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20 Hence, there is a need to provide inexpensive anode materials for use in lithium ion

batteries.

SUMMARY
This disclosure relates to a cost-effective method for preparing mesoporous
25  nanostructured particles of a transition metal oxide, e.g., a-Fe;O3, y-Fe;0s, Fe;04, M0oO3, NiO,
CuO, or C03O4.

The method contains the steps of: (a) dissolving a soft-template compound in a solvent to
obtain a soft-template solution, (b) dispersing a transition metal ion-containing compound in the
soft-template solution to obtain a transition metal ion-containing mixture, (c) if necessary,

30  adjusting the pH value of the transition metal ion-containing mixture to 2-11 (e.g., 7-11 and 8-
10), (d) removing the solvent to obtain transition metal oxide powders, and (e) optionally,
calcining the transition metal oxide powders at 100 to 800°C (e.g., 150-750°C and 200-600°C)
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an a- Fe203 rHon{/)o\iggldr al cr){st al , y- Fe203 cubic spinel crystal, a Fe304
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2013/ 2628%%[(3862012/ 000226 DETAI LED DESCRI PTI ON Thi s di scl osure
provi 2 aPUYEFSef f ecti ve nmet hod of prepari ng nesoporous nanostructured

particles oAnghérBPp&itbf His 8BLIBLurO XIAEs 1o ine hpdenR Mh&iindchirdd piRisledrage
capacities and can be used as an anode material in rechargeable lithiumion

baot ertragsition B3yl axide preppredbe thyyabdenrdescyibsdprsicessat i ons. The et hod

el 40 18R khonr PHERR PR SRR RSB e
transition metal oxide containing a transitional metal oxide crystal and having a particle size of 3
to 200 nm and a pore size of 3 t030 nm. The transitional metal oxide crystal can be an a-Fe,03
rhombohedral crystal, a y-Fe,O3 cubic spinel crystal, a Fe;04 cubic spinel crystal, or a

25  combination thereof. .
The details of one or more embodiments of the disclosure are set forth in the description

below. Other features, objects, and advantages of the invention will be apparent from the

description and the claims.
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Step (a) A soft-tenplate conmpound is dissolved in a solvent to prepare a
soft-tenpl ate conpound osol ution. The solvent can be an inorganic or

or gani ¢ swbwverstao2Branpl es i nclude, but are not limted tral/Seaorrpoaret hanol ,
et hanol, propanol, butanol, hexanol, or a conbination thereof A preferred

solvent is a m xture of ethan [ E.q t hanol : water being 3:1
(v/v). The soft-tenplate conpﬁtﬁgriﬂgiﬁéﬁjﬁylg])&apﬁn cont ai ni ng surfactant,
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critical mcellar concentration. These m cel Ie cro or
por es fparticldseof grtmn/slhomineltarl axglet whithiavahigbtithiemmsiorage yamaalltlss amdicaml teoused
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conpoungdpiidatibfe sol ution can be in the range 0.008 to 2 m)I/L (e.g., 0.04
to 0.16 nol/L). Step (b) 20A transition netal ion-containing conpound is
di spersed i rThtshmt includepfivt sepsol.ait steps (eh{Qi el tHerSommmanyse¢tenn sbovaf Facld a
transit m% i,on- ﬁoch_b(llt.gglmxture The weight ratio of the

soft-t8& eaet e%solﬁﬂfj‘i?ﬁ THe"FP¥%nsi tion netal ion-containing conpound is
1:1 toSgplafe. 9., 1.3:1to 1.9:1). The transition nmetal ion-containing
conpound can be a transition metal salt, oxide, or hydroxide. Exanples
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bi car bBsAEEd sofeRbis @B ture of ptharpl and waisremgs ethanolmaten beintdpKuve, The soft-
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phosphat tranSition ne cate ransition ant | noriat e,
t r ansi assemblehtal meedesrm it critica msic¢llap nommrhtuger"ﬁtmsatmcelles ;mszuda microret al
oxide, transitjo rret al %koxl de, tr I’ISI tion netal | at transjtion
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and oxal ate) or a hydroxyl carboxylic acid (e.g., glycolate,” |actate,
citrat 'éhe @nmemteatlonantf the, soaua@nmlat@qmnpmmdan theheoletisin cBhdetin thegogeoh 008 taal

ref ers, I@tn(g (r?a(g‘stl td gbn r’r&ﬁ shown in the periodic table, preferably one
of the Qond” P8W-transition netals; nore preferably, iron,
ol ybdgwpp) ni ckel , copper, or 5cobalt; and nost preferably, iron.
20 A transition metal ion-containing compound is dispersed in the soft-template solution
obtained from step (a) to afford a transition metal ion-containing mixture. The weight ratio of
the soft-template compound and the transition metal ion-containing compound is 1:1 to 2:1 (e.g.,
1.3:1 to 1.9:1). The transition metal ion-containing compound can be a transition metal salt,
oxide, or hydroxide. Examples include, but are not limited to, transition metal fluoride,
25 transition metal chloride, transition metal bromide, transition metal iodide, transition metal
~ nitrate, transition metal nitrite, transition metal sulfate, transition metal hydrogen sulfate,
transition metal sulfite, transition metal bisulfite, transition metal carbonate, transition metal
bicarbonate, transition metal borate, transition metal phosphate, transition metal dihydrogen
phosphate, transition metal hydrogen ammonium phosphate, transition metal silicate, transition
30  metal antimonate, transition metal arsenate, transition metal germanate, transition metal oxide;

. transition metal alkoxide, transition metal enolate, transition metal phenoxide, transition metal



Note that each of the transition netal ions in these conpounds may have an
oxidation state that is different fromthat required of the transition
met al oxiwe 2pr3agde28. Oxi di zing or reducing conditions caoTise2apphied to
bring the oxidation state of the starting ions to that required of the
final product. For exanple, the soft-tenplate reaction can be carried out
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Step (¢)

If necessary, the pH value of the transition metal ion-containing mixture is adjusted to 2-

11 that allows formation of transition metal oxide nanocrystals. The pH value can be adjusted by
20  adding to the mixture a buffer solution, an acid or a base (e.g., hydrochloric acid, sulphuric acid,
ammonium hydroxide or sodium hydroxide).

In general, the resulting mixture can be stirred at the room temperature or at an elevated
temperature for an adequate amount of time. Without being bound by any theory, the
mechanism for forming the nanocrystals is described in the International Patent Application

25  Publication WO 2012/023904 (Balaya et al.)
- Step(d

The solvent is removed (e.g., by evaporation at an elevated temperature, by filtration, and
by centrifugation) from the mixture provided in step (c) or (b) to obtain mesoporous
nanostructured transition metal oxide powders or precursors containing nanocrystals that are

30 formed either in step (b) by stirring the mixture, in step (¢) by adjusting the pH value of the mixture,

or-in this step.by removing the solvent. The powder or precursor can be further dried under vacuum.



WO 2013/ 002728PCT/ SG2012/ 000226 For exanple, Fe304cubic spinel crystals are
conveni ently obtained by renoving the solvent fromthe iron ion-containing

m xture byodoysgagrzen vacuum Step (e) |f necessary, thecHBe39QM00:36
nanostructured transition netal oxide powders thus 5obtained are cal cined
at 100-800C for a predeterm ned period of tine, e.g., 1-12 hours. For
exanpl &or exafgd Feldrrublvespirel cxcfstsplastaaet sorvenicotly ebtaindd by rembdingithegsol veat from
MESopor ous nanost uctured F 304 wders at 400-550C and y-Fe203 cubic

spi nel &Y} Q0 ‘%Fﬁi‘tr’féed l&vﬁ?‘ﬂ’é“the sane powders at 300-400C.

A pers 5igu(lled in the art can determ ne w t hout undue experinmentation the
types an anounts of solvent, the transition netal ion-containing
conmpound, adf nasessags tlmmesomtmmamqsﬁyctyrf@iﬁra@gu@emet@lw@@v Ehibosind

congent bRy 20068 i AP Py NEREFRAG SIAIDLSD, DFD AT ol be

construe as mnmere | ustrati of "F°he remai nder of

the di &ﬁzhﬁﬁlld!@Fb{Dﬁh(Ymbﬁ)edmaf}&Qﬂ?sVﬁE obwﬁehcuytcafdmhgﬁte méboroaki on, it is
believed that one skilled in the art can, based on the descrlptlon her ei n,

uti | i z8anesEugieeddiesOq Bpwidarn el 419-130°Craad il O eubis shinel crygtals prstaibiaingd ks
cited @QEﬁﬁr& Egadlgg(%@&gg{% J;Q/o@ef erence in their entirety. EXAMPLE 1:

Preparatio mesopor ous nanostructured Fe304, a-Fe203, and
y- Fe203par t M@mrﬂ\dkslmdon oesarheamodetertnihewibottaidde e)épeﬁﬁ%ﬁ&noﬁmlﬁh types and

y- Fe203particl.e nt hesi zed. usi ng .20 the sinple cal e
soft -t @E‘ﬁ}‘%{? at ﬂ%ji’ 8 %?TI%EPG ifecongsipipg tCP'inRB‘t‘f;Hj) ﬁ? QHchFRMitRNS CTAB,
3.6 - a@rs?fﬁiém%i‘{%&: dorf runéiI bé&%hﬁfﬁﬂad eﬂld%a[&x}‘attfdﬁ%rﬁg 120-240 m of water
and ethano vo ume ratl o l ron |) acetate (2 - 4 grans)
di spersed i ihhe¢ B{ECébmmmﬁTQQB’eklw areitobe construed as merely illustrative, and not limitative
of the remainder of the disclosure in any way whatsoever. Without further elaboration, it is
believed that one skilled in the art can, based on the description herein, utilize the present
15  invention to its fullest extent. All publications cited herein are incorporated by reference in their

entirety.

EXAMPLE 1: Preparation of mesoporous nanostructured Fe;O4, a-Fe,Os, and y-Fe,O; particles
Mesoporous nanostructured Fe;O4, 0-Fe;03, and y-Fe,Oj3 particles were synthesized using
20 the simple gram-scale soft-template method described above. Cetyltrimethylammonium bromide
(CTAB, 3.6 — 7.2 grams) was first dissolved in a mixture of 120-240 ml of water and ethanol
(1:1 to 3:1 volume ratio). Iron (II) acetate (2 - 4 grams) dispersed in the above CTAB solution.
The pH of the solution was adjusted to 8-10 with ammonium hydroxide. The solution was
stirred for 24-48 hours, followed by rotoevaporation or centrifugation to remove the solvent.
25 The resulting precipitate was then vacuum-dried to obtain magnetite, Fe;04. Further calcination
- of magnetite in air for 2-6 hours resulted in formation of y.Fe;O; at 300-380°C and of a-Fe,Os at
420 -550 °C.
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The pH of the solution was adjusted to 8-10 wi th anmmoni um hydroxi de. The
solution was stirred for 24-48 hours, followed by rotoevaporation or

cent ri f ugaDi2ors/me728enove t he sol vent. 25 The resul ti ngPpT&G2EI2t084226 Was
then vacuumdried to obtain magnetite, Fe304. Further calcination of

magnet i i n-al or 2-6 hours resulted in formgtion of Fe203 at 300-380C
a0t EXaREB 2, Crisferica s misop e 5 B UV BRBER) s e Sh GO AR AP &
2: Characterizat hgycRE nMesoporous nanostructured Fe304, a-Fe203, and

7- Fe203 particles Powder X-ray diffraction (XRD) studies were

conducted o r r d.in 5 Exanple. 1. The XRD patterns
show pure pEg‘tsNggr oTrggggﬁ%tg’pgm > %dsesawﬁgfggél}cﬁedtWethF @gopdélg{]simgpaﬁ‘gl&uct S.
Fors r eEeipeiing the peaks, JCPDS card No. 8800315, JCPDS card No. 39-1346
and JCPDS card_No 33-0664 were used respectively. _In additjion to
t he XRD chafBe X&) paftarayshophpure phasae o5F 4bh.a-Ea290 and adiedOvindbe respedtived o
em ssi ngj 0 felg R t] Si t he
o oducpogais BRI BEld B o REAOR S by TCRBS ol Sor i ERutng, "o
t he vajCRIDS candd¥o 830d6$ wereodud eskpbativebi.t -t enpl at e approach 15 Phase of iron
i de Particle size Range (n Mor phol o Magnetite, Fe304 5-7 nm/lrregul ar
g)[:ilher es méﬁbqﬁd?tlg)zn t?_thfegg@( chr?racterizgtion, tl%]g prodgcts were also viewed under a field g
10  emission scanning electron microscope (FESEM). The particle sizes of the product were

summarized in Table 1 below.

Table 1. Size and morphology of the various
iron oxides produced by soft-template approach

15
Phase of iron oxide Particle size Range Morphology
(nm)
Magnetite, Fe;O4 5-7 nm Irregular spheres
Maghemite, y-Fe,O; 5-15 nm Self assembled spheres
Hematite, a-Fe O3 10-100 nm Elongated dumb-bell shaped
particles
EXAMPLE 4: Electrochemical storage performance of mesoporous nanostructured Fe;O4,
a-Fe,03, and y-Fe,0; particles
20

In order to gauge the electrochemical storage performance of mesoporous nanostructured

- Fe304, a-Fe 03, and y-Fe,O; particles, coin type half cells were assembled. The electrodes

consisted of at least 75% by weight the Fe;04, a-Fe;03, or y-Fe,Os particles. Additionally, the

conductive carbon additive 15% by weight and a polyvinylidene fluoride-based binder 10% by

25 weight were present. The electrodes were heated to 150 - 350°C in an inert atmosphere for 2 -

12 hours prior to the cell assembly.. The electrolyte was 1 mol LiPFg in the mixture of ethylene

carbonate and diethyl carbonate (1:1, v/v). Test cells were cycled between the voltage 0.04V —




5-15 nm Sel f assenbl ed spheres Hematite, a-Fe203 10-100 nm El ongat ed
dunb-bel | shaped particles EXAMPLE 4: El ectrochem cal storage performance
of nesopowousiymenst ruct ured Fe304, a-Fe203, and y- Fe20BparsGrel2®080220

In order to gauge the el ectrochem cal storage performance of nesoporous
nanostructured Fe304, a-Fe203, and 7-Fe203particles, coin type half cells
wer e as¥etdiféaent Thaent|raes (blles Consi sted of at | east 75% by weight the

Fe304, a-Fe203, or y-Fe ticles. Additionally, c {ve carbon
i tive. 1o8ongeinis e BRACR bt Fom A Cha et PR A b 3RS CaO b Oo by 25
wei ght agiise [P iR Mas tekhd #heairtRdes ofo!E. NERd Rt &;eblel@i@charg?ﬂga&ify wihs | nert
at nosphere for - .12 hours prior to the cell assenblggi]_3 he el ectrol yte

2
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against Li metal was tested at a current rate of 0.1C _The first _cycle

di scha?ge Ungprestadly. guen Aol 2anio ohsheyes/disgharee). the csls ¢téll fatain capasitissiig al
capaci S99 sl Yo [ lie.: j 1-1222
mAEg- I é)éére %pr esg Wﬁ% )ém\l}?ragvé]li%%ﬁtpggﬁ? gﬁ%?%%?‘?%ﬁtﬁg@a%' g@é S%% Yo Further,
t 0 t estycldbditglobtimgellpeovdérarperiod of 80 civlgh(10wytientt ¢ah earremthiensigl) skowe that

cycled,at 1C.to 5C. Unexpectedly, even at 5C (12 m n of charge/di scharge),
THQ coinf naliiial ferneipa T Sptee UG HebeBEC TS0 mang- | w Ch 18t vort hge

profil e durinadaRal am @ndudhaShiatas oiTe Ghebifody gl ADLINRIOShA he cel | o

over a period of 60 cycl es ( ycles at each current density) shows that
| ot he IMmanFalPOspa ors ofghd irpmowdesasemoden werg febrécatoduuride agfiveateria. | n

:ggl t v%llghtfs lilrll {he%%{hloae dnd Atbdewere Lalgxrlceglul) Yate t&lg %fffe%grgcgqg % c(a%élgtiés. thl\éh204
full cells demonstrated a stable cyclability, e.g., reversible charge and discharge capacities of 75-

15 80 mAhg™ and 60-65 mAhg™, respectively.

OTHER EMBODIMENTS

All of the features disclosed in this specification may be combined in any combination.

Each feature disclosed in this specification may be replaced by an alternative feature serving the
20  same, equivalent, or similar purpose. Thus, unless expressly stated otherwise, each feature

disclosed is only an example of a generic series of equivalent or similar features.

From the above description, one skilled in the art can easily ascertain the essential
characteristics of the present invention, and without departing from the spirit and scope thereof,
can make various changes and modifications of the invention to adapt it to various usages and

25  conditions. Thus, other embodiments are also within the claims.



Li Mh1, FexPO4) and one of the iron oxides as anodes were fabricated. The
active material weights in the cathode and anode were bal anced to match the
di f f er encwoi2niddoe728apaci ties. The full cells denpnstrat edTéacaobh&26
cyclability, e.g., reversible charge and di scharge capacities of 75- s80
mAhg- | and 60- 65 mAhg-1, respectively. OTHER EMBODI MENTS Al'l of the

f eat ur SHATSIS CEAdMED1Ri s specification may be conbined in any

conbi nati on. Each feature disclosed in this specification nay be repl aced
by an alternative feature serving the 20sane, equivalent, or simlar

pur pose. Thys, unl : j d(e;&ﬁp i dis
only an. exaz'pl e &ﬁgﬁagﬁgéﬁﬁﬁﬁgﬁéﬁg ‘.‘gté‘l%ﬁ? (\K/s\z(a}dlugﬁtre r sl?l%’sle aérjtrr%esgéoéﬁggaﬁ

Fr om t beidelthy metedaotptising; one skilled in the art can easily ascertain the
essential characteristics of the present .inventjon, and w thout departing
fromthe sp srlvigsa Sgﬁaﬁf@pkaweqogmoyngaha selkEntjapPiia ﬁq}&r?gggatsﬁalutwn,

modi fi cati 0ggpQfink A8ranS¥iSA Hep iSRcAfARIng dordpBud@fd l‘ﬁE%oﬁ'—?@rﬁ@lﬁte%ﬂltion to
25condi tions.” ThusS, other enbodl nents alge al'so wthin the ains. WO

2013/ OO FRSRCGHSEEA 0124100028 BaMHETMIxBur€]l Al MED | S: 1. A method of
prepari ng nmesoporqus nanp structured parti.cles of .a transition metal oxide,
Che. met hd CUNDPEah B VAl SEAT i ondattel Perpr i BB 2 -4 sol vent o
obt ai m&esakl ah@npl ate sol uti on, di spersing a transition netal
i.on-containing conpound in the soft-tenplate solution to obtain a

tridnsi ti on FeBEIOAIng the selyentad abtan meseparoys nanostrucudgansitipnithetalpitideal ue of

t he tregw&eti on netal ion-containing mxture to 2-11, if necessary, and

or emovi ng tte solvent to obtain mesopor ous nanostructured transition netal
oxi de powders. 2. The process of claim1l, wherein the transition

netal oxide is a-Fe203, 7-Fe203, Fe304, M03, NNO CuQ .or Co304. 15
2. The process of claim 1, wherein the transition metal oxide is a-F €,03, v-Fe, 03,

FG304, MOO3, NIO, CuO, or C0304.

15
3. The process of claim 1, further comprising calcining the nanostructured transition
metal oxide powders at 100 to 800°C to yield mesoporous nanostructured transition metal oxide
particles.
20 4. The process of claim 1, wherein the transition metal oxide is a-Fe,O3, y-Fe;O3, or
Fe304.
- 5. The process of claim 4, wherein the soft-template compound is

dodecyltrimethylammonium bromide, cetyltrimethylammonium bromide,
25  octadecyltrimethylammonium bromide, tetradecyltrimethylammonium bromide,

' decyltrimethylammonium bromide, octyltrimethylammonium bromide, or pluronic F-127; the
transition metal ion-containing compound is iron (II) acetate, iron (III) nitrate, iron (III)
acetylacetonate, iron (IIf) chloride, or iron (II) oxalate; and the solvent is a mixture of ethanol
and water, in which the weight ratio of ethanol to water is 1:1 to 4:1; and if necessary, the pH

30  value of the iron ion-containing mixture is adjusted to 7-11.



3. The process of claim1, further conprising calcining the nanostructured
transition netal oxide powders at 100 to 800C to yield nmesoporous

nanost r ucworets/temssi ti on netal oxide particles. 204. Thecprsoeer® @26 cl ai m
1, wherein the transition netal oxide is a-Fe203, y-Fe203, or Fe304- 5.The
process of claim4, wherein the soft-tenplate conpound is

dodecyl t ri mbt hy| dheBrIcash Wrcdpinde wheealy thersofigemplaigeppanrdns oftvde, 25

oct ade ' qFE mx!ﬁm ' ' t tr amoni um br om de,
decyl t?rlyljrrlngst!‘kg/ ARToN| uré}t}rdg]m@gé%,gglgg{l?bﬁrarnﬂng?ﬁé agrﬁ%ﬁcliéqﬂ}r% brom de, or pluronic
F- 127; céthieriine iy Binireiutieirainidep theaintidibn inkgal ¢ompontaidlingscontponnd kd iroradpt at e,
iron (I1l) nitrate, ~acet yl acet onat iron (111) chloride, or

iron (11| |
i ron (PefaAtEEAnH{l anl;ﬁ}{f?{]rﬂé (Iéla?a%ﬁlac‘?tgnaée,rﬁrxmr%bl%qdeeﬂwﬁ avréght afip oleathanol fo
wieh AR 10190 311 2hhPirAbekt ,QH!;RHQzaY@tigE\%hﬁe&iolﬁl@. 4:1; and if necessary,

the p ue o e 1ron 1on-containin xture is adjusted to 7-11. WO
2013/ 002728PCT/ SG012/ 000226 6. The process of claimb5, wherein the

soft-tenpl ate copgpound is octyl, trimethylammoni um bropj de.. dodecyl tri net hyl
ammoni um br%m de%%?roeéﬁsﬁftcfai“ﬁélb WF@H@ﬁit@HFIHPBHe@S;OXE ds Fexthisi ti on et al

i on-contai ning compound is iron (Il1) acetate, iron (lIl) oxalate, iron (II1)
acetyl acetonate, or iron chloride, the weight ratio of ethanol to 5water is

1:1 to 3:1;8and The prcesdiclaimt7Thwhpidinthe seftitempldjeusngsbund is8- 10. 7.
The process o | aim.4, wherein the transition netal  oxide is Fe304.
8.10The°‘f§§lir88§t y%‘fm&(_fna\?‘%b??mﬁe&é’yﬁn y_%é‘Frflf’?lBWp_rﬁP’édecorrpou nd is 10

oct yl t dddeeyifritheRymmindRikh GrofRle, €BSICH AR ABROMBLRIQN de,

dodecyl t rimet hyl ammoni um bromi de, tettadecyltri methyl ammoni um bromni de,

cet yl t¢atyisirngthelamprinium braniddeoctasieedtrensthy rinch Hrerpisieuon pineomicde-1 28y

Beet arhE uppdfd i AF o i8R RSB T PR E R B By 1)

chl or i atetylaetona@iréd (1) oklatidé. &r iAAIL bealse! Mehthe sslvantTs ¥ imikeir®bf @hdrwnol and
water, in which the weight ratiq of ethanol to water is 1:1 to 4:1; and if
néces sHfyvater, i which she weight rafa of phaneldn Waisitinl Aitad: lyend ifrnecessarydfheptbd to
7-11. . . : i rein the soft-tenplate conpound
is octvﬁ%er?fé}é?ﬁglﬂ-%?%ﬁ?grnggrﬁugéef% agl) tee((:ly ?rllelr'ret hyl amroni um brom de, or
20cetyl tri met hyl ammoni um brom de; the transition netal ion-containing

conmpound is iron_(I11) acefate, iron (I oxalate, iron (l]I)
acet yl acet ohat eng?‘e RTPERTS 8&? B1m §ewh?rﬁé‘tlﬂéf' itemplgte SOBPOBR N0l to water is
1: 1t QcBilthimé@RflaininRREE BRAiMe, dodEcyHRM@hH Ginirfof it b&id 8 8- 10
10. The%ﬁpr oce@s;laof claim 4,1 ?’urt hce}?ﬁcorrp}?i Si n(g):j g‘éll c%’ni ng Ehe nanost ruct ur ed
t ransicefydimmethylammonium bromide; the transition metal ion-containing compound is iron (II)

acetate, iron (II) oxalate, iron (III) acetylacetonate or iron chloride; the weight ratio of ethanol to

water is 1:1 to 3:1; and if necessary, the pH value is adjusted to 8-10.
10. The process of claim 4, further comprising calcining the nanostructured transition

25 metal oxide powders at 400 to 550 °C for 1 to 6 hours to yield mesoporous nanostructured

~ transition metal oxide particles.

30



25 netal oxide powders at 400 to 550 C for 1 to 6 hours to yield nmesoporous
nanostructured transition netal oxide particles. 30 WO

2013/ 002 A26RCIB/BE2812/ 000226 11. The process of clai m 10pCEiserei2znoehe
soft-tenpl ate conpound is octyltrinmethylamoni um brom de,

decyl tri nmet hyl ammoni um br om de, dodecyl tri met hyl anmoni um br.om de,

tetradecyl t il met HeaoRsAs el HALH, Feherdia the softr B eqmRANNdHS br omi de,

00 e UG IRHANHRR MR B Shidbl i Bichfifie the trans) 11 o7
metal i0 cont ining conmpound’isiro ate, 1ron (111) nitrate,
iron (Hbﬂécy&ﬁﬁieﬂiy@a}mhﬁmahﬁbronﬁm tettadegyleimahylaamoniun bemi(é, ) oxal ate; and

the solvent. is a mx e of .ethanol and-water, in which_the vvelght rati o of

et hanolcettYB“WSEbé(ﬂa“il@OIiluT frgmide; octamyttfmwgtyéag@apvum Premige. 95 plveomse Frige i r on
' ong Coﬁﬁﬂsﬂﬁprﬂlégﬁﬁ Cbﬁtaﬂﬁur%ou ulhg iirdrt II)]aQ:é%t THSn RiT Crﬁ'ﬁ‘éte Oi;o n(illgb m 11,

wher ei e soft-te ate co octytrlrret yla nlum’bro
dodecy btatylasdtdndte, axrmﬁﬂl).nhldmdmbﬂeon (H) oxatayd; tand M%Wmmmnmmm (v} mhzlaol t he

transition net.al ncont ni ng nd is iron ( tate, iron (I1)
oxal at 814 Pish ip Mhl %éé@f pathangl 1o wasgr F DI %B n%ﬁﬁ*ﬁx thepily of
et hanobalb@o?‘ﬁfeeffon'l%n \]:oﬂ-talmr?g xﬁlxtﬁ‘x@qs hﬁuﬁ&?ﬁﬁﬁﬂy the pH value is adjusted

to 8-10. 15 13. The process of claim further conprising calcining the
nanostructured transition netal oxide powders at 300 to 400 C for 1 to 6

hours to yield OpOr ous nost.ruct ur e tr Sit net al .oxide particles.
D0k The pr otess TBF BESTA ERvte Rt s SoRREnplET R B8 Moound s
octylt Bétyﬁﬁlﬂﬂh@mbxﬁﬁi‘nhfr&m&edo&@?h{ﬁﬁléthmﬂﬁrﬁﬁioﬁmﬁtdﬁﬁug rem de,

dodecyl t i net hyl anmoni um br oni de et radecyl tri met hyl anmoni um br om de,

cetylt ¢qtyﬂﬁ°arn9qhmnmmwmr@rmd@ethed@p%g@WemlIIWPPWMW und ésirar(or
I E- |
hoet at %ccetate 1%%(( If)f’j‘altﬁ{e? lrnfglg Qmace 1a€qt?ﬁ1§e ob 201 th {1“% éfgo&@%ﬁpgat ofe{hc(z’l?l?xl( )

I'TO ace on Iron

chl ori deter t3r1:1 £ 01; éuhd)frﬁx@ha’gr,eﬂle@nﬂvathli@ls&djumatto|8510a m xture of ethanol and
wat er, in which the wei ght ratio of ethanol to water is 1:1 to 4:1; and if
nekessary, the pH value of the iron ion-containing mxture is adjusted to

7-11. 30 W3 201340 81%225% %g{aﬁg%(,) fafieP Qgrﬁgrising calcining the nanostructured transition

metal oxide powders at 300 to 400 °C for 1 to 6 hours to yield mesoporous nanostructured

transition metal oxide particles.

20 14. The process of claim 13, wherein the soft-template compound is
octyltrimethylammonium bromide, decyltrimethylammonium bromide,
dodecyltrimethylammonium bromide, tetradecyltrimethylammonium bromide,
cetyltrimethylammonium bromide, octadecyltrimethylammonium bromide, or pluronic F-127,;
the transition metal ion-containihg compound is iron (IT) acetate, iron (II) nitrate, iron (II1)

25  acetylacetonate, iron (III) chloride, or iron (II) oxalate; and the solvent is a mixture of ethanol

* and water, in which the weight ratio of ethanol to water is 1:1 to 4:1; and if necessary, the pH

value of the iron ion-containing mixture is adjusted to 7-11.

30
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15. The process of claim 14, wherein the soft-tenplate conpound is

octyl trinmet hyl ammoni um brom de, dodecyl trinethyl anmoni um brom de, or

cetyl tri re0lyizzonmai um brom de; the transition netal | oRCT®SGREN200026
compound is iron (11) acetate, iron (Il1) oxalate, iron (lI1)

acetyl acetonate, or iron chloride, the weight ratio of ethanol to 5Swater is
1:1 - 3:1; dAd i fThsasecssuohclainh 4, srhevein the seft-template epmpaaddent ai ni ng

m xt ur e i $..adj . roce Laim 1, wherein the
sor - CpmeRlTERohSnreliide dodrerdRme T aRRARHE bl Yr

decyl t cetyhtibetBmammbnithbbromidte thd traéhsilidaassthitibh-aBhA M BEToN AN b Toh (1g)
tetradecyl trjmethyl at nmpni um brom de, cetyltrinethyl anmoni um brom de,

oct ade@gdtete; wer ) oxalem iom(BPasrataceionats) Qrrie chiqridepthe vigightirpo ebetharl 9 s a
m xt ur et hanoi. ' ' i ' . . ter
s 1y S Y10l AR Sy, bk g0 il b Wb bl a0 BB 1O
the nagedkructured transition netal oxide powders at 100 to 800C for a
sufficient period of tine to yield nmesoporous nanostructured transition
nmetal oxide particles, wherein the transition netal oxide is MO03, N O

CuQ, or Co3Q4; t | & I:0hs L@k, SRPRM i's
nDbedophosgﬁbrigﬁg%?§?§g%¥%ﬂ?ﬂ§$ﬁgﬁ§ggg%@?t%?@k@?caceta?gg ni ckel nitrate,
ni ckel octiyltomiethy]an?0owipmerronidst, dewytricepipdammioniuat bronddgper chl ori de, cobal t
acet at copalt nitrate r cobalt chloride. 18. The ocess of claim17,
ot o1 Fods e men Sl i bip R trtratudbrie iy A ErRBES 120 1o 750C For
1 to 6cdipmidethgRifindfi8mbrOBRRS 0@hdey Réime kS laniSkiBbrbedd bApwEtddiop- 179t al

oxi de powders are calcined at 200 to 600C" 20. The process of claim 16,

wher ei and the selypntis ampkareoiwhinel aed wetendn yhieh the mreygha matime flathdmobta water is
dodecyhhgiqqthyl ammoni um brom de, or 30cetyltrimethyl anmoni um brom de; and
t he melgh? ratio of ethanol to water is 1:1 to 3:1. WO

2013/ 002728PCT/ SG2012/ 000226 21. The process of claim 20, further conprising
calcining the nano structured transition netal oxide powders at 100 to 800C
fo¥5 1- 12 holif-s t &hgprocessiod saysrl6ubirthsnensppriing sadeiningghe naostiuctated]  oxi de

par ti cfagioeeE &i&@ﬁo&&e@@ﬁj fdodb S%J@kor%uﬁ?ciérﬁ plgﬁgg' of Mn@’to %ﬁ or Co304.

mesoporous nanostructured transition metal oxide particles, wherein the transition metal oxide is

MoO3, NiO, CuO, or Co304; the transition metal ion-containing compound is
molybdophosphoric acid, ammonium molybdate, nickel acetate, nickel nitrate, nickel chloride,

20  copper acetate, copper nitrate, copper chloride, cobalt acetate, cobalt nitrate, or cobalt chloride.

18.  The process of claim 17, wherein the transition metal oxide powders are calcined

at 150 to 750°C for 1 to 6 hours.

25 19.  The process of claim 18, wherein the transition metal oxide powders are calcined

2t 200 to 600°C.
20.  The process of claim 16, wherein the soft-template compound is

- octyltrimethylammonium bromide, dodecyltrimethyl ammonium bromide, or

30  cetyltrimethylammonium bromide; and the weight ratio of ethanol to water is 1:1 to 3:1.

11



5 22. The process of claim21l, wherein the transition netal oxide
powders are calcined at 150 to 750C for Ito 6 hours and if necessary the pH
val ue i s woj2os¥@27280 2- 10. 23. The process of cl acmsg2912whenei n t he
transition netal oxide powders are cal ceind 10at 200 to 600C. 24.
The process of claim3, wherein the transition netal oxi de powders are

cal ci ned at 2100 tldegueress of claim 20, forthgs gemprising salpHung the pesestipetusei m 24,

wher ei I L I hde f [ to 750C for
o 6 bt igh RA bkl holALR o 300 UFSRALIEE P 1ZEBEOHIRE et ° 103
oxi de panshkerustudddetrasitivnnestaladxiddphrticle MHerei the transition 2rletal dxidRsio MO NiO,
nanostructured transition nmetal oxide particle prepared by the process of
cl ai m £u0,0rCos09g. A nesoporous nanostructured transition netal oxide
particle conprising a 25transition netal oxide crystal, wherein the
particle has a particle size of 3 to 200 nmand a pore size of 3 to30 nm
29. The par @Rcl e Tk pedcasswiiBzimdie mdiereit the ttanaimion tmetal axédespovaderdare caleited! | S

an a- Fe2 r edral crystal.,. a i-Fe203 cubi c.spj.nel_ cr al, a Fe304
i e 8ol st PR o oS umtisaasasary O RRSReHs Adiiiied (6270,

23.  The process of claim 22, wherein the transition metal oxide powders are calceind

10  at200 to 600°C.

24.  The process of claim 3, wherein the transition metal oxide powders are calcined

at 100 to 800°C for 1 to 12 hours.

15 25.  The process of claim 24, wherein the transition metal oxide powders are calcined

at 150 to 750°C for 1 to 6 hours.

26. - The process of claim 25, wherein the transition metal oxide powders are calcined
at 200 to 600°C.

20

27. A mesoporous nanostructured transition metal oxide particle prepared by the

process of claim 1.

28. A mesoporous nanostructured transition metal oxide particle comprising a
25  transition metal oxide crystal, wherein the particle has a particle size of 3 to 200 nm and a pore

‘ size of 3 t030 nm.

29. The particle of claim 28, wherein the transition inetal oxide crystal is an a-Fe;O;
rhombohedral crystal, a y-Fe,Os cubic spinel crystal, a Fe;04 cubic spinel crystal, or a

30 combination thereof.
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