METHOD FOR FORM NG A CATALYST COVPRI SI NG CATALYTI C NANCPARTI CLES AND
A CATALYST SUPPORT Cross-Reference to Related Application [0001] This
application clains the benefit of priority of United States

Provi si onal Patent Application No. 61/363,662, filed 13 July 2010,
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relates (o a met hoNAROPARTICIES MDA LHTARYSTISUPBDRFUl ar, Lo a
nmethod for form ng a catalyst conprising catalytic nanopartlcles and
a catal yst support for use in reformng of a fuel as well as the thus
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primary energy sources.is b ' f th DSt concerned | ssues
in the world. TraditioHEeSssRelerence gialed AbRLCd relies mainly
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devel oped in recent decades. Anong them solid oxide fuel cells
(SOFCs), which nornmally operate in the high tenperature range from
about 600C to about 1000C, could be conbined with

Technical Field

[0002] The invention relates to a method for forming a catalyst, and in
particular, to a method for forming a catalyst comprising catalytic nanoparticles
and a catalyst support for use in reforming of a fuel as well as the thus

produced catalyst.

Background

[0003] Electrical power generation from primary energy sources is becoming
one of the most concerned issues in the world. Traditional energy conversion
techniques relies mainly on fossil fuels combustion. The combustion of fossil
fuels has been identified as the major source of global warming and air
pollution. The climate change in recent years requests urgent development of
high efficiency clean energy systems. Fuel cell system is one of the alternative
energy conversion systems that potentially has a high energy conversion
efficiency. Various types of fuel cells have been developed in recent decades.
Among them, solid oxide fuel cells (SOFCs), which normally operate in the high

temperature range from about 600°C to about 1000°C, could be combined with



ot her thermal cycles to inprove the thermal efficiency and to have
hi gh tol erance for sulfur conponents and carbon nonoxi de (CO) .
Coincidentally, COis also a fuel for SOFCs. Therefore, SOFCs could
be fuelled up by synthesis gas obtained fromreformng of

i nfrast r yeddiiReriflloycRdal iRpraliceme!thbHRaleHELASY 88d M havkhidrar Y power
unit (APU) in autondtive applications, for i1nstiance. [0004]™D esel
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car al yot 089 Ob{aed HER oG8 THEPSAHIBIHG . RTGhaS Blasst [ualyeics as
hydr ogen. [0005] The study of catalytic ATR of diesel fuel started in
early 1980§Lm§iangp@waﬂuw%/6¢q!av)iﬂla%@mivemliggiﬂonsaé@énstapc@gr esses in
| i qui d hydrocarbon reform ng catal ytic systens have found that noble
nmet al s s[004ds Mieséltfuehc:féithisg gaoheschrdad et badhreeydifferetié exhi bi t

superior catalytic reactivity over the traditional N -based catal yst

i n t er msp@ichanvie istargm ¢afobdgEGR)S bhitizn oidatie b l(POX) peidssutbiBermal
St udi es have al so shown that certain Rh-based catal ysts perform

except i opFbing]ATR) HogRMRIc ATR, BRidSmayBROViENEd B cOMBRIZSbME
precious netals available, it is econonically unfeasible to rely on
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t er m bas at al ysts are nuch”nore ant “and are

t her ef or t e netal - e . | -

cat ol yat SO0 SR AXBrPaRs B Ba AR BrEh s Db SPBER PYur 1 ng
the diesel fuel .reformng. [0Q06] Traditi.onal.] al um na- based

mter | o SRt Eeated e 2 aranyahd ih s B SrBokfadhsed cat al yst s.
In recent(years, catal yst supports fornmed of Eg{gen ani on_conducti ng
mat eri al 0008kch e stk ef catalvic ATR b giesehfite! sirstad inisasty TASI451RS s,
have been shown to afford higher resistance to carbon deposition and
sul fur ptadidanalgNickagsst eatatyst. teoenh aragiessessindispid bydmpearberaigioreling
ceri a-based oxygen ani on conducting naterial has been used as a

support €aalytic systeopahave feamd tNat nablepaetalséesh asiRho Pt edddd
ceri a-based supports have been found to show resistance to carbon

deposi t i suppsbitddien refidvios ¢xde exhibd subetioNedtabtit iregctilitfes@nehedr
hexadecane reform ng. [0007] Supported catal ysts are traditionally

made by {rg@itisaaaliLeasdi s8R st nntets of pR&ehtindicafsdiP@apédifdieand sulfur

supported on ceria made by i npregnati on
poisoning. Studies have also shown that certain Rh-based catalysts perform
exceptionally well. However, as Rh is among the most expensive precious
metals available, it is economically unfeasible to rely on Rh-based catalysts for
devising an APU to power fuel cells on a long term basis. While Ni-based
catalysts are much more abundant and are therefore cheaper than noble metal-
based catalysts, Ni-based catalysts nevertheless face the problem of carbon
deposition during the diesel fuel reforming.

[0006] Traditionally, alumina-based materials were used as a catalyst

support for the Ni-based catalysts. In recent years, catalyst supports formed of



met hod, nost of the Ni nanoparticles surfaces do not contact with the
ceria, and thus are not protected by ceria against sintering and
thereafter carbon deposition and sul fur poisoning. As a result,
conventional supported Ni-based catalysts are vulnerable to

deacti Vabk?ﬁk?rﬁéﬁloh%cﬁﬁhgﬁﬁ% HERegAIS! Qﬁbl’ﬁé’éjdéﬁé@%ﬁé ArcBhia and their

sul fur-con ni ng conpou that are presen during the reaction of
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wher el n ERGODIPR ﬁ.s&"’fhanﬁﬁaﬁﬂréiq%iﬁgé(%gﬁg ulieassed Sk SF@EO”

support . [OOOigln various enbodi nents the nethod for formn g

cat al yst CXB3MprS: SEAG- I%ygénr?é\lﬂfbﬁ?'ﬂqltq“@g maerial Bas APGRUSEH S5t t |

i ncludes the steps of: formng the catal ytic nanoparticles on carbon
par ti cl eSupRer farNi nanapeeticles. ?Nimempartm lesssuppaitesopncedarbesadr i si ng
precursors of the catal yst support to forma suspension, heating the
suspensi sapparts bave bege fourslity shuiw nesistaacgéd cardboinrde positmni durirtgo f or m
a powder, and sintering the powder to formthe catalyst. [0010]In
anot her aspksaie rdfbemipgebanhot durief dededapedirtexaddcane fefomhiagyst bei ng
obt ai ned or obtai nable by the nethods of the invention. [0011]In

still fupgdeen as@%ﬁortéch&at@fy@ﬁﬁé\‘e AU mBA By doipré Hatibn e, f or

aut o-t hermal “reformng of a“fuel, conprising con? ?lngthe cat al yst

of the i fyfal sy & NiMharpArfided supported on ceria made by impregnation

method, most of the Ni nanoparticles surfaces do not contact with the ceria, and
thus are not protected by ceria against sintering and thereafter carbon
deposition and sulfur poisoning. As a result, conventional supported Ni-based
catalysts are vulnerable to deactivation due to carbon deposition and adsorption
of sulfur-containing compounds that are present during the reaction of reforming

diesel oils.

Summary of the Invention

[0008] In a first aspect, the present invention relates to a method for forming
a catalyst comprising catalytic nanoparticles and a catalyst support, wherein the
catalytic nanoparticles are embedded in the catalyst support.

[0009] In various embodiments the method for forming a catalyst comprising
catalytic nanoparticles and a catalyst support, includes the steps of: forming the
catalytic nanoparticles on carbon particles, dispersing the carbon particles in a

solution comprising precursors of the catalyst support to form a suspension,



[0012] I n still another aspect, the present invention relates to the

use of the catalyst of the invention for auto-thernmal reformng of a
fuel. Brief Description of the Drawings [0013]In the draw ngs, |ike
ref erence characters generally refer to the sane parts throughout the

di ff er enheXfifyhe et BIFSTALgE0su)8SHRTRNE dof tdliriierbfios ¢ fdtm a
enphasi s i nstead generally being placed upon ilTustrating the

pri nci pl g%gr,‘é‘ﬂdi Q%{iﬂpﬁﬂg?pﬁmﬁ to fdtnt dga%l&?ﬁbmeng descripti on,

vari ous I'ments o e invention are desc d with reference to
the fol |l gw dr,awi_ngs. 1 i gure 1.sh fl rt of e .
resent T8 APHraspett it HSSrtimloRiEn B puptefds et Reing.
and a cat st . support, erein the c | ytic nanoparticles are
e ddodoptaehSLaRaIAAE B b Mot b Peave RS shows a {1 ow char
of the present nethod for formng a catal yst of Exanple 3.
[0016] Fi [AA]3 JAsHE futkenaspect dke Presasy itvieatieRipseyides Erecmedipd for
m croscope (HRTEM image of the N O nanoparticles deposited on carbon
parti cl eaufo-theampl keforming of a fuel, comprising contacting the catalyst of the
invention with said fuel.
[0012] In still another aspect, the present invention relates to the use of the

catalyst of the invention for auto-thermal reforming of a fuel.

Brief Description of the Drawings

[0013] Inthe 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.

[0014] Figure 1 shows a flow chart of the present method for forming a
catalyst having catalytic nanoparticles and a catalyst support, wherein the
catalytic nanoparticles are embedded in the catalyst support.

[0015] Figure 2 shows a flow chart of the present method for forming a
catalyst of Example 3.

[0016] Figure 3 shows the high resolution transmission electron microscope
(HRTEM) image of the NiO nanoparticles deposited on carbon particle of

Example 2.



[0017] Figure 4 shows the X-ray photoel ectron spectroscopy (XPS)
spectra of the as-plated N -B/carbon of Exanple 2. [0018]Figure 5
shows the X-ray diffraction (XRD) patterns of N -based catal yst of
Exanple 3, at different stages. [0019] Figure 6 shows the

ti rre-depqujﬁgt el T fyl Yo %@
catal yst "0 aqrrﬁgé’?é, I'n A#{Q%o* @? R‘nﬂéﬁot&ﬁ{ct@g]n | sttrlajgae‘YSo)(D%%)u%YS Wt %
dodecane 0 % i out 50 ppm
3- et hyl Bgﬁ%o‘%ﬁ)@%%éoé(j%gb oiiEx%Hﬂal%?act ion condition 0/C=0.7,
H20/ C=3, =5000 h-1, .and 75QC. Q20].Fi g 7 shows th
 or 0. ol iRl o gugs Bistibs ecranBliratior ks pate TesENbagsd! & 3
and (b) after being used in ATR of the m xture consisting of about 75
wt % dodeé&atatyst 9b&xampies: at different stagesbout 50 ppm MBTP for 120 h.
[ 0021] Figure 8 shows a mapping of the Ni distribution of calcined
about (1(0049% NiBignireé 6xDovet thieytisne-oiepErdemnt perfyrmance v iilex of the
[ 0022] Figure 9 shows the XPS spectra of N /GDC catal yst of Exanple 3,
(a) afte(abmaltdisnetos dii) NilG DM patalytst of EXRAmpld B8sini ATR of a mixture consisting
of about 75 wt% dodecane, about 25 wt% tetralin, and about 50 ppm 3-methyl-
benzothiophene (MBTP) at the reaction condition O/C=0.7, H,O/C=3,
GHSV=5000 h™*, and 750°C.
[0020] Figure 7 shows the micro-morphologies of (a) fresh (about 15 wt%
Ni) Ni/GDC of Example 3 and (b) after being used in ATR of the mixture
consisting of about 75 wt% dodecane, about 25% tetralin and about 50 ppm
MBTP for 120 h.
[0021] Figure 8 shows a mapping of the Ni distribution of calcined about (15
wt% Ni) Ni/GDC catalyst of Example 3, by TEM/EDX.
[0022] Figure 9 shows the XPS spectra of Ni/fGDC catalyst of Example 3, (a)
after calcination and (b) after 120-h testing.
[0023] Figure 10 shows schematic diagrams of Ni/GDC interaction made by
_(a) the present method and (b) the conventional impregnation method.

[0024] Figure 11 shows a micro reactor system used for the diesel auto-

thermal reforming reaction.

Description

[0025] The following detailed description refers to the accompanying

drawings that show, by way of illustration, specific details and embodiments in



[ 0023] Fi gure 10 shows schematic diagrans of Ni/GDC interaction nmade
by (a) the present nethod and (b) the conventional inpregnation

met hod. [0024] Figure 11 shows a mcro reactor systemused for the
di esel auto- thermal reform ng reaction. Description [0025] The
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t hat show, by way of 1lluStration, speC| I C det all's and enbodi nents
in whic ERt | r
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practi se the L nvention 1z be t

B et ur ambodfE Mg Tayleke Pﬁ?a#rugﬁgﬂ'?,&g e ofars may
departing fromthe scope of he I nvention. The vari ous enhodi nent s
are not %6@&%@%\”? thoutQgRatiIng remh%q?%)e fdhe dentinpoinewAfiQUE an be
conbi ned with one or nore other enbodinents to form new enbodi nents.
[ 0026] Thempodipemntsiareaot Nneaessardy mutdallygxsiugive, @same embodientsd f or
formng a catal yst conprising catalytic nanoparticles and a catal yst
suppor t , cambéeaiombihed wdthaing ocmoas ofieertenthaaimants terfoeddev i n t he
catal yst support. In a thus formed catal yst, the surfaces of the
enbeddedepiiodiryénts. nanoparticl es contact and interact with the
particles of the catal yst support, and are therefore protected

agai nst pry2epn dﬁ-@ﬁﬂefsbﬁhn%eﬁn&wﬁéunrsn%lsﬁeeﬂ rethteSYo 8TRERSHTSr fdf'l%lng[
catal yti ¢ nanopartlc es In the catalyst support, the |ife-span of 1he

t
f?; 2' gtp:a% cg fofrﬁcﬁr#sﬁ@%lﬁé‘t% tﬁedal;rfg{p%flﬁﬁ% P[Mgg“d}]t%xlgs 'rPWh%?éiﬁSthéhe
enbodi ne@ét%lytltcmean%gnpcge re é%Bé&&&E %dthe catéﬂ%‘tr seijpjporfLP¥n a thus formed

catalyst, the surfaces of the embedded catalytic nanoparticles contact and
interact with the particles of the catalyst support, and are therefore protected
against carbon deposition and sulfur poisoning. By embedding the catalytic
nanoparticles in the catalyst support, the life-span of the catalytic nanoparticles
can be increased, which in turn increases the life-span and efficiency of the
catalyst.

[0027] In various embodiments, the method as illustrated in Figure 1 may
include forming the catalytic nanoparticles on carbon particles, dispersing the
carbon particles in a solution comprising precursors of the catalyst support to
form a suspension, heating the suspension to form a gel, subjecting the gel to
incineration to form a powder, and sintering the powder to form the catalyst.
[0028] In various embodiments, the catalyst is produced in form of ceramic
microparticles.

[0029] In various embodiments, the method may further include activating

the catalyst by reduction.



include formng the catal ytic nanoparticles on carbon particles,

di spersing the carbon particles in a solution conprising precursors
of the catal yst support to form a suspension, heating the suspension
to forma gel, subjecting the gel to incineration to forma powder,

and si nt gigqg ¢ MR RRRbobAT el BRLERSPES inciubE BRlackiRg RS batsfyst
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enbodi nent, the reduction i nclude contacting the catalyst with
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catal yst precursor, wherein the catalytic nanoparticles are present

i n form eataticaby magtive Metal exdewitk hiidiogendiraducehenmeial estdenrorthe

reduce the netal oxide to the respective netal which has catalytic

acti vi t yregpectue medak which'hastcatglytic aotivitypar ti cl es”, as used herein,

generally relates to nanoparticles capable of catal yzing a reaction,

such as, [0081]not Theremedcatalytic ebnopanigless, @ (sl heteln,i geriepallyerelates

under st ood and appreciated that such catalytic nanoparticles include

nanopar t techgsopattitiagicapablel ofcatlyhga realkliodSsushess) baiehet ifiRéd Ry be

i nactive and have to be activated before use. For exanple, in a

ni ckel -b 53 If R f ] :
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ni ckel i i; i e
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catal ytica actrve elenen or exanple

reductio t he nickel. oxi articles. e. considered a precursor
hnd fal | a5t sy Bl b AR Berore Us fatdtnlr '

[ 0032] Light hydrocarpons such as t hane, as wel | as heav ,

hydr ocar BEAS-HSELIAIERGD TPRPEATORAOT FPloHBINg:l SoHERsEhOH I kel qKiger
formed by the present nethod. The catal yst forned by the nethod of

t he i nvetNiQparkcles atay be presesédue do pxidatian fof sicke! indhppiresenge of
suitable fuels include, but are not limted to kerosene and di esel.
Such f uebxygesyair.nts blile raay be iredycesf todhefoataiyticatly cictive iebenentai nickekli ng

but not limted to dodecane and/ or hexadecane. The fuels may al so

i ncl ude forexahiple bghydugkh @addiction,sthifnicket oridai prirtiges omgpob@ds .
[0033] I n various enbodi nents, the catal ytic nanoparticles of the

cat al yst godidéred PprRE®MSor ANEmRI vathim BCtedmV@itiily§dRbhopaticiecasuséde i n
t he range of nanonetres (nn), such as 100 nmor |ess, 60 nmor |ess,

40 nmorptess: 20 nmor less, 10 nmor less, 5 nmor less, and 3 nm
or less. I'n certain enbodinents, the catal ytic nanoparticles are

oL PR RerkBo B AL ER =5 I 581 fogproons

embodi meply S tokhing MRS BRLLdnze R Satiifit tSimed'BY te PrBsent
method. The catalyst formed by the method of the invention is preferably used
to reform fuels. Examples of suitable fuels include, but are not limited to
kerosene and diesel. Such fuels may include a variety of different
hydrocarbons, including but not limited to dodecane and/or hexadecane. The
fuels may also include aromatic compounds and/or sulfur-containing

compounds.



[ 0034] The catal ytic nanoparticles of the present invention are not

limted to any particul ar shape and as such nmay be regul arly shaped,
irregularly shaped or both. Exanpl es of nanoparticle shapes include
spherical, elongated, or thread-like. [0035]1n various enbodi nents,

the cata 0(?332 ”QEmbhb@nﬂ%dﬁén&e tHEE&al ){Q% Wbﬂ%?@f the_cat Iasts of

nanopar t e term"netal"”, as use context, inc

t al I t
that the fﬁeyeﬁrﬁsgﬁéﬁ%sﬁﬁ(?‘?ﬂ?%% Sery R HRfg #i'a&”%og&?e ofPloffErss
cssem o) SueflHEbGodRef ) B GuPEh o flo AT el ),
the term"nmetal oxide" susdlnt ont ext limted t
nanopar t B @slespa? ”Hb%'ﬁﬁ%@” BMEn of eé§s§h?"f%ﬂ'm¢"b90 eBEﬁnéh%Paf@M'&

single metal oxide, but also includes enbodi nrents where the

nanopar t nan@p@bﬁi@ﬁ@wmaﬂ@ﬁﬂiam gbeskhnmaln gneemhodimast, $he catalytico or
nore nmetal oxides. Al so enconpassed are nanoparticles that conprise
or consi sangpartiolels havetapartialedsine phbout 3lam. IFarfudkanghbpdinersdt tieyt i c
nanoparticle of the invention may conprise or consist of a netal that

i's parti shfaytienatopadticléHaEdmall@ntbarBoadi ment, the catalytic
nanoparticles may be nickel (N) or nickel oxide (N O nanoparticles.

[ 0037] I npgoday" t hede eBRAE TRND aﬁl&%scéﬁtﬁbéiré&ﬁl%\%?ﬂibh' areot 'ITﬁfb{teEQoa
m xt ure of N and N O nanopar |c es 8] By "catal yst support” is

for suppanl P%g‘%“ﬁ% FPLIIR & R hi i SRR S Qe A g s
he cat aphBoe FaAsleEPE #%i%@%%@é%ﬂ%ﬁlﬂd&a%ﬁﬁ%ﬁcﬁ G oy
stabl e i&rtgg kocal envi ronment where the catalyst is to be used. The

support LY y has a specific surface area and/or porosity

sufficient to provide dispersion of the catalytic nanoparticles.
cat al yst [0038}or tinwerius eathosimantse thes catalyic saneeartidssemayienetal or

contact between reactants and cat al ytl c nanoparticl es.
metal oxide nanoparticles. The term "metal”, as used in this context, include

metal alloys, metal composites, or combinations thereof. This means that the
metal nanoparticles of the invention can comprise, consist essentially of or
consist of a single metal or may comprise, consist essentially of or consist of
two or more different metals. Similarly, the term “metal oxide”, as used in this
context, is not limited to nanoparticles that comprise, consist essentially of or
consist of a single metal oxide, but also includes embodiments where the
nanoparticle comprises, consists essentially of or consists of two or more metal
oxides. Also encompassed are nanoparticles that comprise or consist of both,
metals and metal oxides. For example, a catalytic nanoparticle of the invention
may comprise or consist of a metal that is partially oxidized.

[0036] In one embodiment, the catalytic nanoparticles may be nickel (Ni) or

nickel oxide (NiO) nanoparticles.



[0039] I n various enbodi nents, the catal yst support may include one or
nore inorgani c oxides. The inorgani c oxides may include netal oxides.
Exanpl es of suitable netal oxides may be one or nore el enents

sel ected fromnickel, cobalt, nmanganese, titanium zirconium iron

and rar eL({i?ﬁ]h qheRiMher eHBbAReRE ihé! Ba@RRicIRHRpRIIEE may Beeh htkitire

enbodi ne the inorganic oxide 1ncludes two or nore of “such netals

oxi des. hg,t\]ilgﬁa Rﬂ@d‘?@l%%ﬁ?&-s’ t he i norgani c oxide may include netal

oxi des t are anot her netal (oxide). [0040]1n one
enbodi ne a}, al ont may include ceria

he St, su ! . [0P41]1)n various
enbodi neliaaely LG SURBRE s MRt BroupRi Gia Sinnnrting Slpetlfé bF e
[0042] I n one specific enbodi nent, the catal yst support_ m e
Gadol | i SPPRIBRedlen Lo aiepoink heBRiaMY AR A TSG GERTATY il o
Ce0. 9CGd0. 101. 95 [0043] I n various enbodi nents, wherein the catal yst
suppor t FatalystisHppeIt FaPableed ssepPEIngEmY) providing adeauaterdisparsiondor
catal yst support include Cell+ ions and GJ3+ ions. These precursors
may be pthevcatalytic mahoparticiesamagdpeausesi. Jbleiaupportd$ pGefeeatly ethbdaint the
Suitable salts for formng such a precursor solution include, but are

not | i m foedl éavicstment whéncathe catalystasltd beiusetdnThe 3uppart réfeeably has
respective hydrates thereof. The nitrate salts may have the fornul ae

Ce(N®B) 39 @?%@ifi%%r@@é%é an6ld Porb 8 dfidieMBtol SHeGideigskrBRAl ST thé he
solution of the precursors of the catalyst
catalytic nanoparticles. A catalyst support with increased porosity provides more
intimate contact between reactants and catalytic nanoparticles.
[0039] In various embodiments, the catalyst support may include one or
more inorganic oxides. The inorganic oxides may include metal oxides.
Examples of suitable metal oxides may be one or more elements selected from
nickel, cobalt, manganese, titanium, zirconium, iron and rare earth elements
such as cerium and gadolinium. In certain embodiments, the inorganic oxide
includes two or more of such metals oxides. In various embodiments, the
inorganic oxide may include metal oxides that are doped with another metal
(oxide).
[0040] In one embodiment, the catalyst support may include ceria.
[0041] In various embodiments, the catalyst support may include gadolinium
oxide.
[0042] In one specific embodiment, the catalyst support may be gadolinium-
doped ceria (GDC). The GDC may have the general formula Ceg 9Gdo.1O1.95

[0043] In various embodiments, wherein the catalyst support is gadolinium-

doped ceria (GDC), the precursors of the catalyst support include Ce** ions and



support may further include glycine. [0045] The step of subjecting the
gel to incineration to forma powder, includes auto-igniting

sel f-sust ai ned conbustion processes. One exanple for such a process
is the so-called glycine nitrate conbusti on net hod, wherein glycine

serves apa* (el TAOC, BIdAALE<SREYBS oS8l M6 a BaSUSIL IBGFEPS:

the catal’ytiC Support "precursors’ ar ed informo rate sa
enbod e M@ty §EiaiERas I e R e s Ul Potuce.

wherein the nickel nanoparticles are enbedded in catal yst support
of 1 or muPHl IS0 THRISEDD Gtun RS ABHBIONRNM NURGe ANGRY TRPRCTR ey
be between 5 and 30 % by wei ght of the catal yst. For exanple, the

ni ckel cBydreies theyedfe ThB ditratesaits yaybawhtheormptaeaedi Qs 6He By
"enbedded” is neant the catal ytic nanoparticles interact with the
support i Gg(Ne:prGHdO.such that substantially the entire surface of a
catal ytic nanoparticle contacts the catal yst support material, as

i1 lustrafool4]n Ahomrieud @djodirhentatie salutibly bf thengieepasors of the catalyst
essentially surrounded by the catal yst support nmaterial, mgration

and coal ggssate R fukther Fridlevdly6inganoparticle at the reaction
tenperature are constrai ned by the surroundi ng catal yst support

materi al [Ocqa*eﬁ‘f tol'ﬁé‘ét%pcd?@ﬁb{e@gﬁg ’tr%% QE\ téiiﬁénQFatfolﬁeto.(fgﬁﬁgyﬁddeer

nanopart remal ns " relat over a peri time! In one
enbodi mept e tl L i | t he
resent et RO aufifind Pt Bh8liadRiRp oSl o sRRERAR ki or,
nanoparticle is fully .enbedded,in the catalyst support. [0048]In
Cont ast Sttiha raceis SR8 eale Ahricn il eomhuShET fidthot BID) ar e
produced by conventional |npr eﬁnati on net hods and conprise catalytic
nanopar t SUCES sarues ﬁﬁ\?erS'fﬁ@/d pi@te ﬁﬁ@’eécﬂﬁ%[bf’?“ﬁ&ef-ﬂé LehA 9%"(03§§’ptBSrt
material while the remaining non-contact side are not constrai ned by
t he sur r cataliitisupppr precursashaie usast isrfoan of nirate salta apdithae potution
produced by conventional inpregnation nethods, the catal ytic
nanopar t furthes campriseaglyuirie.opt i mal | y prot ect ed agai nst carbon
deposition and sul fur poisoning. [0049] The step of form ng the
cat al yt I EOOH@}Opaht\/eﬁb% eﬁfbdtﬁ?hbﬁt] trﬁ@béﬂaWs@ may be a Ni/ Ceo,ng0.101,95
catalyst Wherein the nickel nanoparticles are embedded in a catalyst support of
formula Ceg.9Gdp.101.95. In one embodiment, the nickel content may be between
5 and 30 % by weight of the catalyst. For example, the nickel content may be
about 15 % by weight of the catalyst.
[0047] By "embedded" is meant the catalytic nanoparticles interact with the
supporting material such that substantially the entire surface of a catalytic
nanoparticle contacts the catalyst support material, as illustrated in Figure
10(a). As each catalytic nanoparticle is essentially surrounded by the catalyst
support material, migration and coalescence of the catalytic nanoparticle at the

reaction temperature are constrained by the surrounding catalyst support

material. Due to this constraint, the size of the catalytic nanoparticle remains
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may, in various enbodi nents, include depositing the catalytic
nanoparticles on the surface of the carbon particle. [0050]1n various
enbodi nents, depositing may include precipitating the catalytic
nanoparticles on surfaces of the carbon particle. The precipitating

of the C%{IQ&W&I%E@’B‘T’@B@% % F%b&& oPfinVid BRER o&iﬁ@n?@ﬁ@@ﬂ%i%ﬁﬁﬁeeomy

I ncl ude ectrochem ca I'ng of the catalytic ndnopar es on the

carbon particle, ..The platin be done hy..el ect.r S ti of
Che cat poth Cofrb R ea il of e RRsERD By ufh RS BidierBrbon
plating all ows hi surface, areg catalytic nanopartjcles to, be forned
"t he cEAH b-dhe manopgtis idu bk muobds s SHelyst ShRpeh s bon
particles may be in the formof carbon powder. In various

enbodi nel0d: i/t hdnsanbast, Haseelalyshnicioppiinteaifltustiated dn Figuen1Hblaes .

[ 0052] I n one enbodi ment, the carbon powder may be (Pd) palladium

act i vat eprociuckd hypmmyentiomal-imprégrition rnathods gnovetenpmse/ catalyticoduced
according to nethods that are well known to those skilled in the art

and may haedpdtticiesnhatdidavegorly paklsidk oomtasting e datblyst sapgartmatevir i n
an aqueous suspension in the presence of a reducing agent. [0053]1n

various gR1E the Bsthainiridoebhiéedt SidleCe M cBRStraiNed Bythé sLAbAAding
specific surface area of at |east about 100 nR/g. For exanple, the

e o B R SRS, SASPESA Ak of g, 1an 190
rore PR g it O b TR oS

e/ g. protected against carbon deposition and sulfur poisoning.

[0049] The step of forming the catalytic nanoparticles on carbon particle
may, in various embodiments, include depositing the catalytic nanoparticles on
the surface of the carbon particle.

[0050] [n various embodiments, depositing may include preciplitating the
catalytic nanoparticles on surfaces of the carbon particle. The precipitating

of the catalytic nanoparticles on surfaces of the carbon particle may include
electrochemical plating of the catalytic nanoparticles on the carbon particle. The
plating may be done by electroless plating of the catalytic nanoparticles on the
carbon particle. The electroless plating allows high surface area catalytic
nanoparticles to be formed on the carbon particle.

[0051] In various embodiments, the carbon particles may be in the form of
carbon powder. In various embodiments, the carbon powder may include
activated carbon powder.

[0052] In one embodiment, the carbon powder may be (Pd) palladium-

activated carbon powder. Pd-activated carbon powder may be produced
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[ 0054] I n various enbodi nents, the activated carbon may possess a

| arge pore volunme of at least 0.7 cnB/g. For exanple, the activated
carbon nmay possess a pore volune of at least 0.7 cnB/g, at |least 0.8
cnB/g, at least 1.0 cnB/g, at least 1.2 cnB/g, at least 1.4 cnB/g, at

| east 1. g?&;}?ﬁ% tof e{h%%l%t&hét SreWEH Rnoh t&thdseasiiietr iR th rlganoc# nggt}ne

enbodi nmen Ivated carbon may possess a pore volune

| east 0.8 / g. 055] I n,various. e i ts, the activate ar bon
my poss BB fniaciics PRusALpEHTr BT e BERIT oo MerTh Ay R0, o
volunme to the total, pore volu of at least 20% For exanple, the
act i vat egUERAN Mgpﬂf%%%%e &E%ré‘%‘{}’-cﬁlﬁﬁg‘?mt une ratio of at |east
20% of at |east 25% of at |east 30% of at |east 35% at |east 40%
at | east [MS5B] atin|vedous sovgodimentsathe getivated carwenMepRPSeess @darge65%
at least 70% at least 75% or at |east 80% In one enbodi nent, the
act i vat espegifib surface aressefeatdeastrabout 100 en/gl Koreexample, tie aativatetst
50% [0056]In various enbodi nents, formng the catalytic

nanopar t calbes may pasdess papecifit sarfaey arewolderetran tH0m*A) nacredhas
solution of a catalytic netal salt, adding an organic conpl exing

agent t 0260hif/g hibRLIRNTSKEF/C Attt efan 360 4hAg, Mofethim 38D RERNor
di spersing the carbon particles in the solution and heating the

sol ut | Onplofe BEATHEH TG 1hiherdthBbYicnt b HUc0BcNS B hRGFpGsdsle
carbon particles. Precipitating the catalytic nmetal on the carbon
article c | ] sui tabl e means, such as m xin
ltohe car b%%%??ﬁ@?é%&v%w%ab%%?gpa@?gt solution at a suitable pH agd
t enper at ptionally in th resence of a suitable reduci ng, agent.
Exanpl esl U540 (BHPHONS EXPadinBntS, iR REE!SHhERIID RY BPFHeSS o lards
nitrates, sulfates, carbonates, etc. Exanpl es of suitable netal salt

i ncl ude RPE¥NURg Qf at leass Qe/ EFbHEHITOE SXaMpPiR: the actiyated |carbRly My ni ckel
sulfate or nickel nitrate. [0057]1n ong enbodi nment , gthylenedianine
may be ap@gsessa pore \Wyame of al deast &I o Ay ehleashP-& enivongt lgast 461 e Ni
conpl ex. [0058]1n various enbodi nents, the electroless plating is

per f or medmfig, at leadtiti2ngm¥gy at leasthi.cnilig, atdeasti g cemg, ratieasit! . 8ray be
provi ded by any suitable reducing agent. An el ectroless plating that
i s perfoemefd, bnatleaeti2O cre®/gniv srenemibodimentatHeosctivaced oarahimay of a

metal nanoparticle in a nmetallic state, such as a N nanoparticle.
possess a pore volume of at least 0.8 cm®/g.
[0055] In various embodiments, the activated carbon may possess a high
meso-pore volume ratio (i.e. ratio of meso-pore volume to the total pore volume)
of at least 20%. For example, the activated carbon may possess a meso-pore
volume ratio of at least 20%, of at least 25%, of at least 30%, of at least 35%, at
least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%,
at least 70%, at least 75%, or at least 80%. in one embodiment, the activated
carbon may possess a meso-pore volume ratio of at least 50%.
[0056] In various embodiments, forming the catalytic nanoparticles on

carbon particles may include providing an aqueous solution of a catalytic metal

salt, adding an organic complexing agent to form a stable nickel complex,
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[ 0059] The reduci ng environnment nmay be provided by any sol ution
capabl e of providing ions suitable for the reduction of netal ions.

I n various enbodi nents, the reducing environnment may be provided by a
hydri de, for exanple a borohydride. In various enbodi nents, the

bor ohydr Ld&: LU ' irfiey

bor ohzdr ?ggmw @%@?%E%ﬁ%ﬁ% %%2&5??@%% Iarmunt I%lpnraergjuci ng
agent th | ect . t | | t] '

0o oo bl SO bR el el e S ol % AL bRl

nmet al deposited t he carpo ticles. 060] | 0di t

het hus B0 FRACIes, Brv Ao e ot petal onghe Seauin PAgeE Ty be
various enbodi nents, formng the catal ytic nanoparticles on carbon
parti cl egceriyplishachey any sHilie e, gush @sdrixingtherrareen paricias Witk Pes
after formng the catal ytic nanoparticles on the carbon particle

sur f ace. njedaiat solution ala suitdlaldipirband ferdpsiatursi enjionady ouiheagrrepance cl e

in a solution conprising precursors of the catalyst support to forma

suspensi oha sajtableakddeinh agegerExanmges oé saitstde msetahsalf S8168dninchele
enbodi ment, honogeni zi ng the suspension nmay be carried out by

H;,t ][ gf % ngﬁlgtéiid@ﬁ% r;/i{rg%@%hl'ﬂatééfé@bén@t@'@?éﬂcﬂEﬂéﬁmplé‘ﬁ@ﬂém&bl&mefﬁél%@ﬁnsi on
include nickel salt. In one embodiment, the nickel salt may be nickel sulfate or
nickel nitrate.

[0057] In one embodiment, ethylenediamine may be added as the organic
complexing agent for forming a stable Ni complex.

[0058] In various embodiments, the electroless plating is performed in a
reducing environment. The reducing environment may be provided by any
suitable reducing agent. An electroless plating that is performed in a reducing
environment may allow the formation of a metal nanoparticle in a metallic state,
such as a Ni nanoparticle.

[0059] The reducing environment may be provided by any solution capable
of providing ions suitable for the reduction of metal ions. In various
embodiments, the reducing environment may be provided by a hydride, for
example a borohydride. In various embodiments, the borohydride may be
potassium borohydride (KBH4) or ammonium borohydride (NH4BH,). Reaction
conditions such as amount of reducing agent and the selection of the solvent in

which the reduction is carried out may be adjusted to control the way and the

amount of metal deposited on the carbon particles.
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i nclude heating to a tenperature of about 100 C to about 300 C. The
heating may be carried out with sinultaneous stirring on a hot plate.
[ 0065] I n vari ous enbodi nents, subjecting the gel to incineration to
forma gel may include heating the gel to a tenperature above about

300 C. Ipoew]i ous cetaebaBiient, heahdgbbtfindd eBdJoat pdtaclasmapbaiNied by
assimilating the carbon particles with the catalytic particles

deposi teg tpheggon into an (aqueous) solution of catalytic support
precursors, such as cerium and gadoliniumions. The precursors of the

catal yti port may. be used in form.of nitr [ar.. the solution
my 1 o ¢ RO b RO R St iimefis, FrfluRl 4% BHEMR R eBRge of
assimlated into, .the precursor solution, the solution be heat ed
o’ concoRmIANPaTliUes dReRuing nalRq weahiaagd Gl Héioathon PRETE:
subjected to incineration, for exanple a conbustion process. The
conbust i 8Renigyming e gatalyli Q?ﬁ@ﬂ?mg&s axtestasber pagice %'l'f@\%e-as t he
fuel and the nitrate as an oxidizing agent. The conbustion may al so
be sel f - [@62]i ndn variousenhosimebtsdidispersing e calonnearticle dmAcsoiitiost i on
step yields a powder. [0066]1In various enbodi nents, the follow ng
step of sompesingpreberspeswdietheneafalysicsupperictal formianguspeasipovwdeay include
furnace. In one enbodinent, the sintering my be carried out at a

t enper at HomogeRITPPRWuUspeBsion. [ 0067] The present invention also
enconpasses the catal yst conprising catalytic nanoparticles and a

cat al yst (ﬁwy?ort hadi C biCdi Riidesut n
the catalyst suAggﬂé?é@hgcrjIﬁt’sﬁﬁb%éa?'gllnggﬁ e%?g%%ﬁallsﬁg? }g?éggt al ng’gl e
by the ”Bi@ﬂ o E aklgﬁ i nvention. [0068]1n one enbodi nent, the

y |

cat al yst e &N/ Ce9. 9Gd0. 101. 95 catal yst conpri sing ni ckel

gg'nopar t tocds‘ii e'l’ﬁ%%ﬁ%ﬂs ierr]nb%d‘l:r%teﬁ{sY ?lteaﬁr%) H’\Oer guggen%%rn%lf%rrr%oge Gr%gy 11)81
include heating to a temperature of about 100 °C to about 300 °C. The heating
may be carried out with simultaneous stirring on a hot plate.
[0065] In various embodiments, subjecting the gel to incineration to form a
gel may include heating the gel to a temperature above about 300 °C. In various
embodiments, the gel is a chelating gel obtained by assimilating the carbon
particles with the catalytic particles deposited thereon into an (aqueous) solution
of catalytic support precursors, such as cerium and gadolinium ions. The
precursors of the catalytic support may be used in form of nitrates and/or the
solution may further comprise glycine. Once the carbon particles are
assimilated into the precursor solution, the solution may be heated to
concentrate the suspension and form a gel. The gel may then be subjected to
incineration, for example a combustion process. The combustion may be self-

sustained, for example using glycine as the fuel and the nitrate as an oxidizing
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[0069] In further aspects, the invention also features a nmethod for
auto- thermal reformng of a hydrocarbon-containing conposition, such
as a fuel, conprising contacting present catalyst with said

hydr ocar bon- cont ai ni ng conposition. [0070]In one enbodi nent, the

hvd ] L L : _ 1 _ ot _
e o B SSRGS B Lo R o BB e
aliphatic h drﬁca]r bons and t%{pt.i I%nal Ia/ at least one aromatic
corrpound!ncl' 3 %ng?r%‘(%'ﬁ rhﬁe Y89 b %?/rl ncl ude | ess than about 25
wt % ti d. [0072] 1 ' nbodi ,. the fuel
el e IAAGEIr - JBeEoHS R IBSTIT NG (PTG RBATHETING HiE Poufhay

I ncl ude I ess than 50 ppm sul fur-containing conpound. [0073]Vari ous
enbodi neAtay inelugesalciningtibe powdsf in adurpacal saneembpdimentetits gnterivg
auto-thermal reform ng of a hydrocarbon-containing conpositions or
fuel s. Theysdbe capiesi dutats tamperaters abaye bboais3@ktCned above. [0074]In
one enbodi nent, the invention is d_i rected to a nethod for formng
[0067] The present invention also encompasses the catalyst comprising
catalytic nanoparticles and a catalyst support, wherein the catalytic
nanoparticles are embedded in the catalyst support, wherein said catalyst is
obtained or obtainable by the methods of the invention.
[0068] In one embodiment, the catalyst may be a Ni/ Cey 9Gdg 101,95 catalyst
comprising nickel nanoparticles embedded in a catalyst support of formula
Ce.9Gdo.101.95.
[0069] In further aspects, the invention also features a method for auto-
thermal reforming of a hydrocarbon-containing composition, such as a fuel,
comprising contacting present catalyst with said hydrocarbon-containing
composition.
[0070] In one embodiment, the hydrocarbon-containing composition is a fuel,
for example diesel or kerosene.
[0071] In various embodiments, the fuel may include aliphatic hydrocarbons
and, optionally, at least one aromatic compound. In one embodiment, the fuel
may include less than about 25 wt% aromatic compound.
[0072] In various embodiments, the fuel may include sulfur-containing

compound. In one embodiment, the fuel may include less than 50 ppm sulfur-

containing compound.
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a N catalyst enbedded in a Ce0.9CGdO. 101. 95 cat al yst support for

auto-thermal reform ng of diesel fuels. According to this nethod, N
nanoparticles are first deposited on activated carbon powder with a
hi gh specific surface area in an electroless N plating bath. The N

nanopart j f é\;@ﬂ' ] I L e smal |l er
t han aboqu?inmqy |cshu&ﬁrséd'%élggég%{et%c}bﬁlﬂ%qﬁ%n%g@???%weggBf éen exposed
to air during deying. .The Ni Q nanoparticles-load rbon r LS
then ass MYENGeR P AHa Tl atoP A RER & hiubtaroRLaa Sl CaiReSbob e,
After that h el - carbon. powder _m xture is supjected to
i nci ner aPrWH%ﬁf%ﬁsLﬁ%“m%S% Blhimai Rehas H@%‘F\‘iﬁﬁ?Y%g gel is
transforned to Ce0.9CGd0. 101.95 m croparticles. As a result, the NN O
nanopar t [M74 arle one-embediganidbednyentiones directrddo. a methsl fosfermeings
The resultant N O Ce0. 9Gd0. 101.95 is the precursor of Ni/Ce0.9C0
101. 95 whiNilcatalystrambéddart ina Ceat@ly 891 s@atalystiseippodffor autogthemhal
Ni O Ce0. 9GdO0. 101. 95 precursor is converted to the catalytic form
Ni / CeO0. 9fsfOrming. A Tlidnel Flkels ellctrding. to This mathaldy Sit nansydrtiylies goe first
performance in terns of catalytic activity, resistance to carbon
deposi t i g8p@dibd &9 beliNEE chboTbdwdeRitts aMHige sPEcifi@ SuAdcd afdieinmm
reform ng of diesel fuels. The catalytic activity testing results
show t ha i t t [ I =] 9 ne,
25 %t ot P Toees N| Bt B4R, TR NiFRch SRiCIERNES Ptef IokoiARan,
nore thap_ 95. % . roge LY i I 609 stabl e
oper at 1 oRe eI AR o Shi L AnfaRt Thes HRERE R MO
met hod enabl es .t he nanosi zed Ni particles.to._be osited.on the
ot | vat cOapoRaHeS Wi ex R b dir arn B8 TR NS BancaroRs e
electroless N plating bath. As the N nanoparticles are jnmplanted in
the Ce0.SREpQDEPOVIErisingn assivilaiss,ipta,aceelaling gehmade ¢Tdre angd™ an
coal escence of N are constrained by the surroundi ng Ce0.9Gd0. 101. 95
cat al yst giaingoAftenthads thel gel-carben owden miixisee isosubjectad de inginenation igé
Cea9Cdo. 101. 95 catal yst support material is inproved. In the glycine
ni trate amundsAQ0iC phomedswhichdh€ebglatiog el iosansfoahgd to SeppGds 101.05
materials contacts the N particles at high tenperatures for a short
peri od ofidroparticds. As 4 st the NiG hanogartiolesraretin-ghu kaibwiedtingne The
catalytic activity is inproved by the large surface area of the N
cat al yst cehiba, Ides pRstlidésmR ﬁe%uﬁaﬁmi@/@%eﬁ@wcms@ﬂwd Srechisyies to
sul fur poisoning Is inproved as the Ni catalytic sites are protected
by the g I b4 M0 : ' A ' i f e

RAeh MGUIORShICR S fhe dHTE Katd i o rdBOM BRI Tid

present 1 nventio er provi atalys conprising ni

nanopart | ephedded | ol 1.0i i al yst support.
The cat at\ly&é&geé’@?é&?@'%%Fﬁ%sgﬁgseéq@ex@d&ggﬁgé%g%)(tﬁnfl%ﬂﬁn Further, the
catal ysts,. may include 15 wt % of. nigkel ., Loywer anount or higher anount
of i kelVEE) e s bhrkatesbictioRdfs atnbRt HlssTiar Sadbertianssdt i on
may be readily understood and put into practical effect, particular
embodi melar@sgfigatalylic aetivitys tasiaaceip ¢ripoprdaprsitiopansiesigtance to
non-limting exanples. Exanples Exanple 1: Preparation of Activated
Car bon PswiflepdisniTg dufing sutaathesmas refeeraingsaddiesst fuelanT hesatghdisar ed

by dissolving 0.125 ¢
activity testing results show that using the surrogate diesel feed comprising 75

% dodecane, 25 % tetralin, and 50ppm 3-methyl-benzothiophene, the
conversion is more than 95 %, hydrogen selectivity is greater than 60% and
stable operation without degradation is longer than 100 h. The present method

enables the nanosized Ni particles to be deposited on the activated carbon
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of PdCI2 and 3.6 g of SnCl22H20 in 2.5 ml of HC (37 %, and then

adding 2.5 nl of deionized water to dilute the solution. [0078] A
second aqueous precursor solution was prepared by dissolving 37.5 g
of NaCl in deionized water to 250 mi. [0079] Then the first solution

was intr Qweéﬁiwitﬁtaohrgh%p'é@ﬁr‘é%r@ébtﬁréé’rh ¥h electidlddd Noplatin Eaﬂ% fAythé
h. [0080] 27 g of carbon powder (XC- 72) was fi rst purifie

o ?Qéiﬁﬂcﬁ?ﬁﬁ‘?}a'ﬁﬁh %ﬁ@%@ﬂ. ARG Ffthel Ced S ARRYS &i@h’éﬁéeﬁ‘;‘“’ﬁﬁfé‘%@a'%
S P

bor oni o eiigrafiaf aphalts ks K N ard BpREPaiBE B ind BmiBRORE, 0 0 C

P ™ O B8 0r AN ST RIE BB e Buoarien Retvesh Niand”

Car bon Powder [008d An aqueous precursor solution was prepared by

di ssol vi Hg Gea@duiOnds Sespdyst sUPROH tharierigDis imprayeddn Hig gl¥eingdritate

. About 4.4 m of ethyl enediam ne was added to the solution and m xed
t hor oughtgmbastiorn pecesg, e G&HbGAva 1 asidatd]yshadppdreé materals cootdatsitheas
di l uted by addi ng dei oni zed water to 400 mM and the pH val ue was

adj ust edNt paitislet dtyhiglaltemperfstiids foOaSRbriAetiod of tinefwhidh aedultsahed
carbon powder of Exanple 1 was introduced into the above precursor

sol ut i onstreh@irke6E6n behedser fHerg. THE chrnaRradiVity st ifrfbteved BY it Idrge 5
m n. Then the resulting suspension was transferred to a round bofttom

flask thahy@saldh @\‘ tl\ﬁrCfgéI%l Mll@ﬁ?\%%sé%ﬁrce B%a?ﬁ'&?@@ﬁb?ﬁor‘f"% d

magneticaly stlrre nto allow eposition of nic

vat or by ES Bt Jﬂﬁr%ﬁ“;@ BT eE A R PARMIE sBsh IR S%d[ .

The concgn ratr(%g rfi nanopartr cles in the solution before
reaction YR OPA%L €% eact i on, the

[0075] Various embodiments of the present invention further provide
catalysts comprising nickel nanoparticles embedded in a gadolinium-doped
ceria catalyst support. The catalyst support may include 10 mol% of gadolinium.
Further, the catalysts may include 15 wt% of nickel. Lower amount or higher
amount of nickel may also be incorporated.

[0076] 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

Example 1: Preparation of Activated Carbon Powder

[0077] A first aqueous precursor solution was prepared by dissolving 0.125 g
of PdCl; and 3.6 g of SnCl,e2H,0 in 2.5 ml of HCI (37 %), and then adding 2.5

ml of deionized water to dilute the solution.
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concentration of nickel nanoparticles in the solution, as determ ned
by I CP-M5, was 680 ppm About 71% of nickel nanoparticles in the

sol ution was deposited on the carbon powder. Exanple 3: Formation of
the Ni/GDC Catal yst [0083] An aqueous precursor solution was prepared

by _di Ssotdgwi ag@%c@ncgggugé%ﬁm&s@mﬂn viad pfedre B

20
0.7 g of c acid, glycine 1n 10 of delogize wat er .
After fu i hyl ene gl ycol was added and
m xed thg?%)éughf@%k#ﬁgdﬁﬁB%gdg%egé?é%ﬁﬂd carbon powder obtained in
Exanpl e introduced jnto.the above solutjon in a heaker, .
nomopeni WHBT, helHeto e sbapiyorives adti fieciblco e Sshpdroidionyth ne
suspension by stirring it on a hot plate at 200 C. As a result, a
hi ghly vPYEREAt$S! "Gl 2Bt ai ned. Then the viscous gel was heated to
400C. Auto-ignition self-sustained conbustion took place. This nethod
is call emugoici iy @iof catbondeawdant (X6 7 Zkwas dirst[m.odied h dejswmizask water
obt ai ned after conbustion was transferred to a crucible and cal ci ned
i n a furaadéhen diépersedfiarthd abovélsolutiphamixadeiby We8s@tdticila®d wit h
about 15 wt. % N was obtained. Boron was not detected by XPS, EDX

and | CP- hﬁoﬁﬁﬂicﬁﬁ@lﬂrin@’hﬂft@p\wbghihglq_@fy.H?OI (337 apPoehVee NCR, thevRd- % i n
the resulting catal yst support. The catal yst powder was forned of

parti cl egeipahdd hah powd&rewadRBehed i déofizbdWaiep byAERtifasation for a
Exanpl e 4: Testing of the Catalytic Activity of the N/ Cat al yst

[ 0085] Th@gfgﬁkﬁégﬁgﬁ é%’%(?}%%ve?rﬁ]&hﬁ“ﬁ”h@%%@ﬁfétéatc o %\N@éﬁ 31in

ATR was e mcro-reactor system shown Igure 11.

The reactor, . was | d.w,th about 0.21 g of the catalyst. Before
cat al yti8°'§8{'13\ﬁs‘%%}‘?{%g§¥“ﬁ-n '?% auto-thermal reform ng of diesel fuels,

Ni O GDC was reduced to Ni/GDC by a m xture of H2/ N2.

Example 2: Deposition of Ni Nanoparticles onto Activated Carbon Powder

[0081] An aqueous precursor solution was prepared by dissolving 4.8 g of
NiSO4e6H,0 in about 300 ml of deionized water. About 4.4 ml of
ethylenediamine was added to the solution and mixed thoroughly. About 2.2 g
of KBH4 was added, and then the solution was diluted by adding deionized
water to 400 ml and the pH value was adjusted to 13.4 by adding NaOH.
[0082] About 2 g of Pd-activated carbon powder of Example 1 was
introduced into the above precursor solution in a beaker, dispersing the powder
by ultrasonication for 5 min. Then the resulting suspension was transferred to a
round bottom flask that was in a water bath of about 50°C. The suspension was
magnetically stirred for 10 min to allow the deposition of nickel boron to take
place. The resultant powder was washed in deionized water by centrifugation
for a few times and dried at 80 °C overnight. The concentration of nickel

nanoparticles in the solution before reaction was 2,330 ppm. After reaction, the
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[ 0086] The conditions used for the ATR test were as foll ows: preheater
tenperature: 250 C, reactor tenperature: 750 C, gas hourly space

vel ocity: 5000 I-11; H20/Cratio: 3.0; O/Cratio: 0.7. Wile the tap
density of catalyst particles is 0.55 g/m, the flowrates were as

fol I ows: cBHt%nt(a?%gi/@gqﬁQ@}ﬁBﬁoﬁéﬁc%%gﬁgﬁé 8BIuebY, 29 d&ennfiddPby BP-Ms005

m/mn, water: O. m/mn, air: .4 sccm The outlet gases were
arranged t p ; Lk h
the. progr ateen) o, ABaR 11 AR el el R A M SR T M el
conductiyity defector (TCD) and a flame ionization detector (FID).
The convgpg?{%ﬁgéﬁw %9"(‘5 Ct selectivity of the supported catal yst was
tested for 16 h and averages of the last 8 hours were cal cul ated, as
listed in Table 1. The operation stability of the catal yst was tested
for 120 h and is shown in Figure 6. The acti_vité of the present

catal yst remained r el Bxample3:drarsmation oftae NilGDGKeatelyst ussi on

[ 0087] Nanosi zed Ni particles were deposited on an activated carbon
powder wQA83 hiArmagpecis precsitsdrsotutmnesias prepared bytdisdoddsg Rbopt a6 ng
bat h. Ni ckel sulfate was used as the nickel source rather than nickel
nitrate ghAtCe(NO;)f8HLO| driad by GasND;);06 HBR L0 I7hg of\titritesed, 5.8tgof st ,

and then organi c conpl exi ng agent was added in the nickel sulfate

sol uti ongheinkdhMeEm? bedtienizeakflteE RGUONY disBbKedashd % Addesthgrn@
reduci ng agent. The high specific surface area of the carbon powders

200 n2 L it : iti
CToN paPiibe) BEb GiBbaEnen Ry MBI ROHRE T HeUBRaR) Scliflted BEHARPDS) Lo ™"
Ni o P ) _. . S e "

of the <HoRER: BBl R ERarH b2 RAR i i hREEB U Sl RET S U ©
of" car bolea ke hlBERZ s Brense b MRt st dier. ZoMge Tl fedory
tiny nanoparticles were qbtained. The powder was then washed and

dri ed i nS@fRENSINN Pyiglifring iR g hat RiRtgi A £00n GaiAs a derullk,  RiglRly tigpous

activity of NI nanoparticles, elenmental Ni mght have been oxidi zed
to Ni O ngelopas ebtdired. TrerdBp Mrcotsgead wasealed tof00He Autorignition self-
nanoparticl es deposited on the activated carbon powder of Exanple 2
was obsesvsdined ddRTEMtBndook pioewt hissmEthnd is called iglycirer bitnatashows t he
partially graphitic structure and the Ni O (indicated by an arrow),

whi ch i scemblubkidn stiodpproxi mately 3 nm is deposited on the surface
of carbon. The fringe spacing of the particles is 0.242 nm

corres pO[UﬁSlg t orHSoW&? dBtafhed! #tet-contlREbhNeasirasdrenal Go St @lLsibRS
the as-plated N -B/carbon of Exanple 2 was characterized by XPS and

ifs?m-sf‘zﬁ“?hﬁfﬁgicﬁ%f‘“% T@ﬁ?%%%ﬁ?@@%cﬁﬁﬁﬁi’?gﬁk&é*@%@%%ﬁfﬁﬁ??ﬁ-ﬁi%?h
|02 omogft Y GTB Rl obiTkd Moo W HAUARBIT MRS EBd P o1,
h f B (18 . XRD in Fi

% ne BB aroeEScife Eihienk A PR AERARE Bl WA IR VEulr BB
ni ckel was observed instead of elenental nickel mght be due to the
hi gh act Ftel¥pt sePRertnHieRtalYsE Pewdenwasarnesk phipadigleguvithgizas jin e i n

air. [0090] Next, the N O nanoparticl es-|loaded carbon powder was
assi m | atange of 0.2-0.4 mm for ATR test.

Example 4: Testing of the Catalytic Activity of the Ni/GDC Catalyst

[0085] The catalytic activity of the Ni/GDC catalyst of Example 3 in ATR was

determined using the micro reactor system shown in Figure 11. The reactor
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into a chelating gel made of Ce4+, Gd3+ and glycine. After that, the
gel -powder m xture is subjected to incineration at around 400 C

t hrough which the chelating gel is transformed to Ce0O. 3Gd0. 101. 33
ceramic mcroparticles. Advantagouesly, the N O nanoparticles are

i n-situ grleddesy dithidbout BIiRg of He &élﬁ g@ﬁ%&@@cé@%@%cﬂw fy festing in

m croparticles. The average crystal I zes of N"O

Caspocti 04 3’*6%"“%' U s 8 208 W& Menchy

Ni / CeO. QGd . 101 Whl ch is the effective catalyst for diesel fuel
ref or mi nJ"™¥t8 Eﬁ’BF Nt al ytic activitytestingin aut o- t her nal

reform ng of diesel fuels was reduced to Ni/GDC by a m xture
of H2/ sz’oq@q]er E%CWQ'B%% H‘@eqifori% AGR tash werg asdpliowss Q{Pé%a@f

ni ckel as determ ned by XRD was about 20 nm [0091] The catal ytic
acti vi ti temperatyel 880"\ readier tempakiuepd o “Gx@amheurty seace watitat ed

in AIR condi ti ons using surrogate diesel, as listed in Table 1.

Cat al yst 5006 % NHyOBCorafiT:. H0 QG ratio: N 7.. W%Ielrthfs%p\ldensny of catalyst

| GDC/ GDC/ GDC/ GDC/ GDC/ GDC Dodecane75% 5% 5%/ 5% 5%
Dodecanepbnidtsnis®. 55 dan e lodaatszonéiedasiolows2ifiit 575 % tod&Cansband

Tetral inTetralinTetralin, Tetralin, Tetralin, 20 ppnb0 ppnb0 ppm
approximately 25 % tetralin): 0.005 ml/min, water: 0.015 ml/min, air: 10.4 sccm.
The outlet gases were arranged to pass a cold trap to remove steam and then
analyzed with the programmable gas chromatography (GC) equipped with a
thermal conductivity detector (TCD) and a flame ionization detector (FID). The
conversion and product selectivity of the supported catalyst was tested for 16 h
and averages of the last 8 hours were calculated, as listed in Table 1. The

operation stability of the catalyst was tested for 120 h and is shown in Figure 6.

The activity of the present catalyst remained relatively constant.

Results and Discussion

[0087] Nanosized Ni particles were deposited on an activated carbon
powder with a high specific surface area in an electroless Ni plating bath. Nickel
sulfate was used as the nickel source rather than nickel nitrate that was
traditionally used to make the Ni-based catalyst, and then organic complexing
agent was added in the nickel sulfate solution to form a stable nickel compound.
KBH, was then added as a reducing agent. The high specific surface area of
the carbon powders (> 200 m2/g), activated by Pd, were used as targets for the

deposition of Ni particles. After the carbon powder was fully dispersed in the Ni
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MBTPMBTPMBTP Fuel Conversion (% 97.9 90.2 96.3 95.9 93.9 96.3

Product selectivity H2 (M1 %
precursor solution by ultrasonication, increasing the temperature of the
suspension caused precipitation of nickel and boron on the carbon surface to
produce Ni-B/carbon. Due to the large surface area of carbon, the number of
nuclei was tremendous and as a result, very tiny nanoparticles were obtained.
The powder was then washed and dried in air. During the step of drying in air,
due to the high activity of Ni nanopatrticles, elemental Ni might have been
oxidized to NiO nanoparticles.
[0088] The microstructure of the NiO nanoparticles deposited on the
activated carbon powder of Example 2 was observed by HRTEM and is shown
in Figure 3. The carbon shows the partially graphitic structure and the NiO
(indicated by an arrow), which is smaller than approximately 3 nm, is deposited
on the surface of carbon. The fringe spacing of the particles is 0.242 nm,
corresponding to the NiO (111) face.
[0089] The electronic state of the as-plated Ni-B/carbon of Example 2 was
characterized by XPS and is shown in Figure 4. The binding energy of Ni 2ps;
is 856.4 eV, similar to that of Ni in oxidized nickel (855.7 eV) and different from
that of elemental Ni (853 eV). The binding energy of B 1s is 192.6 eV, similar to
that of B in B,O3 (193.2 eV) and different from that of element B (188.2 V). In
the XRD pattern as shown in Figure 5, the phases of NiO can be identified. The
reason that oxidized nickel was observed instead of elemental nickel might be
due to the high activity of Ni nanoparticles that was oxidized during drying in air.
[0090] Next, the NiO nanoparticles-loaded carbon powder was assimilated
into a chelating gel made of Ce**, Gd** and glycine. After that, the gel-powder
mixture is subjected to incineration at around 400 °C, through which the

chelating gel is transformed to Ce9Gdg 101.95 ceramic microparticles.

21



62.1 60.5 61.6 61.9 61.2 61.4 CO2 (nmol % 22 25,3 23.3 23.5 23.8

Advantagouesly, the NiO nanoparticles are in-situ embedded at the surface of
the Ce.9Gdo.101.95 microparticles. The average crystalline sizes of NiO and
GDC calculated by the Scherrer Equation were 9.3 nm and 4.2 nm,
respectively. The resultant NiO/Ceg ¢Gdo.101.95 is the precursor of
Ni/Ceg9Gdp.101.95, which is the effective catalyst for diesel fuel reforming.
Before catalytic activity testing in auto-thermal reforming of diesel fuels,
NiO/GDC was reduced to Ni/fGDC by a mixture of Ha/N,. After 120 h testing at
750 °C, the crystalline size of nickel as determined by XRD was about 20 nm.
[0091] The catalytic activities and selectivity of the Ni/fGDC of Example 3

were evaluated in ATR conditions using surrogate diesel, as listed in Table 1.

Catalyst 1.5% Ni 1.5% Ni 7.5% Ni 7.5% Ni 7.5% Ni 15% Ni
/IGDC /GDC /GDC /1GDC /GDC /GDC
Fuel Dodecane 75% 75% 75% 75% 75%

Dodecane, Dodecane, Dodecane, Dodecane, Dodecane,

25% 25% ~25% ~25% ~25%

Tetralin Tetralin Tetralin, Tetralin, Tetralin,

20 ppm 50 ppm 50 ppm

MBTP MBTP MBTP
Conversion (%) 97.9 90.2 96.3 5.9 93.9 96.3

Product selectivity

Hz (mol %) 62.1 680.5 61.6 61.9 61.2 61.4
CO; {mol %) 22 25.3 233 235 23.8 23.6
CO (mol %) 10.6 9.95 11 10.8 10.7 10.9
CHj (mol %) 4.64 3.68 3.54 3.47 3.8 3.67

*MPTP: 3-methyl-benzothiophene

Table 1: Conversion and Product Selectivity of Surrogate Diesel ATR

[0092] Firstly, Ni/GDC containing 1.5 wt% Ni (i.e. 1.5% Ni/GDC) was tested
in ATR of dodecane. This catalyst showed very good conversion (> 97 %), high
H; selectivity (> 62 %), and chemical resistance to carbon deposition.

[0093] Secondly, the Ni/GDC catalyst of Example 3 was utilized to test
reforming of aromatic-containing surrogate diesel. It is known that aromatic

hydrocarbons are chemically far more stable than aliphatic hydrocarbons.
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:2)’352 CO (met %9 10.6 9.95 11 10.8 10.7 10.9 CH4 (mol %9 4.64 3.68
Hence, including aromatic component into dodecane would test if a reforming
catalyst could, on the one hand, offer high reforming activity and, on the other
hand, be sufficiently resistant to the deposition of carbon. For this purpose, the
surrogate fuel comprised 75 % of dodecane and 25 % of tetralin. The result
showed that the conversion was approximately 90 % using 1.5 % Ni/GDC. In
order to improve the conversion, Ni/GDC catalyst containing 7.5 wt% Ni (7.5 %
Ni/GDC) was tested using the same fuel. The conversion increased to more
than 96 %, which implied that increasing of Ni content could improve the
catalytic activity of the catalyst.

[0094] Thirdly, substituted thiophenes may also be a component in a diesel
fuel. They are strong poisoning reagent to transition metal catalysts. In this test,
3-methyl-benzothiophene (MBTP) was chosen as the representative sulfur-
containing compound to formulate the surrogate diesel fuel. After passing the
aromatic screening test, the 7.5 % Ni/GDC catalyst of Example 3 was then
employed to undertake ATR of the surrogate diesel comprising dodecane
(75%), tetralin (approximately 25%) and MBTP (20 and 50 ppm). With the
increase in sulfur content, the conversion was reduced. In order to improve the
performance with sulfur-containing compound feed, 15 wt% of Ni was supported
in GDC (15 % Ni/GDC), which resulted in an improved conversion. The
operation stability of the catalyst was tested by running ATR for 120 h. As
shown in Figure 6, no performance degradation was found.

[0095] The microstructure analysis of 15 % Ni/GDC was performed using
field emission scanning electron microscopy (FESEM). Compared with the fresh
catalyst shown in Figure 6(a), Figure 6(b), after being used for 120 h, shows

that the macro-pores disappeared and the Ni catalyst became relatively dense
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3.47 3.8 3.67 *MPTP: 3-nethyl - benzot hrophene Tabl e 1: Conversion and
Product Selectivity of Surrogate Diesel ATR [0092]Firstly, N /GDC
containing 1.5 %N (i.e. 1.5% N/CGDC) was tested in ATR of
dodecane. This catal yst showed very good conversion (>97 %, high H2

L ectivi 5 . S orny L

0003 SeREAHY BUR ot of SRS e AL ING ol RARUIbe
; . - aary : | ¢

ronat | o i B A GhEEGRS BRINRAIAYSY PR s SBBLysriren Y KER ey,

woul 0 CelO8R o Tiare ane Rregdnar Basant it T3 ORI calihta? HAnERe i gh

reform ngﬁactivity and, on the other hand, be sufficiently resistant

to the dBp¥RPXFRJlEnscaidirtisarctiviyrhighiresisianssde caran derasiiph and yel

conprised 75 % of dodecane and 25 % of tetralin. The result showed
t hat t heresistanes tosuliwipaiggniogi mately 90 % using 1.5 % Ni/GDC. In
order to inprove the conversion, N /GDC catal yst containing 7.5 wt %
Ni (7.5 pe0a97] DOGirstetbetrestosizeddNingartities hane Higrespediie sadaceeasdacemd
increased to nore than 96 % which inplied that increasing of N
content  galLgifdrifly Miglahtl ibahalGDCCarglystvUpport. FighereC8EROWS the
mapping of Ni distribution of calcined 15 % Ni/GDC catalyst taken by TEM/EDX.
As indicated,‘ the Ni nanoparticles were uniformly distributed. Since Ni
nanoparticles are implanted in the GDC microparticles, their migration and
coalescence were constrained by the surrounding GDC microparticles.
[0098] Second, the GDC support itself has catalytic activity for thermal
cracking of heavy hydrocarbons, high resistance to carbon deposition and
resistance to sulfur poisoning. Ceria is most widely used in three-way catalyst
formulations for the clean up of automotive exhausts, for instance. In diesel
reforming process, ceria has high thermal cracking catalytic activity. Ceria can
play a role in converting most of the heavy hydrocarbons to light hydrocarbons,
and then the Ni catalysts complete the reforming process. The high resistance
to carbon deposition of the ceria is attributed to its high oxygen storage capacity
and oxygen mobility. Ceria doped with gadolinium can increase its oxygen
anion conductivity and as a result, it is easier to transfer oxygen to the nickel
catalyst supported in the GDC catalyst support, allowing deposited carbon to be
attacked by oxygen from beneath. In the reforming condition, some of CeO; is

reduced to Ce,03, which was characterized by XRD (Figure 5). Sulfidation

equilibrium constant of Ce,03 is higher than that of CeO,. As sulfur is
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[0094] Thirdly, substituted thiophenes may al so be a conmponent in a

di esel fuel. They are strong poisoning reagent to transition netal
catalysts. In this test, 3-nethyl-benzothi ophene (MBTP) was chosen as
the representative sul fur-containing conpound to fornul ate the

surrogat i r i t : J J test, the
5 o6 i FUKTIEED tp U reicES et BeRsT el SETBARIPL IS TEREN, The fTRL ATw
of the syrt. . dj r,SLN 759 L e s
(Cappr oxi HATERFb ST ReyeraiR 3b HaiBHE 3kl biltet hadaton

sul fur cpntent, .the conversi.on s.reduced. |In order _ to inprove the
per f or mmBEYS 1S BAINY (3 tvsraalent AeCe SIRSBIAMR HASch Saeistalr O (Rielite
supported in GDC (15 % Ni/CGDC), which resulted in an inproved
conver si B¢ Nirerialysttatanoainachive I9rgerof the catal yst was tested by
runni ng ATR for 120 h. As shown in Figure 6, no performance

degr adat [(199)as Thithdhe N)agtye Jitas atecproteated byrsiroaganigsactionts bedween

Ni / GDC was performed using field em ssion scanning el ectron

m cr oscothe NFE3ENst afio i GEIC vatdiyst sapportsThe ptateyiidn ehNilby GDEi gur e
6(a), Figure 6(b), after being used for 120 h, shows that the

nmacr o- poggmedtSANREG 8trefAg atdrddtienMetwaeRINI shdEDewhidH whsvel y dense
packed, but |ots of nmeso-pores are still available. No carbon

Sepos! . PRI SRR By o 1B oS S Pheok i

There are’thre
. ' . . .
:::?Z?Sfi %@%ﬁ%ﬁ%f %ﬁp&ﬁlz@ﬁtm&{el@ﬁﬁg@ﬁr{%\z f@:%lgm%)ﬁ?ﬁ rh(g(nét(lj From

resistance to osition

resi stan o sul fur poisaning: [0097]First. .the nanosized N

ar t 1t &R ansipisht o FetPEn Cerrdteony il d i B R FRANIBEG e
in the GDC catal yst support. Figure 8 shows the mappi ng, of N

distri buP@@WSbe% |S@ieﬁ§5m1®’ %‘Wﬁ?@@%@% %@lyﬁfa%ﬁﬁ%\y ERigsR 9(a}
indi cated, the Ni nanoparticles were uniformy distributed. Since N
nanopar t inglicaies thatiitipas shiflediby 2 BY dusdortherséieastinteraction betiveen nickel
m gration and coal escence were constrai ned by the surrounding GOC

m cr opar and|GIB3C. KBSofHjcstrmondf thehtest@d@atalypbas showelih Figigrec¥{blalgoi ¢
activity for thermal cracking of heavy hydrocarbons, high resistance
t o car boshelwedshificdperkd. Thisi stiomgciatdraction Earmned fiono tHenigtinate caniast
nost widely used in three-way catalyst fornulations for the clean up
of aut onpgiweretheatist s, for instance. In diesel reform ng process,
ceria has high thermal cracking catalytic activity. Ceria can play a

role in Edcl)ir’ll‘g%ﬁt iﬂgyﬁé;%b s‘ﬂt)mfshéasg{%ﬁé{ti@éﬁ%@?&rﬁro?(?\ﬂ% € ih %c}tir%nnraade by

hydr ocar an nthe N cC ysts conplete the re

process. gay}ﬁe f,}):r%brﬁ?g%t%a %%%Abi{l?ea EMn‘?igﬂglsiHﬁrgﬁraéﬁor{ Beus&. iﬁ?f_;:D?%/ _

attri but 0 oxyge of age capaci oxygen mobi

Ceria doped with gadaoliniumcan_ increase iLs ani qn

conduct | TITgPAHIEEoRarBelitrenoitt cretaget r e HEBRcraRedl hepresentne
ni ckel catal yst supported in the GDC catal yst support, allow ng .
deposi temeéla%dheﬂ\ﬁ NSBORARISISEA eumpdﬁzfvtg@m h%ﬁpégﬁé%rpﬁartncﬂﬁ% gdowing
reform ng condition, sone of Ce02 is reduced to Ce203, which was
char act eeache ili Bionximberiegy closse)to tise GDQmicwpasiple (FigurahOfanshaat of
Ce203 is higher than that of Ce02. As sulfur is introduced to the
reduced sdsatitethef GO catalyststipplat playsdbhe uols of kel gatalyst protetioal
sulfidation is an irreversi ble step. However, any additional surface
sul fi dat gfiectheyend cohirastofithé NiSDE \catalystlie mdd2Bstideaditiona pl ays a
sacrificial role to allow the Ni catalyst to remain active |onger.

[ 0099] ThinigheghBfiofmethidd the NifEhoBBRIESHS FbEMidthcPhitte GBET act i ons

microparticles and could only reside on the surface of GDC microparticles and
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the Ni catal yst and the GDC catal yst support. The protection of N by
GDC cane fromthe strong interaction between NI and GDC, which was
characterized by XPS as indicated in Figure 9. The bindi ng energy
peak of Ni 2p3/2 is at 855.7 eV for oxidized nickel and 853 eV for

el emrent al,,~ni i i \ h i O
oxi ot | WOy eRGRrGity FBKS 1B(0) bt EBacEhGe Btk M Al akal

Ni O GDC S i ] e gl cates that it was
shifted ﬁ?@%ﬁgﬁi@@%ﬁg5§t$§%§5‘?%8§,ﬁi§c{3% bet ween ni ckel and GDC.
XPS spec f the tested catal yst as shown in Figure 9 al so
Showed oMM Afeoriato SEiSmEanEiEig. out Behbated s whatBher i mat e
contact between them [00100] Figure 10 shows a schematic di agram of
Ni / cDC i frllemsdheayeraagempyising). This, psesdiine foim s@mprising)indigates that
conventional inpregnation nmethod. A GDC microparticle contains dozens
of cryst theslisted elamentsiarabenuitetbobmantetary dawribathethhodlemerds isire
nanoparticles are inplanted in the GDC mcroparticles, allow ng each
Ni at om bptidreal\andymal os endyondtise piSent.croparticle (Figure 10(a)). As
a result, the GDC catalyst support plays the role of nickel catalyst
pr ot ect o[oEf02 CtBy WohsistingTNis'meant ihElubiifgy, Bhd Eitcertoalwhateves fOIRES DY
the traditional inpregnation nethod, the NI nanoparticles do not

| nter act i pikasBecGRUSIMAbOPRALS, the PhAii CBUSRIAGN iBRAHE Mt e

surface of GDC m croparticles an uig grow to Targer size ?Flgure

orot bt oirigy Eerelpa ShrRBd B R Re' ferHeriHydlibe g

but not limted to, whatever follows the word "conprising”. Thus, use
of the tBFﬁ*“@onprising" indicates that the listed elenents are
required_or ndatory, but that other elenments are optional and may
or may nBl°1t95? prﬁ&%ﬁ’i&?”{'%@gf”@)’e%@ﬂ%‘?r dieremn may syEally bencl udi ng,
and limted to, whatever follows the Phrase "consisting of. Thus, the
phrase " pe@ediced imfheopbsenedi of aryclement phelemesitadinitatiganerdlinaitations,
requi red or mandatory, and that no other elenments may be present.
[00103] mMmakspevifiaally cigclosdduseneirt. iheisy fatesam fiedhb derms "cogprisingabl y

be practiced in the absence of any el enent or elenents, limtation or
l'i mtatitineludimgt', "tpatdihingyldty. shalldeoad dxqrapisivelylims without kniitagore,
the terns "conprising”, "including", "containing", etc. shall be read

expansi vagyitieRellyith8 etms ARl eRpreBionddthblo98dhkYein hage thRiefEustiditas
expressions enployed herein have been used as terns of description
and not plld i dedklipfion ?HS‘ rlof 8f fmitstidP dri’c‘jttﬁBFe} $hd l?\t:%rﬁ‘tﬁ)riﬁﬁfthéfusélb‘?h
ternms and expressions of excluding any equivalents of the features
shown an 0 [ Al f JL ] i

var i oue T T bls 5 SherPNishB T shAEHF R Ay b bS8 TR B
claimed. Thus, it should be understoqd that although the present.
Cvent ; oA aEsgied SpBufipRS dhpoh il fds etiep s Rar Vate G Bl ralieas
and optional features, nodification and variation of the inventions
enbodi ed2fhRPESIREVEHEN theiseenectinerayeiion @dainreckd hus. BphpHiske ski | | ed
inthe art, and that such nodifications and variations are considered
to be wi vnderstons thedphengh thiespreseahinventior bas bagn shecificalbrdiselaseds
been descri bed broadly and generically herein. Each of the narrower
speci es hpgrafelredemebodimpnisipnd gptibaall featyres, trhodificat@rgame vadation of

di sclosure also formpart of the invention. This includes the generic

descri pt tr@inoéntidt®s émpedicdtRerdin hefeil Uticsedahapdaatbyred tdTby #idgen
renmovi ng any subject matter fromthe genus, regardl ess of whether or

not the gxfes® fhHERAE AR thaf s8R Riddiffcalibis BRaIVERatBRS & @corg&@é%]toBy

3t di F
"about” 1n relation to a given nunberical value, such as for
t enper at -@ﬂf '5ﬁg J it 1s meant to include nunerical
~val ues mP%ﬁWn' Hgf% éf@EQC|??%%Lvalue. [ 00106] O her enbodi nents
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formng the catal ytic nanoparticles on carbon particle;

di spersing the carbon particle in a solution conprising precursors of
the catal yst support to forma suspension; heating the suspension to
forma gel; subjecting the gel to incineration to forma powder; and

sinteri ”ﬂ]d1m;pGWanéﬂtiéﬁﬁ b@gn%%?ﬁyéé b¥oa%‘13y gﬁ@g@ﬁéﬁ&ql erBlr@ M 1,
wher ei n e catalyst I's produced in tormof ceram C mcroparticles.
3. The h j . in.t t . L Conpri ses
the ot epesen 9L e oot nibads afStBidbriedh ABHEREs Md Rl o
claim 3, wherein the reduction includes contacting the catalyst with
by dr ogendengic dRelotie SEodPTaRaTaH NS VeI e | RIS 4 Clysies fe-GeReie
catal ytic nanoparticles are netal or netal oxide nanoparticles. 6.
The net hdes@iptionafineg invgnEesvwith :eroMsaer BegativedimitatidneremadpAny cl es
are nickel nanoparticles. 7. The nethod of any one of clainms 1-6,
wher ei n stlgjectanattgs froguthpgeantiss regaddieiss ofl whethsrdrawt the exgsed material
nmet hod of claim 7, wherein the catal yst support is of the formul a
Ce0. 9Gd3isldpkcHtally recited herein.

[00105] By "about" in relation to a given numberical value, such as for

temperature and period of time, it is meant to include numerical values within

10% of the specified value.

[00106] 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.
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9. The nethod of any one of clains 1-8, wherein the solution
conprising precursors of the catal yst support is a solution
conprising Ce4+ and GJd3 ions. 10. The nethod of claim9, wherein the
sol ution conprising precursors of the catal yst support is an agueous
solution conprising ceriumnitrate doliniumnitrate. 11. The
met hod of claim9 or 10, wherein th tion further conprises

gl ycine. , 12. e thod.of _anyv_ .one of c¢l.ains, 1-11. wherein form ng
Pha cat alyi P RATSTRE Rt B 23 iesinp it ERehubmantBBLas a8 A no
the catal ytic nanopartjcles, on the surface of the carb article.
15 The eG4 SIPPERAMhETED thiacatabiC depasntiies armmpeated A the
precipitating the catalytic nanoparticles on surfaces of the carbon
parti cl ecataiyst sypeoriethedaetbrd GOMPASING: wher ei n preci pitating
conprises electrochem cal plating of the catal ytic nanoparticles on
t he carbon pafarmingihe ¢atalytineamephditlias o carbonipgrtiolesr ei n
precipitating conprises electroless plating of the catalytic

nanoparti cl esdispetding tiae barbopgrdriicle én a sbutiohneompttiding peécuasyrsafehef
clainms 1-15, wherein the dispersing step further conprises

honogeni gatag st Bappors e fsthPA suspensidite net hod of any one of clains
1-16, wherein the heating to forma gel is carried out at a

t enperature Oﬁeéitﬂ%‘fhel%ggg_%%na@%?m%o&elp 18. The method of any one
ubj e

of clainms 1-17, wherein cting the"gel to incineration conprises

heat 10\ 96l LB RoAR T A0S ARG apd | T ot ot

of any one of "C wherein sintering t

out in a fur "&f¥ering the powder to form the catalyst.

2. The method of claim 1, wherein the catalyst is produced in form of ceramic
micropatrticles.

3. The method of claim 1 or 2, wherein the method further comprises the step
of activating the catalyst by reduction. |

4. The method of claim 3, wherein the reduction includes contacting the
catalyst with hydrogen.

5. The method of any one of claims 1-4, wherein the catalytic nanoparticles
are metal or metal oxide nanoparticles.

6. The method of claim 5, wherein the metal or metal oxide nanoparticles are
nickel nanoparticles.

7. The method of any one of claims 1-6, wherein the catalyst support is
gadolinium-doped ceria.

8. The method of claim 7, wherein the catalyst support is of the formula

Cep.9Gdp.101.95.
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20. The nethod of any one of clains 1-19, wherein sintering is
carried out at a tenperature above about 300 C 21. The nethod of
any one of clains 1-20, wherein the catalytic nanoparticles are
smal | er than about 10 nm 22. The met hod of claim 21, wherein the

catal ytig, ”?Héﬂ?éthbé'o?%ngb‘?uesd?@lélﬁfs baﬂ/hé%h”the?sé‘lﬁh n€8m #E“ Sest hod

of any one of clains 1 erelnt e car npartlceco

act i vat ed- GAIHA8 op HklEktaly s dupddif iESBRMoR o HsHPEe M B Id

acti vat ed carbon powdér conprises pa on po er.

25. Th 2 wh h
2ot ave TCIRE matnals 2hin Y, ottt W@%ﬁfqt@aﬁrﬁ%ﬂﬁg DRSS O the,

The nmethod of claim?25, wherein the specific surface _area of the

car bon p%%@B’ISt ﬁgp%lﬁa@éguﬁ%‘%somﬁq” C‘Fﬁ@”l‘%ﬂgkﬁ?d'um nirale GRE of cl ai ns
1-26, wherein the catalyst is a Nil Ce0.9CGd0. 10195 cat al yst

conpri si gadelindweInitialeoparti cl es embedded in a catal yst support of
formul a Ce9Gd0. 101. 95. 28. The nethod of claim 27, wherein the

ni ckel coht €he methbé ofveEim®D amm,sﬂhéﬁehythsaicgthﬁommm contpaiisgs glycirgo.
The net hod of claim 28, wherein the nickel content is about 15 % by

wei ght  of2! TRe eadthby oFf an?/%ﬂe ofithaimet 1ad, wherny farrtngthe tatargicl- 29,
wherein formng the catal ytic nanoparticles on carbon particle

conpri 5eﬁarﬁ’d&ﬁlébg%naéhrﬁﬁh'%‘éﬂﬁzlé%H\Tp'n@@s akpasifing %é’ thtalyet al sal t,
addi ng an organi c conpl exi ng agent to forma stabl e nickel conplex,

29 RSB T PRt e R O perele I e
on the C‘%.b?lr\'e parthog lo? cFali’r¥1f1az(,: wherein depositing comprises precipitating the
catalytic nanoparticles on surfaces of the carbon particle.
14. The method of claim 13, wherein precipitating comprises electrochemical
plating of the catalytic nanoparticles on the carbon particle.
15. The method of claim 14, wherein precipitating comprises electroless plating
of the catalytic nanoparticles on the carbon particle.
16. The method of any one of claims 1-15, wherein the dispersing step further
comprises homogenizing the suspension.
17. The method of any one of claims 1-16, wherein the heating to form a gel is
carried out at a temperature of about 100 °C to about 300 °C.
18. The method of any one of claims 1-17, wherein subjecting the gel to
incineration comprises heating the gel to a temperature above about 300 °C.
19. The method of any one of claims 1-18, wherein sintering the powder is
carried out in a furnace.

20. The method of any one of claims 1-19, wherein sintering is carried out at a

temperature above about 300 °C.
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31. The nethod of claim 30, wherein the netal salt is a nickel salt.
32. The nethod of claim 31, wherein the nickel salt is nickel sulfate
or nickel nitrate. 33. The nmethod of any one of clains 30-32,
wherein the reducing agent is a borohydride. 34. The nmethod of claim

 wh : : . )

2I3ai nsegghglha\mg?genwﬁg caér(%foérfﬁggsr%izg?‘évhﬁﬁg -%gtgfé\l)g{ceﬁ cf%@@crllgé

powder . ﬁ@s&ﬂ&fﬁ%%ﬁﬁﬁﬁﬂﬁy one of clains 30-35, wherein the
'S -

obt ai ned "carbon powder carbon. 37. The nethod of any one of

claims 3Q:36, further c rilsi washi n nd drying,the carbo owder
St rer 1 ot nheriehgg ol A F ke el e RkoRERR et
surface. 38. A catalyst conprising catalytic nanoparticles and a
catal ystt Y3 QMerein the catal ytic nanoparticles are enbedded in
the catal yst support, the catal yst being obtained by a nethod

accor di ng3t dhamyetbod affany|aiienef claig’s 1-229wherein dlag gakhon perticleai m 38,
wherein the catalyst is a NI Ce0.9CGd0. 101. 95cat al yst conpri si ng

ni ckel naompsases acteatedivadntedpowder.cat al yst support of formul a
Ce0.9Gd0. 101.95. 40. A nethod for auto-thermal reform ng of a fuel,

oL 25, ok el b B i
palladium-activated carbon powder.
25. The method of any one of claims 1-24, wherein the specific surface area of
the carbon powder is at least about 100 m?/g.
26. The method of claim 25, wherein the specific surface area of the carbon
powder is about 200 m%g.
27. The method of any one of claims 1-26, wherein the catalyst is a Ni/
Cep.9Gdp.101.95 catalyst comprising nickel nanoparticles embedded in a catalyst
support of formula CepGdg 1O1.9s.
28. The method of claim 27, wherein the nickel content is between 5 and 30 %
by weight of the catalyst.
29. The method of claim 28, wherein the nickel content is about 15 % by weight
of the catalyst.
30. The method of any one of claims 1-29, wherein forming the catalytic
nanoparticles on carbon particle comprises providing an aqueous solution of a
catalytic metal salt, adding an organic complexing agent to form a stable nickel
complex, adding a reducing agent, dispersing the carbon particle in the solution

and heating the solution to precipitate the catalytic metal on the carbon particle

surface.
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42. The nethod of claim40 or 41, wherein the fuel conprises |ess

t han about 25 wt % aronati ¢ conpound. 43. The nethod of any one of
clains 40-42, wherein the fuel conprises |ess than about 50 ppm

sul fur-contai ni ng conmpound. 44. Use of a catalyst of claim38 or 39

for aut oghN¢hEBhethBhYr B4 5U, vhdrdfl the metal salt is a nickel salt.
32. The method of claim 31, wherein the nickel salt is nickel sulfate or nickel
nitrate.
33. The method of any one of claims 30-32, wherein the reducing agent is a
borohydride.
34. The method of claim 33, wherein the borohydride is KBH,.
35. The method of any one of claims 30-34, wherein the carbon particle is Pd-
activated carbon powder.
36. The method of any one of claims 30-35, wherein the obtained carbon
powder is Ni-B/carbon.
37. The method of any one of claims 30-36, further comprising washing and
drying the carbon powder after forming the catalytic nanoparticles on the carbon
particle surface.
38. A catalyst comprising catalytic nanoparticles and a catalyst support,
wherein the catalytic nanopatrticles are embedded in the catalyst support, the
catalyst being obtained by a method according to any one of claims 1-37.
39. The catalyst of claim 38, wherein the catalyst is a Ni/ CeggGdg 101 95 catalyst
comprising nickel nanoparticles embedded in a catalyst support of formula
Ceo.9Gdo.101.95.
40. A method for auto-thermal reforming of a fuel, comprising contacting a
catalyst of claim 38 or 39 with said fuel.
41. The method of claim 40, wherein the fuel is a diesel fuel.
42. The method of claim 40 or 41, wherein the fuel comprises less than about

25 wt% aromatic compound.
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43. The method of any one of claims 40-42, wherein the fuel comprises less
than about 50 ppm sulfur-containing compound.

44. Use of a catalyst of claim 38 or 39 for auto-thermal reforming of a fuel.
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