A BIOMIMETIC APPROACH TO LOW-COST FABRICATION OF

COMPLEX NANOSTRUCTURES OF METAL OXIDES BY NATURAL

OXIDATION AT LOW- TEMPERATURE [0001] This application claims

priority from U.S. provisional application no. 60/562,228, filed April 15,

2004, the entire contents of which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION Field of the Invention [0002] The

invention relates to metal oxide nanostructures formed by natural
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oxides have increasing applications in semiconductors due to their wide
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semiconductor oxide with a large excitation binding energy (about 60

meV), zinc oxide is one of the REMPERAFHERHE functional materials having

unique properties of near 1 ultraviolet emission, optical transparency,

electrical conductivity and piezoelectricity. [0004] In order to develop

technologies to obtain

[0001] This application claims priority from U.S.

provisional application no. 60/562,228, filed April 15, 2004,
the entire contents of which are hereby incorporated by

reference.

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 bandgap 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 unique properties of near



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 suitable substrates is desired for
these cutting-edge applications. [0005] Related art methods of producing
nanorods include high-temperature vapor-phase processes that are
ulsgsensifes and BReRylintensivePTHE tempetatarerecfiied for tiidgctrical
processes typically range from 900 to 1100 C. As a result, liquid phase
cogshtiglofisubsirate Wit nahepartielestcannot be accomplished using
high-temperature vapor phase processes. However, the complex solution
¢0O9&lry of thesesdhemes has dheldedn confpléxtebhadkey pione tobtain
producing irreproducible results. [0006] A typical related art approach to
ulprogucimbeZnO Ll panopartiClesrentais the syrthelsis of enatal oxides fronpxide)
organometallic precursors using a two-step approach: (i) the formation of
nametal danopatticlessfromearesiganpmetallic 2 preicorsomand ¢iaoxidgtion  to
of the metallic nanoparticles. Alternately, unstable organometallic
preyiiems (whichddxidizeional (1D) metal oxide nanostructures

suitable for applications in electronic and optoelectronic
devices. Especially, large-scale and low-cost controllable
growth of well-aligned Zn0O 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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readily) are utilized. For example, a complicated system of bisalkyl zinc is
oxidized in a solution of hexadecylamine 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
PrefergyWschritidgyt Convertioaaliaethotlisdiforfing topper dxparticles.
nanoparticles include thermal decomposition, oxidation, reduction and
AlkydroR/sislofmetap6pmbtal SARS.1H8\WEPdr] thera)is stila need fePsifmpielize
technologies to form copper oxide nanomaterials from solutions at
repdérate give, room 1 t@viperafgresfromisimpleaacdtenns sohitonsspoosh of
Accordingly, modern semiconductor and laser technology requires
bimgdidblelandireprodacilbia it adtal roxide sedterialsthat aréeasydang Lamine
inexpensive to prepare. 3 SUMMARY OF THE INVENTION [0009]
anAccardinghy dre inveation i5. direotec: toe praducimghg metaldxide Int. ed.,
nanomateriai that substantially obviates one or more problems due to
2 Olirpitatiarzs an8321-5324) . Other approaches to metal oxide

nanoparticles were also reported previously.

[0007] Copper oxide has also been of considerable
interest Dbecause it forms the Dbasis 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 agueous solutions.

[0008] Accordingly, modern semiconductor and laser
technology requires reliable and reproducible new metal

oxide materials that are easy and inexpensive to prepare.



disadvantages of the related art. [0010] An object of the invention is to

provide a metal oxide nanomateriai that can be formed at room

temperature using simple solution chemistry. The invention can provide a

metal oxide nanomateriai 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 in the

presence of a solution contalnlng a Ilgand such as a liquid amine to form

a metal- ligand comple 35 iazs. Ifigand complex to

form the metal oxide nanostructure. The metal oxide nanostructure can

8 9&Pled dica suBsatéshaving AdatticeN HdteH with thesmeta oxietted  to

be deposited. The metal can be selected from all the transition metals
prihdtcandorm comprekeswitrkigands with fignctiohal §roups sudhsasantially

amine, carboxyl, aldehyde, etc. The metal can be any transition metal
obsugcitas of SoeTi, ¥y Crivine FepCobNenGu, ZmeY, Zn NB,IMotRe,iRe,s and

Rh, Pd, Ag, Cd, Hf, Ta, W, Re, Os, Ir, 4 Pt, Au or Hg. The metal can
dipreferablysbe n, Gu, tecorrNil aThel nmetal .can most preferably be zinc or

copper and the metal oxide is then zinc oxide or copper oxide. When the

[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 organic
ligands.

[0011] The invention, in part, pertains to a method for
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 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, VvV, Cr, Mn, Fe, Co, Ni, Cu, %Zn, Y,

Z2r, Nb, Mo, Tc¢, Ru, Rh, Pd, Ag, Cd, Hf, Ta, W, Re, Os, Ir,
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nanostructure is ZnO, it can be formed on a substrate of metallic zinc or a
ZnO film-coated substrate. When the nanostructure is 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 HCONH2,
HCON (CH3) 2, HCON (CH2CH3) 2, HCON (CH2CH2CH3) 2,
HCONH-n-butyl, HCONH-iso-butyl or HCONH-tert-butyl. The metal amino
complex can be Zn-formamide or Cu-formamide. The decomposing can

Pthe perfofméfin thepreserice sFa8isBoIvés oxyden. Srhemetdfoxides or Ni.

nanostructure can be ZnO nanorods or dendritic CuO. The ZnO nanorods
Theandvela Gianele? of 1011606 ARY, preferdbly @ feW teASBPE00 Amd  the

The ZnO nanorods can also have a diameter of 80 to 170 nm. The
megalltioréaliebe a 2t109% aguesusesoldfoncat HOONRor chigher: Théthen the

solution can further contain an amino acid. The temperature can be 0-100
naCarthiglierinsome cases, preferably 65C.HAlIsocokygen is dissblvedaie of

the liquid amine. [0013] The invention, in part, pertains to a method of
memmahlfacturing @ netal axidenfandsiruetuee theat insludesraimmersingen  the

metal in a solution of 2-10% aqueous HCONH2. The metal can be a
nametal foit suctrasia zinadgil ofta 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,CHs3),, 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 ZnO 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 1is dissolved in the liquid

amine.

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

manufacturing a metal oxide nanostructure that includes
5



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 nm,
where the nanorods have a hexagonal crystallographic morphology, and
the nanorods can be oriented perpendicular to a substrate. The nanorods
can also have a diameter of 80 to 170 nm. Immersing metallic zinc in an
imggieoudanfine'sldton f8rnis  the Hahersds Jp015] KtitivAxEreaturdsCONH: -
and advantages of the invention will be set forth in the description which
Thip||G¥es; 2andiapardsvillcbeefipatent frbm the dBscription, Grimay Beil or a
learned by practice of the invention. The objectives and other advantages
copfote invientibn will be Fealizédand rattained by the sthwcture partiidarly  The
pointed out in the written description and claims hereof as well as the
naappendedcdragvings) [0816]1Oiste henmberstovd tbatboth ahe feregoings80 to
general description and the following detailed description 6 of the
1 7ibvention are exemplary and explanatory and are

[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 nm, where the
nanorods have a hexagonal crystallographic morphology, and
the nanorods can be oriented perpendicular to a substrate.
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 Dbe 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
6



intended to provide further explanation of the invention as claimed.

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 ZnO nanorod array grown directly
otfroRf M folfiHS% S harfide afuesEs solltion 2t 65 ¥P[oUPdf g, 2 and  are

shows the X-ray diffraction pattern of a highly oriented ZnO nanorod array
infrenglednton @ P sidstrater {0021 ] Fige BA sHovws aw SEM fimdgerepg ion as

ZnO array grown from a 10% formamide aqueous solution; [0022] Fig. 3B
clshowslan SEM image of a ZnO array grown from a 2% formamide

agueous solution; 7 [0023] Fig. 4 shows the evolution of ZnO from solution

as a function of time at different formamide concentrations;

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 ZnO nanorod array grown
directly from Zn foil in 5% formamide aqueous solution at 65
°C;

[0020] Fig. 2 shows the X-ray diffraction pattern of a
highly oriented Zn0O nanorod array the grown on a 4n
substrate;

[0021] Fig. 3A shows an SEM image of a 7ZnO 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;



[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 TEN image of nanorod morphology and SAED pattern of the
selected nanorod; [0027] Fig. 7B shows a high-resolution TEN 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
(P8%34.0 x D127 MmMFHEFE d&yin AIRLWT 0oM forhafilbde ag@dbugolution
solution; [0029] Fig. 9 shows SEM images of 3D dendritic structure of
ascappgethydieide Erystals grdwa bhfcoppek shbstiae f6e6 cayzanarmeions;
of 9 M formamide aqueous solution: (A) top view, (B) oblique view at a
tiiAg 4hgleioid5b, (€) crdszv sectibr view b dendrticierystals warsch(Dpanorod
HR-TEM image of a broken nanosheet, which was collected from copper
disutsstrate eoveredwitmddrdritivdrystals; [0030] Fig. 10 shows the
temporal evolution of copper concentration in 1 mL of 9 M formamide
3002a&s solution; (063 drg.titshdws tirhesdeperndentevolutionof metal
dendritic crystal morphology at different growth stages for
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 Dblue
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;



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

& MohtinudUisSilm-like inorgAiéSscaffold et Swas graduallyforhed while  of

the contour of the dendritic crystals disappeared; [0033] Fig. 13 shows an
degeMi imagecaivstel loriameReed Iderrivitie spheiditds sicopper stages for

hydroxide grown on a copper substrate for 8 days in 1 mL of 9 M
2 fdamamide agdesiay solUHion coHntiiniang 0B mM ghieine; [0034] Figlayws (E),

shows the temporal evolution of dendritic crystal morphology by SEM at
andiffereht gsovth times P 6ctays=(A); 7 days (B), and 9 days (C),

respectively, and corresponding enlarged structures are shown in the

9B 2and images19 [0835) Figa 154 shavws ther powder X&DXx pattéracof se1f -
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 bicontinuous 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 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 (B), and 9 days (C), respectively, and

corresponding enlarged structures are shown in the right-

hand images;



crystalline monoclinic CuO; [0036] Fig. 15B shows an overview TEN
image of CuO with arrows indicating ellipsoid particles and with an inset
SEM image; [0037] Fig. 15C shows a high-resolution TEN image of CuO;
[0038] Fig. 16A shows a high resolution TEN 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

EQ9FSdxide By fromPAggreatet nahbpartitiesIpo41PHy. 18288k¢wsla ©f

TEN image and SED pattern of the early stage formation of nanoparticles
cryrCadl jooa 2] FipaBBdifowsian HRTEM image with identical (200)

lattice planes in the primary particles with various lattice directions being

ihsHdd byrawoews; JB043]dg. E8C shvewy asFEN Eagenang SED patferwith

of an intermediate stage after 24 hours of aging of a few hundred primary
armanoparticies ito adoesely pegarizathaggregate; 40d with an inset SEM
image;

[0037] Fig. 15C shows a high-resolution TEM image of
Cu0O;

[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 CuO;

[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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[0044] Fig. 18D shows a TEN 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

kR4Dider AanostteturéLiemaqliedusisidtondnst moderaettern of a

temperatures. The invention produces the simple self- seeding growth of
stagiforme farge arda metaloxidefnarsditays atlowdempersddrescThetalline

invention also eliminates the requirement for using exotic metals as
nagatalystsigremetsal caxideslas seed particles. The exclusion of exotic metal

catalysts and counterions is an important advantage when fabricating

elig® kel devices,. bécausemvena/esyr losmatipurity ldonsentrationms cen stewise

incorporate dopant species into semiconductor nanorods to generate
orumintentidonal defett deptsthat signifiodntly effect gevicepleperties. Idrimary

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 i1llustrated in the accompanying drawings.

[0047] The invention fabricates metal oxide
nanostructures from agqueous 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 1s an 1important 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.
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[0048] The invention utilizes the slow oxidation of a metal such as zinc by
naturally dissolved oxygen with the help of an organic ligand, preferably
formamide (HCONH2), which leads to the continuously releasing of metal
ions (for example Zn2+ or Cue’ 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
$048iltend itra feV ADRARIY Nahometsrs b Bfinphleffangimgtaeion of a
formamide concentration in agueous solution. [0049] When considering

mezipé, diiedd tescobtdinating ablitreffoimamislemhyReulesvigdrmetakh the
ions, the resultant Zn2+ ions release continuously from zinc substrate

hejhro sofutien plyaserinithe formestbompiexingy EniHCONHBINXEe iotgCONH2) ,
which overcomes thus the passivation effect of metal surface. Under

whhydrotiermhal tonditien abhe tdecompositionadfeesmpiexing cempéundns (for
occurs simultaneously at low temperature, providing the growth of ZnO

examtheeZ A stibstrate; JO050p Thée synthesistaf 1Dl Zn@chapiostracturestising orm
metallic zinc as a precursor entails using pure or almost pure zinc as a

ofprecursematmear coamitemperatuse (63 Cyndde sytthatic peiiciple isanorods
based on the slow oxidation of

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 Dby 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 (HCONH,) 512"
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 7ZnO 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
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12 metal zinc by naturally dissolved oxygen with help of organic ligand
formamide (HCONHZ2) , which leads to the continuously releasing of Zn2+
ions into liquid phase in the form of an amino complex. The aligned ZnO
nanorods covering the In 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.
meEXAMPEERQ [0051] FhE Wxidativn stirfieal it urifer éontroréfth  help of
formamide molecules and the growth of ZnO nanorod arrays was carried

orggtih@ 4-hilpass viab Bedsredse, Mgty zingfoidweleedrfullyo  the
washed in an ultrasonic bath of absolute ethanol. Formamide was used
cogirdetlyonitiaut fietthes purdficafioAni altypicaliprocedirey adbisteek zine the
foil was immersed into 1.5 ml aqueous formamide (HCONH2) solution.
foThe formamide contentincthexwatéhearied: yvithin & rangeoh2-d@sTheovialk ing
was then heated in a drying oven at a constant temperature of 65 C, and
thkeptZstill fon24 doars. drcouldnbe®bsérved that the surfaceoédns thermal
substrate was tarnished gradually and a thin layer of
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 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
(HCONH,) solution. The formamide content in the water varied

[

within a range of 2-10 %. The wvial 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

13



white ZnO covers the entire surface of substrate. The zinc 13 foil was
taken out and washed with 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

fofrdm 8930 17265 A, RREreadImast D ek nandrods zRed diametef of 240 zed

nm. The hexagonal end face and perfect side surfaces of the nanorod '
wagRT be Tlehriridentifidd inARB itstthnage of Figoal The @wedorfihegization.

hexagonal crystallographic morphology provides strong evidence that all

h88SdHs giovwalong the &000%> directiby@hdake indeed wellfacetdd:ctron
crystals. [0053] The corresponding XRD pattern of zinc foil with the ZnO
migancroderay EdepictedgeFigp 2. nhadditioh¢o idiffractioropeaksnf the zinc

In substrate, the (002) diffraction peak in the ZnO diffraction pattern is
suthistimguishingly stréng; avhereasiothenpeakssare®ither extremely dakonrs .

not detected. This indicates that the nanorods within the array are grown
Thalongreraxis disedtionmand-aretorientedigh 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 7Zn0O nanorod array 1is depicted in Fig. 2. In addition to
diffraction peaks of the Zn substrate, the (002) diffraction
peak in the Zn0O diffraction pattern 1is 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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preferentially in a perpendicular fashion onto the substrate. 14 [0054] The
oriented ZnO 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 is clearly shown in SEM
images of Fig. 3. [0055] Fig. 3A shows an SEM image of a ZnO array
grown from a 10% formamide aqueous solution, where large, well-

ffhedlnandtideSRaving Fregiidr RexaRBAAPMOPhSIBgy ar Perreaglilyw1th
observed (see insert). The diameter of the ZnO nanotubes can be

vaghsetfed eiage flbmabbare.31e0e5 Jini[De56]4=g. 3B shewsam simple
SEM image of a ZnO array grown from a 2% formamide aqueous

1 isplitomvialvererthe radowirebvhave a shidlier dizanédter thani those dorpsed of
from a 10% formamide solution. Here, the nanowires have a diameter of

s cdlvgutenfewters toeofewt humdred napometers. EXAMPLE2 {@0572]ddsingvith
materials similar to Example 1, ZnO nanorods were grown onto a zinc

amsubstrateffrofpabédmifdemaimidessaluticroat 656sC foi 24higurssthen  in  SEM
resulting rods had a well-faceted hexagonal diameter of about 140 nm

images of Fig. 3.

[0055] Fig. 3A shows an SEM image of a ZnO 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 Hm.

[0056] Fig. 3B shows an SEM image of a 7ZnO 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, Zn0O

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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and were very densely packed on the substrate. X-ray 15 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 c-axis alignment of nanorods over a large substrate area.

Referring to Fig. 7A, TEN analysis of nanorods removed from the In

substrate showed that the nanorods were about 1.6 Jim in length and had

a uniform diameter along the entire length. Selective Area Electron
dipfraciiorP (S AED ) detePmirRithaf tRe nBRBrotsineie SifgleTripstaldnrtzite

grown along the [0001] direction. In Fig. 7B, TEN analysis revealed a
Znfattice BPaciitpdf 052enmb e €oYFéspondsrtovd: B-spHichF6ft p000P)F the

crystal planes, further confirming <0001> to be the preferential growth
nagipatidon. [0058] The amisdtrepicgrowtts of ZnO lehystals along ¢he 0003 axis

direction may be caused by inherent polar properties along the c-axis.
alThewelotities 6f crystabgrowth inodi#ferent crystaltggraphiciptanestare:; area.

V<0iso> > V<olil> > V<oo00i> = V<oo00i> 16 [0059] Strong
Reffoom-tergperatuté photdlumiridgcemcel spacirao Of theeresuaifing Z@ved from

nanoarrays can exhibit a near band-edge
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> > Veo1il> > Veoooi> = V<oools
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emission using a He-Cd laser as an excitation source. [0060] To
understand the formation mechanism of ZnO nanorods on a substrate at
elevated temperature, the kinetic process of crystai growth was studied in
5% formamide aqueous soiutions. Fig. 4 shows the evolution of In 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

#9@ ke to Hie EINUBOE TefEHRIGIAFCIORE Iite SoRitiRS aRAFE sSpectra

complexes can accumulate up to 0.23 mM gradually after 24 hours in 5%

o fforfanii@e solutind. INSYoferRamide at 65 C, #rd okidation Tfanetafiied —edge
zinc is initially very slow, and the resuiting low level of zinc concentration
emga¢ indluce heterogefeolts! nuekedtion preferemtiallyonie zinesubstrate.

With prolonged reaction time, freshly produced In species can be

¢OdteLbusly suppliet:fos thesubséguent erystaiigrowtimenhthei sm of  ZnO

heterogeneous nuclei through the thermal decomposition of the resuiting
naZpsformisamidescamplexes.tle/ [O062] Forexamplenafterblnoeys ohZn®inetic

growth from a 5% formamide solution at 65 C, a sub-monolayer of
pronifoyrm of crystal growth was studied in 5% formamide
agqueous 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 1is 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 7Zn 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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ZnO seed particles about 120 nm in size were observed. [0063] The size
of the ZnO 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 ZnO nanorods
iPesks proporisRalR with mEFeHsing forPvarRide torftent. Thiyv fiRedrrom 2
relationship demonstrates that adjusting the predetermined content of
5%fofrRarmide-6&n control #se nartoréd diameter. J0D641AS hagshowh imniform
Fig. 4, increasing the formamide content from 2, 5, 10 to 20% will
Znipcresse the Zinc: teacemrationldfter2d hoursia 5v€ 16 001B0.28¢0.37,
and 0.86 mM respectively. Although not shown in Fig. 4, increasing the
feBlide dorens iz40% Will yietd & wonceatratiod of 1049 mhkeaften24d by
hours at 65 C. This increased supply rate of Zn-formamide complexes
masghgws thel figrmation ob thicker manorodsagsulbfroamindreasing thie 18 shows
formamide content. It has been observed that within a range
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 Zn0O 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

18



of 2-10% formamide, ZnO nanorods or hanowires can be grown on a zinc
substrate exclusively. When the formamide concentration is increased to
20%, zinc complexes were accumulated to a much higher concentration
level to lead to crystal overgrowth of irregular nanorods on the substrate.
[0065] However, when a 2% formamide solution was used, ZnO
nanowires of 50 nm diameter were produced having a regular-edged
shape and Waurtzite single-crystalline structure preferentially grown along

fopreemasia. POBBTRbr theldroWtls nikedianidng F Bfentedatanoréd drayst ange

heterogeneous nucleation at the initial stage is important for vertical and
ofingotarves alfghiriems &F naddrods.a Pt edifverition aforeigh Seed partiefesgr own

were not introduced to grow the ZnO nanorod, the heterogeneous
onnucéleatiommaysovbeliratamy sitecdnithevsubistrate fofcataly$tiffee Eiystaimide

growth. Since both In and ZnO have hexagonal crystal structure with
colattfoeteonistants of & = 026653 £e<10.4949 ahd,a =0.8249,com@l52@6; were

respectively, ZnO tends to have an epitaxiai orientation relationship of
aclatticeplares with athebalse zindhmetat.cbherefore ttherepitaxial to lead to

heterogeneous nucleation results in a uniform distribution of ZnO patrticle
crseadslon thersutisttate aftheringention; andrariepdied 4B 18e substrate.

[0065] However, when a 2% formamide solution was wused,
Zzn0O 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 1is
important for wvertical and in-plane alignments of nanorods.
In the invention, foreign seed particles were not introduced
to grow the 7Z2nO nanorod, the heterogeneous nucleation may
occur at any site on the substrate for catalyst-free crystal
growth. Since both 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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nanostructures are grown due to the epitaxia relationship of the lattice
planes between the nanorod and the substrate. 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.
nappys 6 setietaticafly Sheli e GHBRhESE nidtal Bide AgActlbes bkt anship
metal oxide coated substrate, where In is preferably the metal
ofcémponentt [0oB8P It FRS 6P stibstfdte titecdrbe aag stiitdblehmatedgitrate.
such as glass, quartz, silicon, GaAs, polyethylene terephthalate, etc.
AsOversubsteate 203scoaed aTnetal oxide,20Mltich ¢dn beZ2a®ly all the
Al-doped ZnO, indium tin oxide (ITO), indium zinc oxide (1Z0), etc. Metal
nafoils 30=areyaprangetkiniafordramidecsolutibr 4Gtdoformahe metaFor those
formamide complex that feeds the growth of the nanorods 50. EXAMPLE
nald {006 A glass subistrate wagicoatedvwith anaapproximately 159mvmth may
thick ZnO film using radio-frequency magnetron sputtering. The coated
besubstratehwas gddced in Amited 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 Zn0O, indium tin oxide
(ITO), indium =zinc oxide (IZ0O), etc. Metal foils 30 are
arranged 1in 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 ZnO film using radio-frequency

magnetron sputtering. The coated substrate was placed in a
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20 5% formamide solution for 24 hours at 65 C, 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-fiim-coated substrate, the diffusion
rate of the zinc precursors is relatively fast with respect to the growth of
the liquid-solid interface. The concentration of zinc precursors is uniform

SthFGUugHItt the SoraEd OF sé6d pardickewnstha Zn fif-codfier e Zn foils

substrate, and growth takes place on entire seed particles to give rise to
wegslid Handreds! At Righ€ezimoeoricentrafici? tegiolis Aedtahe Riirfoilsot  the

the growth rate has increased with respect to the rate of diffusion, and the
suging redricentratiohs aretlargedpdedreasedielose tothe toparegrefiipnt in

ZnO nanostructures, leading to the preferential growth of nano-walls and
colimitingth& growthfofaianorods EXANPE EE4 00 70} O e ZhO0ifilm-codted ZnO

substrate and two 7 x 7 mm zinc foils were immersed in 3 mL of 5%
coformamideé aguesud ssotatien (viv) intand0 s Samiplervial followed by 241 ower

hours heating at a constant temperature of 65 C. The substrates
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 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 ZnO nanostructures, leading to the preferential growth
of nano-walls and limiting the growth of nanorods.
EXAMPLE 4

[0070] One 7ZnO-film-coated substrate and two 7 x 7 mm
zinc foils were immersed in 3 mL of 5% formamide aqueous
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 1in air Dbefore
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were then rinsed with ethanol and dried in air before 21 characterization.

The whole substrate was successfully 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
chagacihe ehdidsiofpeak of the ZHONePorddaffaytenterégat successfully

approximately 400 nm and is attributed to near band-edge transition.
COoRRBSE Zi0 Hanotiid aray oid zieie préducedsnasdtubes yr@iige L 2n0

diameters of 200-300 nm, typically with a mean diameter of
naggprestitnatelyi280 andamdna umifor walbtifieknesseofappvéxinmately B@e XRD

nm. [0071] In this embodiment of the invention, the mean diameter of
paZn@mranordds grown ondheasubstyate (@ppreximately 10Gnmpisamoch (002)

smaller than that of nanotubes grown on zinc foils (approximately 250
dimihy hecause gfthe mach Highéntseed dehsityvorvthie ZrO-filme-toatechx imum:

substrate than the nucleation sites on native oxide layer of zinc foil. The
abrasulting ¢rinner panadrods onatthd ZaOHiimh 1y preferential growth of

Zzn0 nanorods along the c—-axis orientation (perpendicular to
the substrate surface). The obtained strong near-uv
emission peak of the ZnO nanorod array centered at
approximately 400 nm and is attributed to near band-edge
transition. Also, a 2Z2nO 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 Zn0O nanorods grown on the substrate
(approximately 100 nm) 1is 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

22



coated substrate are more stable due to their small top area of polar
metastable (001) surface and large lateral area of 22 most stable
low-index nonpoiar surfaces (parallel to the c- surface). However, on a
zinc surface, it may not be energetically favored to form thicker solid ZnO
nanorods due to their large top area of metastable (001) surface.
Instead, the formation of thicker hollow ZnO nanotubes can reduce the
top metastable area and enlarge the lateral area of the most stable

mopyiy-iheR henpeidr Sifsces Witk fespect 46 HRéiPorfésontiisdlid the c-

nanorods. [0072] In the invention, surface-stabilized nanoparticies act as
suparesthle buildPgBiceks thal can spoRtanedusiyesetf-assémbledifto not  be

various ordered nanostructures in a process that is usually controlled by
englterigl thelstirfate properties of particlés. Ttrerorfented agyregatiornrods due

growth of nanoparticies into low-dimensional crystalline nanomaterials
tocartbe attainetrtheoudgiriinearlyc eriented attichaientFhe 6A€Ated surface.

aggregation of nanoparticies is suitable for the formation of low
Indimensionaherystalimetmaterials subh a@seAnOhpanonodg,OdTeanotubes can

nanowires, a-Fe203 disks/ellipsoids and monocrystalline CuO. [0073] For
reexarmaplehmonoprystallinet GuOeCcarae geowh 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 1s 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, O-Fe,03 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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from nanoparticies at room temperature in an anisotropic
aggregation-based crystal growth process. A few hundred 23 monoclinic
CuO nanoparticies can thus be grown into uniform ellipsoidal
monocrystalline architectures. [0074] Stepwise orientation and
aggregation of a large number of nanoparticies in three dimensions has
been observed, from the formation of primary CuO nanopatrticies, to the
preferential one-dimensional (1D) orientation of nanoparticies along the
mofppa} Hireetidr’at diPeampstagel Eventdally '3B-drent@dcagyregationini form
forms a monocrystalline structure built from nanoparticies. Selective
e ladsurptiold bf femearmitetmblectfesait biffereritergstallographic planes of
monoclinic CuO nanoparticies plays an important role in the anisotropic
d @A of usiforpwAssoparticierbailtl mone ey stads EXENM PO E 5J0076] Aarge
piece of pure copper foil (10 mm x 10 mm x 0.127 mm) was immersed in
nuipgir of fofmamideipea 10k vial at rodrtemperatoven Copper nietal  been
was oxidized slowly by naturally dissolved oxygen in formamide (< 0.05%
obwaterkdCu 2+donscwerefcontiatioosly relegsednfeom theaCoppendfgikintocles,
the formamide (without introducing counterions such as
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 1in formamide (< 0.05% water).
cu’t ions were continuously released from the copper foil
into the formamide (without introducing counterions such as
Cl), which oxygen was simultaneously reduced:

O, + 2H,0 + 4e” > 40H (1)
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CU-), which oxygen was simultaneously reduced: 02 + 2H20 + 4e- 4 40H-
(1) 24 With increasing reaction time, the solution gradually changed from
colorless to light blue, and eventually to deep blue. This indicates the
formation of [Cu(HCONH2)4]2+ complex ions, because copper ions can
be immediately captured and coordinated by formamide molecules,
forming copper-complex ions after release from copper metal: Cu + 1/202
+ H20 + 4HCONH2 4 [Cu(HCONH2)4]2++ 20H (2) [0076] After six days,
Wik fotalcoticenfrafién of €65PperCBompeRons & toS60- Hiwas affaimedally

as measured by atomic emission spectroscopy. The resulting solution
ch@ag ethehthitetPBy & factor bPfive @ith deldifizedwatear ot vl briginal deep

solution was mixed with 1 mL water). The mixed solution was left to stand ,

. . . P o +
blatroom tehiperature @hdast drowhish-black pretipitate was obsSertiEdCafter 4]
about 12 hours. The flocculent precipitate was aged for one week before
cogarhples weredsolateddfernmeasueprent. [00F37pPowder x-ray diffractidnately

(XRD) confirmed the formation of crystalline CuO (cupric oxide). Low
camiagnificationdramnsmissionaglectrobynicfoscopyi(d&Mpshewed ehe forming

particles to have average lengths and widths of about 45
copper—-complex ions after release from copper metal:

Cu + 1/20, + H,O + 4HCONH, - [Cu(HCONHﬂ4]2++ 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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nm and about 130 nm, respectively. The primary small nanoparticles
interconnected with one another to form larger secondary ellipsoidal
architectures with recognizable 25 boundaries or voids between the
component subunits. High resolution TEN showed the obvious
aggregation of nanoparticles. Selected area electron diffraction (SAED) of
some single nanoarchitecture was indexed to monoclinic CuO with phase
purity and (001) orientation. The diffraction pattern gave an average
boygrsiai6 distributiorfst dpdbYS S inealaret JR APE Angledienylifsin  High
the diffraction pattern. [0078] It was also observed that all the SAED
regatteths osf singleMsoladtcalRgsoid$ BRow iddriticardiffraction paaéren  of
along the (001) direction of CuO. This is attributed to the flat nature of the
naglifipsaitdalparticles S wich hdatodie flatontthe TEN gfidaTheon (SAED) of
as-synthesized nanostructures were observed to have smaller
s otickpesselscof nabma 1dh1% ant (laterab dimeansiermeButiargeprlengthisiand Cuo
widths of about 45 nm and about 130 nm, respectively. [0079] The size
wisdalecbiathe apsynthesized ellipsdids waties frathiecthree dimensionfstmction
the a, b and c axes) depending on the number of particles aggregates in
pathiee ditectioreofathe pasticudar axis.erHEN ahatysisighowedithebn 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 1in the three dimensions (in the a, b and c¢ 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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that anisotropic growth rates of the ellipsoidal particles were ordered as
follows: b > a > c (or [010] > [100] > [001]), indicating different
particle-aggregation potentials. Aggregation and attachment occurs
preferentially between the 26 (010) lattice planes of the nanoparticies.
The preferential anisotropic growth is different from classical crystal
growth of CuO nanowires along the (001) direction in the related art.
[0080] To obtain a better understanding of the anisotropic growth

(Orh@thanish 6FelRdsoi@ pafticlés! Sreaetion products Were Eoffedté@aerential

different growth stages. At an early reaction stage (about 2 hours), small
anCao- hanrderyseiLabbut 6-7 nri it ERIAEtEr weFeTornfetl whickiwascrystal

consistent with the subunit size of the final ellipsoidal architectures. SAED
gripdidatedpreéferentialoriehtation adlong then©01) &iystalldgrasHid aris in  the

parallel to the c-axis. [0081] When the aging time was extended to 5
rehaursy removal by centrifugation left a colorless mother liquor, indicating

that complete formation of CuO nanoparticies. Meanwhile some primary

haaielEls began tocldheienclosely. After24 houns,dhe smalldaggregateS  the

had grown together into larger ellipsoidal nanostructures with observable
anheundasiesc  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
consistent with the subunit size of the final ellipsoidal
architectures. SAED 1indicated 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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or voids between particles through stacking of more particles. [0082]

Aggregation is energetically favored because the formation of larger

crystals can greatly reduce the interfacial energy of small primary

nanoparticies. Strong 27 organic ligands usually promote self-assembly

of nanoparticies, driven by the interactions between organic ligands

adsorbed on different particles. However, weakly protected nanoparticies

often undergo entropy-driven random aggregation through strong
Oripdractions beBRBES the PaHitiesthemBENBS ERle to fHelfacite 888&tption ©Ff

and exchange of iigands. In the invention, the different amounts of
nafypimaniide-hesiecuitit oxggertatorhs adsorbed dat diffefenPstifac plaiesnic

may depend on the corresponding surface density of the metal atoms,
Lipandepped atorhs d Copped afdrm densitiezon {00Ds (010)HE(e0) weakly

planes of monoclinic CuO are calculated to be 12.5 atoms nm2, 8.5
pratoats- a2 ramdcll 5 atoms 1M tespectiviely 9Phee miost stalole sugface andom

plane is (001), with the highest density of copper atoms and where
agformaatide molectlesaye adsetbethmore idersely; résulting ibatwesda  the

aggregation driving force along the c-axis. In contrast, the least stable
pastrfacesplaneli@mselves due to the facile desorption and

exchange of 1ligands. 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, 1.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 1is
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(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 28 common process at room temperature, only the aggregation

process is involved in forming the final nanoparticle-built product. [0083]
COTRE ThveXtisitean afso bedrded fEPRRIUEE VindrphesyithesiCangdgregation

ornamentation of 3D dendritic nanoarchitectures. A slow and progressive
Pre@eisetiont of 3D GhtrAtel Rarfoarehitettires uhdepredrBrsustaipég Lle-built

supersaturation of impurity-free nutrients, which are supplied statically
prfedimthe natural oxidation of metal. The controllable supersaturation is

important for the self- organized growth of ultrathin nanosheets into

ipgiaepdg 3D dendrific.architectures of metal goxidegdn the.absenee of 1 oquce

self-assembled templates or matrixes. Self-oriented dendritic

moRYIQRILUCLYTES £an befafricatgd when a simplg amine acidprefefally, i « 5
giycine) is used as an organic additive. However, any suitable amino acid
nag%EP%H§§gé%hres. A slow and progressive production of 3D
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 1in the absence of
self-assembled templates or matrixes. Self-oriented
dendritic nanostructures can be fabricated when a simple
amino acid (preferably glycine) 1is 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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an additive, including alanine, arginine, asparagine, aspartic acid,
cysteine, gutamine, glutamic acid, giycine, histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan,
tyrosine and valine. 29 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
EXaNEdrEarPatmospheric environment for 10 days. In a similar procedure, a
solution was prepared in the presence of 0.5 mM glycine. [0085] When

¢oRrer ffoil ia impmerseddn 9 dermanside and-left atroom tenoperatute for 127
about 6-10 days, solution color changed gradually from colorless to light

nnlug a idicating s thedfieemation ohl HHCQNKR) 424 complex iansa With i ng 1
increasing reaction time, the resulting copper-formamide complexes are

m1Slowdy trapsformeddn CUO crystalonsthes substrate. Cpmm@@%&ﬁ%@é in
pale blue spherulites grew onto the copper surface over time, as revealed

voRiiyy magnification REM(Fig. 8) SEM anglysis alspshowedhal, o+ room

temperature under an atmospheric environment for 10 days.
In a similar procedure, a solution was prepared 1in the
presence of 0.5 mM glycine.

[0085] When copper foil is immersed in 9 M formamide and
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 1in 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 um, 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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single particles have a round shape and a uniform size of about 26 Jim,

and peanut and dumbbell shaped particles were formed when two

particles merged together. The spherullites 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 30 throughout the dendritic crystal. The highly crystalline nature

of the nanosheets was revealed by the straight and parallel lattice fringes
thiyfth @hattiee Spacintforabout c0.34 Kt BétweentWd adijatehy (0pRystalline

planes (Fig. 9D). [0086] The copper concentration was monitored over the
nafgagfiorPéourse oME@ays: AsSshieavh iff Fits ADethetbppee coricehtgtion and

in solution approached 0.30 mM in the first 2 days, and very slow
pahetetsgenealis ageleatiohrof eopperthydroxibetbok plase esdlosivedyf about

such that rod-like nuclei grew on the copper surface sparsely (Fig. 11A).
0. Aharrovpatindew of coppéeriesrcentratioa/supéesatgration @abobP0.30 nM

was further maintained in the subsequent process for crystal growth.

Beossdn the'lsecondcard-thicd dayntl anucten stapted twanchimgdn theer the

surface and gradually formed 2D dendritic "roots" about 1 [Lm in size for
rethetfobowingugrewtto 6f dendstic "flowersSHBigh 11B)FAfter darigthehday;opper

the 2D
concentration in solution approached 0.30 mM in the first 2
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 um 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 MYm, 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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dendrites grew into small dendritic cores about 8 Jim 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 [Lm,

respectively (Fig. 11D to Fig. 11F). [0087] Fig. 12A shows that as growth

proceeds, two neighboring dendritic crystals can further expand

themselves 31 and eventually intermesh with each other to merge into an

interconnected porous structure of nanosheets in their boundary area. No
angeparae vidddidted ManbiRedts Wetd ob3ERed i fie bound&ry%s welto an

[0088] Also, a higher density of crystal flowers was further developed on
Ingeppersubsira by ritRiting thervotimecof thé reactistessiation. Whentheir

the solution volume was reduced from 1.0 to 0.5 mL, a much denser
bogrray bf depdstic: crifstalsswitly aadfriforarsize of aboat35 Janeovestthe were

surface of copper substrate after the self-organized crystal growth for 6
obdaysv@kig. 11P2BIh & hisondidates that tirel Hensity level of dendritic crystals

on the copper surface is dependent on the reaction volume. With a

aBaly smalkers, volumeispleatedi€n 2ittgpeciés canyreaeh thelowers was

supersaturation level necessary for spontaneous heterogeneous
funmtcleatiateine LlLoped 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 um 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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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).
32 [0089] The biomolecules for determining or controlling the
§19dlogidd andrhitrestAfcidies of €8pperbasad mimeralophasentrolling
(copper hydroxide chloride) are specific proteins, which are dominated by
t higvorAiaoranminestids) Giythse (63296 ane Ristidine BB Ras fige mineral
invention, the simplest amino acid, giycine (99.0%, Aldrich), was chosen
phips furthecsattiol andinedulite the Lpystalgrowth berrvdoricf idendiitide1ns,
copper-based crystals. After a piece of copper foil was immersed into 9 M
whfprimanside agiienis sofdionsycomtaming @i mM giyicice, the detal glycine
copper was oxidized slowly by naturally dissolved oxygen in solution at
(6rbon% Jtempecatuiel YWithlinceeasimpreatiion time, thehsolutiorveotoron,  the
changed gradually from colorless into light blue, indicating the formation
s iefdapper eamplexesi Oncglcoppes (99.0%, Aldrich), was chosen to

further control and modulate the crystal growth behavior of
dendritic copper-based crystals. After a piece of copper
foil was dimmersed into 9 M formamide aqueous solutions
containing 0.5 mM glycine, the metal copper was oxidized
slowly by naturally dissolved oxygen 1in 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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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 Jim), instead of the dendritic structure itself,

were produced on copper substrate, indicating that the giycine molecules
strongly modified the morphology. 33 [0090] The SEM images in Fig. 14
kPRBled thd morphdlogidaliaévelopment of Hie high-brdeflonitored  the
shell-ornamented nanoarchitectures at different growth stages. In the

mopiRizehed bEglycine, 3BedEnditieeatchitectupds with Higtly porosisétwerkier .,
structure of nanosheets (Fig. 14A) can also be grown on a substrate after
shg growthrfonedayd. Howeverr therd &canobious imoditicafien effect oprowth
the structure of the obtained 3D dendritic crystals in the presence of
stglgeine. Themresulting bramehetheanoshigets (abgyti2Gam inthickrésgyiritic
are much thinner than the ones produced in the absence of glycine
ar(@bout40umne in thicknkss)h iQbMigus scrolling or catlingr effects attiieire of
edge of the flexible nanosheets were observed clearly due to the uitrathin
nahatsine of the (@engdritit4A) can also be grown on 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 in 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 1in the

34



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

uitrathin membrane looks almost transparent, and one can clearly see the
deperestin he Brdendritic sphieke By ESAthUdRA PYSISHYind thedgrowih time,

time, the membrane extended itself to form shell-ornamented dendritic
thgrchitestbies glon§ tHeeewoad siifacd, fwhiéle cart ®i8o béeeafimsedpjpented

the thickness gradient of shell from center (thick) to edge (thin) as
deipdichted by thdintagge: eoatrast(Fity 1403, Ieismsted thatfhee, which can

surface-capped shell and the underlying radial nanosheets of dendritic
alsphere weredambined and niergedchaltdgether. [0094] Eopperthydioxide from

is well-known to have a layered structure. Due to the binding affinity of
ceformmamitieh mdiecutes toecopper(atioims) onabe dnystat sudacelthe growthimage

is largely inhibited in the direction perpendicular to the (001) crystal
cositrfacecto farimyultrath) nanosheets af@bedt that the surface-capped

shell and the underlying radial nanosheets of dendritic
sphere were combined and merged altogether.

[0091] Copper hydroxide is well-known to have a layered
structure. Due to the binding affinity of formamide
molecules to copper atoms on the crystal surface the growth
is largely inhibited in the direction perpendicular to the
(001) crystal surface to form ultrathin nanosheets of about
40 nm in thickness. As compared with formamide (HCONH;),
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
35



40 nm in thickness. As compared with formamide (HCONH2), glycine
molecules with two functional groups (NH2CH2COOH) 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
CUIESBP of HRSHeidriticiteRifettifiecas S\iistratet 6 ¥ortn altkihdgyeicst  can
shell-like film. The 35 current results emphasized that giycine molecules
expd dxhibit assignifiéamanadiffing ‘effetnen thé braifching gFéeth Bfranching
crystals. The ability to perform such morphological transformations holds
grpmphise forcreating state compléenanestidcttired material®g0692)  such
Therefore, a progressive production of 3D dendritic nanoarchitectures
mobgitt apoafidarathine nanedhesats thasiseeh dédwngtrated Fethefabysencesoft ing
self-assembled templates or matrixes. Adjacent dendritic crystals can
moftrtheperpand themselvesand eventually nserge into continuous porous
networks. High-order shell-ornamented dendritic nanoarchitectures can
480 9] fabricated hesa, a progressive production of 3D

dendritic nanoarchitectures built up of ultrathin nanosheets
has been demonstrated in 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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simple giycine 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

S LiHeHERIYing TmilseraR2atio HicPrahfins &F BonigieR ndrarchfdctifesd  at

in the natural and synthetic world. In addition, dendritic 36 structures of
e leopies hyErRixRge ean hiso et Coriveried at Celedated terhperaidi@ inteow some

copper oxide that could show some unique catalytic properties in many
ungegetiorofihdtsiriab impetancs [0093 M Ansthereabodindnt oidwstrial

invention, the metal oxide nanostructures can be prepared on different
imgybsteates that have a lattice match with the metal oxide to be deposited.

For Example, ZnO nanostructures can be prepared on metallic zinc or on

Z0098h-coatedesubistrate riitsn] 1 GaOcnanostrioetuies ean berpreparedmetal

on metallic copper or CuO film-coated substrates. These types of metal
ox@xidenanostructures 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 zinc or on 7Zn0O 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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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 nanoparticies into
low-dimensional crystalline nanomaterials through linearly oriented
attachment in a three-dimensional (3D) orientation and aggregation
process of a few hundred nanoparticies into a single-crystalline 3D
structure. An example of this process is an anisotropic aggregation-based
L agystanyfovith pPdceds dPaFs N HiukRFed MoRdEIRfc ChDCRaAGPEticias Leen
into uniform ellipsoidal monocrystalline architectures. Stepwise
obggéntaten areBagdgregatiohrdied Bmlaje nemiierof nalGparacle® #f thied s/
dimensions has been observed, from the formation of primary CuO
tonahdgarticlest ¢othe preferentfat dnastimensiohal (ID) oriematoief ion  of
nanoparticles along the (001) direction at an early stage, and, eventually,
na3Proriented aggredgation inteea (idRocrystaking structate built fremly stage,
nanoparticles. Selective adsorption of formamide molecules on different
ancrystallogvaphic planes of maneochnie Cudl nanopadticltes: tplays an into a

important role in the anisotropic growth of uniform nanoparticle-built
momonogrystals.ithe understandingeof théuilt 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 insight into the aggregated
biomineralization mechanism of nanoparticles.

[0095] The powder X-ray diffraction (XRD) pattern of the
as—-synthesized sample in Fig. 15A confirms the formation of
crystalline monoclinic CuO (cupric oxide) (Joint Committee
on Powder Diffraction Standards file No. 74-1021). Uniform
ellipsoidal particles of cupric oxide were revealed by
low—-magnification transmission electron microscopy (TEM), as
shown in Fig. 15B. These particles have average lengths and

widths of about 130 nm and about 45 nm, respectively. The

high-magnification TEM image in Fig. 15C reveals the unusual
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oriented-attachment mechanism opens up new opportunities to fabricate
complex low dimensional or 3D nanostructured materials and provide
new insight into the aggregated biomineralization mechanism of
nanoparticles. [0095] The powder X-ray diffraction (XRD) pattern of the
as-synthesized sample in Fig. 15A confirms the formation of crystalline
monoclinic CuO (cupric oxide) (Joint Committee on Powder Diffraction
Standards file No. 74-1021) . Uniform ellipsoidal particles of cupric oxide
tegbre fevedled By IvhidghificationfrafSmidsitn Eléttrbn Hikcrsscopypmerous
(TEM), as shown in Fig. 15B. These patrticles have average lengths and
sigidth enarsut 1 BoLa A andwbbuY 46 N, TespéctivégeThét appears that
high-magnification TEN image in Fig. 15C reveals the unusual 38 texture
thefsthe particlesywhichedre bulkuprof muhedroas smalhapopariciesrith  one
roughly 6-7 nm in size. It appears that these primary small nanoparticies
aniptéreonreet Withrone carptiver se formikarger secopdarycallipseidahitectures
architectures with recognizable boundaries or voids between the
witomperernsulzumnits. Anaveéragiecparticle sizedin goodvaegreemeat witlhhponent
the TEN observation was determined from the X-ray diffraction data using
sutherDelye-3chemee fargulagodheiXRB lmederoadenmgoesultsrfeamdhe with
small grain sizes of the
the TEM observation was determined from the X-ray

diffraction data using the Debye-Scherrer formula. The XRD
line broadening results from the small grain sizes of the
ellipsoidal aggregates, lattice imperfections, and stacking
faults in the contacting/connecting areas between
neighboring particles. This provides further insight into
the mechanism of aggregation growth of small cupric oxide
nanoparticles.

[0096] The high-resolution (HR) TEM image of a single
ellipsoidal nanostructure 1in 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 its spot-like appearance along the [001] axis of
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ellipsoidal aggregates, lattice imperfections, and stacking faults in the
contacting/connecting areas between neighboring particles. This provides
further insight into the mechanism of aggregation growth of small cupric
oxide nanoparticies. [0096] The high-resolution (HR) TEN image of a
single ellipsoidal nanostructure in Fig. 16A clearly shows the obvious
aggregation of small nanoparticies. The selected area electron diffraction
(SAED) pattern of the same single nanoarchitecture in Fig. 16B can also

crys frileked o THE ThEn Gt strictareSoficliprictordde With st se pufifp 4t 1 on

is surprising that the nanostructure built up from particles exhibitsan
spalrfosEsifigRsérystaffinecdiffeaction pafteritwith isSpoelikecapiseatancelth a

along the [001] axis of 39 crystalline cupric oxide. The slightly elongated
smgifffaction sspotsstiggestithe presente dEmulfiplmanbpdoiaiis withla gnment

small misorientation deviating from perfect alignment between
bemargarystalktes i trre eelsbitingsellipsoidalt hanoarehitectureg The dverageidal

orientation distribution was estimated to be about 5, measured from the
naarga angleséengths in thediffiactionogpattern. ekheseldongated sdiffrdctiomon  was

spots in SAED may result from lattice
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 imperfections among the primary particles
prepared at room temperature. This 1is 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 1in 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 very 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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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 TEN copper grid as shown in Fig. 15B. In fact,
dig@fetalrot ik particfisdnére St obterved inthedveridw FERMUMage? nm

in Fig. 15B. This is because ellipsoidal particles lying on their side by
anghaitel tar display A3684iRE SHapE with very thin tips (as indicated by
arrows). The as-synthesized nanostructures may thus have smaller
tHddREsed berougity ¢0aEimm (el 4@ dimdédsion)t, bat lafger hundred
lengths and widths of about 130 nm and about 45 nm, respectively.
najoRo8t The bggregation-basedogrewttr ok adéw hnmdred srmbparticiesointo CuO
single-crystalline assemblies of CuO nanoparticies is schematically
naiflostsatedan &5g. 17, Buhsizescales pf the lasssymhesizedrellipsoidsBre The
very different in all three dimensions (in the a-, b-, and
size scales of the as synthesized ellipsoids are very
different in all three dimensions (in the a-, b—-, and
c-axes). It depends on the number of particles aggregated in
the direction of the particular axis. From the TEM images
shown in Fig. 15C and Fig. 16A, anisotropic growth rates of
the ellipsoidal particles are ordered as follows: b > a > c
(or [010] > [100] > [0011]), indicating different
particle—-aggregation potentials. Aggregation and attachment
occurs preferentially 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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c-axes). It depends on the number of particles aggregated in the direction
of the particular axis. From the TEN images shown in Fig. 15C and Fig.
16A, anisotropic growth rates of the ellipsoidal particles are ordered as
follows: b >a > c (or [010] > [100] > [001]), indicating different
particle-aggregation potentials. Aggregation and attachment occurs
preferentially between the (010) lattice planes of nanoparticies. The
preferential anisotropic growth is different from the classical crystal

6 —grofth dfcuptidBRicR” ndfeWires e ifshotubes By the L E} Giredtioh: The

reported in the literature. [0099] To obtain a better understanding of the
Pa&mis6t6pic growth Mmeclvdrsr o ellipsGital paftitleslpeaction préducist the
were collected at different growth stages for TEN and SAED investigation
fi(rd. 183 Atiarsearh reactioalstage tafte? 2-houid)i SmalPCooides  direct
nanocrystals about 41 6-7 nm in diameter were formed, as shown in Fig.
evigarnTie padicle size iscurisistentwitle the stburitssize in therfinglarticle-
ellipsoidal architectures. This provides direct evidence that the
byaichitectates did sesultfoern jpanticleg bywparticlecaggregationtgrowth cathes ical
than classical atom-by-atom addition. The SAED in Fig. 18A, taken from
atthe-by-atom addition. The SAED in Fig. 18A, taken from the
dense region of primary particles, shows typical diffraction
rings from polycrystalline CuO. The (110), (200), and (020)
rings can be assigned to the diffraction pattern of CuO
along the [001] zone axis, which is further confirmed by
simulated electron diffraction patterns of mono- and
polycrystalline  CuO. The specific diffraction ©pattern
suggests that these small nanoparticles have preferentially
oriented their [001] crystallographic directions parallel to
the c-axis. However, their [100] and [010] directions are
still random, which leads 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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dense region of primary particles, shows typical diffraction rings from
poiycrystalline CuO. The (110), (200), and (020) rings can be assigned to
the diffraction pattern of CuO along the [001] zone axis, which is further
confirmed by simulated electron diffraction patterns of mono- and
poiycrystalline CuO. The specific diffraction pattern suggests that these
small nanoparticies have preferentially oriented their [001]
crystallographic directions parallel to the c-axis. However, their [100] and

inpy1op ditection3dre tti ranGdmr Rhfchiléads iepsigeistaling diffaction 001!
rings along the [001] axis. The HRTEM image in Fig. 18B reveals the

cryysuallinklrstarel oha feve QT adncparticiesh itk straight (200) lattice
fringes. The orientation of the CuO patrticles at an early stage was also
[aREREEd bytren obbervatiomof iéntical ¢200) tatticelpfanes, But athrs, CuO
various lattice directions, in these primary particles, 42 indicating that the
napreferentiallerientation Ofi¢hem§00H rerystal wirections #patadlel tethered by
c-axis. [00100] When the aging time was extended to 5 hours, CuO
cenanaparticies imthé enothersalutionccalole eemoveddsyr centrifiigatiod tac ion,
leave a colorless supernatant solution, indicating the complete depletion
i naficoppefgomplax complete depletion of copper—-complex
precursors or complete formation of CuO nanoparticles.
Meanwhile, some primary particles began to stick together
loosely. After 24 hours, these small aggregates had grown
into larger ellipsoidal nanostructures with observable
boundaries or wvoids between particles through stacking of
more particles (Fig. 18C). All primary nanoparticles in the
reaction solution were completely organized into larger
aggregates because none of them were observed in the mother
solution by TEM. The SAED pattern of the single aggregate
(Fig. 18C) shows bright diffraction arcs accompanied by
faint [001] polycrystalline rings. Those bright arcs
correspond to the diffraction spots of the crystalline CuO
architecture, which clearly reveals that small particles in
aggregates have roughly oriented their [100] and [010]
crystallographic directions to common a- and b-axes,

respectively. The orientation along the [100] and [010]

crystallographic directions thus weakens the intensity of
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precursors or complete formation of CuO nanoparticies. Meanwhile,
some primary particles began to stick together loosely. After 24 hours,
these small aggregates had grown into larger ellipsoidal nanostructures
with observable boundaries or voids between particles through stacking
of more particles (Fig. 18C). All primary nanoparticies in the reaction
solution were completely organized into larger aggregates because none
of them were observed in the mother solution by TEM. The SAED pattern
Ehef the Sfrigle aggrsyate FRE 18CY 3hows BFight diffractiéd arcst8C-  During
accompanied by faint [001] polycrystalline rings. Those bright arcs
sugsIPEsONd teIhe diffraction SE6tS of the ciRERTECUC aFchitebflef urther
which clearly reveals that small particles in aggregates have roughly
ungertted teHt[100} and [O10f iy stavgraphiedirattions¢6 ¢bhihan 4 more
and b-axes, respectively. The orientation along the [100] and [010]
cognystatiographiccdigections thus weakens thedotensity of A3 the diffraction . A
rings, as shown in Fig. 18C. During subsequent aging for a week, the
1 asecondamppartioles fuwrtheranedergorestesctunng ard eegrrangementadopted
resulting in more compact and regular ellipsoidal aggregates (Fig. 18D) .
i dAnlatge humber pf CaOl ngnepatrticies inlthecagdregates adopted 11 three

dimensions. Fig. 18D also shows the clear diffraction spots
of a single monoclinic cupric oxide aggregate, which is the
same as the one in Fig. 16B. The above results demonstrate
a three-step growth process to form final organized ag-
gregates in our reaction system, as shown in Fig. 19.

[00101] Aggregation is energetically favored because the
formation of larger <crystals can greatly reduce the
interfacial energy of small primary nanoparticles. Strong
organic ligands usually promote self-assembly of
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. The moderate Dbinding 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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identical crystallographic directions in all three dimensions. Fig. 18D also

shows the clear diffraction spots of a single monoclinic cupric oxide

aggregate, which is the same as the one in Fig. 16B. The above results

demonstrate a three-step growth process to form final organized ag-

gregates in our reaction system, as shown in Fig. 19. [00101] Aggregation

is energetically favored because the formation of larger crystals can

greatly reduce the interfacial energy of small primary nanoparticies.
costrRg leigarti€Ngarids ustially prontote seRras3kmbly ot SRdriopdrtigesds at

driven by the interactions between organic ligands adsorbed on different
1nsEriERSS Floweer: weaklysiotertéd nanopatticiés 8ften andergbment of

entropy-driven random aggregation through strong interactions between
natieP pafticlesctheniselvescdue toothedacite desrption bad -exdnbpigeuwsfh  the

iigands. The moderate binding affinity of ligands such as formamide to
oxtygrsitioantetaliomogech ast coppenamnzite ions isay providetke candidate

capability for 44 controlled removal of the appropriate organic ligands at
doimterfacesnfer swirseguent drientedrattachmentef nanopartictesvtosformserved

ordered aggregates. Although the oxygen and nitrogen of formamide
bymaolkecules areccandiddteX-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(HCONHz)f+.

[00102] As has Dbeen 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 nmi,
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 1in preferential

aggregation growth along the b-axis. The difference in the
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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)42".

[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.
ameBpperHtorh Yehaftiedonoo £ UbAD), ARALID6  plaRessrmeNsclififey stal-

CuO are calculated to be 12.5 atoms nm 2, 8.5 atoms nm 2, and 11.5
Logtonid am 2P reéssectivaly. The atoststabié surfacéSRareBR6ulRBg (BRBHt 1on

with the highest density of copper atoms and where formamide molecules
bagredadsorised more engsly resulting #r & Wlaks aggrélgatiors grifing forcei zed

along the c-axis. In contrast, the least-stable surface plane should be
ag@19yanits theg towest Hensitycobcopperatoms and svhere formmamideuniform

molecules are adsorbed more sparsely, resulting in preferential
elaggregation grewthhalorg therb-axis. Wwinedifferenee ivthel 45 ampountfof much

formamide molecules adsorbed on various crystal- lographic planes may
smieatlde therdmisatyopicaaggdregationa basadogrowthhof prisnaryl particles. The our

self-organized
case Ostwald ripening is not an obvious process at room

temperature, only the aggregation process 1is 1involved in
forming the final nanoparticle-built product. This is 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 (CH3) 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 ligand that can form metal complexes, which

includes ligands having functional groups such as amine,
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aggregates gradually transform themselves into uniform ellipsoidal
architectures, which are built up of much smaller primary particles as
shown in Fig. 1C. As in our case Ostwald ripening is not an obvious
process at room temperature, only the aggregation process is involved in
forming the final nanoparticle-built product. This is why one can observe
the clear stepwise orientation and aggregation of a few hundred
nanoparticles into defective single-crystalline architectures in three
cagirrensions2 fobR 08T fy the ivventidn forRizMdé 1IRCORF Wasutlizeg 1 s of
as the preferred complexing agent. However, the invention is not
theestfietenfolformarhiieialfd similar‘comporinds tanll imixaire thieres Eanonal
be used, such as dimethyiformamide (HCON (CH3) 2) , diethyiformamide
me(HQON{CTHREHRF Y ; diptdysyifermarniles( HEON(CHZOM2CHS)2),nvention
N-butylformamide (HCONH-n-butyl), isobutyiformamide
1 nHOONH-isothutyl pamd tertsuyforataride ¢HCONH-Tert-blityl) CAlsoMhe Fe,
invention can be practiced using not only amides, but with any suitable
Coligand, thatcanziorm¥netakcomiplexés; which imcludestligahds hagingCd, HE,
functional groups such as amine, 46 carboxyl, aldehyde, etc. Although
Tathempreferredmetals pf Hhe inverdion iAcjude In, Cu, Fe and Ni, any
transitional
[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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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, In, 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 from the spirit
or scope of the invention. Thus, it is intended that the invention covers
the modifications and variations of this invention provided they come
Whatinhsnskaipeds i appended claims and their equivalents. 47 What Is
Claimed Is: 1. A method for manufacturing a metal oxide nanostructure,
comprising: oxidizing metallic metal in the presence of a solution
containing a ligand to form a metal-ligand complex; and decomposing the

metal-ligand coMBIER €6 fornf tHe métAr ke HHndstucufte. 2"¢hat  oxide

0 rrpethtod of claim 1, wherein tr;le metal is zinc and the metal oxide is zinc
“Oxide 3. Ttve MethGd'6f cdim' 1 wherein the metal is selected from the

gmmg£¥)§§¥Q8Q&ggaIEfEC%éMQlF?h the presence of a solution

containing a ligand to form a metal-ligand complex; and
decomposing the metal-ligand complex to form the metal

oxide nanostructure.

2. The method of claim 1, wherein the metal is zinc

and the metal oxide is zinc oxide.

3. The method of c¢laim 1, wherein the metal is
selected from the group consisting of Sc¢, Ti, V, Cr, Mn, Fe,
Cco, Ni, Cu, 2n, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, HE,

Ta, W, Re, Os, Ir, Pt, Au and Hg.

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

tert-butyl.
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Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Hf, Ta, W, Re, Os,

Ir, Pt, Au and Hg. 4. The method of claim 1, wherein the ligand is a liquid
amine that is at least one compound selected from the group consisting

of HCONH2, HCON(CH3)2, HCON(CH2CH3)2, HCON (CH2CH2CH?3) 2,
HCONH-n-butyl, HCONH-iso-butyl and HCONH- tert-butyl. 48 S. The

method of claim 1, wherein the metal-ligand complex is Zn-formamide or
Cu-formamide. 6. The method of claim 1, wherein the decomposing is
performed hthe Preisefite GHidisSoRed oxygei 2 Fhid’méthed gihT119and
wherein the metal oxide nanostructure comprises ZnO nanorods. 8. The

ComRitTSY dFcl&im 7OWRRIEIA the ZnOMdmurBag-tiive a diameter of 10 to

1000 nm. 9. The method of claim 1, wherein the solution comprises a
2-10% aqueous solution of HCONZ2. 10. The method of claim 1, wherein
the s6olut|onT furthertc}?moprlg%s an aming acid, 11. The gﬁéhog of claim 10

. e m clail whergin ecomposing is
wherein the nandstructiire I dendritic copper oxide. 4 P g

performed in the presence of dissolved oxygen.

7. The method of claim 1, wherein the metal oxide

nanostructure comprises Zn0O nanorods.

8. The method of claim 7, wherein the Zn0O nanorods

have a diameter of 10 to 1000 nm.

9. The method of claim 1, wherein the solution

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

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

further comprises an amino acid.

11. The method of claim 10, wherein the nanostructure

is dendritic copper oxide.
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12. The method of claim 1, wherein the method is performed at a

temperature of 0-100 C. 13. The method of claim 12, wherein the

temperature is 65 C. 14. The method of claim 1, wherein oxygen is

dissolved in the solution. 15. A method for manufacturing a metal oxide

nanostructure, comprising: immersing a metal in a solution of 2-10%

agueous HCONH2. 16. The method of claim 15, wherein the metal

comprises a zinc foil or a copper foil. 17. The method of claim 15, wherein.

the mhéthod'i& SpeffGimctt at 9 tenfpeidtiire bf 65" -SEE Fhe Method'BFRrod  1s

claim 15, wherein the nanostructure_comprises ZnO nanorods having a
Pegibnidterorio fo 1600 Rt 508 $9°A nQétgiJBxia(é'nanostructure,

comprising: metal oxide nanorods having a diameter of 10 to 1000 nm,

the nanorods having a hexagonal crystallographic morphology, and the

nanorods being oriented perpendicular to a substrate. 20. The

nanQ%U“xWEéﬁﬁggméglg@“%%@fge12, wherein the temperature is

65 °C.

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

in the solution.

15. A method for manufacturing a metal oxide
nanostructure, comprising:

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

16. The method of claim 15, wherein the metal

comprises a zinc foil or a copper foil.

17. The method of c¢laim 15, wherein the method is

performed at a temperature of 65 °C.

18. The method of claim 15, wherein the nanostructure

comprises ZnO nanorods having a diameter of 10 to 1000 nm.
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nanorods are formed by immersing metallic zinc or copper in an aqueous

amine solution. 21. A method for manufacturing a metal oxide

nanostructure, comprising: oxidizing metallic 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 metal oxide

nanostructure on a substrate having a lattice match with the metal oxide.

22. The method of claim 21, wherein the metal oxide nanostructure

comprises ZnBeArt-thersiibstratd €6rhpHSés iRetafli™Ac 8r-2Zn0O film.

51 23. The method of claim 21, wherein the metal oxide nanostructure

compfideds EREPEnd M A sSTrale ¥amprises! MgtaHig copper8r & &udP 00 nm/

film. 24. A metal oxide nanostructure on a substrate having a lattice ,

matcH with (ARTRERT Bxidd' D5 e nfttal BRA8FANOStructireSrEldifd T aphic

24,hwlierein the metal oxide nanostructure comprises ZnO and the
mo%@os?ra?g%bm%?lses metallic zinc or a ZnO film. 26. The metal oxide

nanostructure of claim 24, wherein the metgle%fdde nanostryctur

or "bein orien erpendicular to a
comprises dlu%l anac%ﬁe El Perp
substrate.
20. The nanostructure of claim 19, wherein the

nanorods are formed by immersing metallic zinc or copper in

an aqueous amine solution.

21. A method for manufacturing a metal oxide
nanostructure, comprising:

oxidizing metallic 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 metal
oxide nanostructure on a substrate having a lattice match

with the metal oxide.

22. The method of claim 21, wherein the metal oxide

nanostructure comprises ZnO and the substrate comprises

metallic zinc or a ZnO film.
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substrate comprises metallic copper or a CuO film. 52

23.

nanostructure

The method of

comprises

claim 21, wherein the metal oxide

Cu0 and the substrate comprises

metallic copper or a CuO film.

24,

a lattice match with the

25. The metal

the metal oxide

substrate comprises
26. The metal

the metal oxide

substrate comprises

A metal oxide

nanostructure on a substrate having

metal oxide.

oxide nanostructure of claim 24, wherein

nanostructure comprises ZnO and the

metallic zinc or a ZnO film.

oxide nanostructure of claim 24, wherein

nanostructure comprises CuO and the

metallic copper or a CuO film.
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