NANOSTRUCTURED ZI NC OXI DE AND A METHOD OF PRODUCI NG THE SAME TECHNI CAL
FIELD 5 The present invention relates to a nethod of producing zinc oxide
particularly although not solely to a method of produci ng nanostructured
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301 gener start from zinc metal as a starting material. enerally, there are two

different processes of producing zinc oxide. They are the wet chemical process and

the dry/gas phase chemical process.

15  The dry chemical processes typically use a heat source to vaporise metallic zinc
powder. The vaporised zinc powder reacts with a process gas that contains
essentially oxygen gas to form zinc oxide. The resultant zinc oxide is then cooled
and collected. These processes generally fall within two areas:

a) the raw materials are pretreated and placed into the heat source such as a

20 furnace. The desired morphology of zinc oxide is produced with appropriate

control of the environment. This is typically a batch process.

e

b) On-line pre-treatment of the raw materials and process gases which are then
“injected” into the reactor to achieve the desired reaction. This is more
likely a batch process also.

25
In some dry chemical processes, such as the one disclosed in US 5066475,
pretreatment of the metallic zinc powder, coating it with a layer of oxide film
before thermally treating the surface oxidized powder in an environment containing
molecular oxygen to produce whiskers and tetra-pod zinc oxide is required.

30



For conpl ete oxidation to take place so as to avoid unreacted zinc from
contam nating the final product, a desired tenperature of the systemhas to
be maintained. In some dry chem cal processes, such as the one disclosed in

EP 1215174, the desired tenperature of the systemjs achieyed and then
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potential inpurity to the resultant product as nore foreign nmaterials are
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use several specialize eaters for the operation. In 05097597, a

conbust i suntm@asus bpstativalinelo fepvatedctidmbpeedc oTbUatlease hedaddiduction
di scharged into a reaction oven. The heat fromthe conbustion gas

15 from the heater element to the raw material gas, thermally conducting media to

~ promote heat conduction is employed in this prior art. However, the use of the
thermally conducting media, which is in physical contact with the reactants, will
increase potential impurity to the resultant product as more foreign materials are
introduced.
20

In the above described process, vaporization and oxidation take place in different

R—

chambers. In such a system, maintaining a desired temperature of the system for
complete vaporization and oxidation to take place may be difficult. One solution is
to use several suitable heaters or heat maintaining apparatus to achieve or maintain
25  the desired temperature. However, production costs tend to be higher due to the

need to use several specialized heaters for the operation.

In JP 05097597, a combustion gas (heat source) generated from a combustion
chamber is discharged into a reaction oven. The heat from the combustion gas
30 vaporises the molten zinc that is fed into the reaction chamber. The vaporised zinc

reacts with the combustion gas to form zinc oxide. In this process, vaporization



30 vaporises the nolten zinc that is fed into the reaction chanber. The
vapori sed zinc reacts wth the conbustion gas to formzinc oxide. In this
process, vaporization 2 and oxidation takes place in the sane chanber. The
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m xture whi ch includes an oxidising gas (the reactants) into a reactor, b.
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SUMMARY OF THE INVENTION
Accordingly in a first aspect the present invention consists in a method of preparing
15  nanostructured zinc oxide powder comprising or including the steps of:
a. introducing a source of zinc selected from metallic zinc or a zinc compound
and a process gas mixture which includes an oxidising gas (the reactants)
into a reactor,
b. while in the reactor, heating the reactants to a process temperature effective
20 to vaporise the zinc and to react the reactants to form a powder product, and

c. recovery of the powder product.

Preferably the method is a continuous process.
Preferably the process temperature is in the range 1200K to 10,000K.
25  Preferably the process temperature is in the range of 1500K to 3800K.
Preferably the source of zinc is metallic zinc.
Preferably the metallic zinc is selected from one or both of powdered zinc and zinc
wire.
Preferably the metallic zinc is zinc powder and with an average particle size of

30 between lmm to 1 micron.



Preferably the nmetallic zinc is zinc powder and wth an average particle
size of 30 between 1mmto 1 micron. 3 Preferably the netallic zinc powder
has an average particle size of substantially 5 mcrons. Preferably the

average pidjer etk Czliﬁ’ct mae{ fia$ YR SRR aé)a{xﬁcﬁ in€ %)g%;ﬁpsstaﬁ{aiﬁﬁf‘éab' y

t he oxidising gas contains at least an atom Xygen, a

reconmbi ngfit@aspot ential is higher than the formation of ZnO Preferably the
oxidising gas is oxygen. Preferably the oxidising gas conprises between 5%
and 95% Byefermbihthecdverdge zipc powsier patichs sizeisesutBtatiatlaf micross.oxi di si ng gas
conprises between 10% and 60% by wei ght of the 10 process gas m xture.
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the reactants rature. Preferably the reactor includes

the heat pgsreraby thE fxedidhlgy ghi@ohprises Betweerd S% endCHSY biyoweiphe off thegas- f uel
conmbustion heat” source, plasnma héat source, hotbox, electrical arc. 20

Pr ef er abpyodebegismixtarsirce is a plasma torch having one or nore feed gas(es)
and one_or_nore plasm discharge gas(es), and one or nore of the gases in
t he proc®seferably tﬁ@ oxidisingsgas comprisesabelygsontito and & (hYeW@th’ftﬁfgthﬁeed
gas(gs) and one or .nmore plasma discharge gas(es) of the plasma torch.

Pr ef &Y abPIPSPEH&RS TR WER of the zinc, reaction of the reactants and initial
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assistive gas.
Preferably the process gas mixture, in addition to oxygen, includes argon and
nitrogen and hydrogen.

15  Preferably the process gas mixture includes argon and air.
Preferably a heat source is used to heat the reactants to the process temperature.
Preferably the reactor includes the heat source.
Preferably the heat source is selected from one of gas-fuel combustion heat source,
plasma heat source, hotbox, electrical arc.

20  Preferably the heat source is a plasma torch having one or more feed gas(es) and

one or more plasma discharge gas(es), and one or more of the gases in the process

—

gas mixture is at least a component of the one or more feed gas(es) and one or more
plasma discharge gas(es) of the plasma torch.
Preferably vaporisation of the zinc, reaction of the reactants and initial cooling of
25  the zinc oxide powder product take place in a single reactor chamber.
Preferably the reactor chamber includes an initial heating region where vaporisation
of zinc occurs, a chemical reaction region where reaction of the reactants occurs to
form zinc oxide, and a region where the zinc oxide powder product is cooled
rapidly.
30 Preferably the recovery step includes filtering of the powder product and/or further

cooling of the powder product.



Preferably the reactor chanber includes an initial heating region where
vapori sation of zinc occurs, a chem cal reaction region where reaction of
the reactants occurs to formzinc oxide, and a region where the zinc oxide
powder product is cooled rapidly. 30 Preferably the recovery step includes
filterin r; [ |4 0

product . 4 obe g 1o R Ck s AR b pricf 18 thOdelyery SRR,
recovery sidwp or ¥ioipe lthe stovth ofithé RO fithe pafiield prodfuct.he size of the particle
product. Preferably at |east one dinension of the particle product has an
aver age shreferablat akedeasi 1@, di0emsion SofPtlef partbily prodiietadias are avermgassion of
the particle pr Suct has an average size between 10-800 nm Preferably the
mor phol oglgﬁtWFeﬁﬁ -30¥Bm. pr oduct is one or nore of zero-, 1-, 2- and
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identity of t process gas(es), b. the power of the heat source, c. the

t enper at upref@hblyntieh@oiphidos of thd potkdet RoMIAGS Thet SIMBRIr&tdfT Rro€-1-t he
identity of the heat source,” f. the rate of cooling of the powder product.
Accor di nganido3-dimenonblaspect of the invention there is provided
nanostructured zinc 20 oxide powder prepared according to the method as

descri bedPigfrebly enmorphnlesy of ghe mosvdenvaguencarape rdesee bupdtaration of om t he
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) Preferably the operating parameters include one or more of:

a. identity of the process gas(es),

&

the power of the heat source,

the temperature of the heat source,

& ©

15 the process temperature,

the identity of the heat source,

o

the rate of cooling of the powder product.

According to a second aspect of the invention there is provided nanostructured zinc

20  oxide powder prepared according to the method as described above.
) Other aspects of the invention may become apparent from the following description
which is given by way of example only and with reference to the accompanying

drawings.

25 To those skilled in the art to which the invention relates, many changes in
construction and widely differing embodiments and applications of the invention
will suggest themselves without departing from the scope of the invention as
defined in the appended claims. The disclosures and the descriptions herein are
purely illustrative and are not intended to be in any sense limiting.

30



drawi ngs. 25 To those skilled in the art to which the invention rel ates,
many changes in construction and wdely differing enbodi nents and

applications of the invention wll| suggest thenselves w thout departing
fromthe scope of the invention as defined in the appended clains. The
di scl osures and the descriptions herein are purely illustrative and are not

intended to be in any sense limting. 30 5 DEFINITIONS Were, in the
speci fi capkrRINIT gollowing terns are used, they have the following 5
meani ngs: Powder solid substance in the formof tiny | oose particles that

present i Lf f.er s .or.ph .(shape).. struycture and, sutface
Pexture. Tk, df i peifiaud, B2 008 KinE MBS arg et b e BB BlORe 1y
dependi ngmemihbe context; norphology & 10 structure cover 0-D, 1-D 2-D &
3-D, solid to porous, crystalline to anorphous; surface texture can be from

smoot h, randowdsrd pat eAt e6lid Gudbiaases . in Neieo $orint cé U tRyAloob] paticlesathat ed
with at | east one of its dinensions on the 15 nano-scale (on the order of
10-9) and/ or object for mresdntnandifferent sizentmonphsldgye (shapehbstantturet aed f and/
or the fine elenent(s) thgth formthe_object bei ng nanosgal e i n di nension.
Reactor By "reactor" we ShHsedesmaerhdhedraripeates caacde ayhingws s am and

housi ng the reactants during the t hod, of the invention. Assistive Gas By
"assistive gas" we nmean 3g§Q ecﬁsh%f'l?rﬁa#ﬁeﬂgl%ﬂﬂéﬁ%ﬁpﬂpexﬁ’r8’@5@%018%% such

as the oxidizing gas). ARt cB0EHT 1D, D SIHOK 2BFT 8 botdls,
crystalline to amorphous; surface texture can be from smooth,

random and patented roughness.

Nanostructure An object measured with at least one of its dimensions on the
15 nano-scale (on the order of 10-9) and/or object forms of nano-
scale entities (ie the object itself and/ or the fine element(s)

that form the object being nanoscale in dimension.

Reactor By “reactor” we mean a chamber or other space suitable for
20 housing the reactants during the method of the invention.
) Assistive Gas By “assistive gas” we mean gases other than the fundamental

process gas (such as the oxidizing gas), used for ensuring the
smooth operation of the system.
25
Oxidising Gas By “oxidising gas” we mean a gas or gas mixture containing at
least one atom of oxygen. The gas can be dissociated to free

the oxygen atom for reaction



Oxi di sing Gas By "oxidising gas" we nean a gas or gas m xture containi ng at
| east one atom of oxygen. The gas can be dissociated to free the oxygen

atom for reaction 6 BRI EF DESCRI PTI ON OF DRAW NGS The invention will now be
described with reference to the Figures in which: 5 Figure 1 illustrates a
flow chart of the preferred nethod of the present invention; Figure 2 is a
schematic view of an apparatus for continuously producing zinc oxide using

a net hod BREBFADESCGRI Dr@FDRAMWIMNCYi nent  of the present invention; 10
Figure 3 is an el ectron mcrograph of zi nc_oxide whisker and tetrapod

St Puct ur el B Magaov TN b6 SSETER hepRn Eirtde S HEWE CM IS et hod of t he
invention; Figure 4 is an electron nicrograph of zinc oxide whisker and
tetragod striiguterke atllugradex0 anfigwi thartofothepprgfarred methoddphighe present 15

met hod of the invention;, Figure 5 is an transm ssion electron m crograph on
a leg of the nultil egd@¥NtMac oxi de product; Figure 6 is an exanple XRD

f ' i d nrod d ' b h
moasur ed pealdEiE ot dndascienae, uper ehay aiiaGSRE sadRu I RAiFe © i
an el ectron m crogr ap*}g&f ?ﬁ'dg'ﬁﬁggsb Mdhod LB At 1Jﬁ%"ﬁ}‘&t‘errem a4b6&thent
0 he pre e t

according to the netho t sent 1 nventi Of. structure 1s visible
in the central portior&f@ﬁepmemig{,@m@gh which is in full focus. 25

DETAI LED DESCRI PTI ON
10 Figure 3  is an electron micrograph of a zinc oxide whisker and tetrapod
structure at 10,000 magnification prepared according to the
) method of the invention;
Figure 4 is an electron micrograph of zinc oxide whisker and tetrapod
structure at 70,000 magnification prepared according to the
15 method of the invention;
Figure 5  is an transmission electron micrograph on a leg of the multilegged
zinc oxide product;
Figure 6 is an example XRD spectrum of the zinc oxide powder product
and comparison between the measured peaks and standard
20 reference zinc oxide peaks, and
Figure 7 is an electron micrograph of O-dimensional zinc oxide powder
) produced according to the method of the present invention. The
| structure is visible in the central portion of the micrograph which
is in full focus.
25
DETAILED DESCRIPTION
The current invention relates to a novel method of preparing zinc oxide powder

which is nanostructured, and the product prepared according to the method.

30 The novelty particularly resides in the fact that this is a continuous production
process where no materials pretreatment is required. No separate process is applied

nor is there any requirement for separate chambers/stages of materials feed thereby



The current invention relates to a novel nethod of preparing zinc oxide
powder which is nanostructured, and the product prepared according to the
nmet hod. 30 The novelty particularly resides in the fact that this is a
continuous production process where no nmaterials pretreatnent is required.

No separ asltowingcths useSofed pbhtiauousoprocesst fattier thay baecili Thwe wur fprocessbdr at e
chanbers/stages of materials feed thereby 7 allow ng the use of a
cont i nuoupasseDEAIGUS preersorhprodsasestwhithieccunim preopees ay - Weadiseotlyvized ous

precursorsg processes whic cur he pr Ve directl feed he
process nHEEPIOSESS, UBERH?I%QIP(?‘E %ﬂ%wf alai@éwsntrﬁottﬁ@ taclor Sithaut tl
mat eri al etreatnment. 5 Furthernore the nmethod can produce Iarge

quanti ti B¢ aYW%UCt For exanple we have conservatively achieved a 6kg/ hr
producgion rate of ZnO, and the product was nanostructured (20-30nm

Hgﬁgﬁﬁ W% |
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The general features of the novel od 1 nclude as fol

mat er i al shandserutteed (20-80hal strvdthted diamette adds200-860 afm kength). Tﬁbs&@sﬁhe of
zinc may be netallic zinc, conveniently in the formof either wire or
powder, opperatinget Onlorrimbﬁ@lﬁthlemslgmd chpaditynverted into zinc ion during the
reaction. 20 It is preferred that the source of zinc is netallic zinc. If
p0\/vde¥0is used the powder size can vary froma few mcrons to hundreds of

m crons. @@%@D# 3@ envits(ﬁ[ged by those skilled in the art, the invention
al sg incl i Fi[ﬂ%?lfb where the netallic zinc includes a coating of
car bO“at CFreN Afusatdss TowhafBbakld prefbfied prb&ds PR Rsélt MRbRbod I -

The general features of the novel method include as follows:

15  a) Feed materials.
The feed materials will include a source of zinc. The source of zinc may be
metallic zinc, conveniently in the form of either wire or powder, or a zinc

compound that can be converted into zinc ion during the reaction.

20 It is preferred that the source of zinc is metallic zinc. If powder is used the powder
size can vary from a few microns to hundreds of microns. As would be envisaged
by those skilled in the art, the invention also includes the situation where the
metallic zinc includes a coating of carbonate which often forms on metallic zinc
upon exposure to moist air.

25
Alternatively, the source of zinc may be a zinc compound capable of being
converted into zinc ion. Examples of zinc compounds that may be used in the

present invention include zinc chloride and zinc hydroxide.



25 Alternatively, the source of zinc may be a zinc conpound capabl e of being
converted into zinc ion. Exanples of zinc conpounds that may be used in the
present invention include zinc chloride and zinc hydroxide. 8 b) Processing
gases: The essential feature of the processing gas(es) is that at |east one
oxi di si ng gpProcessippgeeepd:. Such gases include oxygen and essentially any gas
contai ning an oxygen atom ge. g. NOR) as long as its reconbination potenti al
i s hi gher Tharessdnsial deatutd of thesprafcegsing gasfen) & thas ahl¢dst pae dixddisigagasdisand

i oni zed under the_squrce. Oé en is the prefer.rgg oxi di sing.gas and the

oxygen conPESENyr SHe} 88367 inghlesoxygeBAndiesssntiplioany 89S GRNGIHINS BneFYEFRses
in the mxtyre ndA¢l ude the .. assistive gases .sych.as At, N2 a . 10 In
one. case, " BOTE(ERINGES e 48 i HeRebblntof TRadaliF LTt hen i Rotmiiion
wei ght ¢ of ' ; i ] | C)

Condi tisonsP Qgggr%%g@{sgw%gégggst@g%ﬁ%gg@ dtlgﬂgggﬁﬁd? ggﬁcﬁoﬁg&ﬁr ocess of the
invention wll require a high tenperature heat source which includes but is
not limted to gas-fuel conbustion, plasma, hotbox, electrical arc etc so

| ong as ev&xyganiisrthefprefered pxidising gas sk tiebbrygerOnentent peeferablyrangege ment
uses plasma torches as the heat source. In this preferred arrangenent the

process gadm a7 0% 90 >80 bor wenghthe Sthat ggsesedn dhe midyreacan pactudss theog
the plasma di.scharge. At a minj.mu o evaporate netallic zinc powder, the
source tenf Sjﬁvtfr%a%ﬁ%é@ ?SOAT’Q&Q@%OK. The duration of heating depends on
t he powger size of the zinc. For exanple, at this tenperature, it would
take | ess than a second for a powder size of 25 10mto be conpletely

evapar at edin BRe dase)HaCAiRishatio¥ eBmpRIIRE gab AeixfR¥ is AlSend218% BF weight

of Ar with trace of water vapor from the humid air.

¢) Conditions/Apparatus:

15 Apparatus used to facilitate the process of the invention will require a high
temperature heat source which includes but is not limited to gas-fuel combustion,
plasma, hotbox, electrical arc etc so long as evaporation of metallic zinc is possible.
One preferred arrangement uses plasma torches as the heat source. In this preferred
arrangement the process gases are also part of the heating gases and they are part of

20  the plasma discharge.

At a minimum, to evaporate metallic zinc powder, the source temperature needs to
be >1,200°K. The duration of heating depends on the powder size of the zinc. For
example, at this temperature, it would take less than a second for a powder size of
25 ~10pm to be completely evaporated. The produced zinc oxide powder size may

also be large.

In the preferred arrangement, the temperature of the heat source can easily reach
>5,000°K, and complete evaporation and reaction time takes <100msec.

30



In the preferred arrangenent, the tenperature of the heat source can easily
reach >5,000K, and conplete evaporation and reaction tine takes <100nsec.
30 9 Thus, at this tenperature, the zinc al nost instantaneously evaporates
into zinc vapor. The vapor then reacts with the oxidizing gases (which are

part of tMhupl astids teapetgtur)dhei zisic aindst iivsthmtaneshsly revapotated tbaziaous! y.
The process of the present invention does not require any external heat
sour ce t ovaprntiiervapoe theraxsactsrvith tiithexidimpog gases (Whithudespart oé st plasmahe

process of evaporation of ngtallic zinc will occur_within the reactor as
Wel | as tERSCEhEH Bhe QX %ﬁ"gmmdﬁim%nﬁta@&a&e@u&as (g Pragess of theHEseAitne
oxi de product.. The reactor. preferably . ncorporates.the heat source. 10 In
our  pr or ofivehion AGey R isE ARy ExBied! 1P RBRL T B AR TR g Che
heat ource, that carries out material evaporation, chem cal reaction,
including conversion of any internediate conplex forned to zinc oxide, as

wel | as i 1heiapparabdPindliclegld RAcr. TR Biodessosf empopytilet op hedallic. ziddviNeact or
exit may be connected to an optional nozzle. This can be used (optionally)
t o furt heocguenitiindhe s¢ampor d5wegll astthe ohemival réactionxiidle tiaptdcesegas(es) toont r ol
their particle size. Product powder is collected after reaction. In our

pr ef er r edfeipptheting oxideprodedts sThereagtos praferablyvincermaraies the\ healgeupgysi cal
filtering. 20 W have previously disclosed apparatus suitable for
preparation of nanoscale zinc oxide according to the nethod of the

i nven{jon di iN.0 | r t l:] i
e bh o P e ARRA PRl i Wy reFLOPIN' Sl SR AR ORI e bt .
d) The Proggaes/ RRaCtdRfes THEt PhAkeR? bvapdrMfis echhica Q@ﬁﬁtid?ﬂoﬂ&llﬁ’diﬁguc“ on
process whereby netallic zinc Is evaporated and reacted wth the procCess

gases to tomversibs of any dntetiaediavel eomppexoforgied W zhubxides lak ngell asbimitidund by
any particular theory we believe that the i

rapid cooling of the zinc oxide powder product. The reactor exit may be connected

to an optional nozzle. This can be used (optionally) to further quench or stop

15  growth of the zinc oxide particles, to control their particle size.

Product powder is collected after reaction. In our preferred apparatus this occurs in

a collection chamber through physical filtering.

20 We have previously disclosed apparatus suitable for preparation of nanoscale zinc
) oxide according to the method of the invention as one embodiment in our
Singapore patent application 200400806-8, the contents of which are incorporated

herein by reference.

25  d) The Process/Reaction:
The process is a preferably a continuous production process whereby metallic zinc
is evaporated and reacted with the process gases to form the zinc oxide powder
product. Without wishing to be bound by any particular theory we believe that the
reaction may well proceed via an intermediate in the form of a zinc hydroxyl-

30  nitride complex.
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reaction may well proceed via an internediate in the formof a zinc

hydr oxyl - 30 nitride conplex. 10 W believe that if this conplex is forned
further heat treatnment of this conplex occurs |eading to whisker or |egged
structure ZnO product. This heat treatnent occurs due to the residual heat

fromthe Weabehowd dfatvf tthis'cdmislek 68 dbfrhed Fufth@Uh€atlirédtinent bftths complermatic
fl ow di agram of the process of the invention and Figure 2 illustrates

appar at usosanrs deading do Wwhisker pategged: steuatetehBddOopraduet.i nitesthicat treattiterit
reference to Figures 1 and 2 the preferred enbodj pent of the nethod of the
present i AYSRS dBa tQ theessal heat frora the beatrsoprae withn thg reestar-| i ¢ zinc and a
first 10 process gas sinultaneously into a heating region 10 of a reactor 5.
The netallic zinc and the first process gas are fed into the reactor by

first L ige tih | i yelyqi Nt
neat | iy s 1OUAFARaY pedfadt TR SRl TS FrpBis B ECARERSTahe, ™ © @
[1mi ted t pigias 2filiebuReatsihen.suRkBRTor RRikiating Hie hRtQKof tleasteital arc.

etc. As nentioned previously, in the preferred form the reactor includes

the heat source 1 which is a plasma torch with a tenperature of nore than

5,000K. In _onedgref erred enbodi nent two process gases are used. One process
gas 20 pMéitlerefisrgncedatlbigneesat andaktheapreferced eghodunent ofsthermethodsofathe

e o oo P on oL Ao oA S A AR v
P oo, ZBRR LI SSRGS R el 00 0T D o
appr, oXi MLl Yo ikPrHeOf 22 ‘g%aésgﬂfghg hte 1 AORR redProliDHst Shilthd BIEAHA S¥me2

(’) ng at ei S Ssucn a

second process gas containi _ east one oxidizrng g oxygen is
i nt r oducedr gifferepihfeadeeoat 4 hespdclieglgento heding regidnh1 @udthelfeactoheat i ng

region 10. The oxygen content in the second process gas preferably is in
the range of 10%to 90% by wei ght.
The heat source 1 includes but is not limited to gas-fuel combustion, plasma torch,
15 hotbox, electrical arc, etc. As mentioned previously, in the preferred form, the
reactor includes the heat source 1 which is a plasma torch with a temperature of

more than 5,000K.

In one preferred embodiment two process gases are used. One process gas

20  preferably contains at least an inert gas such as argon as an assistive gas that aids in

) maintaining the plasma discharge in the case where a plasma torch is used as the

heat source. It is envisaged that other process gases may also be employed when a
different heat source is adopted. In one preferred form, the process gas is
compressed air which contains approximately 12 to 22% by weight of argon.

25
Almost simultaneously, a second process gas containing at least one oxidizing gas
such as oxygen is introduced through a second/third feeder 3 and also through the
heating region 10. The oxygen content in the second process gas preferably is in
the range of 10% to 90% by weight.

30

11



30 11 In other enbodi nents the process gas streans are conbi ned. The
advant age of separating out the process gases is that the gases are fed
through different feeding routes, which allows prevention of source wall
over-heating during |long hours of continuous operation ie part of the

process gadnicgthessefhbadirder1athé Yrotess "Bisnitbdaing B bombidedat Thesadwdltage of
tenperature and also to prevent the wall fromreleasing inpurities. The

first and sepamtingootdsspyrees gasas ibdhaththesgases gasfedTtheodgh diffemot feedmpd
process gases for m,cg\art of heating q%gses fromthe heat sgur,ce 1. They are
part of thEOBieasHRI aldows gaevension: plesgiira mealt evemheatingduing dong hpurszof 10
pl asma torch j.s used. Upon.passi t hrough the heating reqgion 10,. the high
emper at ur SORMBAITHEPHAREN 1€ PRRCH TheBIRERSsRRS IS RSOt g PHEICH i dfp gt fhe

I nst ant ane r hﬁfe? ' t \Y; ' ' metal i zinc
i s al rmgt %Ftege. tg o@vufiééﬁéﬁ%l@nﬁgeweg&e%%ﬁ?iedé{l? gﬁ%%alﬁmﬂﬂc rﬁlleﬁ t he
preferred erHROfisERM sécdnd frbecsRBaSQHEHELENR e gAR01 On, delivers the then
converted vaporised netallic zinc fromthe plasna source energy region 10
into the reaction region 12 within the reactor 5. The second process gas

which is al so Fart of the plasma discharge is extrenely 20 active under the
hi gh t enperkheuliest apd geeonshprocess gesgstformipant ehbeatingcgasgp drom dherbgat soweseef r om

to form zinc i de when e zinc v r travels fromthe pl.as source
energy r eginlonﬁ)fi@’ ATt RATE Hga}eeééﬁmﬁrﬁg Fgfng@". ﬁ"@&?l?ﬁi% Mcgflnttﬂgc%qen‘ﬁ(ﬁ?fr&ﬁor to
form zi.nc gxide nt i nues when both the second process gas and the zinc
vapor é:oe iﬂiastrﬁ%t&&égsc‘ﬁe?h region 12. The high tenperature fromthe pl asna

torch all ows al nost 25 conpl ete oxidation of the zinc vapor to take place
wi thi‘n the reaction region 12. It is worth noting that the reaction

(i nvol vi ng ép@p aﬁ%mhm@hqhémmh' ofelidrs 105t high Rnthesantpt di@d the Heet ween
regions 10 and 12. eoretically, these processes should be sequential,
i . e. vaporisoatdeonl f viparises Ky omethdlic omncBulmost riosiantaneously. t Under tthessnal |
vol une and dynam c condition, it is alnost inpractical to distinguish,
circumstances, vaporisation of metallic zinc is almost complete. The flow through
15 the heating region 10, which in the preferred embodiment is a plasma source energy
region, delivers the then converted vaporised metallic zinc from the plasma source

energy region 10 into the reaction region 12 within the reactor 5.

The second process gas which is also part of the plasma discharge is extremely

20 active under the high temperature conditions. It reacts with the zinc vapor formed

) therefrom to form zinc oxide when the zinc vapor travels from the plasma source
energy region 10 into the reaction region 12. Oxidation of the zinc vapor to form

zinc oxide continues when both the second process gas and the zinc vapor are in the
reaction region 12. The high temperature from the plasma torch allows almost

25 complete oxidation of the zinc vapor to take place within the reaction region 12.

It is worth noting that the reaction (involving evaporation and oxidization) is
started and completed in between regions 10 and 12. Theoretically, these processes
should be sequential, 1.e. vaporization followed by oxidation. But in reality, due to
30  the small volume and dynamic condition, it is almost impractical to distinguish,

spatially, these processes.

12



spatially, these processes. 12 The process gases flow at a speed of nore
than 10n8/ hr and preferably nore than 15n8/hr. 5 Follow ng reaction to form
zinc oxide, the "just forned" zinc oxide will undergo rapid cooling in an
expansion or cooling region in the reactor. The cooling or expansion region
may be physically in either the sanme or an adjacent |ocation to the

reaction region 12. It wll be appreciated that en the plasma generated by
the pl asithe tpoocdss gapenflew atta vpédd of more tudn raddtpreferabllyi mgrer thiae may
be extrenely,10 rapid; this is because in the preferred process of the

pr esent i Av@hFon there is no external heating or confinenent to prevent
the plasnma cooling. The cooling rate is preferably nore than 104 K/ sec, and
is preferably nore than 5 x 104 K/sec. The rapid cooling enables the

e A L L e L S T

conver gi Nedridl \@blih B dn"& ZxPaksiord it dddlingOdgdén fiRTthB dehftot NEThE@RGIIRR dregi on
12 passes through the convergi ng/diverging nozzle 6 and the flowis
quenched. edpmsioregiqumagde physidatlydnrwhegthegsathe/er gn adjaventzdoeator t the
further quench the zinc 20 oxi de product and stop the growth of zinc oxide
parti cl esreactienabgiosoht.r dt Wildgbe mpprepiated t1aé vehenothenplasmahganerated byethef t he

nozzle 6 i s optional. noscal.e.zi nc .oxi de i al sq.fornmed wi.thout the use

of this qa@ﬁ -tﬁgcrfwgpﬂlﬁj@,s, 1hsvid\also peal %%éﬂi@ed%@mgaw%mysbq extrerrelier

contr the.characteaeristics qaf th r ct. 25.Downstreamfrom.t he .

o el entihify SpEok Bechiis th e praferbd Bitches AR BRI ARG AE is go e
e ) . . . st

Coolba”,§ SRERE Ratifle 3 BnfinbhlehER bR¥TCHTRNSEMToRRhL AR raft KOS

nozzl e 6. prdferablyendr¥itien nOMdetsed, sarkblsl prefadblynmiohe thal beg b K cbaniThe

through physical filtering. Other suitable nethods can al so be adopted. The
zi nc oxi deapid cooling enables the process to achieve nanoscale zinc oxide powder with a
high production rate.
15
In one form, the reactor exit may be connected to a downstream
converging/diverging nozzle 6. The zinc oxide formed in the reaction region 12
passes through the converging/diverging nozzle 6 and the flow is quenched. The
main purpose of the converging/diverging nozzle 6 is to further quench the zinc
20  oxide product and stop the growth of zinc oxide particles, thereby controlling the
) particle size. Note that the use of the nozzle 6 is optional. Nanoscale zinc oxide is

also formed without the use of this quenching nozzle, however its presence does

allow us to further control the characteristics of the product.

25 Downstream from the convergent/divergent nozzle 6, there is provided a cooling
chamber 9. The cooling chamber 9 is also a collection chamber for collecting the
almost cooled zinc oxide form after passing through the convergent/divergent
nozzle 6. The zinc oxide powder is collected in the collection chamber through
physical filtering. Other suitable methods can also be adopted. The zinc oxide

30 powder is extracted from the collection chamber by auxiliary pump for packaging.
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30 powder is extracted fromthe collection chanber by auxiliary punp for
packaging. 13 In this system no external heater is required to provide
heat source or to maintain the desired tenperature of the systemfor
conpl ete vapori zation, oxidation/reaction processes to take place. In the

pref err edirf higrsystéra, heaxterhabhéateissieqgired ¢ prdeide tHeat sorae rores maintdint eri al
vapori zation, oxidation/chem cal reaction of the materials, 5 including

conver si otheafesang témpenaturdicdtthe systpmefor fcompdete (wapotization,i oxd datyaty/ moagtion
nitride) to zinc oxide. The high tenperature fromthe plasma torch S
suf fi ci enProcessesds fakeiplagtheln biggae opm, thecrepetoe Ods assingle C&?F‘ ehitds t he

d . | .h for. diff f th .. 10 Th
or ocess draErbLal merdi periofy ol diBRER, NadtioB Bt R Bl
o1 of or bl RO o R el T Y PR

reactor VveitHa®, tolfird ekriel yrﬁéﬁi?httbmpera&&dﬁémﬁﬁe plddinta T €59 sefflcamg tgi r ect
feeding of the process material's, both solid and gases, w thout the need

for any nmiaertaal theptemipezatune of thefreactof Seditnglimieatesntles natd to Lfsei severd he
reactor. ZnO Product Wth the nethod of the invention we are able to produce
zi nc oxi deegderader didferent stagaseofttheproaessesgi es, by altering one or nore of the
operating paraneters, in 20 particular the tenperature profile and
conposition of the gases. For exanple, when the oxidizing gas contains

great g4 t@\},@? pgé’%‘é% {1?%}%}4%& e gith 18’%’&21@111%?%@@%\%& %steapcf gf 8}}%}?}%@%&8%"“

at the lo asna energy, a pre

morghol eJe) 7} &é?;&it@%é’éﬁﬁ%&@é’dorﬁéf £4104Balkidd OXiU8 (pdeai', ﬁﬂé?eram% g ityl T the

oxi di zi ng contains a | ower oxygen content (such as bet abolut 10%

and 60% bygf weirg thian, 6leg/hit Atidindthod rdlafdyelpdnidl Deatton voluras, preferbbly lesy thaned. |t

is generally preferred to produce such 1-D and/or 3-D structures. Thus the

preferred2§ iintnvsoff hihpracasealiows direttaieedingwfdherprdnsds vfatgnalsiith gohidland -

di mensi onal structured nanoscal e zi nc oxi de powder. By frrul,tid' mensi qnal we
gases, without the need for any materials pretreatment before feeding the materials

15 into the reactor.

ZnO Product
With the method of the invention we are able to produce zinc oxide powder of
different morphologies, by altering one or more of the operating parameters, in
20 particular the temperature profile and composition of the gases. For example, when
) the oxidizing gas contains greater than about 90% by weight oxygen and when the
process is carried out at the lower end of plasma energy, zinc oxide having a
predominantly 0-D morphology may be obtained, as shown in Figure 7. On the
other hand, if the oxidizing gas contains a lower oxygen content (such as between
25 about 10% and 60% by weight), a mixture of 1-D and 3-D structures may be
obtained. It is generally preferred to produce such 1-D and/or 3-D structures.

Thus the preferred form of the invention relates to a method of producing multi-
dimensional structured nanoscale zinc oxide powder. By multidimensional we
30 mean a powder with morphology and structure other than 0-dimensional (0-D).

This includes 1-D ( rods with thin diameter for example); 2-D ( very thin plates

14



30 nean a powder wi th norphol ogy and structure other than O-di nensi onal
(0-D). This includes 1-D ( rods with thin diameter for exanple); 2-D ( very
thin plates 14 and discs for exanple); and 3-D. The zinc oxi de powder
preferably has a 1- dinmensional structure such as whisker and rod structure,

and/ or of i i r | s 1St &t i _
structure?ﬁF?gﬁer@k%m)@Eimgt?ét gqlgeglg?rp elgé z?ﬁc%g&%gl}sm%lgg%erls and
t et r apodsdipiengional] sfroetrd bich a5 ovkisker aMd k6d shrubfugelr endiot bif Bsdimdmtorahe of
the legs of the 3-dinensional structure under transm ssion electron

m cr oscopdruciire stichcaotetiagpqrbwdenulir-tegged stnctireedFigureshe and hbdlledtrathe

present invention_ is preferably in the formof partjcles. having an .average
di anet er @famplesof gcapnidg whisisersandylgirapedsy prodyiced drom 15nﬂﬁ°°‘?§ﬁpi“rél’aiisf‘y i f

t he tigle h t.he ructure.of, a,od -D), ~the di aneter, ranges bgtween
10° byt o o 1 GRS Sb: Reine deBon e 2 dfaetsIEl ChobeHiE e

t t -el: - di t f f ol 10-50 d
Che over sFnEtbARR o nfdoshBif, § BT B 12 e mER NENTAL Wi Te the

i nvention has been described with reference to preferred enbodi nents, it is
not to be construed as being limted thereto. Mreover, where specific steps
or nat er The gintaadd pewdee pesdued produceddyetiei methedtcf the présemivintentieniist

t hereto, such 20 equivalents are incorporated herein as if specifically set
forth. Al pieéergblytinghe foantafmartielss hesingdias aversge dameisy 06f20e3&§nm andhpll with

T
269D 2R b BTN Onp U Tt el
the art vif the SEAGRS Havell dRMB/SNIdtROLS (ALDP theNBERRIcrdsBhé REdekn

ternms of any individual nmenber or subgroup of nemnbers o 0 the Mark
group. ranges 10-50nm and the overall structure size is 200-1000nm.

15  EXPERIMENTAL

While the invention has been described with reference to preferred embodiments, it
is not to be construed as being limited thereto. Moreover, where specific steps or
materials have been referred to, and equivalents are known to exist thereto, such

20  equivalents are incorporated herein as if specifically set forth.

Although the invention has been described by way of example and with reference
to particular embodiments, it is to be understood that modifications and/or
improvements may be made without departing from the scope or spirit of the

25 invention.

In addition, where features or aspects of the invention are described in terms of
Markush groups, those skilled in the art will recognise that the invention is also
thereby described in terms of any individual member or subgroup of members of

30  the Markush group.
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15 ME CLAIMS: 1. A nethod of preparing nanostructured zi nc oxi de powder
conprising or 5 including the steps of. a. introducing a source of zinc
selected fromnetallic zinc or a zinc conpound and a process gas m xture
whi ch includes an oxidising gas (the reactants) into a reactor, b. while in
the reactor, heating the reactants to a process tenperature 10 effective to
vaporise the zinc and to react the reactants to forma powder product, and
c. recovefyAdMs$he powder product. 2. A nmethod as clained in claiml wherein
the nethod is a continuous process. 15 3. A nethod as clained in claim1l or
2 wherein the process tenperature is in the range 1200K to 10, 000K. 4. A
met hod as, claipmed in claim3 wherein the process tenperature is in the 20
range of 4, 500K-metimgkof prepanng magostEucintgdnsiac pxidaypowdeno FompESingee®di ng

cl ai wherein the.sourc of.zinc is nmetallic zinc. 25 6. A nethod as

cl ai gg’d in cl dPFf“gl%&eeﬁ?‘?’Pst?'fe metallic zinc is selected from one or both
of powdered zi ncaprinﬁjoaﬁ%%’fgr?'soércep‘of‘ﬁ 0d. @54 ﬁbﬁ?%étﬂlli(él & %{V{Egﬁ?e' n the
nmetal lic zinc is“zinc powder®and W th an average particle Size of ‘Det ween

Inmto 1 mcron. 3QckHpdindardtEh g%’ce% 6$ AlifRAe Whith MdThdes L bLIdiAS Bas
metallic zinc powder has an average particle size of substantially™>
m crons. (the reactants) into a reactor,
b. while in the reactor, heating the reactants to a process temperature
10 effective to vaporise the zinc and to react the reactants to form a
) powder product, and

c. recovery of the powder product.

2. A method as claimed in claim 1 wherein the method is a continuous process.
15
3. A method as claimed in claim 1 or 2 wherein the process temperature is in
the range 1200K to 10,000K.
4. A method as claimed in claim 3 wherein the process temperature is in the
20 range of 1,500K-3,800K.
)
5. A method as claimed in any one of the preceding claims wherein the source
of zinc is metallic zinc.
25 6. A method as claimed in claim 5§ wherein the metallic zinc is selected from
one or both of powdered zinc or zinc wire.
7. A method as claimed in claim 6 wherein the metallic zinc is zinc powder and
with an average particle size of between 1mm to 1 micron.
30
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9. Anethod as clainmed in claim8 wherein the average zinc powder particle

5 size is substantially 5 mcrons. 10. A nethod as clained in any one of the
precedi ng clains wherein the oxidising gas contains at |east an atom of
oxygen, and its reconbination potential is higher than the formation of
Zn0. 10 4. A AhBaddoss ClaithBddnidlaifd 3 WHLRHNRE Shetaliites Rt 088025 | o
oxygen 12. A nmethod as clainmed in claimll erein the oxidising gas
conprises betaveeipeadartol’k 2200 hyubseingially f midienfdr ocess gas mi xture. 15 13. A
met hod as clainmed in claim212 wherein tKe oxi di sing gas conprises between
10% and 60% by wei ght of the process gas mxture. 14. A nethod as clained in
any one of the preceding clainps wherein the process 20.,gas m xture, nmay

i ncl ude ohe orArfBFéloéf a&‘aﬁlairﬁ@@ tm g"é%maﬁdvvh@reas §lilesmrégggénc PoWdar partifdel” as
claimed in clai.m 14 rocess gas mxture, in addition to oxygen,
i ncl udes ar gor**4htf ¥ Falﬁﬁﬁy rﬂ]lc%ﬁogen 25 16. A nethod as clained in
claim15 wherein the process gas m xture includes argon and air. 17. A

nmet hod as clainmed in any one of the preceding clains wherein a heat source
is used tp.heap ffeehddast Aaimed dnt by m&ceﬁsrhéem@eé@ihgr €laimd Wherk®h the et hod
as claimed in claim17 wherein the reactor includes the heat source. 19. A
met hod as cl ai omdising ghsiconfainoat 18asttesr eﬁomtdfemtmn, andrite recomeinetiveed 5
from one of gas-fuel conbustion heat source | asma heat source, hotbox,

el ectrical ar cpotemtialAs highes thamsthelfarmetaon af €nBl.m 19 wherein the heat source
is a 1|%I asma torch

3 11. A method as claimed in claim 10 wherein the oxidising gas is oxygen

12. A method as claimed in claim 11 wherein the oxidising gas comprises

between 5% and 95% by weight of the process gas mixture.

15
13. A method as claimed in claim 12 wherein the oxidising gas comprises
between 10% and 60% by weight of the process gas mixture.
14. A method as claimed in any one of the preceding claims wherein the process
20 gas mixture may include one or more of an inert gas and an assistive gas.

15. A method as claimed in claim 14 wherein the process gas mixture, in

addition to oxygen, includes argon and nitrogen and hydrogen.

25 16. A method as claimed in claim 15 wherein the process gas mixture includes

argon and air.
17. A method as claimed in any one of the preceding claims wherein a heat

source is used to heat the reactants to the process temperature.

30
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havi ng one or nore feed gas(es) and one or nore plasma di scharge gas(es),
10 and one or nore of the gases in the process gas mxture is at |least a
conponent of the one or nore feed gas(es) and one or nore plasnma discharge
gas(es) of the plasma torch. 21. A nethod as clained in any one of the

precedi ngg! al AemBfiRieehd cldid@RPTCIAR 1|9 "whbrdifl the | RGotof SAERIARD BE Hele
reactants and initial cooling of the zinc oxide powder product all take

pl ace in a singufce, eact or chanber. 22. A nethod as clained in claim21
wherein the reactor chanber includes an initial heating region where
vaporization of zinc occurs, a chem cal reaction 20 region where reaction
of the reactants occurs to form zinc oxide, and a _region where the zinc

oxi de powider phonetdedias dagnadiin glsim 1/ opd8 whersimthe heatsonreeis seledied one
of the precedi cl ai wh in the .recovery step includes filterjng of the
powder pr oduct TP Of GASTUFT CIPHSiPN BRSO TIATIRMSAT Satse: hotpoxa

net hod as Clahﬂ&%ﬂk&kﬁ?y one of the preceding clains wherein the nethod

i ncl udes a quenching step prior to the recovery step, which slows or stops
the gromh of the size of the particle product. 30 18 25. A nethod as

clainmed in any one of the preceding clains wherein at | east one di nension
of the pdlQiclA methddas dasnahinviaimd® sheeihehevhest sbirds (09 plavmaorchA

met hod as claimed in claim25 wherein at |east one dinmension of the 5
particl e proddwvingenewr avereaiped gaseshandwan or roosoplasma dischasgerges{os), as
clainmed in any one of the pr e{;edi ng cl ai wherein the  norphol oqy of the
powolelt0 productafids OB 0l iQFsy @l dhe Aases nqthe procgsyy 23s Wi i Rh|lcastr 28, A

method as cl al fedhditnt! 6 Thé ont 3t Clndrd MReAPERISL) Oa Und' 8 AVE' Flasma

discharge gas(es) of the plasma torch.

21. A method as claimed in any one of the preceding claims wherein
15 vaporisation of the zinc, reaction of the reactants and initial cooling of the

zinc oxide powder product all take place in a single reactor chamber.

22. A method as claimed in claim 21 wherein the reactor chamber includes an
initial heating region where vaporization of zinc occurs, a chemical reaction
20 region where reaction of the reactants occurs to form zinc oxide, and a

region where the zinc oxide powder product is cooled rapidly.

23. A method as claimed in any one of the preceding claims wherein the
recovery step includes filtering of the powder product and/or further cooling

25 of the powder product.

24, A method as claimed in any one of the preceding claims wherein the method
includes a quenching step prior to the recovery step, which slows or stops
the growth of the size of the particle product.

30
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product can be altered by alteration of one or nore of the operating
paraneters of the process. 15 29. A nethod as clainmed in claim28 wherein
the operating paraneters include one or nore of. a. identity of the process
gas(es), _b. the power of the heat source, c. the tenperature of the heat
source, 20 d.Atmethedmasedaimethipesn oneot e nraeeding lgimy whereeatlgast oggur ce,

f. the rate of ,coolin t he .powder product. 30. A nethod C lng to any
one of the. pr cLERTRPTEPEePATHER Arcudtas 58 ayeiaer staropgnec din P it Sher weon
10% and 60% by wei ght of the process gas m xture and the norphol ogy of the
nanostructured zinc oxi de powder product is one or nore of 1- and

3-di mensi gpal . Althethod as claimed in claim 25 wherein at least one dimension of the

5 particle product has an average size between -10-800 nm.

27. A method as claimed in any one of the preceding claims wherein the
morphology of the powder product is one or more of zero-, 1-, 2- and 3-
dimensional.

10

28. A method as claimed in claim 27 wherein the morphology of the powder

product can be altered by alteration of one or more of the operating

parameters of the process.

15 29. A method as claimed in claim 28 wherein the operating parameters include
one or more of:

identity of the process gas(es),

IS o

the power of the heat source,

the temperature of the heat source,

& 0

20 the process temperature,

o

the identity of the heat source,

=

the rate of cooling of the powder product.

30. A method according to any one of the preceding claims wherein the
25 oxidizing gas comprises between 10% and 60% by weight of the process gas
mixture and the morphology of the nanostructured zinc oxide powder

product is one or more of 1- and 3-dimensional.

19



