A PEROVSKITE-TYPE STRONTIUM TITANATE Cross-Reference to Related Application [0001]This
application claims the benefit of priority of United States of America Provisional Patent Application No.
61/426,526, filed 23 December 2010, the contents of which being hereby incorporated by reference in
its entirety for all purposes. Technical Field [0002]The invention relates to perovskite-type strontium
titanate, and in particular, to perovskite-type strontium titanate catalysts, their preparation methods and
their uses. Background [OogilFuel cells have attracted considerable interest in the past two decades,
mainly because of the incre MX&‘S%T&OB%%@QM&MW@M% to address concerns on
the environmental consequences of using fossil fuel for electricity generation and vehicle propulsion.
Small fuel cell systems producing about 1 to about 100kW power output are desirable for light-duty
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and commetrscqgﬂation a(ji:ltg\l/?tfaé? ?cll)? Eg 52#%80 hr(;'o Sﬁiﬁﬁgrﬁ(z)ﬁé% %I’@gll fg %géggpéhgﬁ%f\}ﬁiges on fuel

reforming, ?{%%&%%T?ﬁﬁ%gﬁﬁiﬁg&%ﬁ Rt e DEOKRIY 9?%%&%%5%%&?}%@%};{%@ 2, €02,
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problems could be avoided. "[0005]Among suitable liquid fuels that can eformed, diesel is of
particular Technical Field
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[0002] The invention relates to perovskite-type strontium titanate, and in particular,
to perovskite-type strontium titanate catalysts, their preparation methods and their uses.
Background
[0003] Fuel cells have attracted considerable interest in the past two decades,
mainly because of the increasing need to improve energy efficiency, as well as to address
concerns on the environmental consequences of using fossil fuel for electricity generation
and vehicle propulsion. Small fuel cell systems producing about 1 to about 100kW power
output are desirable for light-duty vehicles and auxiliary power supply units (APU) and
have been recognized among the most successful applications of fuel cell technology so
far.
[0004] However, the lack of an appropriate infrastructure for producing and
distributing H; fuel is substantially hindering further developmental and commercialization
activities of fuel cell technology. This has intensified research activities on fuel reforming,
through which a fossil fuel is catalytically broken down to form a gas mixture of H,, CO,,
H,0 and CO. The fuel cell systems can then operate efficiently with the conventional
liquid hydrocarbon fuels, such as ethanol, gasoline and diesel, and thus hydrogen storage

and transportation problems could be avoided.



interest, owing to its high energy density, well-established distribution infrastructure, relatively low price
and ease of handling. In general, the conversion of diesel fuel to hydrogen-rich gas products can be
carried out by three main reaction processes, namely steam reforming (SR), partial oxidation (PDX)
and autothermal reforming (ATR). Designating diesel fuel as C"H"" these three different catalytic
reforming approaches can be described as follows: SR: C"H", + H20 -> COx + H2AHr>0 PDX: C"H", +
02 -> CO2 + H2 i H20)A.H,, <0 ATR: C"H", + H20 + 02 -> COx_ H2AHrQ where n =-10to 20 and x =1

or 2. [0006]RPR Ibeing comirgerata¥s ligtitbingidhebrmede Fdomsin sy 1eatrarisHathe highly
exothermic PDX reactjon, allows the control of the tqtal heat balance by adjusting the feed proportions
o ot AT D AT HIER T8 S ey S e A T e ttoore, I
addition, the ATR process .offers simpler reactor design, lqwer operation temperature and more
it oS AR o s VA A S AR e g Bt (W)
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marease SRS ol TN Rt L E R TR e B S vertneress.
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example, the presence of"heavy polyaromatics i el poses a threat of tarbon formation (i.e.

coking) on e gaimMieatiatveStesarhlunaasirals DEAENLIRGL S RRATGYAT the

case for most Ni-basé&d catalysts and eVen some noble-metal catalysts. Mor , the kinetics of
polyaromatics Jefgtmingeaetioe is much slower than that of other components in the diesel fuel such
as paraffins, which usually requires higher operation temperature and may in turn cause excessive

sintering of metal catalysts. [0008§jAroter,nppjor challgnggjs from Alpg inferently existing sulfur
species, which can readily react with transition metals and form stable metal sulfide, resulting in the

deactivation of the catalyst systeqne; §omengable-meials (g-8,8y, Rh,ARf) were reported to pose
excellent catalytic activity towards diesel reforming, while critical issues like sulfur poisoning and

long-term operation stability hayr:yelrpeerBddrassed.ddo P¥ceria camglyst has been shown to exhibit
good stability for the ATR of synthetic diesel fuel (sulfur-free) but was severely poisoned in the sulfur

containing fuel. It was also reported thatreip to-1@oNDiadhe Rh-dli/LZe02-Al203 catalyst system could
act as a protective and sacrificial metal for Rh, and contribute to a much higher sulfur tolerance, i.e.
more than 3600&jonversiam i, dalfiy-wontdsnsdgiuet (2dipaptivd pfahe 2nldtshSudh PRrfeioti@ncads not
satisfactory to drive fuel cell systems. The high cost of noble metals is another great commerical
obstacle fortlihéirghiglesptieachiusBOX0O)ite hidnesithal effect] of oxy geat ioracorductibity for the
catalytic reforming

adjusting the feed proportions of diesel fuel, air and steam, and is much less externally

energy-intensive and thus cost-effective. In addition, the ATR process offers simpler

reactor design, lower operation temperature and more dynamic response to work under

varying load. It is also postulated that the water-gas-shift (WGS) reaction shown below

plays a significant role in the diesel ATR process, which may help further increase the

hydrogen yield in the final ATR products:

WGS: CO + H,O « CO;, + H,

[0007] Nevertheless, the diesel ATR is still a great challenge nowadays, especially

on the ATR catalyst development. For example, the presence of heavy polyaromatics in the

diesel poses a threat of carbon formation (i.e. coking) on the catalytically active sites and

thus deactivates the catalyst itself. This is particularly the case for most Ni-based catalysts

and even some noble-metal catalysts. Moreover, the kinetics of polyaromatics reforming
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of hydrocarbons has recently been reported. It was found that, noble metals such as Pt or Rh were
more active when supported on ceria compared to when supported on alumina. The inherent
oxygen-ion conductivity in ceria may contribute to the water dissociation on the ceria surface and
subsequently oxygen transfer to the supported metals, which may result in carbon gasification at
elevated temperatures, and then help to maintain a carbon-free catalyst surface. [0010]Perovskite
oxides with a typical formula ABO3 have been known and reported for their mixed oxygen-ion and
electronic cBRAURBVRYIISBMEVET thi (8% 8f St GoBrBRARRNE B)ibREifiss E&éﬁ%ﬁﬂ%@éﬂ%d on solid
oxide fuel celll?:g plications or. ceralg\]?ié:}:membrane applications. OOlﬂThus, there remains a need to

provide for & Baﬁfé’la srt%qﬂlfﬁsalil 0061’?{33,08 I%eéi‘tuéﬂé‘{}% &y SUBSOESHBHTSHEG coking and/or

sulfur-poisonin iprob ems. Summary [0012]The present invention relates to perovskite-type strontium
. s1nt(% ng Of e al ca%a GPEStS' : . :

titanate catalysts that demonistrate improved reforming performance as well as increased coking and
1Sgln a first a%sf%ect of.the invention,

e during feforming of sulfyr-containi Is. [00
there s prollALaTa perov AR Lat ot SR TS ISR anc

there is pro a perovskite-ty nuum ttanate, wnerein tne
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catalyst comprising the present perovskite-type strontium titanate IS provi third aspect

of the invenﬁ.ﬁgrbe%&v%igﬁeo@ Eﬁig%g{a?gps\%lféﬁﬁty@&?@ﬁ%%t—metals (e.g. Ru, Rh, Pt) were reported

to pose excellent catalytic activity towards diesel reforming, while critical issues like sulfur
poisoning and long-term operation stability have yet been addressed. 1% Pt/ceria catalyst
has been shown to exhibit good stability for the ATR of synthetic diesel fuel (sulfur-free)
but was severely poisoned in the sulfur containing fuel. It was also reported that, up to 10%
Ni in the Rh-Ni/CeO,-Al,0O; catalyst system could act as a protective and sacrificial metal
for Rh, and contribute to a much higher sulfur tolerance, i.e. more than 95% conversion in
sulfur-containing fuel (22 ppm S) for 72 hrs. Such performance is not satisfactory to drive
fuel cell systems. The high cost of noble metals is another great commerical obstacle for
their widespread use.

[0009] The beneficial effect of oxygen-ion conductivity for the catalytic reforming
of hydrocarbons has recently been reported. It was found that, noble metals such as Pt or
Rh were more active when supported on ceria compared to when supported on alumina.
The inherent oxygen-ion conductivity in ceria may contribute to the water dissociation on
the ceria surface and subsequently oxygen transfer to the supported metals, which may
result in carbon gasification at elevated temperatures, and then help to maintain a carbon-
free catalyst surface.

[0010] Perovskite oxides with a typical formula ABO3; have been known and

reported for their mixed oxygen-ion and electronic conductivity. However, the use of such



for autothermal reforming of a fuel is disclosed. [0016]A fourth aspect of the invention relates to a
method for autothermal reforming of a fuel, comprising contacting the present perovskite-type catalyst
with the fuel. [0017]A further aspect of the invention relates to a method for preparing a
perovskite-type strontium titanate. The method includes: providing a solution comprising strontium
nitrate, yttrium nitrate hexahydrate, and nickel (Il) nitrate hexahydrate; adding titanium
bis(ammonium lactate) dihydroxide and at least two complexing ﬁfggegf to the solution; heating the

solution to RTFRVSKEELISIIE SptRe e rovakidof et Piidn As! SribPRIGARRIHY PrEtiSors to

obtain the perovskite%[éia strontium titanate. Brief Description of the Drawings [0018]In the drawings,
like referen@éeﬁll)é?gﬁ ]§§H8P§|Iy refer to the same parts throughout the different views. The

drawings ar necessayily drawn to scale, emphasis instead generally being.placed upon illustrating
the principI L0l tarios SiHbo ARG AT AR TG HaE IS Uanioes S e

invention arg. deaerat I IRreRes S i LG aning S QLI GhiA ShRR g Powder X-ray
diffraction ( pattern for

Summary

[0012] The present invention relates to perovskite-type strontium titanate catalysts
that demonstrate improved reforming performance as well as increased coking and sulfur
resistances during reforming of sulfur-containing fuels.
[0013] In a first aspect of the invention, there is provided a perovskite-type
strontium titanate, wherein the strontium titanate is Y- and Ni-doped and has the general
formula (Sr,Y)(Ti,Ni)Os.
[0014] In a second aspect of the invention, a catalyst comprising the present
perovskite-type strontium titanate is provided.
[0015] In a third aspect of the invention, use of the present perovskite-type catalyst
for autothermal reforming of a fuel is disclosed.
[0016] A fourth aspect of the invention relates to a method for autothermal
reforming of a fuel, comprising contacting the present perovskite-type catalyst with the
fuel.
[0017] A further aspect of the invention relates to a method for preparing a
perovskite-type strontium titanate. The method includes:

providing a solution comprising strontium nitrate, yttrium nitrate hexahydrate, and
nickel (II) nitrate hexahydrate;

adding titanium bis(ammonium lactate) dihydroxide and at least two complexing

agents to the solution;



(Sr,Y)(Ti,NOO3 catalysts (SYTN) and (Sr,Y)TiO3 catalyst (SYT). [0020]Fig. 2 depicts the scanning
electron micrograph (SEM) of as-prepared SYTN-C catalyst. [0021]Fig. 3 depicts the schematic of
diesel autothermal reforming reactor and gas chromatograph. [0022]Fig. 4 depicts the conversion rate
of various catalyst systems with surrogate diesel feed at 750 C. [0023]Fig. 5 depicts the
time-dependent performance profiles of SYTN-C catalyst in the ATR of surrogate diesel consisting of
70 mol% dodecang, 30 mol% tetralin and 50 PPm 3-methyl-benzaothiophene (MBTP) at the reaction
conditions of 021C'<Apgshg sefpiando équa precrrsory pr g Rerpypkee @Ei}ﬁ?ﬁ%%éﬁ&%%e X-ray
diffraction pattern (a) and scanning electron microscopy (b) of the spent SYTN-C catalyst after
durability te¥t%or 120 hours in surrogate diesel. [0025]Fig. 7 depicts the time-dependent performance

profiles of SYTN-D catalyst in the ATR oé}L -odor Kerosene fuel (?Alfa Aesar, product No. L14479) at
the reaction condiﬁéﬁéng%%geﬁ%grﬁ O%ya:l t?’éPFé?/@%"o%’% Ef%{lnﬂl%ﬂ)fag? escription

Brief Description of the Drawings

[0018] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily drawn to scale, emphasis
instead generally being placed upon illustrating the principles of various embodiments. In
the following description, various embodiments of the invention are described with
reference to the following drawings.

[0019] Fig. 1 shows the powder X-ray diffraction (XRD) pattern for
(S1,Y)(T1,N1)O; catalysts (SYTN) and (Sr,Y)TiOs catalyst (SYT).

[0020] Fig. 2 depicts the scanning electron micrograph (SEM) of as-prepared
SYTN-C catalyst.

[0021] Fig. 3 depicts the schematic of diesel autothermal reforming reactor and gas
chromatograph.

[0022] Fig. 4 depicts the conversion rate of various catalyst systems with surrogate
diesel feed at 750 °C.

[0023] Fig. 5 depicts the time-dependent performance profiles of SYTN-C catalyst
in the ATR of surrogate diesel consisting of 70 mol% dodecane, 30 mol% tetralin and 50
ppm 3-methyl-benzothiophene (MBTP) at the reaction conditions of O,/C = 0.35, H,O/C =
3, GHSV = 5,000 hr! and 750 °C.

[0024] Fig. 6 depicts the X-ray diffraction pattern (a) and scanning electron
microscopy (b) of the spent SYTN-C catalyst after durability test for 120 hours in

surrogate diesel.



[0026]The following detailed description refers to the accompanying drawings that show, by way of
illustration, specific details and embodiments in which the invention may be practised. These
embodiments are described in sufficient detail to enable those skilled in the art to practise the
invention. Other embodiments may be utilized and structural, logical, and electrical changes may be
made without departing from the scope of the invention. The various embodiments are not necessarily
mutually exclusive, as some embodiments can be combined with one or more other embodiments to

form new eMlBdiments. Y827 fiePi tirdtedimscdeBepdral ereRcs POt A3 D ARk d. The
strontium titanate is. Y- and Ni-doped and has the general formula (Sr,Y)(Ti,Ni)03. [0028]In the present
context, a BB A BT Gt (el AAETHE BTORLACHA K HAS DB Re
oxide-related ABOS strugcture. tigns A re of very diffe sizes with A much larger than
B, and the SRISAEYY 3frué8 E?céﬁﬁ§ ?’Z'? t():@ﬂég Z(gtl_oﬁsqgm%ge%gﬁﬁgﬁboa?ﬁi s, the perovskite-type strontium
titanate has a general SrTiO3 structure, i.e. A isDSr andtB is Ti. [0029]The crystal structure of
perovskite-type materials can tolerate extensiveTodtTeaons with regard to its composition and can

sl or everyiis. result YbILALQMISG ANFIRALANA ShEICAL AREISR, I ARKIGHRY, lngypaterial

can be dopé , the A- an Ite cations can be partially replaced, t to alter, preferably

improve, the, plysical AndrGlIRMISR RrIRSIESUEN ﬁ%dcé?}lﬁa'éfﬂﬁn%ﬁféé’i%xlﬁ%m ANAGAGMIER) stability,

and tolerance to coking and sulfur-poisoning, which can play an important role for diverse applications.

[0030]DOP%H?Q&%%@WQ%EQ%M}%H@%QQELQ%%H%‘19@1@9:@&%%5?1 edhndiipariideniace the

A- and/or B-site cations in the crystal structure. Suitable dopants for the A-site cation include those

having simifg catienif:size AR FRasA0 e BRSHRRNIeRAmSIHA Y WaRIS sRRaRlS foste B-site

cation include those having similar cationic size and charge as the host cation B. The dopants are

generally mgialiepgidar @xanplmiapsikiannatabierrpliREsd Horasmbessplovnthbinhamigsent

inventors that low-level substitution of Sr by Y in the strontium titanate perovskite dramatically

promotes theGaislytibadiiviiytOhitb actthontidamilifanaie PRSI o TRS 330 hisRvendwdken mereased
by doping the Y-doped strontium titanate with low levels of Ni, with the Ni replacing the Ti. The

resulting matgnisisciavehexeelenigatalyticcattiviiynend areoparieulaibbsuitabiesfor use in
sulfur-containing fuel autothermal reforming (ATR). [0032]This approach avoids the use of precious
metal additi@279r the ATiRadirbyskpearhgrivalsitthgreyrealisingtantowicpst ddednibeatalytic
system. The Y- and Nidoped strontium titanate may be represented by the general formula
(Sr,Y)(Ti,Ni3@8ntium titanate is Y- and Ni-doped and has the general formula (Sr,Y)(Ti,Ni)Os.
[0028] In the present context, a “perovskite-type” strontium titanate is meant the
strontium titanate has a perovskite oxide-related ABOjs structure. The cations A and B are
of very different sizes with A much larger than B, and the anions O* are bound to both
cations. In present embodiments, the perovskite-type strontium titanate has a general
SrTiO; structure, i.e. A is Sr and B is Ti.
[0029] The crystal structure of perovskite-type materials can tolerate extensive
modifications with regard to its composition and can still or even as a result exhibit
promising physical and chemical properties. In particular, the material can be doped, i.e.
the A- and/or B-site cations can be partially replaced, in attempt to alter, preferably
improve, the physical and chemical properties such as catalytic activity, thermal and

chemical stability, and tolerance to coking and sulfur-poisoning, which can play an

important role for diverse applications.



[0033]The stoichiometries of the A- and B-site substituted strontium titanate perovskite may be varied
in order to optimise the physical and/or chemical properties of the catalyst. In particular, the
stoichiometries of the A- and B-site cations, including the respective dopants, are adjusted to tailor to
the use of the catalyst in autothermal reforming of fuels where high catalytic activity, high resistances
to coking and sulfur-poisoning, as well as high thermal stability at elevated temperatures are highly
desired. [OO@gn various embodiments, the perovskite-type strontium titanate has the following

formula (1): (ERYo)d(TiicRAEF ST FUHBRE ETH AECHP § el L3RS R8T SLpuREE T4 S téterial
i e R T S R L b
O ey L S R s g SR LR BB OB 5
A S SRR AR I 0
0.81, and charge as the host cation B. The dopants are generally metal ions, for example

transition metal ions.

[0031] It has been found by the present inventors that low-level substitution of Sr

by Y in the strontium titanate perovskite dramatically promotes the catalytic activity of the

strontium titanate perovskite. This can be even further increased by doping the Y-doped

strontium titanate with low levels of Ni, with the Ni replacing the Ti. The resulting

materials have excellent catalytic activity and are particularly suitable for use in sulfur-

containing fuel autothermal reforming (ATR).

[0032] This approach avoids the use of precious metal additives for the ATR of

hydrocarbon fuels, thereby realising a low-cost ceramic catalytic system. The Y- and Ni-

doped strontium titanate may be represented by the general formula (Sr,Y)(Ti,Ni)Os.

[0033] The stoichiometries of the A- and B-site substituted strontium titanate

perovskite may be varied in order to optimise the physical and/or chemical properties of

the catalyst. In particular, the stoichiometries of the A- and B-site cations, including the

respective dopants, are adjusted to tailor to the use of the catalyst in autothermal reforming

of fuels where high catalytic activity, high resistances to coking and sulfur-poisoning, as

well as high thermal stability at elevated temperatures are highly desired.

[0034] In various embodiments, the perovskite-type strontium titanate has the

following formula (I):

(S12Y1)a(Ti1cNic)O3 D
where a, b, ¢, and d represent the respective ratio of material present in strontium titanate.
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0.82, 0.83, 0.84, 0.85, 0.86, 0.87, 0.88, 0.89, 0.90, 0.91, 0.92, 0.93, 0.94, 0.95, 0.96, 0.97, 0.98, 0.99,
1.0, 1.05, 1.10, 1.15, or 1.2. [0039]The stoichiometries of the A- and B-site substituted strontium
titanate perovskite may be varied. For example, with reference to the B-site composition and setting
the value of d in formula (I) to 1, by varying the value of a and/or b in formula (I), an over-stoichiometric
composition at the A-site, a stoichiometric composition at the A-site, or an under-stoichiometric
composition at the A-site may be obtained. [00405, a "stoichiometric composition at the A-site" is

meant that P93BE 1 suclidione SrheAiBidnidhad of A ltestsBRlfetisah 180210 8helstbodiment

for a stoichiometric caomposition at the A-sjte, the strontium tita the formul o)
os)(Ti094N|@ )é%o@g%j@;% ho"%%mge%stgi%ﬁig)n? W o@égsﬁ%ﬁ Q?t%feegsi@ sa‘?@a@gat a+b<
1 such that (ﬁtbegstoiftbiometric ratio of A-site to B-site is < 1. Alternatively, the strontium titanate can be
said as A-site deficient. [0043]In one embodiment for an under-stoichiometric composition at the

st e ST ST R S P o TR AR IO s

! ) : 10US 0 .
over-stoichiometric compOS|{|on a?rfhe -SIte™ 1s mean ata + e Stol

of A-site 1o Ggite s> loiegRaRl e NI 3925 520 be 634 85 Biey1585%, [90451In one

embodiment for an over-stoichiometric composition at the A-site
or 0.20.
[0037] In various embodiments, 0 < c <0.1. For example, ¢ can be 0.01, 0.02, 0.03,

0.04, 0.05, 0.06, 0.07, 0.08, 0.09, or 0.10.

[0038] In various embodiments, 0.8 < d < 1.2. For example, d can be 0.80, 0.81,
0.82, 0.83, 0.84, 0.85, 0.86, 0.87, 0.88, 0.89, 0.90, 0.91, 0.92, 0.93, 0.94, 0.95, 0.96, 0.97,
0.98, 0.99, 1.0, 1.05, 1.10, 1.15, or 1.2.

[0039] The stoichiometries of the A- and B-site substituted strontium titanate
perovskite may be varied. For example, with reference to the B-site composition and
setting the value of d in formula (I) to 1, by varying the value of a and/or b in formula (I),
an over-stoichiometric composition at the A-site, a stoichiometric composition at the A-
site, or an under-stoichiometric composition at the A-site may be obtained.

[0040] By a “stoichiometric composition at the A-site” is meant that a + b =1 such
that the stoichiometric ratio of A-site to B-site is 1.

[0041] In one embodiment for a stoichiometric composition at the A-site, the
strontium titanate has the formula (Sry.9,Y0.08)(Tig.94Nig.06)O3.

[0042] By an “under-stoichiometric composition at the A-site” is meant that a + b <
1 such that the stoichiometric ratio of A-site to B-site is < 1. Alternatively, the strontium
titanate can be said as A-site deficient.

[0043] In one embodiment for an under-stoichiometric composition at the A-site,

the strontium titanate has the formula (St ggYo.08)(Ti9.94Nig.06)O3.
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strontium titanate has the formula (Sro 97Yo i0)(Tio 94Nio 06)03. [0046]In an alternative embodiment
for an over-stoichiometric composition at the A-site, the strontium titanate has the formula (Sro 97Yo
i0)(Tio 92Nio 0s)03. [0047]It has been surprisingly found by the present inventors that an over-
stoichiometric composition of the A-site is even more efficient in terms of catalytic activity than the
other two types. [0048]The present perovskite-type strontium titanate may be prepared by the
following method. A solution comprising strontium nitrate (Sr(NO3)2), yttrium nitrate hexahydrate

[13

(Y(NO3)3.6H9% and nidk&RANPieaHO KBARGHISEOTRRERIES) 21RO 0y T9irLt PIAALEL fob2gTThe
(nitrate) soluti d by dissolving th ctive nitrate salts in distilled wat
e oot ARG T oA BTSSR PLAg o e Yo e b e SEPRE dissolving

the respective nitrate salts rhaéss o gtarticular influence on the material structure, composition, or

. titanate can sal 1€, €XCESS, . . . . .
catalytic per*ormance. or example,%he respective nitrate salts may be individually dissolved in

separate c iﬂg rs. AIteIrnative% the res Fctive nitra e.sglts may be simu{tanegt) sly dis§ol\{led in the
(1;3 ﬁ n OPe & 1%0 menF Oor an ovler—s ol1chiometrrc ﬁOIlaIDOSI ronda A=site, thé .
same container. The respective nitrate salts may also be sequentially dissolved in the sanie container.

Yet alternat%/r%ll;{%ﬁ%ongé{gt% H!ﬁ%% §@Hr§juﬁg%?ﬂ%§7§mﬁ% e 1O.I(}g(%(a%sequentialIy dissolved in the same
con

container while the third nitrate salt Is dissolved in'a’separate ainer. [0050]Titanium bis(ammonium

lactate) dih)@éﬁéﬁde and gt |GAst YR CRIRIEXNG AIPNS LR IPSR AAIRACR (NG ARTRIR GPIGRD- The

manner or the sequence of adding titanium bis(ammonium lactate) dihydroxide and the complexing

agents has R%i?ér{f{%ﬂ%mﬂﬂﬁ@ﬁ&%% ihe mgq%%llﬂ)(gpo%i}ri&ra)@fi%}ﬁl%gg)@grformance. For example,

titanium bis(ammonium lactate) dihydroxide and the complexing agents may be added simultaneously
fo the niratpigttion. Allpiia el RN ARIBYUACREAINYR iid AN e complexing
agents may be added sequentially to the nitrate solution. For example, titanium bis(ammonium lactate)

dihydroxidesa%iBemasiecbiHsbs iR WEhOW a0dingesth WigRegH iR 6amp et BaRHS tAkhe

nitrate solution. In the present invention where a water-based process has been developed, it has
been foundthyntiie: REBSERYdNYPBEOTS that titanium bis(ammonium lactate) dihydroxide is water soluble,
is relatively stable in the weakly acidic nitrate solution, and thus is particularly useful in the synthesis of

the perovskiga4gpe stromihepiiasiateerOihicitdypps Qfdiam M praeursgrbesrepmabbnds and thus
organic-based processes may also be useful. For example, if the titanium compounds are sensitive to
moisture, titahiowirgiexitdeoprecipitaties maypiosimgRtreatarm nisuch(Sr¢dMmsianceymmiorganic solvent
can be used to prevent titanium dioxide precipitate from forming. In more extreme circumstances, the
synthesis nigydiey dautc€d OUD ins e Hitthg endglnke (@R, 110064 [kxehgaimpta NN Qgpmis],O)) dsHaswise also
known as chelating agents, may be water soluble, inert to air and can be used to prepare chelating
complexes prithitled . A- and B-cations in the aqueous solution. In various embodiments, the complexing
agents are selected from the group consisting of citric acid (CA), ethylene glycol (EG), and
ethylenedial®4@letraacelibeagidrg&D FM)tion may be prepared by dissolving the respective nitrate

salts in distilled water or de-ionised water. The nitrate salts dissolve readily in water. The
manner or the sequence of dissolving the respective nitrate salts has no particular influence
on the material structure, composition, or catalytic performance. For example, the
respective nitrate salts may be individually dissolved in separate containers. Alternatively,
the respective nitrate salts may be simultaneously dissolved in the same container. The
respective nitrate salts may also be sequentially dissolved in the same container. Yet
alternatively, two of the nitrate salts may be simultaneously or sequentially dissolved in the
same container while the third nitrate salt is dissolved in a separate container.

[0050] Titanium bis(ammonium lactate) dihydroxide and at least two complexing

agents are then added to the nitrate solution. The manner or the sequence of adding
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[0052]In one embodiment, the two complexing agents are CA and EG. [0053]In an alternative
embodiment, the two complexing agents are EDTA and EG. complexing agents may be CA, EG and
EDTA. [0055]The solution containing the nitrates and the complexing agents is heated to form
precursors of the catalyst. The solution may also be stirred simultaneously and continuously during the
heating until the chelating reaction is complete. In various embodiments, the solution may be heated
on a hotplate under magnetic stirring at about 80 to about 100 C until precursors of the perovskite-type
strontium tit3ARI RIS EPTRP FBBAKIHY ?@'H{%H}ﬁm,ﬂ&ﬁmﬁb"gﬁgﬁ@éﬂs SPEEHRY added to
the nitrate solution under continuous stirring and heatin .H[Oé)57 In angther embodiment, complexing
agents CA HHIPERSEAPE WEdRH SBAHE QCHBR PR &CE o RIH HRRMS ol et BIRIEIUBBUS heating and
stirring. [OOESJQJn one emb&%i@%éﬂ%%%%rdight reen coloured solution co éaai(rlly the nitrates and the
a e |

. ammonit a 1€ cQmpliexXing agents.ma -
complexing EME S Btaitie s?lﬁ'ily ISsolved thlefcartinusus Rea Ing and stirring. The

solution is then heated,on a fetplate.udarmagele g AL Aoyt 99 10 ABOuL 100G A chelating
polymer geﬁs usua?fglo tained aner compllelileyremovm the water. The thus-forme geélis then
subjected t Irgg . ' t i ven t in the rs . precyrsors exist as
m mmcromo e e o a

the atomic lyel. e subisaRIET NAhRMAR TR SARNARNdeRts . DR o RTGD Bl peryskie

structure with desired chemical composition. [0059]In vari iments, the precursors are

calcined 10 ZigMPGFAHIR QIR W&Hﬁ%@é&&ﬁg%%ﬂ% 10080 G QT EARIOPIEn HE SRIGIRATION
temperature may be about 700, 800, 8 50, 880, 900, 920, 950, 980, or 1,000 C.

invention where a water-based process has been developed, it has been found by the

present inventors that titanium bis(ammonium lactate) dihydroxide is water soluble, is
relatively stable in the weakly acidic nitrate solution, and thus is particularly useful in the
synthesis of the perovskite-type strontium titanate. Other types of titanium precursors or
compounds, and thus organic-based processes may also be useful. For example, if the
titanium compounds are sensitive to moisture, titanium dioxide precipitates may form in
water. In such circumstances, an organic solvent can be used to prevent titanium dioxide
precipitate from forming. In more extreme circumstances, the synthesis may be carried out
in a nitrogen glove box.

[0051] The complexing agents, or otherwise also known as chelating agents, may
be water soluble, inert to air and can be used to prepare chelating complexes with the A- and
B-cations in the aqueous solution. In various embodiments, the complexing agents are
selected from the group consisting of citric acid (CA), ethylene glycol (EG), and

ethylenediaminetetraacetic acid (EDTA).

[0052] In one embodiment, the two complexing agents are CA and EG.
[0053] In an alternative embodiment, the two complexing agents are EDTA and
EG.
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[0060]In various embodiments, the precursors are calcined for more than 1 hour in air. For example,
the precursors are calcined for about 1 hour, about 2, 3, 4, 5, 6, or 7 hours in air. [0061]The
thus-obtained perovskite-type strontium titanate powder may be further processed or treated in
accordance with the intended use. Due to the perovskite structure, the present strontium titanate
possesses good oxygen-ion conductivity and chemically robust structure at elevated temperatures,
even at fuel reforming temperatures. Additignally, strontium titanate perovskite structure exhibit good

structural sEORY in reddR ERAMIRTEAMRATMS RGIBES GePBiHigHE AR At USRY dPtEierance

towards sulfur-containing hydrocarbop, f . The inherent oxygen-ion conductivity was believed to

significantlf%?i%&%ﬁge@g%mﬁy%gi%r:?gt%ﬁaﬁﬁrgeavy hydrocarbons. Hence, in various

embodimeﬂgogg perovaﬁﬂte-&&e stronEium titﬁ?ate IS useddaq'i| a catafé/s.t in the autotherrgatl(l) reforming
a a

ofafuel. T ined ca afyss pol\(/)vlﬂce?nrr?érf/l peéﬁéttriezlteea it} %/8?:?1 |C’8P§s%%eélrtﬁs} ggaé%d Sieved into
catalyst par%icrles in the size

about 0.2 to about 0.4 mm for use. .in the. autothermal reforming.
e B B e e e el

In various e@?&ﬁﬁ%&%{iﬁ?&ﬁﬁgﬁé ﬁeﬁﬂ%ﬁﬁhﬂﬁh %gfﬁ%f% iR %@ﬁ?gl%%? ft %‘&r?okﬁ%”t 30 mol%

aromatic compoun ternatively or additionally ay comprise less than about 50 ppm

S“'f”r'CO”taéﬁiﬂgd%ﬁﬂgl{ﬂﬁoil?@&?’ﬂﬁg%%q{eﬁ@& e RUBIHR, MRY Bﬁgﬁ&?é'%ﬁ!ﬁﬂ [Hi90s ARGl put into

practical effect, particular embodiments will now be described by way of the following non-limiting

examples. ExamplefPRSAmIRlE br Ay Srseaaratgn. apd kil aEiarralia, [ARes] Y trium- and

nickel-doped SrTiO3 ceramics powders with varying AJB ratio and Ni-substitution level were

synthesizeqgjade PechinbMatipbarhidiO 83t p N EB)3BIHZ0A [Grid 3 UR HaRANS I THQHE)2

(titanium bis-ammonium lactate dihydroxide), NI(NO3)2.6H20, all in reagent grades purchased from

Sigma-Aldrigily&ingaRere ongiedesad am thdavdnaterials for the metal ion sources; citric acid (CA)
and ethylene glycol (EG) served as complexing agents. Appropriate amount of metal salts according to

the nominajghsmical compeitin aatwRMEent) chakpeLiMeigdistolvaddEdisidedvaterthe
CatalystFormulaRemarks
solution. The solution is then subject to simultaneous heating and stirring.
[0058] In one embodiment, a clear light green coloured solution containing the
nitrates and the complexing agents is obtained when CA is fully dissolved under
continuous heating and stirring. The solution is then heated on a hotplate under magnetic
stirring at about 80°C to about 100°C. A chelating polymer gel is usually obtained after
completely removing the water. The thus-formed gel is then subjected to further heating at
about 150°C in an oven to obtain the precursors. The precursors exist as a macromolecular
network throughout which all the constituent elements are uniformly distributed at the
atomic level. The subsequent high-temperature calcination leads to the formation of
perovskite structure with desired chemical composition.
[0059] In various embodiments, the precursors are calcined to a temperature of

between about 700 and 1,000 °C. For example, the calcination temperature may be about

700, 800, 820, 850, 880, 900, 920, 950, 980, or 1,000 °C.
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SYTN-A(Sro.88Y0.0s)(Ti0.94Ni0.06)03A-site deficient
SYTN-B(Sr0.92Y0.0s)(Ti0.94,Ni0.06)03Stoichiometric SYTN-C(Sro.97Y0.10)(Ti0.94Ni0.06)03A-site
excess SYTN-D(Sr0.97Y0.i0)(Tio.92Nio.08)03A-site excess SYT(Sr0.97Y010)n03No Ni substitution
Table 1. Chemical composition of (Sr,Y)(Ti,Ni)0O catalysts [0066]CA and EG were then added in at a
molar ratio of Ti:CA:EG = 1:4:9.33, under continuous stirring and heating. After CA was fully dissolved,
a clear solution with light green color was formed. The mixed solution was subseﬂ%%ntl heated at 80

to 100 C or M8Hotplate TN YRR B RohG P S G 8 (AR (% Brse LPaBr) t8rmed.
The gel was then dried at 150 C overnight, and calciped at 900 C for 4 hours in air, to optain the
desired perSUoKb ORI 5 EATEO A SELTEMIE BBy pFed EHeRba, anc
sieved into catalyst particles in the size of 0.2 to 0.4 mm for catalytic performance evaluation.
[0067]The pl)ﬁggé structures of the as-synthesized and post-tested perovskite catalysts were analyzed

with an X rayghffractomeigy, (Ehiigs MEP 880 emamanoshiamatis ey Karadiatan genrated at 40
kV and 40 " The microstructure of the 8a{alys particles was examlne&)gy?félgle%lssmn scanning

clectron migioscopy (5O FESEM NN I09eREIe L IaAISR he RD el o

(Sr,Y)(Ti,Ni)O3 ceramics calcined In air at was found that, in addition to thé cubic

perovskite pase.SOMESHNGh B@ﬁ?é%ﬁ?i@s?é?‘%&%%&f%ﬁ%ﬁ'L&%ﬂ%?ﬁﬁ@@ﬁcﬁﬁ%ﬁ%’ which could

probably be related to a segregated TiO2 BrooKite orthorhombic phase or-an Y2Ti207 cubic phase.

[0069]0n thepher hande QWHEUR! NERHIPIIONOL T L ARG Hosita Y t@ﬁ@éﬁﬂ‘i‘%é%&ﬁﬂf&ﬁﬁ&o 8

mol% did not introduce any secondary phases. However, further increasing of Ni content to 10 mol%,

resulted in SireRGURMIRGHAR PEAKSITRMINRANS SREANHRIY RhRE3 {BBiIRRSOR[Rxthe presence of
Ti-rich minor phase even in the A-site excess compositions, i.e. SYTN-C and SYTN-D, is still

unknown. HONRYRMGRNGIGAENA KIS cRARIEIESi RN thuNDIS3: REKQYRKECGAMRARIGA, it may likely

be due to the different affinity of metal anions with organic ligands in the sol-gel process, which could

in turn lead densligit dRyiREON N theIceRi6al GenpPasitianianddiRnes nhasassegiegation in the
subsequent calcination process. The overlapping with the perovskite peaks has made it difficult to

exactly detsiphifedhgymiesoxide phiasg aaikeaile wWihatR BeNetsidhelassnasNéidaciflisstissed later,
this Ti-rich phase seemed inert to the catalytic diesel ATR reactions, and remained unchanged in the
post-tested @abakyistents, the perovskite-type strontium titanate is used as a catalyst in the autothermal

reforming of a fuel. The calcined catalyst powder may be pelletized in a hydraulic press,

crushed and sieved into catalyst particles in the size of about 0.2 to about 0.4 mm for use in

the autothermal reforming.

[0062] During the autothermal reforming of the fuel, the perovskite-type catalyst is

contacted with fuel. In various embodiments, the fuel is a diesel fuel. The fuel may

comprise less than about 30 mol% aromatic compounds. Alternatively or additionally, the

fuel may comprise less than about 50 ppm sulfur-containing compounds.

[0063] In order that the invention may be readily understood and put into practical

effect, particular embodiments will now be described by way of the following non-limiting

examples.
Examples
[0064] Example 1: Catalyst Preparation and Characterization
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[0070]The SEM picture in Fig. 2 illustrates a representative surface morphology of the freshly-prepared
SYTN catalysts, which have been pelletized, crushed and sieved to 0.2 to 0.4 mm. A highly porous
surface consisting of many loosely contacted perovskite particles was observed. The as-synthesized
perovskite particles were very small in size, i.e. 20 to 40 nm, owing to the relatively low calcination
temperature employed. Example 2: Fixed bed ATR Test [0071]Testing of the catalysts in ATR
reactions was performed_in a plug-flow microreactor séstem, in which a 1/4" stainless steel reactor

tube was hé02H inside AtERREROARIESEL IaRHH KRR EDGRe B e atail Sdmithg aridiaiGze of 0.2
bortom of AR HBANES SLE T R & P T e TOST2 M e 120/C and 621G
sotected oS DS R G PR TS OB (R RS RTALIS of surrogate
amount of Qe SR T R P R B S T or i fee

C"H", The Fg&%‘z{%?ee,'%%%’ i&¥e§’a\§vﬁ§e 9%%%@9:&%%11%(3%%%% ééJl%'éQY‘é?tr{b acid (CA) and

ethylene glycol (EG) served as complexing agents. Appropriate amount of metal salts
according to the nominal chemical composition as shown in Table 1 were dissolved in

distilled water.

Catalyst Formula Remarks
SYTN-A (St0.88Y0.08)(Ti0.94Nig 06)O3 A-site deficient
SYTN-B (Sr0.92Y0.08)(Tig.94Nig 06)O3 Stoichiometric
SYTN-C (S10.97Y0.10)(Ti0.94Nig 06)O3 A-site excess
SYTN-D (S10.97Y0.10)(Ti0.92Nig 08)O3 A-site excess
SYT (S19.97Y0.10)Ti03 No Ni substitution

Table 1. Chemical composition of (Sr,Y)(Ti,Ni)O; catalysts

[0066] CA and EG were then added in at a molar ratio of Ti:CA:EG = 1:4:9.33,
under continuous stirring and heating. After CA was fully dissolved, a clear solution with
light green color was formed. The mixed solution was subsequently heated at 80 to 100 °C
on the hotplate under magnetic stirring, until a gel (i.e. the catalyst precursor) was formed.
The gel was then dried at 150 °C overnight, and calcined at 900 °C for 4 hours in air, to
obtain the desired perovskite powders. The calcined powders were pelletized in a hydraulic
press, crushed, and sieved into catalyst particles in the size of 0.2 to 0.4 mm for catalytic

performance evaluation.
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Si = En, where n, is the molar amount of product i on the basis of the measured dry product gas.
[0073]The reforming performance of SYTN catalysts was evaluated under ATR condition (i.e. 021C =
0.35, H20/C = 3) with surrogate diesel feed consisting of 70 mol% dodecane, 30 mol% tetralin. For the
sulfur tolerance study, 50 ppm organic sulfur compound in the form of 3-methyl-benzothiophene
(MBTP) was added into the fuel blend. Liquid feed of water and surrogate diesel fuel was vaporized
and mixed alon? with air at a vaporizer unit heated at 180 C. The stream was then passed through a

preheater cB&{hing silicHit ELASIEHSH LSS 2080 35 Dmmee vt goshitr e PeraYaki Ciniformity, prior
to being introdyced into the yeactor.tube set at 750 C. Calibr .m 0 ntrollers and HPLC
e or SRS TG € HS 958 D i o R P LR cctvely, The
reformate leaving,the reactor was cooled down jnac et at 0 remove unreacted fuel,
Croam anct TET TR b RS AR At e A T AR e o

was then analyzed every 40 minutes usi n,online gas chromatggraphy (Shimadz -2010)
ecipped v e R S S L PR B T P
illustrates aﬁ%i%&g% tic of the micro-reactor and GC system. The test temperature and gas

hourly space velocity, if not otherwise specified, were 750 C and 5,000 hr 1, respectively. Example 3:

Catalyst Pefgggppnce Evgliafign, 0LV EAL Mﬁé&s'}ﬁ?@%g@i& SLNGE SIS Y TN-D,

and SYT, were made and tested in surrogated diesel feed at . The catalyst composition and ATR

test conditions,teyjsieddp Aample.d AAHEKAMAIE RifeSRBSL LSRR REignAdS s comparison

of the conversion of surrogate diesel feed over the perovskite catalysts with varying AJB stoichiometry

and Ni dopipgrlsvshadie arinAusis Pfihe sHitegatsAiasal AlR ceastinn \e&rﬁ'\?y@%m?rbecarbon

dioxide, carbon monoxide and methane, as summarized in Table 2. Catalyst SYTN-A SYTN-B

SYTN-C  related to a segregated TiO, Brookite orthorhombic phase or an Y,Ti,O cubic phase.
[0069] On the other hand, low-level Ni substitution of Ti at the B-site of perovskite
structure up to 8 mol% did not introduce any secondary phases. However, further
increasing of Ni content to 10 mol%, resulted in strong reflection peaks from various
secondary phases. The reason for the presence of Ti-rich minor phase even in the A-site
excess compositions, i.e. SYTN-C and SYTN-D, is still unknown. However, considering
the complexity of (Sr,Y)(Ti,Ni)Os perovskite composition, it may likely be due to the
different affinity of metal anions with organic ligands in the sol-gel process, which could
in turn lead to slight deviation on the chemical composition and hence phase segregation in
the subsequent calcination process. The overlapping with the perovskite peaks has made it
difficult to exactly determine the minor oxide phase correctly with XRD. Nevertheless, as
will be discussed later, this Ti-rich phase seemed inert to the catalytic diesel ATR
reactions, and remained unchanged in the post-tested catalysts.
[0070] The SEM picture in Fig. 2 illustrates a representative surface morphology of

the freshly-prepared SYTN catalysts, which have been pelletized, crushed and sieved to

0.2 to 0.4 mm. A highly porous surface consisting of many loosely contacted perovskite
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SYTN-D SYT Fuel 70 mol% Dodecane, 30 mol% Tetralin, 50 ppm MBTP Conversion (%) 89.0 91.8
97.1 96.5 63.4 Product selectivity H2 (MO1 %) 60.4

particles was observed. The as-synthesized perovskite particles were very small in size, i.e.
20 to 40 nm, owing to the relatively low calcination temperature employed.

Example 2: Fixed bed ATR Test

[0071] Testing of the catalysts in ATR reactions was performed in a plug-flow
microreactor system, in which a %4” stainless steel reactor tube was housed inside an
electric furnace. Approximately 0.2 to 0.5 g catalyst with particle size of 0.2 to 0.4 mm
was placed in the center of the reactor tube. Two thermocouples were placed at the top and
bottom of the catalyst bed, to accurately control the reaction temperature.

[0072] The H,O/C and O,/C feed ratios of the ATR experiments were 3 mol/mol
and 0.35 mol/mol, respectively. These ratios were selected on the basis of thermodynamic
calculations to provide a thermoneutral ATR of surrogate diesel fuel and to minimize

coking in the reactor tube. The conversion rate is defined as,

total mole amount of C component in dry product gas
Conversion (%) = x 100 %
total mole amount of C in feed C,H,,

The product selectivity S; was calculated with the equation as follows,

ny

Zl’li

Si=

where 7; is the molar amount of product i on the basis of the measured dry product
gas.
[0073] The reforming performance of SYTN catalysts was evaluated under ATR
condition (i.e. O,/C = 0.35, HO/C = 3) with surrogate diesel feed consisting of 70 mol%
dodecane, 30 mol% tetralin. For the sulfur tolerance study, 50 ppm organic sulfur

compound in the form of 3-methyl-benzothiophene (MBTP) was added into the fuel blend.
15



60.8 61.3 61.8 50.0 CO2 (mol %) 22.5 24.6 24.1 23.6 32.6 CO (mol %) 13.511.511.311.3

Liquid feed of water and surrogate diesel fuel was vaporized and mixed along with air at a
vaporizer unit heated at 180 °C. The stream was then passed through a preheater
containing silicon carbide bed at 400 °C to enhance mixing and temperature uniformity,
prior to being introduced into the reactor tube set at 750 °C. Calibrated mass flow
controllers and HPLC pumps were used to regulate the flow rates of the gaseous and liquid
reactants, respectively. The reformate leaving the reactor was cooled down in a cold trap
set at 4 °C to remove unreacted fuel, steam and heavy residual hydrocarbons with boiling
points greater than ~ 4 °C. The dry product gas was then analyzed every 40 minutes using
an online gas chromatography (Shimadzu, GC-2010) equipped with a thermal conductivity
detector (TCD) and a flamed ionization detector (FID). Fig. 3 illustrates a simplified
schematic of the micro-reactor and GC system. The test temperature and gas hourly space
velocity, if not otherwise specified, were 750 °C and 5,000 hr'l, respectively.

Example 3: Catalyst Performance Evaluation

[0074] Five catalysts, namely SYTN-A, SYTN-B, SYTN-C, SYTN-D, and SYT,
were made and tested in surrogated diesel feed at 750 °C. The catalyst composition and
ATR test conditions are listed in Example 1 and Example 2, respectively. Shown in Fig. 4
is the comparison of the conversion of surrogate diesel feed over the perovskite catalysts
with varying A/B stoichiometry and Ni doping level. The main products of the surrogate
diesel ATR reaction were hydrogen, carbon dioxide, carbon monoxide and methane, as

summarized in Table 2.

Catalyst SYTN-A | SYTN-B SYTN-C SYTN-D SYT
Fuel 70 mol% Dodecane, 30 mol% Tetralin, 50 ppm MBTP
Conversion (%) 89.0 91.8 97.1 96.5 63.4

Product selectivity
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8.3 CH4 (mol %) 3.7 3.1 3.33.39.1 Table 2 Conversion and Product Selectivity of Surrogate
Diesel ATR *MBTP: 3-methyl-benzothiophene [0075]It can be seen that, yttrium-doped strontium
titanate perovskite with no Ni substitution (SYT) has poor catalytic activity for diesel ATR. The
conversion was only 63.4 %. This value is in agreement with thermal cracking experiments of
individual hydrocarbons (n-dodecane, toluene, etc) under ATR conditions. It was reported that the
conversions of n-dodecane and toluene under AT% condition at 700 C were at 71.4 % ng)53.4 %,
respectively. Th]éIngrﬂ'f@Cr%gh CD2 c@lént for th@or action Wlﬁf' YT catal iﬁnplies th Q e
conversion of syrrogate diesel may likely proce (%hgwough oxjdation reacti (PDX), Wg?r as thermal
cracking of alipﬁgﬁc?lgﬂ% aromatic hé}éﬁ)car )ong y CQ ntrib% §to the forrzg on of ligh g}sc(jerocarbons
and hydrogen. Indeed, severe coki as gbserved onthe catalyst after an ATR test for - 40 hrs.
[0076]On the ot Qr(ﬁgjr% y )subst tutig%'g‘ Ti by Ni cbnsiderab\a/\{p-)grommes tﬁf;léonve'sion% surrogate
diesel under ATR,c Iggrit' ?E Allthe Y7TN catalysts ach evedg;\gound 90 % anersion of, even higher,
with little (Jr no carbon formation duririg refarming’at 750 C for = 40 to|60 hotirs. The H2 Selectivity was
constantly above 6Q ' i vel (i.e. 6 mol%
Ni), SYTN-C cataly AT A= : etry e activity as
compared tw-h?fntl‘é‘{ﬁ (f_abtgl %E%i\évitlpesgoichiometric (SYTN-B) or A-site deficient (SYTN-A)
compositions. he conversion o surrc?gape diesel over SYTN-C catalyst at 750 C was 97.1 %. With
fixed AR stgigimetry. fyingrincrensing onN#aping ditbnal.sash AN RoliEanaiange on the
catalytic pe(ﬁ orrﬁgsme. A comparaé%e con’vgerg%n ofB gg% é%)was o%se?vergéon g%‘(k%N% catal;l/st which

has 8 mow%ﬁﬂsﬁ‘i&ﬁ&ﬁﬁ%) &@@H%&M@Q&Mgmm KAPVEFFION5H 98- NaC i SYTN-D

catalysts, both of which ha excess compositions, were achieved with the presencé of 30 mol%

aromatic hygocarbpfang e PRM-PEERRIG SHITHIHEAMA/NL LR RUTRGRAIG LifFRAdagH

hydrocarbons (n-dodecane, toluene, etc) under ATR conditions. It was reported that the
conversions of n-dodecane and toluene under ATR condition at 700 °C were at 71.4 % and
53.4 %, respectively. The rather high CO, content for the reaction with SYT catalyst
implies that the conversion of surrogate diesel may likely proceed through oxidation
reactions (POX), whereas thermal cracking of aliphatic and aromatic hydrocarbons may
contribute to the formation of light hydrocarbons and hydrogen. Indeed, severe coking was
observed on the SYT catalyst after an ATR test for ~ 40 hrs.

[0076] On the other hand, substitution of Ti by Ni considerably promotes the
conversion of surrogate diesel under ATR condition. All the SYTN catalysts achieved
around 90 % conversion or even higher, with little or no carbon formation during
reforming at 750 °C for ~ 40 to 60 hours. The H; selectivity was constantly above 60 % on
the dry basis. It is also found that for the same Ni doping level (i.e. 6 mol% Ni), SYTN-C
catalyst with an A-site excess stoichiometry exhibits much higher catalytic activity as
compared to the other two catalysts with stoichiometric (SYTN-B) or A-site deficient
(SYTN-A) compositions. The conversion of surrogate diesel over SYTN-C catalyst at 750

°C was 97.1 %. With fixed A/B stoichiometry, further increasing on Ni doping did not
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Example 4: Durability Test [0077]A SYTN-C catalyst, i.e. (Sr097YO0 i0)(Tio94Nio 00)03, was made and
tested according to the same steps in Example 1 and Example 2 respectively. A durability test was
conducted at 750 C and 5,000 hr-1 GHSV in surrogate diesel feed under ATR condition for 120 hours.
Fig. 5 shows the variations in the conversion and product selectivity as function of time-on-stream for
the test over a SYTN-C catalyst. The conversion was sustained > 95 % with no appreciable
performance degradation, Additionally, the cat%lﬁls_t maintained its activity and selectivity for the entire

120 hours tS81SS0H 7 SFERH IR D RHRER O U SALAYE SRS o SREEHERleSPRXETE LIy st after
durabili furth fi [ ically rob in diesel diti [
Fio. (), oD RO DI SDORey B 8°CoRb o) b ahas o

freshly-prepared sample, j.e., main cubic per ite pha (ﬁ% i-rich minoy phase. Fig. 6(h) illustrates
the surfacenrﬂtgrgpﬁgfosglﬁti)b fﬁ}é %Oﬁlé’r?f %%ﬂ@ﬁgéﬁ gﬁgﬁ urc'gtﬁé)iI?t‘i/tafleyssgS T%%%c%ﬁ@é sgr aéé was
free of any cz%rbon degosition .Well-defined. ceramics Barticles of - 20.to AIQ/nm were observed. No

. S1 GieXCCSS 111 OSlt%Ol’lS, \?/el‘efﬁ I%Ve W% % € presence, o m () aromadc -
particles growth or agglomeration’atter ours test was found, indicating a good thermal stability of
the catalyst, Thi ryatiQn is. dif fr S onpventi i atalysts which
usually und%gé%)ég%%z)?lez{t%%%@lﬁogi n%?e%?r%:g%?%%%s%%%@rﬁﬂ@c%%a%ﬁ%%@gl 6%?0%!’? © he superior thermal
stability of the SYTN catalyst in this inve@&&ggﬁgg}g@%@%& the full ceramic structure of SYTN,
as well as the apparent difference between the test temperature (i.e. 750 C) and the catalyst
preparation rature {.6v490 €. EXAMPle ;’érg?g%g%gp S ErleERGR Sluds Rl TN

Catalysts [0079]A SYTN-D catalyst, i.e. (Sro97Yo i0) 100S) \)3 was made and tested according
to the same,SIBRAAD FXAIRIM Bk FXEMRIGIR TesReciypie TR SYANGatalisiwassubiected to ATR

test using various hydrocarbon fuels, as summarized in Table 3. The commercial kerosene fuel was

obtained dirggllyJrame faresaic(RrrcksI0bh Ay LNV Inklaroghiauanal sz iayeaad fhat the kerosene
fuel comprises hydrocarbons from C9 - C13. It can be seen that, the addition of polyaromatic

compound @edigiality vRtacsesaoshadwealigibligdnbnence oo ratermiogeiicéency and product
selectivity, whereas the organic sulfur compound may still impose great challenge to the ATR process.
Polyaromatieleotivpgnsriuitiia diasekfoa!ldeche micallyiesushemose staliecthaly aliphatic components,
and is generally believed to be the main cause for the coking problem. It has been reported that metal
catalyst suppastedion wxygenaimpdcsduzingisubsisptes shlecpasodopack zlsgomiatamceria presented
much better reforming performance in term of coking resistance, owing to the beneficial interaction
between thaihtiiisial yxyigemioly wacamciesednd the dbsendedleatibon Spebeesmtithd 2 hwumity of
SYTN-D catalyst from catalyst deactivation when exposed in large amount of polyaromatic compound
may also retssit from the good oxygen-ion conductivity of the strontium tinanate perovskite. It is clear
that the SYTN catalyst is equally effective in breaking up H-C and C-C bonds of the carbonaceous
substance d89@Bing to thEhcaXaRiesliniawes (0080 THaumddition of drgapdotsufliNcOmpelist caused the
conversion to drop from - 99 % to 95-96% when 20 to 50 ppm MBTP was added into the hydrocarbon
feedstock. THer @by tastdutheherdrmeddts ghsprisaiilohers siuetierganeiensyy Hdleved that sulfur
tends to react with the catalyst and form stable sulfide materials and occupy the catalytically active
sites on thecstfisea. s iH dHe 0&d ischidd dattprswe e, seenke Y \dfasatiystiactivation that is
usually observed on metal catalysts, the degradation on SYTN-D catalyst is mild and the catalytic
performancestfaddlstdmEgabvartieat oh Esse RIS PaISAg et pbstise D TRNGRESRYekiaPRIsstull
ceramic catalyst in the present invention may have much lower affinity to sulfur as compared to the
traditional rABtal tAElyEIEONRRSRHENE<A(hY WH&W\?\/HTFeS{Hfﬁ‘EﬁiEé)QER%%%IX/‘?ﬁé‘i‘@é@%‘ﬁhﬁ%@ Mifthane
selectivity with the addition of organic_sulfur compound, i.e. 0.4 to 0.7 mol% CH4 far, sulfyr-free fuels
and 3.3 moﬁ%aéﬁh it Eféyv&ﬁ%ﬁ?&%ﬁlﬁi}rﬁ“ﬁ%’fﬂ%%ﬁ&%%%f@&ﬁﬁ%ﬁﬁﬁ@%%a‘ﬁ&ﬁbn

tion i Il . itjve t isoning th formi tions. T fore, th
increasing GFUREMSEL ) B oo 1 A ME LA NE BASAIVS RG] Sulur poisoning

agglomeration after 120 hours test was found, indicating a good thermal stability of the

catalyst. This observation is different from most of the conventional Ni-based catalysts
which usually undergo severe thermal sintering and subsequently catalyst degradation. The

superior thermal stability of the SYTN catalyst in this invention can be attributed to the full
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CatalystSYTN-D Fuel Dodecane 70 mol% Dodecane, - 30 mol% Tetralin 70 mol% Dodecane, -30
mol% Tetralin, 20 ppm MBTP 70 mol% Dodecane, -30 mol%

ceramic structure of SYTN, as well as the apparent difference between the test temperature
(i.e. 750 °C) and the catalyst preparation temperature (i.e. 900 °C).

Example 5: Coking and Sulfur Tolerance Study of SYTN Catalysts

[0079] A SYTN-D catalyst, i.e. (Sro.97Y0.10)(Ti9.92Nig 03)O3, was made and tested
according to the same steps in Example 1 and Example 2 respectively. The SYTN catalyst
was subjected to ATR test using various hydrocarbon fuels, as summarized in Table 3. The
commercial kerosene fuel was obtained directly from Alfa Aesar (product No. 1.14479).
Elemental analysis revealed that the kerosene fuel comprises hydrocarbons from C9 — C13.
It can be seen that, the addition of polyaromatic compound (i.e. tetralin) up to 30 mol%
had negligible influence on the reforming efficiency and product selectivity, whereas the
organic sulfur compound may still impose great challenge to the ATR process.
Polyaromatic component in the diesel fuel is chemically much more stable than aliphatic
components, and is generally believed to be the main cause for the coking problem. It has
been reported that metal catalyst supported on oxygen-ion conducting substrates such as
doped zirconia or ceria presented much better reforming performance in term of coking
resistance, owing to the beneficial interaction between the intrinsic oxygen ion vacancies
and the absorbed carbon species. The immunity of SYTN-D catalyst from catalyst
deactivation when exposed in large amount of polyaromatic compound may also result
from the good oxygen-ion conductivity of the strontium tinanate perovskite. It is clear that
the SYTN catalyst is equally effective in breaking up H-C and C-C bonds of the
carbonaceous substance dropping to the catalytic surface.

[0080] The addition of organic sulfur compound caused the conversion to drop
from ~ 99 % to 95-96% when 20 to 50 ppm MBTP was added into the hydrocarbon
feedstock. The mechanism for the performance drop is still unclear. It is generally believed

that sulfur tends to react with the catalyst and form stable sulfide materials and occupy the
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Tetralin, 50 ppm MBTP Commercial Kerosene Fuel Conversion (%) 98.8 99.2 95.4 96.5 98.9 Product
selectivity

catalytically active sites on the surface, resulting in catalyst deactivation. However, unlike
the dramatic deactivation that is usually observed on metal catalysts, the degradation on
SYTN-D catalyst is mild and the catalytic performance was sustained over the consequent
prolonged test period. This implies that the full ceramic catalyst in the present invention
may have much lower affinity to sulfur as compared to the traditional metal catalysts.
Nevertheless, it is worthwhile to notice a steady increase in the methane selectivity with
the addition of organic sulfur compound, i.e. 0.4 to 0.7 mol% CHy for sulfur-free fuels and
3.3 mol% CHy for the fuels with 20 to 50 ppm MBTP. It was reported that the methanation
reaction is generally more sensitive to sulfur poisoning than reforming reactions.
Therefore, the increasing CH4 amount may be indicative of certain level of catalyst

deactivation by sulfur poisoning.

Catalyst SYTN-D
Fuel Dodecane 70 mol% 70 mol% 70 mol% Commercial
Dodecane, Dodecane, Dodecane, Kerosene
"20m% T 30mol%  ~30 mol% Fuel
etralin Tetralin, 20 Tetralin, 50
ppm MBTP ppm MBTP
Conversion (%) 98.8 99.2 95.4 96.5 98.9
Product selectivity
H> (mol %) 66.6 66.5 61.4 61.8 63.5
CO; (mol %) 20.5 20.5 23.5 23.6 21.9
CO (mol %) 12.2 12.6 11.1 11.3 12.0
CH4 (mol %) 0.7 0.4 3.3 3.3 2.6

Table 3 Reforming Performance of SYTN Catalyst in Various Hydrocarbon Feeds

under ATR Condition
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H2 (M01 %) 66.6 66.5 61.4 61.8 63.5 CO2 (mol %) 20.5 20.5 23.5 23.6 21.9

Example 6: Catalyst Performance Evaluation with Commercial Kerosene Fuel

[0081] Fig. 7 presents the conversion and product selectivity during reforming of
the commercial kerosene fuel over a SYTN-D catalyst at 750 °C and 5000 hr'' GHSV for
100 hours. Being different from the test in surrogate diesel feed, an obvious activation
process was observed when commercial kerosene fuel was used. At the early stage of the
test, the SYTN catalyst showed really poor activity towards kerosene reforming, i.e. 60 to
70 % conversion during the first 10 hours of test. The high CO, content at this stage (i.e.
25 to 30 %) suggests that partial oxidation and probably certain level of thermal cracking
may be predominant reactions. The catalyst seemed to be activated gradually with
increasing time-on-stream and achieved nearly 100 % conversion after 24 hours of test.
The high conversion thereafter, was sustained till the end of test. Accordingly, the CO,
content monochromatically decreased and stabilized at ~ 22 % after 24 hours of test. The
reason is still unclear for the catalyst activation process when exposed to kerosene fuel.
However, it may be probably related to the complex composition in the commercial
kerosene fuel. It is postulated that, thermal cracking of certain aromatics and/or aliphatic
hydrocarbon may take place immediately after the kerosene fuel was pumped into the
reactor, leading to deposition of carbonaceous substance onto the catalyst bed and hence
severe catalyst deactivation at the early stage of the test. Partial oxidation may then
become the dominant process for the subsequent kerosene reforming. Owing to the
excellent oxygen-ion conductivity in the SYTN catalyst, the oxygen species may
continuously react with the surface deposited carbonaceous substance, and the surface
active reaction sites may be recovered gradually. This is partially supported by the
observation that no carbon formation was found on the catalyst surface after 100 hours test.
At the end of the kerosene reforming test, the SYTN catalyst achieved ~ 99 % conversion

and a dry gas product composition of 63.5 % Hj, 21.9 % CO,, 12.0 % CO and 2.6 % CHy,
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CO (mol %) 12.2 12.6 11.1 11.3 12.0 CH4 (mol %) 0.7 0.4 3.3 3.3 2.6 Table 3 Reforming
Performance of SYTN Catalyst in Various Hydrocarbon Feeds under ATR Condition

indicating the possibility of using SYTN catalysts for commercial hydrocarbon fuel
reforming.

[0082] In summary, the present SYTN catalyst system has demonstrated excellent
catalytic activity for diesel ATR (> 95 % conversion with high hydrogen yield (> 60 %) in
the diesel/kerosene reforming), much lower affinity with sulfur, and hence substantially
mitigates the catalyst deactivation related to sulfur-poisoning. Additionally, this catalyst
system provides a much better thermal stability at elevated temperatures (stable operation
for more than 100 hours with no appreciable performance degradation). No catalyst
sintering was expected even for prolonged operations.

[0083] Further advantages of the present catalyst system include:

e Material costs: Only earth-abundant elements such as Y, Sr, Ti and Ni are used,
thereby affording fairly low material costs.

e Optimisation: By manipulating the A/B stoichiometry in the perovskite
structure, the catalytic activity on diesel ATR can be controlled. For example, an
A-site excess composition was found to possess the most efficient catalytic
activity.

e Simplicity and ease of industrial adoption: The ceramics particles can be
prepared via simple sol-gel or co-precipitation method, which has been adopted
for mass production in ceramics industry. In contrast to conventional two-phase
catalyst systems containing noble/transition metal and a ceramics support, the
preparation and processing of the catalyst system has been substantially
simplified.

[0084] By "comprising" it is meant including, but not limited to, whatever follows

the word "comprising". Thus, use of the term "comprising" indicates that the listed
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Example 6: Catalyst Performance Evaluation with Commercial Kerosene Fuel [0081]Fig. 7 presents
the conversion and product selectivity during reforming of the commercial kerosene fuel over a
SYTN-D catalyst at 750 C and 5000 h{1 GHSV for 100 hours. Being different from the test in surrogate
diesel feed, an obvious activation process was observed when commercial kerosene fuel was used. At
the early stage of the test, the SYTN catalyst showed really poor activity towards kerosene reforming,
i.e. 60 to 70 % conversion during the first 10 hours of test. The high CO2 content at this stage (i.e. 25
to 30 %) suBGESRIIHAT Bt OQMBABAARTY- YRy BERSIRTMSDE YERRIA LAY Fh B be
predominant reactions. The catalyst seemed to be activated gradually with increasing time-on-stream
and achievélatﬁje@amﬁsfﬁb % conversion after 24 hours of test. The high conversion thereafter, was
sustained titb@% nd of t%stw,Accortdirj%gI%, the CO2. colnt nt mo(riw chrto§1taticaﬂ% decr ﬁsed nd
stabilized at - 6 after 24 HOUTS o test. THETEason 1S San Ulciéar for the’ caFé’lf/rs AVALSH process
when exposed to kerosene fuel. However, it may be probably related to, the,complex,composition in
the commerl e R ol 1 3 B e B e B e

aliphatic hyg{cr%’?e?c{)&gé‘d@ﬁ{l&%ﬁ%{%}gc&nmm?‘E@B"tﬁ’gﬁ@ﬁ%ﬁ&%‘ﬁ%ﬁ@@ {Uglwas pumped into the

reactor, leading eposition of carbonaceous substance onto talyst bed and hence severe

catalyst de"[‘[GHX@]iO” at the, eAILRRAE Bl G iee ﬁ%&ﬁt@d‘%@ﬂﬂﬁﬂ%&ﬂ%ﬁﬁ&?ﬁ%@@a‘?ﬁ’mi”a”t

process for the subsequent kerosene reforming. Owing to the excellent oxygéen-ion conductivity in the

SYTN Cata'bf%aﬂ%@r%y&%ﬁfQ%ﬂ%ﬁﬁﬂ%l@%ﬂ&?%ﬁ'&éﬁ%ﬂ%‘ﬂ%tﬁ@%ﬁé{rﬁ%?%p@@ﬁ&%ﬁﬁ?@lfs@[@é@@laceous

substance, and the surface active reaction sites may be recovered gradually. This is partially
supported by g oRRRNvBHeRHhBIenearhan f@émﬁﬂ%g"?@ﬁg}{ﬂﬁn@, t"l%xﬁ%fﬁiﬂgt',sé{ﬁ%@ﬁlﬂf;@r 100
hours test. At the end of the kerosene reforming test, the SYTN catalyst achieved - 99 % conversion

and a dry gasPEeguaticerPRAGIAM OG5 5h2 AR Gl () 2l #1036 £1@ Siprkeds R Chiffiojrdicating

the possibility of using SYTN catalysts for commercial hydrocarbon fuel reforming. [0082]In summary,

the presentrséTiheatalysh systen asdemaensited axceliest catalylim astivibefendirsel ATR (>95 %
conversion with high hydrogen yield (>60 %) in the diesel/kerosene reforming), much lower affinity with

sulfur, and hesseosubstaniialiyfmitates shedaiplystdaaciaianiieiated dquuienteoisoring.
Additionally, this catalyst system provides a much better thermal stability at elevated temperatures
(stable operaiimnctoshmeneatiiade d@ bbb urpuriomaiappsédabie ipestormardeldegnaidation). No catalyst
sintering was expected even for prolonged operations. [0083]Further advantages of the present
catalyst systeniifiiciticies ahdgtesidbleosisii Oty earit <fbhadarnelendniasludhes ¥ skplfiland Ni are
used, thereby affording fairly low material costs. Optimisation: By manipulating the A/B stoichiometry
in the perovsidtesstadtbhaealhewdtabetioresctivityventdiedek ATE sperHe dbntioltedcd by gxefenéd, an
A-site excess composition was found to possess the most efficient catalytic activity. Simplicity and
ease of indasthediaaiv)ssiond Phecvetdraivseaniedecotintbangdreperiecnid bieripke siopeietwbodied
co-precipitation method, which has been adopted for mass production in ceramics industry. In contrast
to conventichRiEtivbeptiasbselaigsnay Sremsossattitinghaebikitlafsnite mbtendHwesediamics support,
the preparation and processing of the catalyst system has been substantially simplified. [0084]By
"comprising®fdE1g388RE MU PR He Rt es LV PRIBIBITEIRfFERREMBILINYSAt¥Ising". Thus, use
of the term "comprising" indicates that the listed elements are required or mandatory, but that other
elements al[QQﬁYt?onal angdmakost kRSB Hreti¥pp numberical value, such as for

stoichiometric ratio, temperature and period of time, it is meant to include numerical
values within 10% of the specified value.

[0088] The invention has been described broadly and generically herein. Each of
the narrower species and sub-generic groupings falling within the generic disclosure also
form part of the invention. This includes the generic description of the invention with a
proviso or negative limitation removing any subject matter from the genus, regardless of

whether or not the excised material is specifically recited herein.
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[0085]By "consisting of' is meant including, and limited to, whatever follows the phrase "consisting of".
Thus, the phrase "consisting of" indicates that the listed elements are required or mandatory, and that
no other elements may be present. [0086]The inventions illustratively described herein may suitably be
practiced in the absence of any element or elements, limitation or limitations, not specifically disclosed
herein. Thus, for example, the terms "comprising", "including”, "containing"”, etc. shall be read
expansively and without limitation. Additionally, the terms and expressions employed herein have been

used as terMBH descripfdrr L bstiBeR itstisA AP h oY ing thitntsndmenes IRYBEsuch terms
and expressions of excludjng any equivalents of the features shown and described .or portions thereof,
Dot 119 e SSDES 1 GCUAHSLE NI CSHRS A7 WESTIL e S ot A OdRBh Himed
Thus, it should derstoqd th t the pr ti ' beer, ifically disclosed b
us, its aﬂ?e unders %%OS aSa]tq olu%] e presen mvenlc}l]‘on Egs een specnllca%l1I di)sc osed by

sh eroups e art 5\)/1 recognize that the mven 1S. also there .

preferred embo iments B optional features, modificatron an VAN S RS AvEntions embodied
therein her%'n di%clg
1

n.dixdloseimay pefesoried o by nese skiled i s . and Bakeuch mogiications and
variations are considered 1o be within the scope of this mvgn(%lc?nﬁ(%eé% y “About” ih relation to a
given numbelr(;ﬁcg! value, such as for stoichiometric ratio, temperature and period of time, it is meant to
include nunterical values within 10% of the specified value. [0088]The invention has been described
broadly and generically herein. Each of the narrower species and sub-generic groupings falling within
the generic disclosure also form part of the invention. This includes the generic description of the
invention with a proviso or negative limitation removing any subject matter from the genus, regardless
of whether or not the excised material is specifically recited herein. [0089]Other embodiments are
within the following claims and non- limiting examples. In addition, where features or aspects of the
invention are described in terms of Markush groups, those skilled in the art will recognize that the
invention is also thereby described in terms of any individual member or subgroup of members of the
Markush group. Claims 1. A perovskite-type strontium titanate, wherein the strontium titanate is Y-
and Nidoped and has the general formula (Sr,Y)(Ti,Ni)03. 2. The perovskite-type strontium titanate of
claim 1 having formula (1)
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(SraYb)d(Tii cNic)03(l) wherein 0.8<a<1; < b <0.2;<c<0.1;and 0.8 <d < 1.2. 3. The perovskite-type
strontium titanate of claim 2, wherein a is from about 0.88 to about 0.98. 4. The perovskite-type
strontium titanate of claim 2 or 3, wherein b is from about 0.08 to about 0.12. 5. The perovskite-type
strontium titanate of any one of claims 2 to 4, wherein c is from about 0.06 to about 0.08. 6. The
perovskite-type strontium titanate of any one of claims 2 to 5, wherein d is about 1. 7. The
perovskite-type strontium titanate of any one of claims 2 to 6, wherein a + b> 1.
(Sr0.97Y010)(110.94-Ni0.06)03- 9. The perovskig—ﬁ}@é strontium titanate of claim 7 having the
formula (Sr0.97Yal10)(110.92Ni0.08)03. 10. The perovskite-type strontium titanate of any one of

i i .+ b < . . . . . . .
claims 2 to ?.’ Whe[@ 'fr)]e%g\els%te—l?yp% ‘strontium titanate, wherein the strontium titanate is Y- and Ni-

doped and has the general formula (Sr,Y)(Ti,Ni)Os.

2. The perovskite-type strontium titanate of claim 1 having formula (I)
(SraY1)a(Ti1Nic)O3 D
wherein
0.8<ac<l;
0<b<0.2;
0<c<0.1;and
0.8<d<1.2.
3. The perovskite-type strontium titanate of claim 2, wherein a is from about 0.88 to
about 0.98.
4. The perovskite-type strontium titanate of claim 2 or 3, wherein b is from about 0.08

to about 0.12.

S. The perovskite-type strontium titanate of any one of claims 2 to 4, wherein c is

from about 0.06 to about 0.08.

6. The perovskite-type strontium titanate of any one of claims 2 to 5, wherein d is
about 1.

7. The perovskite-type strontium titanate of any one of claims 2 to 6, wherein a + b >
1.
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11. The perovskite-type strontium titanate of claim 10 having the formula
(Sr0.88Y0.08)(Ti0.94-Ni0.06)03- 12. The perovskite-type strontium titanate of any one of claims 2 to
6, wherein a + b = 1. 13. The perovskite-type strontium titanate of claim 12 having the formula
(Sr0.92Y0.08)(Ti0.94Ni0.06)03- 14. Catalyst comprising the perovskite-type strontium titanate of any
one of claims 1 to 13. 15. Use of the catalyst of claim 14 for autothermal reforming of a fuel. 16. A
method for autothermal reforming of a fuel, comprising contacting a catalyst of claim 14 with said fuel.
17. The method of AIGRRTRESKIEERan SHeUmA Qs ¢lim 189¥e thelksdWt claim 16 or 17,
wherein the%l%el mpyises Jess than about 30 mol% aromatic compounds. about 50 ppm
sulfur-contal 'ﬁﬁ?ﬁﬁ%ﬁ?ﬁ 109690k method for preparing a perovskite-type strontium titanate,
comprising: providing a solution comprising strontium nitrate, yttrium nitrate hexahydrate, and nickel

(1) nitrate gxany Flrerov AL GRUTL RIFAMMOS TR F AR KR ANT At least two

complexing agents to the so eating the solution to form precursors of the perovskite-type
strontium t”@qj(?‘;%e? (%gﬁTio.92Nio.08)03.

10.  The perovskite-type strontium titanate of any one of claims 2 to 6, wherein the a +
b< 1.
11. The perovskite-type strontium titanate of claim 10 having the formula

(Sro.88Y0.08)(T10.94Ni0.06)O3.

12.  The perovskite-type strontium titanate of any one of claims 2 to 6, wherein a+ b =
1.
13.  The perovskite-type strontium titanate of claim 12 having the formula

(Sr0.92Y0.08)(T10.94Ni0.06)O3.

14. Catalyst comprising the perovskite-type strontium titanate of any one of claims 1 to
13.

15.  Use of the catalyst of claim 14 for autothermal reforming of a fuel.

16. A method for autothermal reforming of a fuel, comprising contacting a catalyst of

claim 14 with said fuel.

17. The method of claim 16, wherein the fuel is a diesel fuel.

18.  The method of claim 16 or 17, wherein the fuel comprises less than about 30 mol%

aromatic compounds.
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calcining the precursors to obtain the perovskite-type strontium titanate. 21. The method of claim 20,
where the at least two complexing agents are selected from the group consisting of citric acid,
ethylene glycol, and ethylenediaminetetraacetic acid (EDTA). 22. The method of claim 20 or 21,
wherein heating comprises heating the solution to a temperature of between about 80 C and about
100 C to form the precursors of the perovskite-type strontium titanate in a gel form. 23. The method of
any one of claims 20 to 22, wherein calcining comprises calcining the perovskite-type strontium
titanate preddrsors 5 LR EANRCCIE LR 840t Pl ke BR SR £HBBrESHIS. 1B The

method of any orﬁ%of claims 20 to 23, wherein the perovskite-type strontium titanate is a

m
perovskite-&PpOélts RH%‘H?&H&?&%‘HBB%‘FH&?& 'one of claims 1 to 13.

20. A method for preparing a perovskite-type strontium titanate, comprising:

providing a solution comprising strontium nitrate, yttrium nitrate hexahydrate, and
nickel (II) nitrate hexahydrate;

adding titanium bis(ammonium lactate) dihydroxide and at least two complexing
agents to the solution;

heating the solution to form precursors of the perovskite-type strontium titanate;
and

calcining the precursors to obtain the perovskite-type strontium titanate.

21.  The method of claim 20, where the at least two complexing agents are selected
from the group consisting of citric acid, ethylene glycol, and ethylenediaminetetraacetic

acid (EDTA).

22.  The method of claim 20 or 21, wherein heating comprises heating the solution to a
temperature of between about 80 °C and about 100 °C to form the precursors of the

perovskite-type strontium titanate in a gel form.

23.  The method of any one of claims 20 to 22, wherein calcining comprises calcining
the perovskite-type strontium titanate precursors to a temperature of between about 700 °C

and about 1,000 °C in air.

24.  The method of any one of claims 20 to 23, wherein the perovskite-type strontium

titanate is a perovskite-type strontium titanate according to any one of claims 1 to 13.
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