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wi th netal nanopartides The invention-rlel ates to nitrogen-doped
carbon nanot ubes (NCNTs) which are | oaded on their surface with netal
nanoparticles, and also a process for producing 5them and their use

as_catalyst. NiobOildapapL4Des HAKRHE SAndREa] Ahhindiois 10 those
skilled in the ar n 1991 by
lijima (S lijima, Nature 354, 56-58, 1991). The term carbon
nanot ubes has.since .t hen enconpa sed | i.ndrical bodies conprisin

(i g@zne

carbon 10 and “RatHoR EleR o PEPrdoPed iefEbqy ganciubes EXCNITS) v
l'engt h whi ch jéagled ofitthéir RS with nh@AS{anbParffiel Naddhi gl R 1,es '
characteristic of these carbon nanotubatlalsg?s Iea’yers of cLBJr Jgﬁiﬁr?p&%@%ﬂng
atons, wifh theen and then usarotat@es. general |y having a core having a

di fferent norphol ogy. Synonyns for carbon nanotubes are, for exanple,
"carbon fibrils" or "hollow carbon fibers" or "carbon banboos" or (in

the case of CavsmntnsfubbCliate@sin SHRMIBOHRMWNSO tRése sRARANOHeSTt at M Bince
to their dinensions and_particul ar_properties, these carbon nanotubes

are of i ndustheyarers Apwsibaael 39 byt Kigmp (S diited, d¥ater 366,195088,t1881). The term

Further inpo L i it e | ronic. a ner .

appl i cati gﬁs%@ﬁ%g t Ee‘%/éggﬂgh;s;ngﬁ It@er %lggmgL%g&ﬁ g lﬁ}cagg%ﬁ?sﬁogypnsmg carbon
conduct i V0 t y atdhavigg aplivinidter inahdrnge &ofh 3 t180 bty dndraendth Ganehistd Maltiple
carbon bl ack. .The us 01; cay.bon nanqtubes is particularly _
advant ageous Oaﬁ%ﬁaﬁtﬂ@o the diamnster, & fusther charpeisiistior ofghesengarbon nanotubes is
abovenenti on r i haREhE Wi efc. f i.kew se
possible to %S% ?ﬁggéeﬂeggr oir‘{ nan%tvﬂ1 egﬁw t Onhlté@g%u é’g gﬁlilse?alg.ﬁgéw%g a cote
mai n 25 groupavinge different merplmiegyniSynomgny fordesrborgnirteeuties eg sBr bREmple,

produci ng theg carben .nanotibes. Cener al |y, known net hods f or

produci ng ni ﬁ%@%ﬁﬁ% e(ﬁ’rcﬁPﬁ%‘ﬂ ARRBLIRTES A Fappkpmhooshar (in the case of
conventi pnal w@ﬁ@&iw&nﬁ@s)ﬁ%ﬁ&éz%ufs%rﬁlaﬁé@g?@' carbon nanot ubes, for
exanpl e 30el ectric arc processes, |aser ablation processes and

catal ytic processes. WD 2011/ 080066PCT/ EP2010/ 069607

Owing to their dimensions and particular properties, these carbon nanotubes are of

industrial importance for the production of composites. Further important
possibilities are in electronic and energy applications since they generally have a
20  higher specific conductivity than graphitic carbon, e.g. in the form of conductive
carbon black. The use of carbon nanotubes is particularly advantageous when they

are very uniform in respect of the abovementioned properties (diameter, length, etc.).

It is likewise possible to dope these carbon nanotubes with heteroatoms, e.g. of main

25 group five (for instance nitrogen), during the process for producing the carbon

nanotubes.

Generally known methods for producing nitrogen-doped carbon nanotubes are based
on the conventional production methods for classical carbon nanotubes, for example

30 electric arc processes, laser ablation processes and catalytic processes.

Electric arc and laser ablation processes are, inter alia, characterized in that carbon

black, amorphous carbon and fibers having high diameters are formed as by-products



-2- in these WQALYOEN66r ocesses, so that the resul ti NBCTAER2010/069607
* nanot ubes usual ly have to be subjected ta2€onplicated after-treatnent
steps, which nmakes the products obtained fromthese processes and

t hus these processes econom cally unattractive. 5 On the other hand,

catal ytic pragekseprafuceon prbéadiRba 46 $hat e I%QLQHHQ‘E%!)H RERRUEE 8IS have to
car bon nanotubes since a product having a high quality nmay be able to

be produced ib§ sybisatedite pemplcatadaiicr-ttatmsatsepy vhihanakes feqaddibayd dbtained

G oot osed i n 1" BEX prosbisRY kL il Benbronalhe s B B bR T her o

enconpasses, in particular, an advantageous node of operation of the
fluidized_bed by neans of which carbon nanotubes can be produced
cont i nuous! y Qi the othar haadcatabyiicarrogessss ipen advapiages fra edonnetiaal geodifction of

product. It i hKEW i: . 1 he [t mai erj.al s,used
can conprise c?\%bltogr oat %ﬁ%&‘i@eﬁjgﬁ{ag%%%n% hr%{lgru}aféj}gn%f’% APIGGQ Py Produced
result in nitinggehyitkdgpmeansalf thdsepwaedse nanot ubes is not di scl osed.

A simlar process for the targeted, advantageous production of
ni trogen- doped carbon nanot ubes (NCNTs) is disclosed in WO

2009/ 080204. A galfori cQp DS ] fhat. L .
ni tr ogen- doped %%g%@gﬁ%ﬁ%&%mﬁﬁ g’ﬁtégiraggﬁglé%&%b%%ﬁgesﬁﬂlsgﬁ Sctl?'nsgd n
process dén d3E 10 20@meEl 605 4%i Theeproodss tdivelosed deys tndvaipasdes) infp@kticular, an

duci h h id f. | . i al b I
anopar {1 cl cdavaakeots 0% rrbaichehint, Diag toR tohews phYeiFepRen

carbon nanot wag&ubeCRAES be iptod\Rkd Hofifih - whR CREHHRDioh O
described in WO 2009/ 0803(})2? rem)\‘/)al ]g:{‘%gghe lr?1e15| E@glogfoq ﬁgsgg%gﬁéétand

material is fiifcheree ofrmwpduct.el. is Jdkewinsedietlosedcthat thengarting \MRterials used can
2009/ 080204, .if . I t he..cas hat only.small .pro tiops of the
cat al yst mat glrn}ngﬁ%?;g%’é’g%az%%fu h of t‘?iaanrlﬁ‘% PE@%‘W?%B‘H%‘HP(‘}VQBE{)WSH Nt Piegen
(NCNTs) @bt aidepithg o i @FsUAhabtupess nbt @is@ddedl yst material s which can
be present in small proportions in the nitrogen-doped carbon

nanot ubes (NCNTs) 30 produced consists of Fe, Ni, Cu, W V, C, Sn,

Co, M and a ossSi hly S, Zr. Ti d so further

el ement s whi ¢ Sgdrqgark %&/ﬁﬁt gosrt ﬁlgsgp%gﬁ?\: Adyantaeqons HP@“%“?B ‘?%P}H%e%z- ped

netal oxi de aatosahhctubsdNONTOSs Uizeloens in WELZOIIRIIIROL, In WEO 2009/08204, it
i | ose the forns in which the nitrogen can be

2009/ 080204 does .not_ di s < g
present in t %&ﬁ?lweégtgﬁ-tﬁ%a@wgeandeaw ¢rabrst iesubeRONELs) peosdueed by means

"Product hgn @k ' i L o0 =TRRY icl.es-on surface-
5 funct i ool po o 2 B SR Shoc P SRR bR B bl
techni que”, Wheser ralidnes aift eatsly@3maR0i@b)cad THe hedal SirRph@ioRs! Malrécddbr
nanot ubes w t hout heterqato can subseguently be | oaded with silver

on their surPAtES CIB?'_ PagP ,thf'cé}“ﬁ?ﬁ?n B¢ utERon: aianefabes KNEATE iy not
| oaded with giskNgsd. Wechidi kd/ﬂleﬁ;&ra&sé WBCHLEN 3?6%38@/0%‘2%‘& réiT A GF the
by means of oxidizing acids such as nitric acid an ’
residues of the catalyst material is further preferred.
25
However, according to WO 2009/080204, it is always the case that only small
proportions of the catalyst material are present in the nitrogen-doped carbon
nanotubes (NCNTs) obtained. The group of possible catalyst materials which can be
present in small proportions in the nitrogen-doped carbon nanotubes {NCNTs)
30  produced consists of Fe, Ni, Cu, W, V, Cr, Sn, Co, Mn and Mo, and also possibly
Mg, Al, Si, Zr, Ti, and also further elements which are known to those skilled in the

art and form mixed metal oxide and salts and oxides thereof,



10 sul furic WORIANEHPE6ng to the disclosure by Yan etPEI/EP2010/069607
+ functional groups which serve as "anchor-®ites" for the silver
nanoparticles to be deposited are fornmed on the surface of the carbon
nanot ubes during the course of the treatnment. with the oxidizing

aci ds. 15 The&uphessss, Wy 20092580064 HHR Mﬂﬁblé@thﬁ%ljﬂﬁqt%mﬂlpﬂﬁlfogen can
according to the disclosure by Yan et al. conprises the steps o

di sper si on oftempirseriin dheaitrogen-tensd sarbon wbestubes (GNETHY| sul f oxi de,
addition of silver nitrate and reduction of the silver by neans of
sodiumcitrate on the surface of the oxidized carbon nanotubes.

20Si nce, accofai etgall in YRodeitiodl of a high expelkibhne SFvePakiopaticldshén afiss-
is critical, jt can be assuned fromthe disclosure by Yan et al. that

the het er oat dWectigpalizedymaki-waledhcathey eranespes usithen dlegimistabiestechnique™,

D 2" AP o 508520 S . D 22"

ni t r ogen- contefervatgms azrb subsaquent]y e sloxdddohith e ierpbratheRUsBrRke. w&d&&hgm
metal nanoparticles an proportion of nitrogen of fromO0.01 to

have e
1.34, expres$ Oﬁsni‘rﬁg“%"ét PR ot rupsegy el doé‘EﬂbéﬁgK Givespthyr dirstlyy being
0.01-1. 34) . AskBbHi . N r.ut heni ur
nmet al nanoparti clbg%l&%g% t‘zlill\gé %ggngé%%ag}%g?sr %ﬁ?’b‘%ﬂgo&%? %&hggdu h%?’eacrﬂ and
present iIf asplfopoatidoAcoirdingoin the tdiscl®fé bf B éthal., tfahetionagoupk Witieh
ni t rogen- cont.ai ni ng c%r bogﬁg?no ub.f:s. W | .
2011/ 080066PETIER2 0T HeYES7 1or the silyer nanqpariclssdode denesited iatmiormed on the
sol ution, i nggsHeGIFRig: & i L I .
this solution and reduc#ﬁ%ﬂ}?%lﬂgag)glgtds 0 ﬁg{ag{i&ig%g%ﬂ%ﬁ%ag@?ut gﬁf h%]ltd?zmg
adsor bed on ®@fids.surface of the nitrogen-containing carbon nanot ubes
by neans of a chemi cal reducing agent. 5 WD 2008/ 138269 does not
di scl ose that netal nanoparticles other than those of platinumor of
r ut heni us camhbgrqeeasfonloadingthdeXiAREE carlhbh BRI B3R WﬂQQﬁ’s%I&ﬂEe b
di scl ose the_nature of the nitrogen in the nitrogen-contal ning car or?
nanot ubes. 10/2FHd abr epsPRises fthe stspe gl dispexpianpel fienoridizedicarbon nanotubes in

nanoparti cl eg; : e L articul ar ta nitrogen-doped
car bon nanot E%%ﬁ%&%dg’%&ﬁt@r%%?gr %1!'}5 CaBad OBH?H%?SSI{%E 0% af
in only a fesodiimelciteaté on theesupfatosf the bxidlAed Rafbbh @bhdtibest here is the
probl em of providing nitrogen-doped carbon nanotubes 15 (NCNTs) on

whi ch any desired netal nanoparticles have been applied in finely

di spersegyfo Wyt : cess .for.. .

pr oduc: ne sughEar pomi o AR il b oBHRGERR I Gical it canbe
nanoparti cl esssomediftornghe-diwmdrechy Bom e@mothdretie Wottreht®ifs are oxygen and
advant ageous .inﬁ&)grti ul ar, as catal yst terials. 20lt has now
surpri si ngl y o8- carjan papotpbes (I s)otre therefre sehdisclovechas starting
that this obhgiat for @k QebECin hyst conprising -

ni trogen-dopgd car bon nanot ugg@@%%ﬁd{f&%\?ﬁ%%@@?ﬁg a proportion of at

| east 0.5% by weight of nitrogen of which at |east 40 nol %is present

e PO R RSB SPer Sl A R

platinum or ruthenium metal nanoparticles and have a proportion of nitrogen of from

0.01 to 1.34, expressed as the ratio of nitrogen to carbon (CN, where x = 0.01-1.34).
According to WO 2008/138269, the platinum or ruthenium metal nanoparticles have
a diameter of from 0.1 to 15 nm and are present in a proportion of from 1 to 100% of

30  the total mass of the nitrogen-containing carbon nanotubes.

The disclosed process for producing the nitrogen-containing carbon nanotubes

bearing platinum or ruthenium metal nanoparticles comprises dissolving salts of



25 average pawQ 20d/@0866in the range from1 to 10 nm aPETYERMHO 069607
- the surface of the nitrogen-doped carbon 4anotubes (NCNTs).  The

ni trogen-doped carbon nanotubes (NCNTs) preferably have a nitrogen
content in the range fromO0.5% by wei ght to 18% by wei ght and

ticul arl thenhiBn I f:
vei ght . VO, oL AR Y cnliy 200 ONOG m&aa&/pggmeg@&&%h ﬁtamre{%gé{rbon

t herei n. Howaweetubgshintaithis sgbwiop rand endudimg ﬂkaesaiistwfopjenmdxli)md dfaﬂulﬁmnmm
nanot ubes (N he | ven i,on .can al s e additiona pr esent

as nitro nit %%ﬁeﬁﬁla}%e S af’? 8&611%[?1 P%ﬁb??’lgf’r’.ﬂ‘}lgrc PFB‘F‘P@L%/ﬁ by Bigeps of a
and/ or am ne cheifcapeduénghagéntquat ernary nitrogen. The proportions of

quaternary nitrogen and/or nitro and/or nitroso and/ or am ne and/or
pyrrolic %ltrogen are of subordinate |rrportance to the present

i nvention si c |cantl hi nder .t he

i nvention as W?nidagh%? gégagjggsvgogglgglro b c?%prgeg[ %Pﬁoé)ﬁg[ ?)'3?1: Hieni those of

nitrogen are ;ﬁmﬁmﬁnbr ofThehqniep @4t be Prexbntd FiitHérfioge, rWUmm 3'8969 Q%o does
ion is referably at least 50 mol % In th

catal yst of the_jnven

cont eit of t A&t Blr@@ggntiie DAVEN® B?lmh{oﬁﬁl Eéhﬁmfmgﬁﬂﬂpmmmﬁ Qaifwglerra‘nombes
describes 15 nitrogen atons which are present in a heterocyclic
conmpound consi sting of five carbon atons and the nitrogen atomin the
nit rogen-laopé[&leqmolﬁan crfambs;aqhemly(d}i@lﬁﬁg mefi) nancpiplidefo Gusdh wnotubes and

di trogen js shown in fi () blow 20 However
Ito Kgl t:ap %Cpglrﬂ%npgﬁ‘ “hr {9 SYEIEePtons C%F Pn @ﬁveﬁuw &Nm%&a%bmﬂlp@f%ranwblem
t he above”Enwlﬁé}ﬁﬁhs*b%x?édlw&in'diﬂofé)fﬂ%@fiaﬂsﬁi"ﬂl hf‘alft' gure (1) but also

the singly or multiply saturated conpounds o e same enpirical
formul a. Furthernore, other corrpounds are al so encorrpassed by the

! di t en" when. such. ot her. oun nprise a
het er ooyl | ¢ WEOABBURD BBHorSHERgOBRTY Pl B 5 B6 AR ORA) CEfhen nanofubes

ni trogeniat me#@ﬁ%ﬁhoinyﬁ H@J’&e&%ﬁéﬁl ﬁaﬂopafﬂdiéggﬁﬁei BeePMled Mn finely
figure (I1).
J () dispersed form and in a large amount, and also a process for producing such carbon

nanotubes. Such finely dispersed metal nanoparticles on nitrogen-doped carbon

nanotubes would be advantageous, in particular, as catalyst materials.

20 It has now surprisingly been found, as first subject of the present invention, that this
object can be achieved by a catalyst comprising nitrogen-doped carbon nanotubes
(NCNTs) having a proportion of at least 0.5% by weight of nitrogen of which at least
40 mol% is present as pyridinic nitrogen in the nitrogen-doped carbon nanotubes
(NCNTs), wherein from 2 to-60% by weight of metal nanoparticles having an

25  average particle size in the range from 1 to 10 nm are present on the surface of the

nitrogen-doped carbon nanotubes (NCNTS).

The nitrogen-doped carbon nanotubes (NCNTs) preferably have a nitrogen content
in the range from 0.5% by weight to 18% by weight and particularly preferably in the
30  range from 1% by weight to 16% by weight.

The nitrogen present in the nitrogen-doped carbon nanotubes (NCNTSs) of the

invention is incorporated in the graphitic layers and is at least partly present as
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* way of exanple three pyridinic nitrogen-a&tons which are constituents
of a nmulticyclic conpound. One of the pyridinic nitrogen atons is a
constituent of a nonaronmatic heterocyclic conmpound. In contrast
thereto, the pyedmi¢ qitedgenniheteimi Howgen,' RS nit®@en ipledehie it GRS Xtogeh-ddpsd
present invention refers nitrogen atoms which are coval ently bound
to at |east tATHSB “éﬁ‘i’tﬁ%"r? ONES) afdhe Wﬁ%m%ﬂnmwt@nﬂi prasentrasgato
can be a consgi n j ' - A n re..
(1) e thsogéMadhln eky mhEoich  SRIR° HREGIE N FlHCaldlor b8 pifipgon
present i nvemnionguatemanygetrogeanons whi ch are present in a heterocyclic
conpound §onsi sting of four carbon atons and the nitrogen in the

ni trogen-tdoped carbon nanotubes (NCNTs). An exanple of a 15 pyrrolic
compound in e HopsEshs OF dubRridT8igeh MR Bfol dPOMRo5d ahliBY fnine
(I'V). In the context of "pyrrolic nitrogen", too, this is not

restricted t@ngleepneelia vitpetn araldf pubardiaierimpettaer tp dunpresdnd wivention since
figure (1V) t?ﬁ'élr fﬁ?etséﬂc%t gcgescr?oqps?éjnqggant ?rvﬂilqgerf ‘r%lérinvention as long as the above-

described proportions of pyridinic nitrogen are present.
10

The proportion of pyridinic nitrogen in the catalyst of the invention is preferably at
least 50 mol%.

In the context of the present invention, the term “pyridinic nitrogen” describes
15 nitrogen atoms which are present in a heterocyclic compound consisting of five
carbon atoms and the nitrogen atom in the nitrogen-doped carbon nanotubes

(NCNTs). An example of such a pyridinic nitrogen is shown in figure (I) below.

NN

=~
ey

20  However, the term pyridinic nitrogen refers not only to the aromatic form of the
abovementioned heterocyclic compound shown in figure (I) but also the singly or

multiply saturated compounds of the same empirical formula.

Furthermore, other compounds are also encompassed by the term “pyridinic
25 nitrogen” when such other compounds comprise a heterocyclic compound consisting
of five carbon atoms and the nitrogen atom. An example of such pyridinic nitrogen is

shown in figure (I).



20 carbon at o a0/@80866ii t r ogen atomin a cyclic arranBEMERP2G10£069607
» al so enconpassed by the termin the contexi of the present invention.
For the purposes of the present invention, the termnitro or nitroso
nitrogen refers to nitrogen atons in the nitrogen-doped carbon

nanot ubes (NCNTs) which are, 25 regaydl ess of their further coval ent
bonds, bound to at |east one oxygen|fatpm A specific formof such a
nitro or nitroso nitrogen is shown | T (V), whichis - 7 -
intended to illustrate, in particular ifference fromthe

abovenentioned pyridinic nitrogen. 5 N ¢&an beggeen fromfigure (V)
that, in contrast to conmpounds which conprise a "pyridinic nitrogen"

in the sense Rifurt HEl) plepivesnby iwaseof ieRamplt hredi §yrRa8p di@6&Rnl ftoMk SPhich are
coval ently bound, to at |east one oxygen atom The heterocyclic

conpound t huSOREIIFEY ef 2 dBpErydlis epmpousd. Ppg of dhe pyridiniconirogenrl atces is a
nitrogen ato i I iV n atons, the nitrogen
atom and an ?Qggg%éﬂg? g%ﬂgﬁ%&%ff'ga?@éghtcﬁgmggﬁn%%und shown in figure
(V), the fermnitro or nitroso nitrogen al so enconpasses, in the

cont ext of tttg r&sef'r]thﬂi nvention, the conpgunds which consist of onltﬁ
ni trogen and >J‘J;9B At theratos oM IYAIBIEY THITPEHS Rsnised dfethe Seatint iof the
figure (V) i préesoinkeftfin had | dicni&afl 340

t he context" Z)f t he prlggféln%@?%\%ﬁﬁ?%déttﬁggt@ﬁ]{ gllr?i %@a%}np&g)g@ﬁd rtéfaé rIEaSt
to nitrogen desersathhn @toms. For esampler supbnquiteedy cdtrdyen daarket 4basstituent of
(NCNTs), are nd,tao at |east two hydro atons and to not nore

t han one car ﬁg"ﬁﬁ(ﬁcg&cﬁmo éaﬁﬁlfovﬁbﬁﬁgg”[r%&g[}’ygen. 20 The presence of
pyridini¢onitrogen in the proportions indicated is particularly

advant ageous because it has surprisingly been found that pyridinic
nitrogen in particular sinplifies a [

t he nitrogen-doped carbon nanot ubes
and that this nitrogen species |eads,
the proportions indicated, to a fine djsgpersion of the netal _
nanoparticles on the surface of the nitrogen-dop&d carbon nanot ubes,
which is particularly advantageous because of the resulting high

speci fic sur flAeérpyparadic nitregenslesdribesrin teer ontexeef the present invention, nitrogen

atoms which are present in a heterocyclic compound consisting of four carbon atoms
and the nitrogen in the nitrogen-doped carbon nanotubes (NCNTs). An example of a

15 pyrrolic compound in the context of the present invention is shown in figure (IV).

</_JI\I,H

In the context of “pyrrolic nitrogen™, too, this is not restricted to the heterocyclically

()

unsaturated compound shown in figure (IV) but saturated compounds having four
20 carbon atoms and one nitrogen atom in a cyclic arrangement are also encompassed

by the term in the context of the present invention.

For the purposes of the present invention, the term nitro or nitroso nitrogen refers to
nitrogen atoms in the nitrogen-doped carbon nanotubes (NCNTs) which are,
25  regardless of their further covalent bonds, bound to at least one oxygen atom. A

specific form of such a nitro or nitroso nitrogen is shown in figure (V), which is
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- simul taneously available for a reaction -ch-the catal yst surface. This
is particularly advantageous for |ater use of the inventive

ni trogen- doped car bon nanot ubes (NCNTs) | oaded with net al

nanopar ti cl esnead&pfodllisiate, iNpHaEEHO Q@ MWSnESESnYAS §b0v§gl\éﬁﬁ&%tpyﬂdinic
wi shing to be tied to a theory, it appears that the pyridinic

nitrogen gr odp¥cgilesent ani sotropically on the surface of the

ni t rogen- doped carbon nanot ubes (NCNTs) result in the presence of
condensation sites for the future netal nanoparticles, with the netal
nanoparticles adhering particularly well to the pyridinic 10 nitrogen
groups since there is a nol ecul ar | action between the netal
nanoparticles and the pyridinic nitrogen groups present on the
surface of the nitrogen-doped carbon®hanotubes (NECNTs). That

nol ecul ar interaction-in particular may well lead to the advantageous
use of the 1 ! 5 t ( J t al.
nanopart i ol oo! canoaedt #ORFRER! AOPIRE IR Rt B dobouBIE WA, SFaflie =
catal ysts, aspysdinickmitmogen”’pndle dade fofrthd presére ipvensiont the mteschdfRre is also
The net al nanoE r%}c es ,can qonsist of a netal_ selected fromthe
group consi st %e% y é‘i’}mlget? jijleasgne gyagn aggm. ‘Bpe hetgrocxalic egsnpoygd thys no
Si, Zr, Ti, RengePonss ofiy.of fe Bibon!doms and M mﬂegrﬁ?on?%% iHaRa FThAists
nanoparticles preferably Consist of a netal selecte rom the group
consi sti ng ofofEiye c@bon aAlgmsAthe nifogeRtaforTand Fapxyidon afdm.and Cd. The

net al nariﬁparti cles particularly preferably consist of a netal

sel ected Tromthe group consisting of- Ag, Au, Pd, Pt, Rh, Ir, Ta, Nb,
Zn and Cd. Thepapsfieh tiedaapduhd h@sn MER Y urdavy, i ' i

consi st of ng;inun1(Pt). WD 2011/ 080 66g@%?%g%g%g%%%%gggsﬁp%MPg?%%m)
proportion ofN¢RIRRASSGsalibibarconiekkel the nressntimvalticst theormpasinds) which consist

ni t rogen- dop ( S arin t al .nanoparticle
is pr ef er abl sqforﬁgimﬁ%g%}g%%nm@%g\lﬂﬁﬂ% Ct&em{ro Q H%OSO mt:rogen S%OWII 1 rgure

(V) is also referred to as oxidized pyridinic nitrogen.

15
In the context of the present invention, the term amine nitrogen refers to nitrogen
atoms which, in the nitrogen-doped carbon nanotubes (NCNTs), are bound to at least
two hydrogen atoms and to not more than one carbon atom but are not bound to
OXygen.

20

The presence of pyridinic nitrogen in the proportions indicated is particularly
advantageous because it has surprisingly been found that pyridinic nitrogen in
particular simplifies a later loading of the surface of the nitrogen-doped carbon
nanotubes (NCNTSs) with metal nanoparticles and that this nitrogen species leads,
25 particularly when present in the proportions indicated, to a fine dispersion of the
metal nanoparticles on the surface of the nitrogen-doped carbon nanotubes, which is
particularly advantageous because of the resulting high specific surface area of the

metal nanoparticles.

30  This particularly good dispersion of the metal nanoparticles on the surface of the
nitrogen-doped carbon nanotubes (NCNTs) leads, in particular, to many catalytically



5 The presentWhI@H/O8M66urt her provi des a process for PETUER20I®/069607
* nitrogen-doped carbon nanotubes (NCNTs) h&ving netal nanoparticles
present on their surface, characterized in that it conprises at | east
t he steps: a) introduction of nitrogen-doped carbon nanot ubes
(NCNTs) havi ngtige dites ein@R@hiltRRoRly bailaBRSthr Preadhiddy. oﬂ‘ﬁfeg:gfa}?‘g{ surface. This
nitrogen of which at |east 40 nol %is pyridinic nitrogen into a

sol ution (A ledaepruathygadyantegedussiar tlater use bf thee thventiennivfogeidopet atrbon

salt in the ' i, t resence of the 15nit n: doped
car bon nanot Eb%ég&k%cﬁ@ ,Tlsj(;}oofa?%% gﬁlmaf APRAFIEIcS s ocla{ai&&g‘rﬁ%%ﬁogeneous
reduci ng agerdatalfsls. and c) separation of the nitrogen-doped carbon

nanot ubes _(NCNTs) now | oaded with netal nanoparticles fromthe
sol ution éA). 20 The nitrogen-doped carbon nanot ubes (NCNTs) used in

step a) of thg; : ! i . |1y ones. as_.can be ‘
obt ai ned fromrw%tﬁée&;?%%gggo hgggeri ?%ggﬁ %‘%&/\%@Wééﬁg%%ﬁﬁ’m q HUgeen pEups

preferred enpoekenterhisofrofitedlyponcths ssurfaoeyofatle RittopO@aopddo RaBofk A ibes
nanot ubes (N having a proportion of nitrogen in the range from

0.5% by wei g S g8%sH Weit%%tp.resFH%%/ ofr éowe@fegwabs»yesmf@rr dlee rfutiop evpetal
car bon nanot aAetNGNT s ' [ J.1: Lt I ange
From 196 by weraspa S Ay e BaSrRRics e ML RIRTy bl B8 pRRAE
enbodi medd omitrégsnpgowps s sinthethemr ds nat noieenlad o peetactinb dRtwWRn0 thd eHetal

NCNTs) having _a proportion of riidinic nitrogen of at |east 50 nol %
E)f ni tzogen 6‘%@%%‘%38?% aP‘Ifluetﬂ?li yr’g%@ﬁ-lagﬁ%@ mgrprﬁﬁﬁbt%bgﬁ spatages pf the
WO 2011/ 0800@%@%@4%@&9@&&%%@@%}has surprisingly been found

that prior treatnment of the nitrogen-doped carbon nanot ubes (NCNTSs)

before reduction of the nmetal salt in the presence thereof is not

necessary, |i - t e use of other carbon nanotubes. This

appl | 5 %ar i :Té’lglf)llaﬁr {e{%&lar }n?ergcrﬁon 1h paglcuﬁr may weEH leacf| to t%e advantageous use of the
15 nitrogen-doped carbon nanotubes (NCNTs) bearing metal nanoparticles compared to

the pure metal nanoparticles as improved catalysts, as is likewise provided for by the

present invention.

The metal nanoparticles can consist of a metal selected from the group consisting of
20 Fe, Ni, Cu, W, V, Cr, Sn, Co, Mn, Mo, Mg, Al, Si, Zr, Ti, Ru, Pt, Ag, Au, Pd, Rh, Ir,
Ta, Nb, Zn and Cd.

The metal nanoparticles preferably consist of a metal selected from the group
consisting of Ru, Pt, Ag, Au, Pd, Rh, Ir, Ta, Nb, Zn and Cd.

25
The metal nanoparticles particularly preferably consist of a metal selected from the
group consisting of Ag, Au, Pd, Pt, Rh, Ir, Ta, Nb, Zn and Cd.
The metal nanoparticles very particularly preferably consist of platinum (Pt).

30

The average particle size of the metal nanoparticles is preferably in the range from 2

to 5 nm.



5 when the ab¥$:2QidLQ80066d preferred nitrogen-doped car BEH/ERHAD0GIS07
* (NCNTs) are used. Conpared to the prior 4, this is a significant
sinplification of the production process. Wthout wishing to be tied
to a theory, this is obviously nmade possible by, in 10 particular,

the pyridini CTiRUpTopORioS LEUBEII @EndYartidl Bh HROGAANIOBGHNEI P Nrogen-doped
nanot ubes (NCNTs) form ng@gr efer eﬁl al condensatl on/ adsor %)I onogs‘?ln Oge

for netal salPE0RelaPubes (NEINESS theping mestal urangpastisles ua:pmfe«ablgffrom 20 to
"normal " car by gﬁa,g es. The solution (A) of a nmetal salt into

whi ch the ni trog (‘%‘ed carbon nanotubes 15 obtained as per step a)
are introduced is usually a solution of a salt of one of the netals
sel ected from.,the group consisting of Fe Ni, Cu, W V, C, Sn, Co,
M, b, M?l he gqegenzrmvmtmnRﬁlr&xpf pr(pg@ esAg prp@pss mr prpducng nmb)gezfdoped

and Cd. The ti

o0 TN R R TENR) LRGN SRS BEAUR GRS e
parti cul arl y charaéterizdel in that litawtentists atredshehegtepstp consi sting of Ag, Au,
Pd, Pt, Rh, Ir, Ta, Nb, Zn and Cd. The netal is very particularly
preferably platinum(Pt). The netal salts are usually salts of the
abovenentioned metl I h .
consisting of nit th Znﬂg%dea?g% gmgﬁlu%% d abtfeago%’l&gggﬁ aélsd@@gﬁ?fé‘?‘é@g a
Preferend® is given tmomlm |0ﬂeitd¢asn|&fr‘3étlaf weighThe mibgdn sélvilsclarae least

usually present in a tratl n in, the ran froml to 100 nmoU
preferably in the rarf@ rlﬁ BYR mbcomffﬂ%ﬂ 10to, qu‘éttﬂnaa“})y“ﬁ?%rfsé?%ﬁl petal
in 30 the range fromséltto 15 mmoU, in the solution (A).

2011/ 080066PCT/ EP2010/ 069607 - 11 - The sol vent of the sol ut| on (A
is usually one sel ect ed fromthe group consisting of water, ethylene

| ycol, nonoal coh , I | f.oxi de. . tol uene
gy%:/l ohexane. 5 Thg SOTV ﬂ?ﬁpsf t%%e eé"éagslt#y (ggsglg’tﬁmfd‘%rﬁnt% Ripssage of the
consi sti b of water, nbhEen-depsy taben ahyddhesqNENTDE)0 t?diﬂﬂﬂrﬁimthTMmonlgf

nonoal cohol s are usually met hanol or ethanol, or m xtures’thereof

The use of the parti GRRERISH Edveng ages(B).8ndr ogen- doped car bon

nanot ubes (NCNTs) having a high proportion of pyridinic nitrogen on
their surface enables the further addition of additives, for instance

for colloid stabi k) zaepavationtaf thenittoggredsd caftioh nahietvbes (NIENFS ndwBaded
addi tion of such addit.ives, for instance for calloid stabilization,
can be advant ageous i"fitgPgialnangpartisles rem the seltien (A% s obt ai ned fr om

t he proceggs further.

The nitrogen-doped carbon nanotubes (NCNTs) used in step a) of the process of the
invention are usually ones as can be obtained from the process described in
WO 2009/080204.

25 In a first preferred embodiment of the process, they are nitrogen-doped carbon
nanotubes (NCNTs) having a proportion of nitrogen in the range from 0.5% by
weight to 18% by weight. They are preferably nitrogen-doped carbon nanotubes
(NCNTSs) having a proportion of nitrogen in the range from 1% by weight to 16% by
weight.

30
In a second preferred embodiment of the process, théy are nitrogen-doped carbon
nanotubes (NCNTs) having a proportion of pyridinic nitrogen of at least 50 mol% of
nitrogen present in the nitrogen-doped carbon nanotubes (NCNTs).



15 The reductVéh29H/Q80966h) of the process of the i nvenPCIAEP2010/069607
- usual ly carried out using a chenical reddfi-ng agent (R) selected from
the group consisting of ethylene glycol, nonoal cohols, citrates,

bor ohydri des, fornmal dehyde, DVMSO and hydrazine. 20 It can thus be
seen that the amount of the above-di scl osed, possible solvents of the
solution (A) is sonetjnmes equal to the amount of the possible

reduci ng agert 423 suprisipgly beenc fayad thataper tieatient of e hifroghedoped carbon

addi ti on of j ) . | spensed. with in many cases.

25 pr of or encd TS HELARC RS etk Dre GRS BERFRE R b8 eiGet afieoRy o

and the sol vertessiryl ecomtrhsttto aire (lsfes)ofbﬂhaigaﬂionllﬁa&ﬁlb&amsyafﬂpﬁ@@fﬁrﬁ@ﬁlaﬂy
een_found that in_nmany enbodi nents of the

It has surprisin )

process of t H@qﬂ?{bé ﬁg?‘f?ﬁ‘,les?q’i@dﬁ?réff’é@g néegchelopediparben aandiybes {NCNTS) are
sol vent and tjyeq CReRdLA tof REYED adent NG af..l e art |y
identical, which is nade pos?ﬁbfgtgﬁlﬁﬁg%ﬁﬁgﬁgﬁmﬁéﬁ%g S%m&ucymn
nanot ubes ( NONI&ps.used in the process of the invention having high
proportions of pyridinic nitrogen on their surface, which pyridinic
nitrogen serves, as described above, as active site/adsorption point

for deposi ti agjtRbutt \k}ﬁhﬁ%t Rl bORichN® amogglgésogogﬁﬁgg& EE’%%&EASE{???%%

12 - surface thereof. This high affinit SO MaKes
of a redd@i ngpatisaier, hR)pyidipe sediesstiugtureny! thebrttbgmrdaped |dartmandidtubes

seen fromth hat t he expr.essi,on reduction in the presence of .
the 5 nitr ogstgég@g%gﬁ&ﬁrﬁﬂ&lfﬁggen@ °’§’§°Bé¥te%{%’é§?%§l sgfts/mgtal in
process encorpasse o Phekiridisutes o ohodfal teaibdAlans@ibks. 0N the surface
of the nitrogen-doped carbon nanotubes (NCNTs) and the reduction of

the netal salt in the solution (A) with adsorption of the netal
PyoPaGt ol e ThdSloflioh(fest PR Rt R Ctme hitiGfon Eea Wit Dhotubes
15  obtained as per step a) are intrqduced is usually a solution of a salt of one of the
metals selected from the group consisting of Fe, Ni, Cu, W, V, Cr, Sn, Co, Mn, Mo,

Mg, Al, Si, Zr, Ti, Ru, Pt, Ag, Au, Pd, Rh, Ir, Ta, Nb, Zn and Cd.

The metals are preferably selected from the group consisting of Ru, Pt, Ag, Au, Pd,

20 Rh, Ir, Ta, Nb, Zn and Cd. The metals are particularly preferably selected from the
group consisting of Ag, Au, Pd, Pt, Rh, Ir, Ta, Nb, Zn and Cd. The meta} is very
particularly preferably platinum (Pt).

The metal salts are usually salts of the abovementioned metals with a compound
25 selected from the group consisting of nitrate, acetate, chloride, bromide, iodide,

sulfate. Preference is given to chloride or nitrate.

The metal salts are usually present in a concentration in the range from 1 to
100 mmol/], preferably in the range from 5 to 50 mmol/l, particularly preferably in
30  the range from 5 to 15 mmol/l, in the solution (A).



A rmore preci SYQ2LEQRA066N i s frequently not possibl e sPEACEP2GH0/069607
- exanple, in the case of the reduction inrlihe solution wi th subsequent
adsorption on the surface, these processes take place partly

si mul t aneously. 15In particular, however, a distinction is also not

necessary simie dolveapbhieashsioh A ) aduanil ' st
ni t rogen- doped carbon nanotubesh(&CNTs ?ggg?§Fﬁ£%g¢%%g§§%9%)%%EmﬁngOf
finely di spervéder, itidenen glysplarmendatephplse dimpethylt sulfpxade (AMID) ftalmenofand
t he nanot ubes, cﬁﬁg[a'ﬁ@t t he catal yst obtai ned by nmeans of the process
of the inventron displays, in particular, a very high specific

surface area of the netal nanoparticles 20 and subsequent sintering

of the nmetal panoparticles is |ikew se prevented or at |east greatly
reduced by tHeé®i %ﬁaﬁﬁﬂlﬁzﬁﬁfebﬂblbﬁel@ﬁf@dr@m thp sgreymcOgsting of Wik, DMSO,

surface of thnaggégﬁgﬁgayﬂB ggggﬂﬁﬁﬁation sites of the

ni t r ogen- doped “car anot u s). 25The separation in step c)
of the process of the invention is usually carried out using nethods
as are generally kno to those skilled in the art. A nonlimting
exanpl e of sﬂlé]ﬁ %O@Q%P%]f PEsspally methagel; o5 thanple opmisdiates thersadint i on
further provides for the use of nitrogen-doped carbon 30 nanotubes
(NCNTs) whi ch have a proportion of at |east 0.5% by wei ght of

nit rogenl@f vithieatse af theqasltcu%lymdlv%tagequy nitchigan-doped ¢l mmachbes (N‘IM)

from2 to 60%by wejght of the t al.. nangparticles having a particle
size of fr omﬁiv%g albl%ﬁrﬂrgl? 167 QEE’HP E%E’ﬁ?‘%/@’cl dhegp S‘E‘I’g@es‘?ﬂabgééhfbﬁﬂ'fhef
the nitrogenadaipied raddiaieBanetinfgsce eNbibid stiflization, to tbg (lijigpeengesd with.

2011/ 080066PCT/ EP2010/ 069607 - 13 - Preference Is given
cat al ysts i nNevehelegsyie additipe op sunbexiditiyes, torinstaneentor oollcid stabitieation, can

cat al y: i aditine opsusbxitor :
(NuTs) " bear Pag st SRRy BrbloO SR P bl Borofs wockgher

aid of sofre exanples, but the exanples are not to be construed as a

restriction of the scope of the invention.
The reduction 1n step b) of the process of the invention is usually carried out using a

chemical reducing agent (R) sclected from the group consisting of ethylene glycol,

monoalcohols, citrates, borohydrides, formaldehyde, DMSO and hydrazine.

20 It can thus be seen that the amount of the above-disclosed, possible solvents of the
solution (A) is sometimes equal to the amount of the possible reducing agents (R)
just disclosed. Accordingly, the further addition of a reducing agent (R) can be

dispensed with in many cases.

25  Preference is therefore given to the chemical reducing agent (R) and the solvent of

the solution (A) being at least partly identical.

It has surprisingly been found that in many embodiments of the process of the
invention, the process can be simplified by the solvent and the chemical reducing
30 agent (R) being at least partly identical, which is made possible by the nifrogen-
doped carbon nanotubes (NCNTs) used in the process of the invention baving high
proportions of pyridinic nitrogen on their surface, which pyridinic nitrogen serves, as

described above, as active site/adsorption point for deposition of the metal on the



In addition, WRE20AR9066n is illustrated with the ai d BETIEBRISL069607
© Wi thout being restricted 10thereto. Fig-12-shows an extract from an
X-ray photoel ectron spectroscopy study (ES CA) of the nitrogen-doped
carbon nanotubes used in exanple 1. Specifically, the NL s spectrum
of the ni trog&ffa@ahaéoﬂm%}ﬂ@ﬂﬂ'@it yaRs maRd firthef ¥diBbLotla +dubiflf agent (R)
bi ndi ng 15 ener gy range trom 390 to 410 eV is shown. Under ﬁe
measur ed spe@ﬁi’ﬁﬂﬁ I?Inma@d@m bodimegaits- hat ched, conti nuous |ine), the
approxi mat ed i deal neasurenent signals of a pyridinic nitrogen

species (A black, thin, broken Iine with long sections), a pyrrolic
ni trogen spedt em beBsednl ﬁmh the bone thapKenedpradsioMrbducEbRif S plebdiies)of the

first qua rnatgil CI es C bI ack, thin continuous line), a
second 20° qutEETE |‘t9 t?36 QCNEPayas PRI cHer ot iohudhes process

l'ine), anltrg en
el os(E | el oA ety AL P Lo B8 dope

(F: dark grayarbphingkotubert (NONTS) anchth)e radectonofithe Tieealrsak [if Ghd \s@lutlon (A)
val ues of the in at which t asured val ue maxi mum
i s |ocated f(‘ﬁl&a ‘%SFI%OEU(P a‘?‘g Hﬁ%\%@@r@%’ég BYc %%rgenﬁ?‘gﬁ’%%ke%ﬁlalcﬁénﬁhe

axis. The supu@é sélBgo2PARPPr oxi mat ed ideal measurement signals in
addi ti on ives a snoothed representation. of the neasured spectrum

(0). 011/ 080066PCT/ EP2010/ 069607 - 14 - Fig. 2 shows a first
transm ssion £ cr.0 of the taI pr odu ed
described in e&jg)%%)P%cfe d13t1n9cln_or§1 nof ps?é%‘ dsnf aﬁgrﬁxg@i’ e case

el ectron m coédhaphluciieMn @ie Eaﬂu&ﬁiﬁiW%s@@ﬁpMﬁﬂmﬁsoﬂﬁ%cgdérgﬁg, tse

exanple 1. Fig. 4 shows_a first transm ssion electron mcrogr

(TEM of thePE%PHEy 9ke plasenedly siultrssensiped in exanple 2. 10 Fig. 5
shows a second transm ssion electron mcrograph (TEM of the catal yst
produced as described in exanple 2. Fig. 6 shows a transm ssi on

el ectronlin cimgaaiehlat, Thdevef, 4 Histinetioal £SilsdhefbERskaAs sAES ¢ bB8H cAdds the
exanple 3. 15 WD 2011/ 080066PCT/ EP2010/ 069607 -15 -

advantageous properties of the nitrogen-doped carbon nanotubes (N CNTs) lead, in

particular, to finely dispersed metal nanoparticles precipitating on the surface of the

nanotubes, so that the catalyst obtained by means of the process of the invention

displays, in particular, a very high specific surface area of the metal nanoparticles

20  and subsequent sintering of the metal nanoparticles is likewise prevented or at least

greatly reduced by the immobilization of the metal nanoparticles on the surface of

the abovementioned condensation sites of the nitrogen-doped carbon nanotubes
(NCNTs).

25 The separation in step ¢) of the process of the invention is usually carried out using
methods as are generally known to those skilled in the art. A nonlimiting example of

such a separation is filtration.

The present invention further provides for the use of nitrogen-doped carbon
30 nanotubes (NCNTs) which have a proportion of at least 0.5% by weight of nitrogen
of which at least 40 mol% is pyridinic nitrogen and on which from 2 to 60% by
weight of the metal nanoparticles having a particle size of from 1 to 10 nm are

present as catalysts on the surface of the nitrogen-doped carbon nanotubes (NCN'Ts).



Exanpl es:  EXAPRLI{08M664ucti on of a catal yst accor di nBCISEPHK0/069607
- invention 5 The nitrogen-doped carbon naddtubes were produced as
described in exanple 5 of WD 2009/080204 with the only differences

t herefrom being that pyridine was used as starting material, the
reaction was carried out at a reaction tenperature of 700C and the
reaction ti maPﬁs restricted to 30 mnutes. 10 Residual anounts of

the catal yst WEEHFICRISEHYA PIse sty eptrderteadysifescri bed in exanple 1
of WD 2009/ 080204 and used) were renoved by washing the

ni trogen- doped car bon nanot ubes obtained in 2 nolar hydrochloric acid
for 3 hours Uiiggrocass ofithe ihSerfntandfthe heveniive cgsipstslep@grisiag baogen-doped
nanot ubessobt ai,ned we &ﬁﬁﬂéﬁg tg t he exam nation_as described in )
exanpl o 45 SR ERPES 3) BaTHg- R GPMERICHS P rletated belgwish
wer e subsequend hi¥ ofikSREE [ adding.
themto this Iiquid and %??%IF??RS‘@@F ah lgggmr%o‘r%nﬂﬁg?%%ﬁghg?{%t Spion of
stirrer havi il scope af e ingentiehment for 10 minutes. 187 m of a silver
salt solution of 2.5 g of hexachloroplatinic(lV) acid hydrate (from
Uricore) in distilled water were subsequently added at a rate of

about 1 i/ mitA algitibhehé BSehidE iI0isHRRASHEAHE hid Si&i dirds WEERT BORE Yestricted
carbon nanotubes. The dispersion was 25 stirred further during tﬁl S
addi ti onl0Af tlretohe addition of the platinumsalt sol ution was
conplete, the pH of the dispersion was set to 11-12 by nmeans of a 1.5
nol ar NaOH solution in ethylene glycol. The di spersion obtained in

this way was Figilissgueninl extractafish eahreday Fh&oéieaﬁﬁlkspfeét?&%oﬁwstaaﬁ (ESCA) of
reacted in this at about 140C under reflux and a protective gas

at nospher e ( &% 8Hyosenioped, Gatben napofupes Bsed (0 6ERTDIER2 Bpe¢ifiedbg 7the Wos

- The di sper g} I eratyre b i npl s
allowing |t ShoRpler e oR% Riel SubORHh GRS, FHAR (Bl Join g pindine
subsequeh$ | y epargy i8] ttangeidiora 360 | thes 1 (etpes shbivhe Unaad iHeonResuréd tsB8otrum
Schl ei cher & @p@lﬁl I I@}.ggnglewgs@_ed once with distilled water, thus
separating t K8 Raek Wigk, batchedi cpptinBoysh lin)n vhe eppreximatcd idasl trheasurement
di spersion. % Uh{d RG; i I . § L h igd at..80C
in 2 vacuum glrggliiglﬁgég\%eir)l ‘g?lgsg%lrog&} TLJE,B&%%Z% bggl\ré’,agm#’urgﬁkgé ﬁfﬁe %IE}P ong

The cat al yst seations)da pyrrolec nitregémspenics ¢B: biack, shihsiegkariideywiik s6&€ séions),

t he exam natio s described in exanple 5
hORrf qua?emary nifrogen species (C:black, thin continuous line), a second

20  quaternary nitrogen species (D: gray, thick continuous line), a nitroso nitrogen
species or oxidized pyridinic nitrogen species (E: gray, thick, hatched line) and a
nitro nitrogen species (F: dark gray, thick continuous line) are shown. The respective
values of the binding energy (eV) at which the measured value maximum is located
for a particular nitrogen species are also shown on the x axis. The sum of the

25  approximated ideal measurement signals in addition gives a smoothed representation

of the measured spectrum (O).



Exanpl e 2: pro@298dB0966a first catal yst which is not BCTERRMH/A69607
- the invention Nitrogen-doped carbon nanetiibes were produced in a
manner anal ogous to exanple 1 with the sole difference that the
reaction was now carried out for 120 m nutes. The nitrogen-doped
carbon nanot g siens d ﬁﬁmﬂxﬁmid@ﬁjhtdlebmﬁ%ﬁeﬁgﬁa?ht(*mh@)@@ﬂéﬁbh?ﬁ pRSduced
described in exanpl e 4 before dispersion in 467 m of ethylene

gl ycol . TS desriibed ) $X3WPiE bnce again by a treatnent identical to
that described in exanple 1. 20 The catal yst obtai ned was

subsequently |ikew se passed to the exam nation as described in

exanpl e 5.  Bigpkkowds apscedud ttiansmiskion dledtidnemieagaby STEMY 6h thé dagilyst
accordingsto th i&ve tion 25 An experinent identical to that

descri bed inpg%ﬁﬁﬁ as desgpbeddnexampledyt with the sol e difference that
commer ci al carbon nanotubes (BayTubes(r), from BayTubes) were now
used instead of the nitrogen-doped carbon nanotubes used there. WO
2011/ 080066 PEi%. Brho ¥8 A0BSIBOMsmistinn-eledtror xeoiogedph §TERY of és:coakdded préduced
exanpl e 4 was aot.éﬁirieq ort due to the lack of nitrogen
const it uent s 2 ASFHESLBHREPPIE4- car bon nanot ubes. The catal yst
obt ai ned was subsequently |ikew se passed to the exam nation as 5
described in _exanple 5. Exanple 4: X-ray photoel ectron spectroscopy
study (ESEA) Fig. 5t pleovwsarasopends transmigsion | demronnmécragipble (TEMIdof tanmhelydt

10 The proporti f. nitr n in the nitrogen-doped carbon
nanot ubes ant?}%q%g%&)%{%ée@%egfn&x%ﬁ@??i on of various nitrogen species
within the proportion by mass of nitrogen found in the nitrogen-doped
car bon nanotubes were determined for the nitrogen-doped carbon

nanot ubes as FéHO8IaEE 4 tﬁaﬂswswml@éfoafm@m@b(gfﬁbéhdlp e caadysp peodhichy as
means of X-r ; spectroscopi ¢ anal ysis (ESCA; 15

i nstrunent: %Seor?lﬁtg) %%%%E%CAL% 220i XL; nethod: according to the
manuf actlfer's instructions). The values determi ned are sumari zed in
table 1. The determ nation of the nolar proportions of the various

ni trogen species or the




bondi ng st at Y& 24HA’NE6 ogen speci es was carried out bPCE/ER2010/069607
- approxi mati on under the 20 bindi ng energySval ue characterizing the
respective nitrogen species in the Nl s spectrum Measured val ues as
per exanple 4 Sanple N content [% by weight] Pyridine N [nol% Am ne

N [mol % PyrExineplds:

10

15

20

25

30

Example 1: production of a catalyst according to the invention

The nitrogen-doped carbon nanotubes were produced as described in example 5 of
WO 2009/080204 with the only differences therefrom being that pyridine was used
as starting material, the reaction was carried out at a reaction temperature of 700°C

and the reaction time was restricted to 30 minutes.

‘Residual amounts of the catalyst used (a catalyst was prepared as described in

example 1 of WO 2009/080204 and used) were removed by washing the nitrogen-
doped carbon nanotubes obtained in 2 molar hydrochloric acid for 3 hours under

reflux.

Part of the nitrogen-doped carbon nanotubes obtained were passed to the

examination as described in example 4.

The nitrogen-doped carbon nanotubes obtained in this way were subsequently
dispersed in 467 ml of ethylene glycol by adding them to this liquid and stirring at
3000 rpm using a SILVERSON stirrer having a stator attachment for 10 minutes.

187 ml of a silver salt solution of 2.5 g of hexachloroplatinic(IV) acid hydrate (from
Umicore) in distilled water were subsequently added at a rate of about 1 ml/min to
the resulting dispersion of the nitrogen-doped carbon nanotubes. The dispersion was
stirred further during this addition. After the addition of the platinum salt solution
was complete, the pH of the dispersion was set to 11-12 by means of a 1.5 molar

NaOH solution in ethylene glycol.

The dispersion obtained in this way was subsequently transferred to a 3-neck flask
and reacted in this at about 140°C under reflux and a protective gas atmosphere

(argon) for 3 hours.



[m)l od Quat er” h2ML/R80086) 04 Quater- nary N [rol % Pyr i BEAEER2010/069607
- (oxidized) MO [mol% NO[mpl 9% Ex. 1 7-48-72 0
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The dispersion was then cooled to room temperature by simply allowing it to stand
under ambient conditions (1013 hPa, 23°C) and subsequently passed through a filter
paper (blue band round filter, Schleicher & Schiill) and washed once with distilled
water, thus separating the catalyst according to the invention off from the dispersion.
The resulting, still moist solid was then dried at 80°C in a vacuum drying oven
(pressure ~ 10 mbar) for a further 12 hours. |

The catalyst according to the invention was subsequently passed to the examination

as described in example 5.
Example 2: production of a first catalyst which is not according to the invention

Nitrogen-doped carbon nanotubes were produced in a manner analogous to example

1 with the sole difference that the reaction was now carried out for 120 minutes.

The nitrogen-doped carbon nanotubes were likewise partly passed to the examination

as described in example 4 before dispersion in 467 ml of ethylene glycol.

This was followed once again by a treatment identical to that described in example 1.
The catalyst obtained was subsequently likewise passed to the examination as

described in example 5.

Example 3: production of a further catalyst which is not according to the

invention

An experiment identical to that described in example 1 was carried out with the sole
difference that commercial carbon nanotubes (BayTubes®, from BayTubes) were

now used instead of the nitrogen-doped carbon nanotubes used there.

It follows that, after washing of the carbon nanotubes in 2 molar hydrochloric acid,

the production of the catalyst was carried out in the same way.
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An examination as described in example 4 was not carried out due to the lack of

nitrogen constituents in the commercial carbon nanotubes.

The catalyst obtained was subsequently likewise passed to the examination as

described in example 5.

Example 4: X-ray photoelectron spectroscopy study (ESCA) of the catalysts as

described in example 1 and example 2

The proportion by mass of nitrogen in the nitrogen-doped carbon nanotubes and also
the molar proportion of various nitrogen species within the proportion by mass of
nitrogen found in the nitrogen-doped carbon nanotubes were determined for the
nitrogen-doped carbon nanotubes as obtained in the c;ourse of example 1 and of
example 2 by means of X-ray photoelectron spectroscopic analysis (ESCA;
instrument: ESCALab 220iXL; method:

manufacturer’s instructions). The values determined are summarized in table L.

ThermoFisher, according to the

The determination of the molar proportions of the various nitrogen species or the
bonding state of the nitrogen species was carried out by area approximation under the
binding energy value characterizing the respective nitrogen species in the Nls
spectrum.

Measured values as per example 4
Sample | Ncontent | Pyridine | Amine | Pyrrole | Quater- Quater- | Pyridine NO,
[% by N N N nary N | naryN | (oxidized) | [mol%]
weight] [mol%] [mol [mol%]} imol%] | [mol%] N-O
%] [mol%]
Ex. 1 7 48.72 0 24.21 10.07 9.71 4.92 2.36
Ex.2 10 39.66 0 6.5 40.54 4.05 6.67 2.58

For this purpose, a superposition of the individual measured values characterizing the
nitrogen species was assumed, with the resulting proportions being fitted

mathematically to the measured spectrum. For the purposes of illustration, this is



mat hemat i cal | YQ 804808885 ur ed spectrum For the pur poseBCIVEP2010/069607
“illustration, this is W0 2011/ 080066PCF/18P2010/ 069607 - 18 - shown
in fig. 1 for the nmeasured spectrum of the nitrogen-doped carbon

nanot ubes as per exanple 1 used according to the invention. It can be

seen from comshawhimfigof farlke Mehsuegispediane of GRMPVoNAPEY BABoR Balflibe as
exanple 1 used according to the invention with the noninventive

ni t r ogen- dopdW¥* EXAMRIR | HapbreseEtingto themventioisl e 2 that al t hough t he
proportion of nitrogen in the nitrogen-doped carbon nanotubes as per
exanple 2 is higher than in the case of the nitrogen-doped carbon

nanot ubes as Ipern ereasgehefrdm ¢dneparivbaiof phe Pitrddeanioptd tchdoRYiidndtubes as per
nitrogen gpeci es jn the nit rgiglen-dtgged car bon _nanot ubes as per

exanpl e 1°10 $80FiehusPd erepdingde the myratian (yigy the. nefpevenése méfrogen-doped
nanot ubes as daffonSeABRbEs 8s pdihé er ' | 02 i
proportions of tﬁe guat er nsa%)y nit ogegﬁﬁé}{gﬁ%@{eﬂgﬁ%égﬁg%@égﬁgm in the
el ectron m croigegspidoped Edpor xandtnixtsi asrpeo exdrhple Qais aligtet shaasin{@é case of the

le 1, I d I 15 Th t t bt ai ned as
Goacri bed i m iBGHeR ped a8 Tisbubes, s i cnenglen bt fheahor Gxeaion ctdhe
thei r | oadi ngyvididic ﬁitl@%éﬁl WBBCHR AR FhPnitro8tsAbial Qb ﬁ%ﬁl@% Y §5360R% 1
20, age) . 6 e

(TEM Philips TECNAI w th 200 kV accel eration volt
cat al yst 40acddetrafey than thakin thearittpgam-doapeg enrbonampbeibds as perstyawaplé @. The

fig. 2 and 3. ' n that the nitrogen-doped carbon nanot ubes
are | oaded Wit h‘tfeﬁ'%:egl? i@%ﬂ@ﬁgﬁﬁogﬁ%@mﬁ%o%og §ECTA MYREEbout 2 to 5

nmfinely dispersed on the surface of the nanotubes. The | oading of
the nitrogen-doped carbon nanotubes with platinumis about 50% by

wei ght of pl Z%2HUHe Sposarsmission celegiren micreseopic HAEM) adxputinatieor of rthe
25to0 the inv j C fl 2.and 3 owi ng the catal yst
accordi ng to%tgtdéﬁl@sni\l/geﬁg{ri%ﬁ?{pﬁ%’.&gm&l\%zgnggf‘%?lpwaﬁto the first

cat al yst Ifhich is not according to the invention show that a fine

di spersion of_platinumparticles on the surface of the nitrogen-doped
carbon 30 nandffBRLYSH.tRBEd 8t descrier Heeramples 1 to 3 were subsequently Optﬁally

examined for their loading with platinum under a transmission electron microscope
(TEM; Philips TECNAI 20, with 200 KV acceleration voltage).

20 The catalysts according to the invention as per example 1 are shown in fig.2and 3. It
can be seen that the nitrogen-doped carbon nanotubes are loaded with platinum
particles having a size of from about 2 to 5 nm finely dispersed on the surface of the
nanotubes. The loading of the nitrogen-doped carbon nanotubes with platinum is
about 50% by weight of platinum, based on the total mass of the catalyst according

25  to the invention.

In contrast to fig. 2 and 3 showing the catalyst according to the invention, fig. 4 and
5 relating to the first catalyst which is not according to the invention show that a fine
dispersion of platinum particles on the surface of the nitrogen-doped carbon

30 nanotubes has not occurred here.

The platinum particles are predominantly larger than 10 nm and some of them are

also present as agglomerates whose size exceeds even the diameter of the nitrogen-
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* Accordingly, only the different proporti-dA-of pyridinic nitrogen in

t he nitrogen-doped carbon nanotubes appears to be critical to the
desired fine dispersion of the metal on the surface of the

ni t r ogen- dopeaibpedicathonnamotibessAccordiayly, RABH MR iRt dropdSE of pyridinic
supported by the results of the neasurenent of the catalysts as per
exanpl e 3. THEERSRIB tas\Bieeemdepey. cadonmeagibebanpears tonbk eriticaldb dla desired
that the pro : : i j 0 i t he .catal ysts of  the
nvent i on vk haekate’ YRSkl BH A l-RECHE Aiel AR et Boples
can be carried out w thout subsequent fincttionalization of the carbon
nanot ubes angrv.\,ithout I he use of additives for stabilizing netal

nanopart i ¢l es MWAFTRRH0E igsturter supnosisd i dheubsultniof Hbatmeaswiemest @f the
content and igtaPatstdsGel Btanilt BOPles@ isthBR'ﬁ%'i‘ﬁgp tent in the form of

pyridinic species doés not lead to the desired high dispersion. of
netal nanoparticles on the carbon nanotubes. 15 The noninventive

conmrerci al caxbon_nanpot uhes. used remain | argely not covered and the
platinumis ra)lr SN ?éﬂag?‘ﬁ ﬁa‘ﬁ?ﬁrytﬁlﬁﬂ%}%@c’f:?ﬁ%rﬁ the; ByPfRly Hrekrodugipe the
2011/ 080066 PGa{aERA03 O GRGGM\ion vAdch h&d BELH ddmébhskalea! %E&esﬁ’ﬂﬁ?rif? %%(?&ple 1

ni trogen-doped carbon nanotubes (NCNTs) having a proportion’ o
| east 0. 38 byanbe ghtriedfouh mithofesubesfquenti fohctimalizegion of fhencirBori sanptidse ahd

as pyridinic _nj n.jin_the.nitrogen- ed car.bon nanof ubes. (NCNTs),
wherein fr Omv@h{o&?%ﬁe%l %)eyoilv%&%lﬁ?eso?ogr?&bgﬁ & %{r?qnep%rgcf?&vWﬁﬁe glil’le us¢ of
average part icatbenSianetubss tWiot2 Gitrddefohtdn® atd iR %Ec%ld?r@ﬂ?dﬁtt aofiit&{gsn
surface of the mt,rogen-doped car bon nanot ubes (N s). The catalys

as clai med i §OBIHS i the famphpyridinie stedies dosamot rad e Ssodesirehhigh dispersion
pyridinic ni ka8 nhioddkid&i the PaBl Xnotubes.
15

The noninventive commercial carbon nanotubes used remain largely not covered and

the platinum is present predominantly in the form of agglomerates.



The catal yst A9 LPH/ORM966, claim 1 or 2, characterized PRTYRB20K0/@69607
* metal nanoparticles consist of a netal séfected fromthe group
consisting of Fe, Ni, Cu, W V, C, Sn, Co, M, M, My, A, Si, Zr,

Ti, Ru, Pt, Ag, Au, Pd, Rh, Tr, Ta, Nb, Zn and Cd. The catal yst as
clained in cl@iaim®, characterized in that the netal is platinum(Pt).
The catalyst as clainmed in any of the preceding clains, characterized .
in that the netal nanoparticles have an average particle size in the
range from2 jto 5 AghAlyRE e&ﬁﬁﬁsﬁghﬁﬂfg@ﬂﬂ%&gcﬁb&ﬁ AGERSRRREE PO ing a
nanot ubes (NCNTs) havi ng netal nanoparticles present on their

surface, char act erfreragtipmot atdeast §.5%opweightofatitrbgmsif whieh sitless40 a)ol% is

bropor 1 of of at | IRERSHE SRt RargREeRs itht GYEABTrOakrc AR | Esofubes
40 mol % is pyri di INCNIS)[ @B&8in R 2ao%o¢/m3}@ei§§lféfrﬁaapﬁén§b fclt%%HE\Fiﬁéan
e

salt, WD 2011/080066PCT/ EP2010/ 069607 -2I - reduction o
netal salt in the 33&lage pamiclesize in thesange dtnamd do d0 nnhererpreseotyem thbopethce

car bon nanot ubes ' i daitd of a chemi cal

reduci ng agent (R@ggé:%&g%%}p%dgggr%a |%\r{1¥a%chu€%gwlffsagen-doped car bon

nanot ubes (NCNTs) now | oaded with nmetal nanoparticles fromthe

solution_ (A)., 7. ﬁle process as clainmed in claim®6, characterized in
er?-'dop

that nitrBg CB ap shineh s claivolr shangstesized in ithatgba propartion of
in the range fromQu.a¥ilQ i %by weight. 8. The process

as claimed in cl aipg?Gl or ??g%ﬁgrqgfg?éet?ioﬁ /{Rn that the nitrogen-doped
carbon nanot ubes (NCNTs) have a proportion of pyridinic nitrogen of

at | east 50 gol% _l_l'bS 9. .The pracess ag .clainmed in any of clains 6 to
8, characterized iTietiHAYS RS LHme 2B clsiByd 9md ehpeasteripgd i dhaththe metal

SoLvent of the SCutihdRiddodiiis: Gla hEAPLIBALS bl HE M Alonehhd O FLy;

use of nitrogen-doped carbon nanot ubes proportion
15 Cu, W, V, Cr, Sn, Co, Mn, Mo, Mg, Al, Si, Z_r, Ti, Ru, Pt, Ag, Au, Pd, Rh, Ir,

Ta, Nb, Zn and Cd.
4, The catalyst as claimed in claim 3, characterized in that the metal is
platinum (Pt).
20
5. The catalyst as claimed in any of the preceding claims, characterized in that

the metal nanoparticles have an average particle size in the range from 2 to

5 nm,

25 6. A process for producing nitrogen-doped carbon nanotubes (NCNTSs) having
metal nanoparticles present on their surface, characterized in that it

comprises at least the steps:

a) introduction of nitrogen-doped carbon nanotubes (NCNTSs) having a
30 proportion of at least 0.5% by weight of nitrogen of which at least
40 mol% is pyridinic nitrogen into a solution (A) comprising a metal

salt,



at least 0.5 QR YGt nitrogen of which at |east 4BCHIEB3N1H/069607
“ pyridinic nitrogen and on which from2 t8160% by wei ght of the netal
nanoparticles having a particle size of from1l to 10 nmare present
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b) reduction of the metal salt in the solution (A) in the presence of the
nitrogen-doped carbon nanotubes (NCNTS), optionally with addition of

a chemical reducing agent (R), and

¢) separation of the nitrogen-doped carbon nanotubes (NCNTs) now loaded

with metal nanoparticles from the solution (A).

The process as claimed in claim 6, characterized in that nitrogen-doped
carbon nanotubes (NCNTs) have a nitrogen content in the range from 0.5%

by weight to 18% by weight.

The process as claimed in claim 6 or 7, characterized in that the nitrogen-
doped carbon nanotubes (NCNTs) have a proportion of pyridinic nitrogen of
at least 50 mol%.

The process as claimed in any of claims 6 to 8, characterized in that the
chemical reducing agent (R) and the solvent of the solution (A) are at least

partly identical.

The use of nitrogen-doped carbon nanotubes (NCNTs) having a proportion of
at Jeast 0.5% by weight of nitrogen of which at least 40 mol% is pyridinic
nitrogen and on which from 2 to 60% by weight of the metal nanoparticles
having a particle size of from 1 to 10 nm are present as catalysfs on the

surface of the nitrogen-doped carbon nanotubes (NCNTSs).



