about 40 nm in thickness (Fig. 9C) and were identical
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nanoparticles act as nanoscale building blocks that can spontaneously
self-assemble into various ordered nanostructures in a process that is usually
controlled by altering the surface properties of particles. The oriented
aggregation growth of nanoparticles into low-dimensional crystalline
nanomaterials can be attained through linearly oriented attachment. The
oriented aggregation of nanoparticles is suitable for the formation of low

dimensignal.¢rystalling materials. such as £nO naprods; Gdle nanowires,i ne
a-Fe203 disks/ellipsoids and monocrystalline CuO. [0073] For example,

monaerystalling £L0.caR begrown.fram nanopaticles, atripomsterpeiaturenq
in an anisotropic aggregation-based crystal growth process. A few hundred

meneclinic1 CuQ naneparticlesyean thusbegrawn intecunfprmiellipseidabbout
monocrystalline architectures. [0074]Stepwise orientation and aggregation of
adarge numbet of qanopartelgs ir threeodimensions bastieen ebserved,
from the formation of primary CuO nanoparticles, to the preferential
one{dingsisionah €l D) rientatiosnoknanepardicles atongothet (@04 diseetiontate
an early stage. Eventually, 3D-oriented aggregation forms a monocrystalline
straeture duiltfrons pandpafticley.Selestive ladsorptior obforifamides copper
molecules on different crystallographic planes of monoclinic CuO
nanopafticles playsian invgortantrofeiprthecanidoffopic grdwih of upiféimst 2
nanoparticle-built mono crystals
days, and very slow heterogeneous nucleation of copper
hydroxide took place exclusively such that rod-like nuclei
grew on the copper surface sparsely (Fig. 11A). A narrow
window of copper concentration/supersaturation about 0.30 nM
was further maintained in the subsequent process for crystal
growth. Between the second and third day, 1D nuclei started

branching on the surface and gradually formed 2D dendritic

“roots” about 1 Mm in size for the following growth of
dendritic “flowers.” (Fig. 11B). After another day, the 2D
dendrites grew into small dendritic cores about 8 Um in size
(Fig. 11C). Upon increasing time to 5 to 6 to 9 days, the
cores expanded into fully developed dendritic architectures
of about 16, 26 and 38 um, respectively (Fig. 11D to Fig.
11F).

[0087] Fig. 12A shows that as growth proceeds, two

neighboring dendritic crystals can further expand themselves
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EXAMPLE 5 [0075] A piece of pure copper foil (10 mm x 10 mm x 0.127
mm) was immersed in 2 mL of formamide in a 10 mL vial at room
temperature. Copper metal was oxidized slowly by naturally dissolved oxygen
in formamide (< 0.05% water). CuZ2 ions were continuously released from the
copper foil into the formamide (without introducing counterions such as C1-),
which oxygen was simultaneously reduced: 02 + 2H20 + 4e- 3 40H- (1) With

increasing reaction time. thesalytion gradually chapged from.eolgdessita, 4n
light blue, and eventually to deep blue. This indicates the formation of

[CWHCONHZR4IZ-e0mplexions, becadse €oppsF ions gaaheimmediatelyhe i

captured and coordinated by formamide molecules, forming copper-complex

iopsuaftertelease romcoppespaetatCust 1/202 +H2Q + AHCONEZE:  were
[Cu(HCONH2)4]2 + 20H (2) [0076] After six days, a total concentration of

copper-ceaplex ians efumdie 60 nM was attained, as measured by atomic
emission spectroscopy. The resulting solution was then diluted by a factor of
five pagBdgionizedayater (h2gnkorigiaat solatiorf was gixed with dwaks was
water). The mixed solution was left to stand at room temperature and a
brownishzbldek precipitatewasrolserged sifter ab ooy 12¢hioursnd helffocculente
precipitate was aged for one week before samples were isolated for
measurememeaction solution. When the solution volume was
reduced from 1.0 to 0.5 mL, a much denser array of dendritic
crystals with a wuniform size of about 35 Hm covers the
surface of copper substrate after the self-organized crystal
growth for 6 days (Fig. 12B). This indicates that the
density level of dendritic crystals on the copper surface is
dependent on the reaction volume. With a relatively smaller
volume, solvated cCu?* species can reach the supersaturation
level necessary for spontaneous heterogeneous nucleation in
a much shorter period of time (much less than 2 days). This
shortened induction time for nucleation can lead to the
formation of a relative larger number of nuclei on the
substrate, which can result in a higher density array of
dendritic crystals on substrate accordingly. With further
increasing time, the contour of dendritic spheres gradually

disappears, leading to a uniform film with a bicontinuous

porous network (Fig. 12C).
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[0077]Powder x-ray diffraction (XRD) confirmed the formation of crystalline
CuO (cupric oxide). Low magnification transmission electron microscopy
(TEM) showed the patrticles to have average lengths and widths of about 45
nm and about 130 nm, respectively. The primary small nanopatrticles
interconnected with one another to form larger secondary ellipsoidal
architectures with recognizable boundaries or voids between the component

SUblE'Gié%b‘qgh resolution JEMshowedqhe ogg%@ggr@gat&n Q!controlllng
nanoparticles. Selected area electron diffraction (SAED) of some single

nanearchitectiiregyas indexed ta-monochnic ey with phase purityand (Q0L),

orientation. The diffraction pattern gave an average orientation distribution of

abaudiss, measwed fraguarsanglestiengths i the diffragtioni pattern r ofQOI4E] ,
It was also observed that all the SAED patterns of single isolated ellipsoids
showddentieal diffsaation pattepis atong thea(RQ1) diraction et Caf). Thisyisine
attributed to the flat nature of the ellipsoidal particles, which tend to lie flat on
thes BEM: gridatibe asisynthesized (fhastructures werecobserved td diaye the
smaller thicknesses of about 10-15 nm (lateral dimension), but larger lengths
andnyidths-obabougt 45 hin andvabowt 130 nAt redpdetively., (6679 Hhe sizeo
scale of the as-synthesized ellipsoids varies in the three dimensions (in the a,
b fard-b axesypdependingbmihénamber of particiés Aggreydtes hetlperior of
direction of the particular axis. TEM analysis showed that that anisotropic
gFhrates oftherdlipsuidarparticles were ofdered as folbwas b sfa efppr
[010] > [100] > [001]), indicating different particle-aggregation potentials.
Af§Btdgatier andiatackithentyceurs préfefetitiaif) tweei fhgs solutions

containing 0.5 mM glycine, the metal copper was oxidized
slowly by naturally dissolved oxygen in solution at room
temperature. With increasing reaction time, the solution
color changed gradually from colorless into 1light blue,
indicating the formation of copper complexes. Once copper
concentration/supersaturation was reached and stabilized at
about 0.4-0.5 mM as determined by ICP-AES, complex dendritic
copper hydroxide began to crystallize on copper substrate.
After crystal growth for 8 days (Fig. 13), it is discovered
that shell-capped dendritic nanoarchitectures (about 38 um),
instead of the dendritic structure itself, were produced on
copper substrate, indicating that the glycine molecules

strongly modified the morphology.
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(010) lattice planes of the nanoparticles. The preferential anisotropic growth
is different from classical crystal growth of CuO nanowires along the (001)
direction in the related art. [0080]Toobtaina betterunderstanding ofthe
anisotropic growth mechanism of ellipsoid particles, reaction products were
collected at different growth stages. At an early reaction stage (about 2
hours), small CuO nanocrystals about 6-7 nm in diameter were formed, which

was eRyygtentwith thezsubunif size; of the finaligllipsoidal architectiyres.  +ne
SAED indicated preferential orientation along the (001) crystallographic axis

pariiehta the e:axis.  [QR8H \Whenthe aging time was,extendeg:tg5 BoUES,,

removal by centrifugation left a colorless mother liquor, indicating that
cemplaeteformationf Cuty nanepatticies.dMeanwhile same priraary pagticlesn
began to adhere closely. After 24 hours, the small aggregates had grown
tagethesinto larger ellipsoidal hanestructures withyehseryable boundatiesier c
voids between particles through stacking of more particles. [0082]
Aggregatiart isrenergetically favoned bepause the formation ofdargerterystals £
can greatly reduce the interfacial energy of small primary nanoparticles.
Streng<drganiclijandsusdallypremaotéselfiasseniblyobn a substrate after

a growth for 6 days. However, there is an obvious
modification effect on the structure of the obtained 3D
dendritic crystals in the presence of glycine. The resulting
branched nanosheets (about 20 nm 1in thickness) are much
thinner than the ones produced in the absence of glycine
(about 40 nm 1in thickness). Obvious scrolling or curling
effects at the edge of the flexible nanosheets were observed
clearly due to the wultrathin nature of the dendritic
nanosheets. Another visible modification can be seen from
the higher density of nanosheets and the smaller size of
pores within dendritic architectures. Upon further
increasing the growth time up to 7 days, interestingly, a
thin layer of round membrane started to grow at the top of
dendritic sphere (Fig. 14B). The membrane thickness is much
thinner than that of the nanosheets in the underlying
dendritic sphere. The wultrathin membrane looks almost

transparent, and one can clearly see the pores in the
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nanoparticles, driven by the interactions between organic ligands adsorbed
on different particles. However, weakly protected nanoparticles often undergo
entropy-driven random aggregation through strong interactions between the
particles themselves due to the facile desorption and exchange of ligands. In
the invention, the different amounts of formamide-molecular oxygen atoms
adsorbed on different surface planes may depend on the corresponding

sudace depsity,of the mefal atgms ,i.e., $9 PEL 8l 1 GOPPLL atom, densities. |
on (001), (010) and (100) planes of monoclinic CuO are calculated to be 12.5

atanas e 8 atoms Afrdeand 11 H.atoms pm-2ckespestively-Thedmest ca
stable surface plane is (001), with the highest density of copper atoms and
where farmamide-molecules ae adsesbad,more densely, resulling in acwealk n
aggregation driving force along the c-axis. In contrast, the least stable
surface planeds {Q1@) avithsthe lewest tensity of goppeeatoms anthwhere rom
formamide molecules are adsorbed more sparsely, resulting in preferential
aggregation gnowih) along théde-axishThe self-organized-aggregatesie image
gradually transform themselves into uniform ellipsoidal architectures, which
arebubittay of (hugh siéller primaryparticlesl AshOstwald ripening ¢s-capped
common process at room temperature, only the aggregation process is
invohed i formingetherfidaimanoparticlelbuilt predwet: {3083] The irardiont 1c
can also be used to produce morphosynthesis and ornamentation of 3D
derdstic nanbarchitetied. Arsloneand pregiezsiie production of 3D intricate
nanoarchitectures under nearly sustained supersaturation of impurity-free
nutridft@ LW hick @re Stupplied Stdtitally frotit the hARIFal GXdaforF oPmégaiered
The controllable supersaturation is important for the self-organized growth of
ultiatHin afoshets intd tricate 30°dBAdAfC arthitstturés of metdroxigBsde
in the absence of self-assembled templates or matrixes. Self-oriented
dBAAfie hafoSucttrES taft bafabfitatetfwhies & §impid aino ddif 9ro"th
(preferably gl cine%is used as an organic additive. However, any suitable
1is lar inhibited 1n 5? dirF%flODEf@ﬁgenalG lar to the
amino acid ¢an be used as an additive, Inciuding alanine, arginine,
aspyAgine aspaytic acid, eysteine, glytamine, gluamic acid, IAnG:e 2o
hi |d|ne,|soP/eu0|ne,FeUC|ne,ysme,me lonine,
phgnylalanine pioling,serine.threoning AypgPhan. ,  ¢ornanide  (HcoNm,),
glycine molecules with two functional groups (NH,CH,COOH)
have higher binding affinity to copper atoms, leading to the
formation of much thinner nanosheets. When nanosheets become
thin enough (about 20 nm in thickness), they start scrolling
naturally at the edge of the nanosheets to further decrease
the branching growth rate of the nanosheets. After 7 days,
secondary nucleation and crystal growth subsequently

occurred on the top of the dendritic architecture as

"substrate" to form a thin layer of shell-like film. The
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tyrosine and valine. EXAMPLE 6 [0084]A piece of copper foil (7.0 mm x 7.0
mm x 0.127 mm) was laid at the bottom of a 4 mL glass vial containing 1 mL
of 9M formamide aqueous solution (40% formamide in volume), and the
mixed reaction was left standing at room temperature under an atmospheric
environment for 10 days. In a similar procedure, a solution was prepared in
the presence of 0.5 mM glycine. [0085] When copper foil is immersed in 9 M

formamide and @Iﬁ%‘smo&%ﬁ%@gﬁéﬁ”e ’E‘Ha%b(?q}ﬁyé‘:_‘.ﬁ?r@@ysm'é@@éj&@e%omrcan
changed gradually from colorless to light blue, indicating the formation of

[CuiHEOENHR)4: complexions.\With dnereasiag reactio fimey the pesWting ng
copper-formamide complexes are slowly transformed in CuO crystal on the

substrate. Corrsequently; many pateblue spheruijes grew orterthecopperuch
surface over time, as revealed by low magnification SEM (Fig. 8). SEM
analysisoalsgishowed thatssiagleapadictes havesa rouch shaperand acurifermng
size of about 26 pm, and peanut and dumbbell shaped particles were formed
whendwopalticles:mergeduogethet. mhesphetulites showed a dendritic
flower structure made up of uniform nanosheets (Fig. 9A and Fig. 93). The
ultraiRi®@dnosheets=were about 40 o g thickivess (Bigo@Q)tainchweref 3D

identical
dendritic nanoarchitectures built up of ultrathin nanosheets

has Dbeen demonstrated 1in the absence of self-assembled
templates or matrixes. Adjacent dendritic crystals can
further expand themselves and eventually merge into
continuous porous networks. High-order shell-ornamented
dendritic nanoarchitectures can also be fabricated when
simple glycine molecules are used as organic additives.
Although the formation mechanism of 3D dendritic crystals
has yet to be fully understood, this present work shows a
perspective that the elaborate self-organized dendritic
structures may be chemically synthesized and further
decorated into shell-ornamented dendritic crystals under
nearly sustained supersaturation. This novel complex forms
with extremely high surface-to-volume ratio for new
applications and brings new insights into the underlying
mineralization mechanisms of complex nanoarchitectures in

the natural and synthetic world. In addition, dendritic
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throughout the dendritic crystal.The highly crystalline nature of the
nanosheets was revealed by the straight and parallel lattice fringes with a
lattice spacing of about 0.34 nm between two adjacent (002) planes (Fig.
9D). [0086] The copper concentration was monitored over the reaction
course of 10 days. As shown in Fig. 10, the copper concentration in solution
approached 0.30 mM in the first 2 days, and very slow heterogeneous

nuelegtion,of copper bydriaxide ook place exclusively suchdhatipddike.q ot

nuclei grew on the copper surface sparsely (Fig. 11A). A narrow window of

cepRercencentralion/supersatiration about 9:.3Q1aM-was furtheamainiaingde
in the subsequent process for crystal growth. Between the second and third

day.i tuelei stgrted branghing ansthensutface and graduallyformed2Prial
dendritic "roots" about 1 Rm in size for the following growth of dendritic
“flomperst'atig.. 1113). After another day, the 2D dendrites grew into small
dendritic cores about 8 RM in size (Fig. 11C). Upon increasing time to 5to 6
to 9 K33 the coresexpandednintoifutlyrdevetoped dendtitic architechures<afa 1
about 16, 26 and 38 pin, respectively (Fig. 11D to Fig. 11F). [0087]Fig. 12A
showsd¢hatas growtit preceeds; twe neighborng dendfrifiCorystalssoais furhers
expand themselves and eventually intermesh with each other to merge into
ahlintercoanectet popdis suctredf naridsheetsdn thefrddounddrycareae Noe

separate or isolated nanosheets were observed in the boundary as well.
deposited. For Example, ZnO nanostructures can be prepared

on metallic zinc or on Z7Zn0O film-coated substrates. Also,
CuO nanostructures can be prepared on metallic copper or CuO
film-coated substrates. These types of metal oxide
nanostructures can be formed using any appropriate
transition metals and their oxides.

[0094] The invention also encompasses the
oriented-aggregation growth of a limited number of
nanoparticles into low-dimensional crystalline nanomaterials
through linearly oriented attachment in a three-dimensional
(3D) orientation and aggregation process of a few hundred
nanoparticles into a single-crystalline 3D structure. An
example of this process is an anisotropic aggregation-based
crystal-growth process of a few hundred monoclinic CuO
nanoparticles into uniform ellipsoidal monocrystalline

architectures. Stepwise orientation and aggregation of a
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[0088]Also, a higher density of crystal flowers was further developed on
copper substrate by reducing the volume of the reaction solution. When the
solution volume was reduced from 1.0 to 0.5 mL, a much denser array of
dendritic crystals with a uniform size of about 35 RM covers the surface of
copper substrate after the self-organized crystal growth for 6 days (Fig. 123).
This indicates that the density level of dendritic crystals on the copper surface
is;dependenton the reaction yolume With a relatively;smaller ¥aume,s peen
solvated Cu2 species can reach the supersaturation level necessary for
SReRlaNeoYs heterpgeneous, prsleation i appueh shorteperiodhebtimec1es,
(much less than 2 days). This shortened induction time for nucleation can
leadl tocthe formation-ata selativedargarapembes of nuctsi on the substrate, of
which can result in a higher density array of dendritic crystals on substrate
aecerdingly i Withsfusthen increasing time, dhe conteur ofdeadritic. spheresage,
gradually disappears, leading to a uniform film with a bicontinuous porous
netwiork (Figva20){0089]The Jromolecules for determinitgioncontrotling thea
morphologies and microstructures of copper-based mineral phase (copper
hydroxide ehloride)are specifictproteins,whith are dominatethbywotmajors .
amino acids, glycine (63.2%) and histidine (32.5%). In the invention, the
siteplestamfnoaatidrgiveine (99.0%0 Aldrichicwas ¢hoseér fo farthet cohtrotnt
and modulate the crystal growth behavior of dendritic copper-based crystals.
Aftey agieee of topper feil dasImmérsetbims DN fornfarideraqietus-icles
solutions containing 0.5 mM glycine, the metal copper was oxidized slowly by
n&ttitally aissoRRST 6RYder - Softftioh &t robht térhperatute AWith ifEredsingr™
reaction time, the solution color changed gradually from colorless into Ii?ht
bR TRdiEatiTd the forhtatiBR 6t Coppet tdmpidkes. "OREE Eopperny of the
concentration/supersaturation was reached and stabilized at about 0.4-0.5
v B8 détrmitéar By Iep-AE S TonifleRBentritie cBpferRydroxitie  begsn ©
tofcr%/stalli%e on co é)ler sublstrate.d After cr%/stallgrowth f% 8 daé/s (Fi%. 13t), it B
is discovered that's eﬁ-%app%“crl dendritic nanoarchitectures (3 8Gr3 Lfﬁmbl,re

inIgtecaec% 92 hSe deggritic ggryg%]ere itseevlvf, vvienreiprggucgd .on copper subsitgatgte q
ind‘?catlng at the glytﬁne molecules strongﬁy%odifie% the morphoalgay. d

[ 09011\The SEM imcag)es in Filg.14 moni%orgd th mgrphlolcs)gical development
o%)t]h% ﬁl?]%]fgrdlezr,a shell-ornamented ngnoa?crh?ge%furle% at different growth
Staggsy 43 fhe HrﬁéeBS%&é]Q'XP—"}%f'ald@ﬂdé_ %‘Eiaorﬁh'l%%tHWSg%Pe*PSth the
porous network structure of nanosheets (Fig. 14A) can also be grown on a
substratecafter;a growth for 6 days: %qu\s% theresisan elvious modification:
effect on the structure of the obtained 3D dendritic crystals in the presence of
glyeing:. Jihe resultingbranched nanosheets:(@beut 2@ Nm(indthicknesshare: c
much thinner than the ones produced in the absence of glycine (about 40 nm
incthickeess): Qhvious serallingsek eudingeffects atibe erger obthe flexiblecrn
nanosheets were observed clearly due to the ultrathin nature of the dendritic
nanosheetsd Anotber-visthle snodificatiop:can be:seen froarthe higher densityy
of nanosheets and the smaller size of pores within dendritic architectures.
Upon-fusitier ficreasing thesgrowthdime upltoc? dayspinterestingly, erthin, as
layer of round membrane started to grow at the top of dendritic sphere (Fig.
143rvwirheimenibrangthickiess és pruchithimsertthan thatobthe nanostieetsinl
the underlying dendritic sphere. The ultrathin membrane looks almost
transparent fandcone canl ¢learly see théopotrestin the, respectively. The

high-magnification TEM image in Fig. 15C reveals the unusual
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dendritic sphere. By continuously prolonging the growth time, the membrane
extended itself to form shell-ornamented dendritic architectures along the
curved surface, which can also be confirmed by the thickness gradient of
shell from center (thick) to edge (thin) as indicated by the image contrast (Fig.
14C). It is noted that the surface-capped shell and the underlying radial
nanosheets of dendritic sphere were combined and merged altogether.
[Ope%HQPQD%thY{%'B@(i%EW@H@PWQHQJ}?V%f’e'a){a%{?ﬁtsm':»‘ﬁt%% Dug.ta-thes
binding affinity of formamide molecules to copper atoms on the crystal
surface the grwth-isdargely nhjhited in thedirection: perpendicipictother nat
(001) crystal surface to form ultrathin nanosheets of about 40 nm in
thickness. As gamparedawith faunapude (HCOQONHZ)+ glyesie maleculeswitBne
two functional groups (NH2CH2000H) have higher binding affinity to copper
atams Heading ta the formation of sadeh thinnerinanesheets. \WheRitectures
nanosheets become thin enough (about 20 nm in thickness), they start
serotingrratusallyzabthe edge 08 the hanosheeis 40 furtherdecrease theonent
branching growth rate of the nanosheets. After 7 days, secondary nucleation
andlzrystabgroivth subsegeentlyocoutredoretheitop obtlie dendriticent with
architecture as "substrate" to form a thin layer of shell-like film. The current
resudts efifphasizedehaeglieine melkeculds canmextibit a Sigriificanbmodifyingy
effect on the branching growth of crystals. The ability to perform such

¥ phsksgical trafstermations holds propiiseJenercatingmoréampléxe  XRD
nanostructured materials. [0092]Therefore,a progressiveproductionof3D
déndfiticharcarchitecttfes' baitt ulF 6fulirathircRanosheets has been ©f the
demonstrated in the absence of self-assembled templates or matrixes. .
Abljdlcent detidititié ErystartEan furtier & antthehisaives dnd Bvenfiay< 119
merge into continuous porous networks. High-order shell-ornamented
dEAHMTE nandArchitsBfures E8R H1SE bRFABRRARH Whén sifipfs flycine®tWeer
molecules are used as,organic addijtives. Although tfhe folgmation me%hani,sm
oflﬁbgglgr?&rﬁ?cgcrﬁs"’t%slﬁase yet 1o befuly 8ﬁag?§[oodf]iﬁlse§reslenn Work T°
st%%vevs a e%%rgggctiveot atathereelag tate seljz)orggniz%d 9629 itic structures .
may be ¢ emlcaﬁﬁ} syntheg%edgan& further decorated into s elf-ol?namentedd
d%ggg%% cgﬁéﬁlessu.nder nearly sustained supersaturation. This novel complex
forms with extremely high surface-to-volume ratio for new applications and
brings qigyy insights ipto,the undetlying,mingtalizatign mechanisms of o ,57¢

complex nanoarchitectures in the natural and synthetic world. In addition,

d%@qqg%oidal nanostructure in Fig. 16A clearly shows the
obvious aggregation of small nanoparticles. The selected
area electron diffraction (SAED) pattern of the same single
nanoarchitecture in Fig. 16B can also be indexed to the
monoclinic structure of cupric oxide with phase purity. It
is surprising that the nanostructure built up from particles
exhibits an almost single-crystalline diffraction pattern

with 1its spot-like appearance along the [001] axis of
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structures of copper hydroxide can also be converted at elevated
temperature into copper oxide that could show some unique catalytic
properties in many reactions of industrial importance. [0093]In another
embodiment of the invention, the metal oxide nanostructures can be
prepared on different substrates that have a lattice match with the metal
oxide to be deposited. For Example, ZnO nanostructures can be prepared on

metallic zing pe 08@19 dil %&Q%t?dﬁ@%“ﬁ[%ﬁt@k@e QU hanesiuetyres carh
be prepared on metallic copper or CuO film-coated substrates. These types

obmetal oxide panostrictures Lan-he formediusing any apprepratedransitiony
metals and their oxides. [0094]Theinventionalsoencompassesthe

odented-aggregation grewdh of adimitedi aumber-ehnanapartieles i i gnment
low-dimensional crystalline nanomaterials through linearly oriented
attachment inna threevdimansieral (3D) orientation andlaggregatian precessal
of a few hundred nanopatrticles into a single-crystalline 3D structure. An

exampie ofithis rocess iSlan anisotiopic aggregation-baseicscrystaltgromthvas
process of a few hundred monoclinic CuO nanoparticles into uniform
elipsoigat adonotrystaltime aedhutectures., Stepwisewrehtationoand the  arc
aggregation of a large number of nanopatrticles in three dimensions has been
obserredl, fromy the foimationcof griffary CuOmareparticles, tohhe elongated
preferential one-dimensional (1D) orientation of nanoparticles along the (001)
ditéétiore af anrearlyReage, and, evehilally"3D-orieAtett Aggrégation iheg-aice

orientation imperfections among the primary ©particles
prepared at room temperature. This is referred to as
imperfect-orientation attachment in hydrothermally treated
anatase and bio-generated iron oxyhydroxide.

[0097] It was also observed that all the SAED patterns
of single isolated ellipsoids show identical diffraction
patterns along the [001] direction of cupric oxide. This is
attributed to the flat nature of the ellipsoidal particles,
which tend to lie flat on the TEM copper grid as shown in
Fig. 15B. In fact, several rod-like particles were also
observed in the overview TEM image in Fig. 15B. This 1is
because ellipsoidal particles lying on their side by chance
can display a rod-like shape with wvery thin tips (as
indicated by arrows). The as-synthesized nanostructures may

thus have smaller thicknesses of roughly 10-15 nm (lateral
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monocrystalline structure built from nanoparticles. Selective adsorption of
formamide molecules on different crystallographic planes of monoclinic CuO
nanoparticles plays an important role in the anisotropic growth of uniform
nanoparticle-built monocrystals. The understanding of the
oriented-attachment mechanism opens up new opportunities to fabricate
complex low dimensional or 3D nanostructured materials and provide new
ingight,{atothe, ag[gjggqtggﬁggmhr@@g%%tiogn@em@yﬁ@ of napoparticlesy nm
[0095]The powder X-ray diffraction (XRD) pattern of the as-synthesized
sample i Eig. dSAgonfitms the formation of crystalline monoclinic CuO
(cupric oxide) (Joint Committee on Powder Diffraction Standards file No.
74-1(®d9s Ynifora ellipgoidlgh padicles ot gupticaxide were revealed Dyundred
low-magnification transmission electron microscopy (TEM), as shown in Fig.
153nthese particles have averagedengthscand widthssefsaleutik30 naranduo
about 45 nm, respectively. The high-magnification TEM image in Fig. 150
reveals the inusual textaré ehthel paftictes; Whish e datliltiup BLouMerousThe
small nanoparticles roughly 6-7 nm in size. It appears that these primary
smallenanapartclescihtertdonnecs witlyohe esotker tefornplarges seeordamery
ellipsoidal architectures with recognizable boundaries or voids between the
compbrent subumits2 Ah average paiticlie sizenin good adrieement with-the and
TEM observation was determined from the X-ray diffraction data using the
DebyesScherfér forRRIASTRE XRP Iheboadehimg résulisopptieesmafid in
grain sizes of the ellipsoidal aggregates, lattice imperfections, and stacking
faduiR i thE ebhtattiAg/coRfedtimgrareasBetdeén nefgtioringatitles "FHI§ S
provides further insight into the mechanism of aggregation growth of small
chpfi¢dxide Aartoparticled"fO096The %h-%ﬁﬁéﬁ?ﬂﬁ)mq%d@tﬁﬁaﬁ
single ellipsoidal nanostructure in Fig. 16A clearly shows the obvious
a@BFeg%ltighp&foéﬂﬁﬁ nafbparticies 5Five SEfECtEd afda bRttdh difffaction ~ ©
(SAED) p%t ern of the s me Tjingle nan%%rlchitecture in Fig, 163 candalsfo be
intf&ked to the' monoclinic Strlicture of &upri&b&ide%ﬁ%ﬁ 5%8%urity.lﬁ i§rent
surprising that the nanostructure built up from particles.exhibits.an almost

PG Lta G THCtOR HSer wrth 16 BOETK Sosearaics dong t@ert

Kggé@%?‘greferentially between the (010) lattice planes of

nanoparticles. The preferential anisotropic growth is
different from the classical crystal growth of cupric oxide
nanowires or nanotubes along the [111] direction reported in
the literature.

[0099] To obtain a better understanding of the
anisotropic growth mechanism of ellipsoidal ©particles,
reaction products were collected at different growth stages
for TEM and SAED investigation (Fig. 18). At an early

reaction stage (after 2 hours), small CuO nanocrystals about
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crystalline cupric oxide. The slightly elongated diffraction spots suggest the
presence of multiple nanodomains with a small misorientation deviating from
perfect alignment between nanocrystallites in the resulting ellipsoidal
nanoarchitecture. The average orientation distribution was estimated to be
about 5, measured from the arc angles/lengths in the diffraction pattern. The
elongated diffraction spots in SAED may result from lattice orientation
iperfections among the-primaLy paricles prepaced,atropm temperatyre. Tpe
This is referred to as imperfect-orientation attachment in hydrothermally
treated anatase and bio-generated iron exyhydraxide  [0097]It wasalson  the
observed that all the SAED patterns of single isolated ellipsoids show
identieal diffractiopqpattarns alang the-f00d4 direction of cypric,exide. Thisrisct
attributed to the flat nature of the ellipsoidal particles, which tend to lie flat on
the  TEM eeppet grid assshawsnnd=ig: 153. 1a fact,:several raddike particles e -
were also observed in the overview TEM image in Fig. 153. This is because
elipsoitat patticlesdyingeon thein sidetywehance canedisplayrarrod-tike. shapel
with very thin tips (as indicated by arrows). The as-synthesized
nanostrbctueesmaydthiisiltanve Simallépdiicknesses of 16aghlyak®BA5fmmm the
(lateral dimension), but larger lengths and widths of about 130 nm and about
48¢mcraspectivelyt 0098} Theaagfgreyationddewed growthadf alfefraction
hundred nanoparticles into single-crystalline assemblies of CuO
nanopartickglisehepraticaily ilastrated in Fig. 12 The sizeXtalesofithefasd)
synthesized ellipsoids are very different in all three dimensions (in the a-, b-,
aRdt98xeSTNt d¥peRds bAthé nbfmbeFef parfiéleddggtegatad ifthe o Cuo
direction of the particular axis. From the TEM images shown in Fig. 150 and
FREIEA, BRfsott8PitIgréwiif rates 6f thE etiibsoidal particlés areBraeréy ds 2y
follows: b > a > ¢ (or [010] > [100] > [001]), indicating different
partitfe-AgGregatibh’ 6t%ﬂtia|§?£g§?€§dt?6h afd httathRtentocedigno-  and
pref%rentiall%/ between the 5010) I%ttice glane,s of nanoParticIes., The

prpe?eyé:nﬁiﬁ a%llslojtpoepic SPowth is ditferentrom the c?asfsifgaéi%t—rﬁsetrél gr%%ﬁ of

cu%ric oxicde nan wiE s or nano%es along the([ 11] quection reported. in t?(f
.S g eSS 5 ese SW? aan?g 5t1 S’ have preterentially
literature. [?)O oobtainabetterunderstandingotthe

oriented their [001] crystallographic directions parallel to
the c-axis. However, their [100] and [010] directions are
still random, which 1leads to polycrystalline diffraction
rings along the [001] axis. The HRTEM image in Fig. 18B
reveals the crystalline nature of a few CuO nanoparticles
with straight (200) lattice fringes. The orientation of the
CuO particles at an early stage was also disclosed by the

observation of identical (200) lattice planes, but with

various lattice directions, in these primary particles,
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anisotropic growth mechanism of ellipsoidal particles, reaction products were
collected at different growth stages for TEM and SAED investigation (Fig.

18). At an early reaction stage (after 2 hours), small CuO nanocrystals about
6-7 nm in diameter were formed, as shown in Fig. 18A. The patrticle size is
consistent with the subunit size in the final ellipsoidal architectures. This
provides direct evidence that the architecture did result from
padicleby-parficle, aggregation.gromthrather than clagsical atemeRy-atomg o1
addition. The SAED in Fig. 18A, taken from the dense region of primary
particles, shows typical diffractionrings from palycrystalline CuO. The (110),
(200), and (020) rings can be assigned to the diffraction pattern of CuO along
the I wpne @xis, whieh isfurther caafirmed bysimulated electionurs, cuo
diffraction patterns of mono- and polycrystalline CuO. The specific diffraction
patesbsuggesisthat thesae smalkb treopasticles have peeferentiallyateated by
their [001] crystallographic directions parallel to the c-axis. However, their
[160] andf[0d0f tirections asestill randommwikich |leads<torpolyenystalinet ion,
diffraction rings along the [001] axis. The HRTEM image in Fig. 183 reveals
thendrystdllimg nattireeof adempCaG:=nandprtiticieswith straight(@206Y tattice Lex
fringes. The orientation of the CuO patrticles at an early stage was also
discfosedsby the obsertivhedfidehticalr(200) latti€e plafes Houtapith varides -
lattice directions, in these primary particles, indicating that the preferential
okentatiohlsf theiPo0 1P eiystaldiReibhs i paretiehto the cebisk [0D298Fher
When the aging time was extended to 5 hours, CuO nanoparticles in the
motRéFSSlutidr B8R béYeroved by dentAfugaion trRave R ERriegds 9Irown
supernatant solution, indicating the complete depletion of copper-complex
prétitsorsBriomplete i of CACPR&NGpaMTcTEs. Mk hif>Sonfe e
primary particles began to stick together loosely. After 24 hours, these small
abgregktes fiad Yrowit irtd 1aT9EF EfipsEidal AanGstrucitresNit oBSE/aBle°
boundaries or v?ids b%tween1 %rticleglthrour%h stacking of more gflrticles N
(ﬁiﬁ?fS@f‘.%ljr%ri?nsar)} n%l%bpartic)le's ih the feattioh SIS Wete C%Smpﬁgtetfy ©
organized into larger.aggregates because none of them were observed in the
e Catiof by TNt THE SAEs CHREIT o i STk Saereq o (R 1805
shows bright diffraction arcs accompanied by faint [001] polycrystalline rings.
TR E Tt e o ao0ei o e dHiF At SpotoT the aresaie Cbre:

architecture, ‘é!{}icﬁ‘é%he.ar%%ev%%%ﬂh]%‘a%@@rpaglkc'eélié‘ aggregates haves ot e

roughly oriented their [100] and [010] crystallographic directions to commaon
a- and b-axgs, respegclively, Theorientation along the, [100] and 010} cq  py

crystallographic directions thus weakens the intensity of the diffraction rings,
as shewn inddg18Q During suhsequent aging for a week. thessecandarny v
particles further undergo restructuring and rearrangement, resulting in more
cempast apddegular glipsaitdel aggiegates frig. 38D).rA large simbemnef cuo
CuO nanoparticles in the aggregates adopted identical crystallographic
dikectians tralt threerdimensions: HQ.X B8R also shows the Cleasdiffraction in
spots of a single monoclinic cupric oxide aggregate, which is the same as the
ongdn &ig.tE63. Theabaveurgsuits demenstrate atthtee-step growsn prodess |
to form final organized aggregates in our reaction system, as shown in Fig.
1er {60101 pAggregationds enetgetically favoredrvezause the formationaofes,
larger crystals can greatly reduce the interfacial energy of small primary
naneparticies: Strondjlorgamic: kgands asually promaotesself-asgeémblydf [010]
nanoparticles, driven by the interactions between organic ligands adsorbed
ontlifféreht particles CHoWe et ipeeklytprotected hanspdrticles bitenuridergd
entropy-driven random aggregation thrqugh strong interactions between the
particles themselves due to the facile desorption and exchange of ligands.
The moderate binding affinity of ligands such as formamide to transition

metal ions such as copper or zinc ions may provide the capability for



controlled removal of the appropriate organic ligands at interfaces for
subsequent oriented attachment of nanoparticles to form ordered aggregates.
Although the oxygen and nitrogen of formamide molecules are candidate
donor atoms for coordination to copper ions, it was observed by IR and
extended X-ray absorption fine structure (EXAFS) spectroscopy that the
molecular structure of the formamide molecule prevents the nitrogen atoms
frome.acting-as coordinating atams toforn, CytHCONHZ)42. [00302] As has,y
been observed, the different amounts of formamide-molecule oxygen atoms
adserhed on different seface plases may.depend en-thecorrespendingrther
surface density of copper atoms. Copper atom densities on (001), (010), and
(20Q)splgpes-ekmanocliniciGuQrare calculatesiode 12 Satoms AM-2.08.50re
atoms nm-2, and 11.5 atoms nm-2, respectively. The most stable surface
planecshauldbe (084guwith thel highest densitysef:coppesatorps @nd wdere 2
formamide molecules are adsorbed more densely, resulting in a weak
aggregationndrating forcecalong the ctaxis clin contrast, thedeaststableadopted
surface plane should be (010), with the lowest density of copper atoms and
wheee formaamide muoleedlesareradsorbed imere $parsely, resultmylin - three
preferential aggregation growth along the b-axis. The difference in the
amoum of formamide mbléculés adsbrbet shvaribascrystalfographic: plapess
may lead to the anisotropic aggregation based growth of primary particles.
Thé selfsorgahizeteaggrebaies graduatlytrarisfora Ihemsetvesinicnierny he
ellipsoidal architectures, which are built up of much smaller primary particles
as SABWHSIntHig. 20SAS TN BUF cadé D stwaltF ripeAivRy is ot dncob\aBasstrate
process at room temperature, only the aggregation process is involved in
fotmingrthe fitdharSparticle At HFSAUEE THISTE why ‘the cahbGEsetie thed -
clear stepwise orientation and aggregation of a few hundred nanoparticles
ints Yetetive Single crystaiting arcHitectlireSh Hred Himersishs. 1[00103] In

the inve {i n formamide gHCONHZ was utilized as the preferred complexing
agb AP T8 evel e uenion (S nar 1ESHIRIEAT6 mmiide-and St~ e
campounds (and mixture thereof) can be used, such as dimethylformamid

(CBRT (C51%) 27 HetHrctauamids GICON(OFBoraa s T redued e
dipropylformamide(HCON(OH20H20H3)2), N-butylformamide, , . ron
(I—]?C%%l\%l—gﬁn- u?y]), &oﬁ%}/ylfor?nam%gﬁ(l-l%%NH-i%q-%uty[ ang tes. S.t J
teribyiylfmarids (HCONH tarkbuby). Also,{Bednveniion car b pagliced, ¢

using not only amides, but with any suitable ligand that can form meta

complexes, which inclydes.ligapds bawing functional graupssueiLas aming,;
ligands adsorbed on different particles. However, weakly
protected nanoparticles often undergo entropy-driven random
aggregation through strong interactions between the
particles themselves due to the facile desorption and
exchange of ligands. The moderate binding affinity of

ligands such as formamide to transition metal ions such as

copper or zinc ions may provide the <capability for
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carboxyl, aldehyde, etc. Although the preferred metals of the invention
include Zn, Cu, Fe and Ni, any transitional metal can be used. The suitable
metals for the invention include, but are not restricted to: Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Hf, Ta, W, Re, Os,
Ir, Pt, Au and Hg. [00104]It will be apparent to those skilled in the art that
various modifications and variations can be made in the invention without

departing:fram the spri Or seopef the inveption. Ihus, its intended that the:

invention covers the modifications and variations of this invention provided
they-comewithin the scopesabthe appended.claims and their equivalents. of

What Is Claimed Is: 1. A method for manufacturing a ZnO

napostuettie.les to form ordered aggregates. Although the
oxygen and nitrogen of formamide molecules are candidate
donor atoms for coordination to copper ions, it was observed
by IR and extended X-ray absorption fine structure (EXAFS)
spectroscopy that the molecular structure of the formamide
molecule prevents the nitrogen atoms from acting as
coordinating atoms to form Cu(HCONH2)f+.

[00102] As has been observed, the different amounts of
formamide-molecule oxygen atoms adsorbed on different
surface planes may depend on the corresponding surface
density of copper atoms. Copper atom densities on (001),
(010), and (100) planes of monoclinic CuO are calculated to
be 12.5 atoms nmi, 8.5 atoms nmi, and 11.5 atoms nm’%
respectively. The most stable surface plane should be (001),
with the highest density of copper atoms and where formamide
molecules are adsorbed more densely, resulting in a weak
aggregation driving force along the c-axis. In contrast,
the least-stable surface plane should be (010), with the
lowest density of copper atoms and where formamide molecules

are adsorbed more sparsely, resulting in preferential

aggregation growth along the b-axis. The difference in the
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comprising: oxidizing Zn metal in the presence of a solution containing a
ligand to form a metal-ligand complex; and decomposing the metal-ligand
complex to form the ZnO nanostructure, wherein the decomposition of the
metal-ligand complex is performed on a ZnO coated substrate. 2. The
method of claim 1, wherein the ligand is a liquid amine that is at least one
compound selected from the

grounconsisingefHCQANHZ, HCQN(QER) 2 HCONOPHZ0HRNZ ; oy s crystal-

lographic planes may lead to the anisotropic aggregation
based growth of ©primary particles. The self-organized
aggregates gradually transform themselves into uniform
ellipsoidal architectures, which are Dbuilt wup of much
smaller primary particles as shown in Fig. 1C. As 1in our
case Ostwald ripening is not an obvious process at room
temperature, only the aggregation process 1is involved in
forming the final nanoparticle-built product. This 1is why
one can observe the clear stepwise orientation and
aggregation of a few hundred nanoparticles into defective
single-crystalline architectures in three dimensions.

[00103] In the invention formamide (HCONH,) was utilized
as the preferred complexing agent. However, the invention
is not restricted to formamide and similar compounds (and
mixture thereof) can be used, such as dimethylformamide
(HCON (CH3z) 2) , diethylformamide (HCON (CH,CH3) ») ,
dipropylformamide (HCON (CH,CH,CH3) 2), N-butylformamide
(HCONH-n-butyl), isobutylformamide (HCONH-iso-butyl) and
tertbutylformamide (HCONH-tert-butyl). Also, the invention
can be practiced wusing not only amides, but with any
suitable 1ligand that can form metal complexes, which

includes 1ligands having functional groups such as amine,
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HCON(OH20H20H3)2, HCONH-n-butyl, HCONH-iso-butyl and
HCONHetert-butyl. complex is Zn-formamide. 4. The method of claim 1,
wherein the decomposing is performed in the presence of dissolved oxygen.
5. Themethodofclaim1,whereintheZnO nanostructure comprises ZnO
nanorods.

carboxyl, aldehyde, etc. Although the preferred metals of
the invention include Zn, Cu, Fe and Ni, any transitional
metal can be used. The suitable metals for the invention
include, but are not restricted to: Sc¢, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, 2n, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, HEf,
Ta, W, Re, Os, Ir, Pt, Au and Hg.

[00104] It will be apparent to those skilled in the art
that various modifications and variations can be made in the
invention without departing from the spirit or scope of the
invention. Thus, it 1s intended that the invention covers
the modifications and variations of this invention provided
they come within the scope of the appended claims and their

equivalents.
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6. The method of claim 5, wherein the ZnO nanorods have a diameter of 10
to 1000 nm. 7. The method of claim 1, wherein the solution comprises a
2-10% aqueous solution of HCONH?2. 8. The method of claim 1, wherein
the solution further comprises an amino acid. 9. The method of claim 1,
wherein the method is performed at a temperature of 0-100 C. 10. The
method of claim 9, wherein the temperature is 65 C.

What Is Claimed Is:

1. A method for manufacturing a Zn0O nanostructure,
comprising:

oxidizing Zn metal in the presence of a solution
containing a ligand to form a metal-ligand complex; and

decomposing the metal-ligand complex to form the 7ZnO
nanostructure,

wherein the decomposition of the metal-ligand complex

is performed on a ZnO coated substrate.

2. The method of claim 1, wherein the ligand is a
liquid amine that is at least one compound selected from the
group consisting of HCONH,, HCON (CH3) 5, HCON (CH,CH3) 5,
HCON (CH,CH,CH3),, HCONH-n-butyl, HCONH-iso-butyl and HCONH-

tert-butyl.
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11. The method of claim 1, wherein oxygen is dissolved in the solution.

12. The method for manufacturing a ZnO nanostructure of claim 1, wherein
decomposing the metal-ligand complex to form the ZnO nanostructure is
performed on a substrate having a lattice match with the ZnO. 13. A
method for manufacturing a ZnO nanostructure, comprising:  immersing Zn
metal in a solution of 2-10% aqueous HCONH2, wherein the ZnO

nanostrycture ig,formedionia ZrO coated subsiate-cin ldnd hemethodofang
claim 13, wherein the metal comprises a zinc foil. 15. The method of
clatmgli3d; s wherein te rrethodds performed at a temperature of 65 C.

4. The method of claim 1, wherein the decomposing is

performed in the presence of dissolved oxygen.

5. The method of claim 1, wherein the Zno

nanostructure comprises ZnO nanorods.

6. The method of claim 5, wherein the ZnO nanorods

have a diameter of 10 to 1000 nm.

7. The method of c¢laim 1, wherein the solution

comprises a 2-10% aqueous solution of HCONH,.

8. The method of claim 1, wherein the solution

further comprises an amino acid.
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16. The method of claim 13, wherein the nanostructure comprises ZnO
nanorods having a diameter of 10 to 1000 nm.

9. The method of c¢laim 1, wherein the method 1is

performed at a temperature of 0-100 °C.

10. The method of claim 9, wherein the temperature is

65 °C.

11. The method of claim 1, wherein oxygen is dissolved

in the solution.

12. The method for manufacturing a Zn0O nanostructure
of claim 1, wherein decomposing the metal-ligand complex to
form the Zn0O nanostructure is performed on a substrate

having a lattice match with the ZnO.

13. A method for manufacturing a Zn0O nanostructure,
comprising:

immersing Zn metal in a solution of 2-10% aqueous HCONH,,

wherein the Zn0O nanostructure 1is formed on a ZnO coated

substrate.

14. The method of claim 13, wherein the metal

comprises a zinc foil.

15. The method of claim 13, wherein the method 1is

performed at a temperature of 65 °C.

16. The method of claim 13, wherein the nanostructure

comprises ZnO nanorods having a diameter of 10 to 1000 nm.
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