WO 2011/ 08006 069607 - 1 - N trogen-doped carbon nanot ubes
with netal naﬁ%‘ﬁ@g‘i‘% The invention relates to nit PFEFSREZSPAGIS07

carbon nanot ubes (NCNTs) which are | oaded -on -their surface with

nmet al nanoparticles, and also a process for producing 5themand their
use as catal yst. Carbon nanotubes have been generally known to those
skilled in t h&igpgensdoned carbon nanetubes withoneialgwaopattizttsi n 1991 by
lijima (S. Eima, Nature 354, 56-58, 1991). The term carbon nanot ubes
has since then enconpassed cylindrical bodies conprising carbon 10
and havi ng a dbanavestion rrelates toanitregdnrduped chubof Onanotubad (ACNTSY khisk bgh
is a multiple,of l.east 10 of . the dianmeter. A further i
characteri sti (I:D%g?@%’l?ﬁé}%eér %ugéﬁ%ﬁmhdﬂ%flﬁ@gpﬂd?saﬁ%‘% §{561a REPFeY & rmeadusing
atoms, wth thenrcadhiesr wenetathigs, 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 1BawaHRAGhcHIB B RR) "d&?&i@%&& thofd sk | Bt 1oV
to their dinensions and particul 5 pr per%gcthog séké%%gg?l%oa%tsaﬁé%a(%%%%s
are of indust fexweragesenibedde 19 byt bienp (S dijiotai Vatuof 354050683, 1965). The term
Further i npor p it re.in electronic d..energy. .

appl i cati ons éiﬁﬁé:neﬂatz%@;géggﬁegrugﬁ%lt@e eél&%mgas&# Wﬁ&ﬂ%‘fﬁ?g%}%ﬁ $q1133{‘1smg carbon
conduct i vi@y adbimvinsapdiameer matheeage Gog.3 o8Ot ahd4 Bngh WIREHHK Gl Bple

car bon bl ack. u of. .car.bon nanqgt ubes is particularly ]
advant ageous %ﬁcqsﬁ 29/ of e mteﬁ?'f thirgelgistic pf Biesq ¢psbon nanotubes is

abovenment i onethygrs P efdekeScalBbntdtBh€ Fwit $18 Ghtbon GhSotibes geﬁérall}shalv‘iﬂ%%(“c&%
possible to dﬁ$e t hese carbon nanot ubes w th heteroatons, “e.qg.
mai n 25 gr oupP$iREea diffFent faerahelasyai Syneoryans) for ¢anbon gardiebes raog s ciample,
produci ng t he« y bl y o hods _f.or
produci ng nit r%géoﬁﬁggﬂg&i?raggﬁ cﬁgﬁgt u egss °§r éﬁg%ﬂggﬁoﬁgt RE (in the case of
convent i ohal prwHlsburureshahostslisdor ‘Glhasrsils’al car bon nanot ubes, for
exanpl e 30el ectric arc processes, |aser ablation processes and
catal ytic processes.

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
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so that the resul Ting carbon nanotubes usually have to

to conplicated after-treatnent steps, whHiTh nakes t he products

obtai ned fromthese processes and thus these processes econom cal I y
unattractive. 5 On the other hand, catal ytic processes offer

advant ages f orD iE5HBIRECHon Prengsses:ise thas theaaruliing wshontmaheiubesinsesdlyshave to
product havi nge it V.S

yield by means %%1 iEﬁtb %gﬂsgl%irﬂggg%ses GP%E %@eﬁﬁ Stt%l E‘ﬁg%glgg%%g f)r?%&?s ‘?bt%lged
in particul ar T fhgpedireeegsed eud ﬁmaﬁt@ssprm@sedwmons@ﬂiymat&mﬁli 10 2006
017 695 Al. The process disclosed there enconpasses, in particular,
an advant ageous node of operation of the fluidized bed by neans of
whi ch car bén r(anﬂleoﬂmshmﬂncduﬂywpxdmm oﬁ@ﬂidvﬁnlﬁg@tyr MohdnicAt dﬁ@cﬂi&%ﬁ en
of fresh cat aI and c{ischar ﬁtﬁﬁ oduct Is |likew se scl osed

that the st art G RERALY ear“’él% é’&" aé’%}frl?léléq%ttﬁéfn&atbéﬁjﬁle tpibe pagduced

starting matefn g&@mu@pm &k th&8 PldeedsBs. Ni trogen 15 doping of the
carbon nanotubes is not disclosed. A simlar process for the

targeted, advantageous production of nitrogen-doped carbon nanotubes
(NCNTS)IS di LO8204, it IS .
di scl osed That%p ![: :ﬁg% fggéégﬁggggéﬁg %%glﬁhlh%afyt\gp‘%gé%g b%%&ﬂ?f %S)S’ 1Srdésd’tﬁ§8‘zim
by means 20 oDk H&QﬂﬁdﬁéﬁS aam*m plokess dischiel thewi eﬁlU@ﬁpasies,tﬂﬂQJaﬁt&iu@dryﬁi
material for pr These re S,.0 yst material can
be net al nano%alfgﬁl%fm% ﬁiﬁgpf’%f?%?gnqno?tsk’ﬁ&ﬁ)éﬂﬁﬁinﬁaqt E&&‘?‘ﬂr‘lﬁs 8# carbon
ni t r ogen- dopedanmubzo ran deoprobtced (Madisous] gvsmptm@lm@dl&ls 8fl fredC ERLAAN G
to the proceszi{Sc scri bed |n X\O 2009/ 0802 renoval of the residues

of the cataly BoPT Brodpet. it ist iesiwviss, disclosed dhat the piavtingapateriale awsell pap
to WO 2009/ 08Q3R4rise gettx@atatnwame (R QR ARE b1 OBhi¥h %@1& e%tﬁ%fﬁltregen

of the catalyst material are present im the nitrogen-do carbo
nanot ubes 1¢ NCKORiPE ebibaicsrben napieeabgs ismpt disclgpodsi bl e catalyst material s
whi ch can be present in small proportions in the nitrogen-doped
carbon nanotubes (NCNTs) 30 produced consists of Fe, N, Cu, W V,

Cr, Sn, Co, MA amuilakiprocss fai she mgaedglayavmage&s pfdnctéh, ofl mmo@eﬁLdabﬁp

furth | Whi t t and fo
A T e LI RN R
2011/ 080066 PCHY dift2éktd 1136 B Ghitrogen-doped carbon nanotubes (NCNTs) produced by means

20 of the process can still contain residues of the catalyst materal for producing them.

(s%)

These residues of catalyst material can be metal nanoparticles. A process for
subsequent loading of the nitrogen-doped carbon nanotubes (NCNTSs) is not
disclosed. According to the process described in WO 2009/080204, removal of the
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 (NCNT's) obtained. The group of possible catalyst materials which can be
present in small proportions in the nitrogen-doped carbon nanotubes (NCNT5s)
30  produced consists of Fe, Ni, Cu, W, V, Cr, Sn, Co, Mn and Mo, and also possibly
Mg, Al, 8i, 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,



- 3'- Further / 080204 does not disclose th i n
whi ch the ni trqgggzr?lg}gﬁ e present in the ni trogen-dopeﬁcgzé%of069ﬁﬂ7

nanot ubes (NCNTs). Yan et al. in "Production of a high dispersion of
silver nanoparticles on surface- 5 functionalized nulti-walled carbon
nanot ubes usi g‘%nﬁ?n el eg}é{)gﬁt atic technique", Materials Letters 63
(2009) 171- 173 MHTEOMG G/0%0204 dersmehdsdlpedheformoin which e oirages can
can subsequentkydight k9B astropet-Boiidl 4on & ogna%' ce. Accordingly,
car bon nanotube%‘) can be subdggqugﬁ Icy Iogague vmgmég{iﬁ%'.er by firstly
being finictionalized on their surface by nmeans of oxidizing acids
such as nitri cl Gk LG.acihd. According to the. disclosure
by Yan et al .?{a’?(uér%%%'ia]gngﬂ- g%lr%{g%rfpgf \?\hq}l% digheryen zgi S"l‘éecﬁléﬁ?)‘?mgfctleés‘mf ace-
the sil ver Snafioptonalictd sntlt-viatled eptoht etombes iihges eRctkdiftis WebREuO]

t he- b t ub dur i t f the t t t with th
e o o RS (T8 BBl gL St o
nanot ubes accbewica@nisCcanHabayBEHI9 e Badt¥ Wil sifler 8h -théﬁ,ogmf(?.:c?fgz?%cty}?ﬁngly,

steps of dispersion of the oxidized carbon nanotubes in
sul foxi de, ad@FPPRHPARPMEEY \faR he t ubseguenity lesdedt with siver Hey Sirstlerbemg

means of sodi WRcabtHiatf o f -ox1 di. arbon .
nanot ubes. 20Si r?c_e,a1 1accgr gz}e#&%{%@aﬁﬁlg?&a?g&?ﬁ%° g‘?(l?g?%c:ﬁnaé %?Spa&dt %Fd
of the acills Falfugici acid abgeoiding: tntho elisdsurestey Vanrt uhefultt@baDgiougs Mhich
Yan et al. th e. het er gat, are oxygen_ and njtrogen-doped carbon
nanot ubes (N s% Qsaraélglﬁ%esﬁeesf %thﬁ Siﬁve& Pé’g}%@é@s é%t%‘é?gflqu@f%gﬁnﬁ?g% fhe
the carbon namefabefthkeaten nidiibes dhyed the 25urddR2R084k38A60mdhs 61 iaShS
ni t rogen-cont ai.ni ng carbon nanot ubes whi ch bear pl ati num or ruthenium
netal nanopar £9¢¥es and have a proportion of nitrogen of fromo0.01 to
1. 34, expressed as the ratio of nitrogen to carbon (CNx where x =
0.01-1. 3431). According to WO 2008/138269, the platinumor ruthenium
met al nanépar LhePiesesh fardoaling therpxidized tarberoranotubes azcdBingun thenidsciusere by
present in a i f % of the.total mass of the
i tr ogen. cont g?%%ﬁ Sf. Ccawgéesn%%)g}eé%tgg .dﬁg%g’og of e LRGI7 8 BN BSotbest i
2011/ 080066 PCHitnERR0 $0f©685 6dditiontof silybmatitrate ind pedluctionr aftthedivenby feans of
solution, int i.ng, the, nitrogen-contai ni ng carbon nanotubes into
this sol uti ongoan { {?anﬁbe f%@cggﬂpgogﬂw ‘?Sﬂr W%‘Besof rut heni um
adsorbed on the surface of the nitrogen-containing carbon nanot abes

by neans ?(5] a_chem cal,k reducing at%gnt: .5 WO 2008/ 138269 does not
di scl ose that SIHEDAFCRLRS far 7 &1aks s oridizivgprapertyoefdhotcids is ciitiaanibeandte

rut heni um canaRemed eo8Nthe KGNSS BPEm %Ql?%%%%?&égat&b? %red8g§%g§f%lgn

di scl ose the nature of the nitrogen in the nitrogen-containin
nanot ubes. nitrogen-doped carbon nanotubes (NCNTs) are therefore not disclosed as starting

point for the carbon nanotubes loaded with silver.

25 WO 2008/138269 discloses nitrogen-containing carbon nanotubes which bear
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



10 The probl en‘k,g ntly applying netal nanoparticles to carbon
nanot ubes and 1'n %@ﬂ@@%r to nitrogen-doped carbon ndidyEBel0/069607

(NCNTs) is therefore a probl em which has Yeen solved in only a few
fields in the prior art. In particular, there is the problem of

provi di ng ni trpgg,en-doped carhon nanot ubes 15 (NCNTs) on which any
desired net al MERSEAR A raberpmdn pesakytionintredycing the pigbgendiostaiisg darbon
formand in a 3663 RMMs sai S cl uch .
car bon nanot ubes. SLSlCh fi nsefy %n?g@%gguﬁﬁréﬁm‘gel salr;[g(r%g %ﬁiﬁl claenggoofﬁmﬁlemum
ni t r ogen- dopeddeabasom tasoifedsed thwuitrdgdreccathiving sarbausanotubepby Hricatd 6 a
as catal yst j e 0 1t has now surprisingly been found, as
first subj ecp%ﬁggﬂcﬁleé%l}cznsgeaﬁ%mi nvention, that this object can be

achi eved by a catal yst conprising nitrogen-doped carbon nanot ubes

(NONTs) havin ] ion of at |east 0.5% by weight of nitrogen of
whi ch at | easﬁ” @C?%h'%ﬁgfﬁég & ohdisgloss, hat dnGirlcoarpparbyen other fisa those of
ni trogen. dopedleRiak dTatdbHRA:h Nelifesbn, PHREEhD WRIMEY M398IGRY does
wei ght of metal nanoparticles having an 25 average particle size in
the range fromPtdifdosedhaatige of {he aiiwgen irthe hitrogenfoabaining carben nanotubes.
ni t rogen- doped carbon nanot ubes (NCNTs). The ni trogen-doped carbon

nanot ubes (NCNTs) preferably have a nitrogen content in the range
from 0. 5%I1By Vidie gablen of 8¥skbynendy apiplyiag thefrh nhriopattialel Yo parbdreimbhibed fhd

the 30 range from.1%b ight .to0,16% by wei ght VO .

2011/ 080066PCITEBSEHEY dipgen-daped %ng’? g‘?‘?ﬁ%‘%ﬁi@@&& ig hsredors a problem
However, the nilichigebeqirsebenin rily b iy AbilE RAROpSRAD carbon nanot ubes
(NCNTs) of the invention can also be additionally present as nitro
nitrogen and/ or nitroso nitrogen and/ or pyrrolic nitrogen and/or

am ne nitrogem apdic i : ) J

st o nary i T Saeler, M o MR frolleh) OBmIdHE sRioBRAdEd Touh pemprypes
pyrrolic APt r 6YENTS} enorhighusoy diesiretl anetalpoaroparticles atedbeqor sypiiad in finely

invention sin i r o) not _si_gni ficant hi nder the
i nvention as Ig]%ﬁég&?sfo?ﬂgg g o%ga-r e%?:?ulngélaaﬁgfgﬁcﬁ’?‘feﬁﬁ QFOJE)‘Q‘PMV% garbon
nitrogen are pamswes. Sidhe fipelgpdisicised raétalpyarioPhriicies Nint HiRG8Eh-Adpel N@rbon

catal yst of the inventi i referaply at least 50 mol % In the
context of th 8”53;'333 %WP“@HV@%Y COYSHE! I{%@P"H{a"'ﬁ? cRaiysiateals ogen”

describes 15 nitrogen atons which are present in a heterocyclic
conpound cgnsi sting of five carbon atons and the nitrogen atomin the
ni t r ogen- dBpedt W8 RPE suIpaEBElRsen fouadims)firstaHbiestofthepresent ingention, that this
pyridinic niteE&ahBeSiied 8y ) ver . the
term pyridini c%ﬁi tr ogg_n ref %r gy r?o%%gﬁf %%%Qﬁﬁ%ogﬁﬁﬁ\éﬁzgfoﬁp&n?%@s
abovenent i onetNGEIe) lnwingla propwtiproefiad lesstéi¥s by wheightiofnifrbdentnf tvhidhsan Idatte

singly or mul i Bl SEEHBLCH SARSY ISR60! it % SATE STl S Bon OnTHh S

(NCNTSs), 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 (NCNTs) of the

invention is incorporated in the graphitic layers and is at least partly present as



Furthernore, ok@esici9@8hsgends are al so enconpassed by t
"pyridinic 25 nitrogen"” when such other _%orrpounds corrp??;[léfg{ﬂmmﬁ%w

het erocycl i ¢ conpound consisting of five carbon atoms and the
nitrogen atom An exanple of such pyridinic nitrogen is shown in
figure (I11). WD.2011/080066PCT/ EP2010/ Q69607 - 6 - (10 Figure (II
depi cts by waypP SRR, Hiroeen gﬁa B Wﬂfﬁnﬁ‘f HPERg RSt dhretheumitEggendape

constituents ahrban Mdnitey (NCNTEPSTRY Bent@RQaR bish 16 aB%fibMIY 'E;?e Bl QRN
atons IS a constituent of a nonaronmati c heter ocycl I C conpo ng. In

contrast ther SEPEeR ABUOE MirosguBTagsRarRA/er pyEientitrageny erddor amingenitrogen

cont ext of th%%@?ﬁ%&?ﬁ% spn refers to nitrogen atons which are
c,ovalently bound fo at 1east three carbon atons. For exanple, such

quat er nary>ni trogen can be a constituent of multicyclic compounds as

shown in figure.( T rmpyrrolic njtrogen describes, .in the
cont ext of theI‘B Brﬂésgéarﬁ?oﬁsn%g '%a?egﬁa,:?ry{'iltﬁggﬁéjﬂg}gf ARG 8 Dogo ﬁng’éﬁfml?%
a heterocycl i end/onpyrotid niteipeh aid sfGubdrdihet impEAR08 toothe RFes@fl Svehiion since

nitrogen in the.nitrogen-doped .carbo anot ubes (NCNTS). An exanple
of a 15 pyrrolf¥ B%ﬁeﬁg%ﬁae% ot ﬁ@@&ﬁ?ﬁ@ﬂ?ﬂ@%r the dnvsaidenc s lengyasnihieogbove-

shown in fi gurdesctibdq proportions of pyridinic nitro gen 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
catbon 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.

SN
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@

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 (I1).



In the contextwg_{ " yorhgé'c nitrogen”, too, this is not restricted to
the heterocyclica 1@ i urated conpound shown in fig®CA/EPRBL0469607
sat ur at ed corrpounds havi ng four 20 car boif -at ons and one nitrogen atom
in a cyclic arrangenent are al so enconpassed by the termin the
context of the present invention. For the purposes of the present
invention, the termnitro or nitros trogen refers to nitrogen
atons in the nitrogen-doped carbon tubes (NCNTs) which are, 25
regardl ess of their further coval ent Jbonds,} bound to at |east one
oxygen atom A specific formof such o0 or_intros nitrogen is
shown in figure (V), whichis - 7 - i nt ended t® illustrate, in

particular, thes,gif r tioned pyridini

nitrogen. (V) glﬁlé ({I??%&Eeb%s‘gﬁlrof%% ﬁ%gfé{r%‘g p%'%hn{chg Og(fnnat(%lﬁt‘?’]ﬁgli‘ A%
conpounds whi @hnstlamptSi ofer aultjpyclicdtompounit Ong e thei pyridiec S8RSEn AfomsR a
present i. nvent| n. nitro ere | al so cqovalently bound to at

| east one oxyd€ Stlg{egﬂ?efaﬂ?&alﬁgjtag?g%tﬁreﬂ lo g d thus no |onger
consists osly of five carbon atons and the nitrogen atom but instead
consists of five carbon atons, the nitrogen atom and an oxygen atom
10 Apart from™® FeNEShHISTRRY O dHm | ﬁl“altfif@ﬂﬁ @itfogen” e asedeinnthni contexbiof the
intros nitrog ﬂes@ﬂt%ﬁv&xﬂﬁ&%%stgsmtrb

i nvention, th? conmpounds whi ch cons s &Pétwc;ﬁlxgﬁ?%%%%g ?ﬁggo aérkeaSt
The form of nithre® casborh ptoms sorrixamplye suchhypraterary flIlhgngrEca(n\/Be ) &mhﬁ&nt of

referred to ag, @l o &duRihdets thbwiid £Q9€5m.
10
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The term pyrrolic nitrogen describes, in the context of the present invention, nitrogen
atorns which are present in a heterocyclic compound consisting of four carbon atoms
and the nitrogen in the nitrogen-doped carbon nanotubes (N CNTs). An example of a

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

@,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

v)

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



15 I'n the contgy .4 {Otsﬁﬁﬁdor esent invention, the term a?gﬁﬁgﬁ'zélro%gﬁ%m

refers to nitrogen atons which, in the nijrogen-doped

nanot ubes (NCNTs), are bound to at |east”two hydrogen atons and to
not nore than one carbon atom but are not bound to oxygen. 20 The
presence of pyrj di trogen in the proportions indicated is
particul arly JO¥H ‘#ﬁgéﬁélgﬁgatﬁ’éEQE@émﬁb thediffergrgsrirom thglapotvseantipradrmyridinid
pyridinic n|tq9gﬁ$mgn particular sinplifies a later |oading of the
surface of the nitrogen-doped carbon nanotubes (NCNTs) w th netal
nanoparticles and that this nitrogen species |eads, 25 particularly
when present in the proportions indicated, to a flne di spersi on of
the nmetal nanopartieles on the surf .9@ t he nitrogen-doped carbon
nanot ubes, which is particularly aﬁZ%jfageous because of the
resulting high specific surface areaz6f the net%b nanoparticles. WO
20111080066PCT/ EP2010/ 069607 - 8 - active sites ‘Deing sinultaneously

avai |l abl e for e | yst surf Thi s

particul ar Ifsy e{g\?{a{lnﬁgtgc’%%]%gljf}f fﬁ %génc?f’n??‘?g?q ﬁQ}BPﬂWBG% Which comprise a
ni t r ogen- dopedpyrdihio rmur@eﬁﬂ ubms sedeNSFade preashe chvhtion, MRt @irogen herc is also
nanoparticles as Ca]:ygaoﬁmﬁ het er ogeneous cat al é}gcli \/%

wi shing to be “PYalght Fﬂaﬁtr ast ppe gRyRsH aton. hihe hﬁ Oﬁgth @nrmoemd ﬂlus no
Ni trogen gr oURsngRF E6iRRis Al MJe%%ﬁlaltc}fn@&dttF@ Yt IiRad consists
ni t rogen- doped carbon nanot ubes (NCNTs) res e pr esence  of

condensat i on ﬁﬁé%@bﬁn%tms,ﬂmmﬁ&mmamagma¢¢ras with the netal
nanopartighes adhering particularly well to the pyridinic 10 nitrogen
groups since there is a nolecul ar interaction between the netal

nanoparti cl es Apad ﬂohtethpyompbwndcshmm irofig@me GNOthe Serpi e 6t niGBsd KGogen also
surface of th%nnl trao en- e(g g n nanot ubes, éPNCNTs That
mol ecul ar i nt 6P aCEION i A a?o(nlte P e RIeseRlonyenfian, fhe sorppungs) Winharpasisis

use of the 15ofbhiyagesked apé dxpeeh PORe RARATUHAES of MEDISHitBER réhB@anEtﬁ%hIe
e

nanoparti cl esqc/, fred to the pure netal nanoparticles as 1nprov
catal ysts, Aise SRéW%@%@&?l"é@&dedl@? nitfegebr esent i nventi on.

The netal jpanoparticles can consist of a netal selected fromthe
group consisting of 20 Fe, Ni, Cu, W V, C, Sn, Co, M, M, M, A,
Si, Zr, Ti, Rin tpetconmyt ofrfhe pmesentRinyerttion, the, terbamide mtnegefdefelhie Mﬁb@n

TSP ! 7 oREB BR84S 91
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
napotubes (NCNTs) 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 (NCNTSs) leads, in particular, to many catalytically



The netal nan i Gl rticularly preferably consist of a netal
sel ected from heﬁdglﬁlo@go@gnsi sting of Ag, Au, Pd, Pt, R&T/EF201P469687
Zn and Cd. The netal nanoparticles very "p%‘rti cularly preferably

consi st of platinum (Pt). WD 2011/080066PCT/ EP2010/ 069607 - 9.. The

proportion of netal, nanoparticles on the catalyst conprising
ni t r ogen- doped°t%t BiEH beian HryBacopsicamaiible derrd ieaction oa therratatyshsurfack.cRhis

is preferably i &)chgﬁrlgf%d%]%g?bfus ;jq%r usk I{'%e%@&g% o no\c/gg{f th O carbon

further provides a process produci ng nrtrogen-dope

nanot ubes ( NCNEBYtubss(NCN T tleddedh avidpmetal sdneparficles entatdysts hehdterogeneous
surface, char%fcl{aﬁysiszed inthat it conprises at |east the steps: a)
i ntroduction o i trogen-doped carbon nanotubes (NCNTs) having a 10
proportion5of at |east 0.5% by weight of nitrogen of which at | east

40 mol % i s pyrd,dinic.ni.trogen. into sol.ution (A) conprising a netal -
salt, it Sictite B et Eeort o tooee Vi tiechoBAinapiogen moups
presence of t hgesdfnidisct@pRalio RAHE AERARe J}Qg}Q t

with additi ontpgﬁ‘s a chem ge}?qj}?educi ng age%n‘?%??ﬁg%g C cg)g%rggrgtéagﬁﬁ%%sy
t he nitrogen- dYGETsE aicHdh imalhot Rretency NENTendensation it domithdr fivetra | metal

nanoparticl es i nitrogen-doped. carbon .. .
nanot ubes (Ncﬁl%@ﬁ#scg%’ \?l(ri:[]l Jtsﬁ%tlla%% é%@)@%géelg&éeggég%lﬂﬁﬁ%%ﬁ%ﬁ?ipé'ﬂdl&l'ce
usual | y od8s ayiragam pwupbtsiicaethefer am & hmokralaeSatetetad i feefecnn tHO metal
2009/ 080204. 25 In_.a,first. preferred.enbodi nent of the process, they
are ni trogen-&grboé’&mggfb%’ ngg RSP FOHBY PRREEY. Wt dsostfass of the
nitrogen in thérdgamgepddicarniol naitites reCyt).t 0 18% by wei ght. They are
preferably nitrogen-doped carbon nanotubes (NCNTs)- having a
proportion of nitrogen in the range from 1% by weight to 16% by

wei ght. 30  That molecular interaction in particular may well lead to the 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, Za 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 om.



In a second pr di rent of the process, they ar

ni trogen-dopedwfég% lgglbsﬁg&nggtubes (NCNTs) tbavi ng a pr opo?ﬂ%éﬁPWG/069607
pyridinic nitrogen of at |east 50 nol % of” nitrogen present in the

ni t rogen-doped carbon nanot ubes (NCNTs). WO

2011/ 080066P EP2010/,069F6]07 - 10 - It has surprisingly been found
that prior trenBAPOTHPN Of &eial (apepariciks e theasatlyst (FambTising Sittagentioped

bef ore reduct icgfbogfnahagbgge&q@j | fendi ' t; IS ot
necessary, in contrast_to he“ﬁ%f%ﬁ%%‘ﬁ%ﬁ%ﬁ@%@%ﬁgﬁ??ﬁ%‘%@ ffﬁﬂ%szo o
appl i es parti A9MabY yei8hishen t he above- described preferred

ni t rogen- doped carbon nanot ubes (NCNTs) are used. Conpared to the
prior art, this is a significant sinplification of the production

pr gcess. V\ﬁ]c hdie pesen rigzenti;orbéurltﬁcedmb\gda ] hs_agc_reys_ féﬁﬁbﬁ?ﬁcﬁn@hﬂd@@ﬁldﬁped
made possi bl e in 10 pa r..the pyridinic surface structures
of the ni trog@3%886@8@%‘%@@%@3‘&%&%&@%@1%@%%rfélieéwmaqce,
condensat i on/ atisactpiidediin it ieSorhitisesMlladst hakepd: metal in contrast to

the surface structures of "normal" carbon nanotubes. The solution (A

of a nmetal salt into which the nitrogen-doped carbon nanotubes 15

obtained as per stgp frodh&@ioh bt fggﬂg&%@%%%hl YanBiuB bﬁ%s)giuaﬁgg a

salt of one of the nhetals sel ect romthe group consisting

Ni, Cu, WOV, Cr, Sn, poportivh, of\s, leady,0.98% ,bySiveight pf TitrogBu of RihictAgt leAst,
Pd, Rh, Ir, Ta, Nb, Z ~JAhe. nmetals are pref.er y sel.ected
fromthe group consi stQPﬁl%%gglﬂt‘fndﬂc mk ,enAIE?,EO ?’&?ﬁﬂﬁn S Corpprisiig anpetal
Zn and Cd. The netal ssat,e particularly preferably selected fromthe
group consisting of Ag, Au, Pd, Pt, Rh, 1r, Ta, Nb, Zn and Cd. The
metal is very particularly preferably platinum (Pt). The net al

salts are usually snl feﬂu@tfontJﬁh@@ﬂéﬁﬁ%ﬁtihgﬂégoﬁlﬁ&?g&) W i 2 ﬁ%ﬁé@gﬁﬁ%
25sel ected _fromthe group consisting of nitrate, acetate, c?‘n ori de,
broni de, ildi de, sul f Bitwgensiioped ceher nprptghiey NCNT's); loptenally voth additioant o

a chemical reducing agent (R), and

¢) separation of the nitrogen-doped carbon nanotubes (NCNTs) now loaded
with metal nanoparticles from the solution (A).
20
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 arc preferably nitrogen-doped carbon nanotubes
(NCNTs) 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, th;ey 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).



The netal salt y present in a concentration_j r
from1l to 100 m&‘ﬁfﬂﬁg% erably in the rﬁnge from5 tg@@ﬁﬁq}f?@%ﬂ”
particularly preferably in 30 the range'f] omb5 to 15 mvl/1, in the
solution (A). WD 2011/080066PCT/ EP2010/ 069607 -11 - The sol vent of
the solution (A) is usually one selected fromthe group consisting of
wat er, ethyl ene glycol, nonoal cohols, dinethyl sulfoxide (DVSO,

t ol d i '
ol uene and cyighehexphiginglp bEbE f%ﬁlviél\c/)@lﬁtt pliss ﬂ?éa%gftaéﬁ e ﬁd&%ﬁgpéd ifbon

the group consisting of water , _ethyl ene yco
monoal cohol s. PRHESHANER beforeaicduation of the meselralidh therpreseheertbéreofis not

m xtures ther T f j vant.ageous .

ni t r ogen- dopegﬁéﬁgﬁ%’nﬂﬁgﬁ%@h A P%ﬁéﬁlér%g[\ly%é%f%eah%bﬂg%}?ﬁ?i Py
pyri dinic Ait rdgerhoabavhaescribed praicered mithiges-dbed datbioh hanotabkdi (NGNTTS) fare
additives, for fi:dw%o%n edf or, coll oi dthst.abi lization, tﬁ he di%gensed_
with. Nevert h&P&kSCFREIAR HoRmon 28+ i A sigdficenisubplifiaiion pgtbs peedupiign
col |l oi d stabi lpramés.on, can be advantageous in order to inprove the
catal ysts obtained fromthe process further. 15 The reduction in step
b) of the process of the invention is usually carried out using a
chem cal redusyfigbuRoeigkin (oF W< e onsk St 0 .
et hyl ene al ycol , nonoal c%f%l%,e&% f[or gttéio?wb%{goﬁggc]&i’bglg& llﬁ?Jg)er h&ésl@g%%f)l?ﬁ’efn
DVSO and R{dr @aitisslar, 2be pyridinie suifacs $nicBeesnott the nittdgen-dopedndartoh ndnetubes

above-di scl os i hle s. of _the | utl.on.(A). i s songtines,

equal to the gﬁg}ﬁ@ ) gﬁrﬁﬁg@é@% ) ng%ﬁ%}%oﬂj%ésoﬁ%% %l(ef %f T’ﬁ%tsgﬁs/ metal in
di scl osed. Accontdishiglthe surface dtmetunarof dnktial "earbeh nandresbyci ng agent (R)

can be dispensed with in nany cases. 25 Preference is therefore given
to the chem cal reducing agent (R) and the solvent of the solution

(A) being at ITeasbluiah (AY of danéthiCait intd whRh B8 hifobsl A RARA Ff3YATes
that in many enbodinents of the process of the invention, the process

can be si fpl i PP@HeRps Pk siER Y lstinGpdncedis wsielly e aplution o 2 rsglt 36 oag @fithe
(R being at lgas YA i Al }.S e Loke h
ni trogen- doped c%?eg%?\édn%or{%?% ebs i( lﬁ@ﬂisgﬁsﬁgﬁlﬂgﬁ Ng’oﬁf?%lgég’s@%fﬁ?’ﬁgo’

i nventi on havMgy Mi YhZr, 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 arc particularly preferably selected from the
group consisting of Ag, Au, Pd, Pt, Rh, Ir, Ta, Nb, Zn and Cd. The metal 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/l, 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).



proportions ofWQy e (oY itrogen on their surface, whig ridinic
nitrogen serves, %‘%ﬂéﬂggg?€bed above, as iti ve site/ ad?é&a%%%%'&ﬁ%w
for deposition of the nmetal on the WD 2011/080066PCT/ EP2010/ 069607 -
12 - surface thereof. This high affinity also nakes further addition

of a reducing ,Jg%enbegl?%ﬁtﬂi spensapl e in many enbodi ments. It can be
seen from t he Gho0tephekthe selutiantAdds nenlly eae salectnd from theegrone sensisting of
the 5 nitrogenyfgpe b a N iy f the .-
process enconpasés*gsq.lt%?% @PE:Ced?’r ggh%ﬁlﬁkb@}gé%?%fﬁggfm%é&gﬁﬁ 33%
of the nitrogencl@bgrase.car bon nanot ubes (NCNTs) and the reduction of .
the netal salt in the solution (A) with adsorption of the netal
nanoparticle nuclei formed which takes place in the sane sol ution
(A). 10 A for &her siveme islipsdferablyi @lecicd fomchenkdup BeisisBAS D BlAerSiMALO,
for exanpl e, ig} he&i}’asﬁ f the rlicguction in the solution with
subsequent ads yéﬁnle 8 a“?jﬁ%oné?ﬁ]rc? ®, these processes take place
partly simultaneously. 15In particular, however, a distinction is

al so not necessary since_in both cases the advantageous properties of
the nitrogen- dégaPnealcpls Hapselipastheneher sthandaer mixvrsahereaful ar, to
finely dispersed netal nanopartides precipitating on the surface of

t he nanotubes, so that the catal yst obtained by neans of the process
of the invéntilde sk spthaysrticilalpadvaipedons pit@geredopelicabos peitities (NCNTs)

surface area qf.. | nanoparti.cles 20 and subseguent sjnterin
of the netal ?i‘%%% %r%%%&ogoﬁ?nloﬁr@é%%%c BFEN TR Y SUERCY %‘E‘gies éli‘eeﬁir&‘?r
reduced by t hedditiomif | additivesy forofnstafiee 62t cllodadamMdsatibg| BSheOBishdiBed with.
surface of th@ ag[%\ég%engi oned candensatjon sites of the .

ni t r ogen- doped'«® SRRt saRiNrd)ves forfpsianse Sarrcallpid stabiizetian car)
of the processealivdnb@ebR\LBidePD if b ' S
as are generally kngh%n to tholg% I?Eir#?ggc'%aﬁlﬁﬁg%ga%g%kh\%ﬁkﬁegﬁ%ﬂ&
exanpl e ofl’such” a separation is filtration. The present invention

further proviggs dQkidD [ d .car.bon 30 nanot ubes

(NCNTs) whi ¢ hqﬁa\r/_e a pr %ps (\ﬁ) tebl) %E tﬂc%fptr é%gf%tgg%%?rg%n@ uﬁ}\}élﬁﬁ ﬁ?mf)‘? OUL using 2

ni trogen chemical reducing agent (R) selected 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 2 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 nitrogen-
doped carbon nanotubes (NCNTSs) 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 deposition of the metal on the



of [hich at | ag%jadiQu@hbde | S Pyridinic nitrogen and onpuhi el fhoRe2,

to 60% by wei ght of "the netal nanoparti (_:Ilgs having a p
from1l to 10 nmare present as catal ysts'on the surface of the
ni t rogen-doped carbon nanot ubes (NCNTs). WO ’

2011/ 080066PCT/ EP2010/ 069607. - .- Preference is given to use as
catalysts in & %Cte&%?r?%fi @S%Baé%%‘é/@@g e ﬁ’éthPfrﬂﬁé%@PGﬁaéqﬁlﬂcmﬁégeﬂt R)
i nventive cat aligpshsable GRhPeithdithéAt@gen- doped 5 carbon nanot ubes
(NCNTs) bearing netal nanoparticles are illustrated below with the

aid of some exanples, but the exanples are not to be construed as a
restriction ofy theys ' .0 — ddition. the
invention is il Efust rge"tgggm\%i[ Fﬁmﬁ)ﬁgggﬁgmgf feéﬂ?%ge%\%ﬁoﬁo]ﬂttg%geﬁ?ce of the
rﬁstri lCt ed510tnﬁ‘£EQgelld§>pedFicgrb0ﬂ 3Meag%m1ﬂ;l‘actﬁsfp@n‘stap B)'&(ﬁyﬂ'ae procbess
phot oel ectron tro y. St . (E of ~the, nitrogep-doped carbon
nanot ubes usegglon p@)%saefg‘r%f?@ ?reéﬂé@&(i%@&%tﬁl, saftipa tﬂﬁs‘g%aﬁggg??&?ﬁ?ﬁeﬂtdﬁéed-
ni t r ogen- dopedarber baitits INODES) 46 thei 1RdQERARY Srelmbtl] iateinRhodhingor Ba)
om. 390 _to 410 eV is shown, Under the measured

energy [B] ran f : ) |

spectrum (0O: B‘ﬁg’c%{,so?ﬂ% of teamagtab ganoparticlermusied fprimsd)whiely gakes place in the
appr oxi mat ed isglgatolpmasnenent signals of a pyridinic nitrogen
species (A, black, thin, "broken line with | ong sections), a pyrrolic

nitrogen d4Pecies (B: black, thin, broken line with short sections), a
first quaternar i e i es - black, thin continuous lLinpe), a
second 20 quat% e%ﬁﬁfé%r rgér%lget @%g@ﬁg‘égsefééqg%m%d?&&?%b?c 1% OIC%‘ﬁF’Pf‘FUB}Jg‘e case
line), a nitr oféenictindpeninshecoleton withxsubssteht pdsdrpiict 6n Mhd 5QERL, these
species (E gray, thick, hatched |jne nd a nitro nitrogen species
(F: dark gray®" °ﬁ§sﬁﬁ<tag%?1‘?‘?erﬂ?ﬁ SSHF‘Ptﬁaé’fz"éﬁ?fé shown. The respective

val ues of the binding energy (eV) at which the nmeasured val ue maxi num
is |ocat egii fﬁirba particul ar nitrogen species are also shown on the x
axi s. Thel3unbpaipgan fowsyaro idiEReiPD Wedse netaossears sincs iiybaths cases the

O 0 Sy S BT ERLTSE ds IGoTRABAIAY SESG s
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 mnanotubes
(NCNTs).

25  The separation in step c) 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 (NCNTSs) 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 (INCNTs).



- 14 - Fig. 2%Py6 a&st transm ssion electron mcr

t he catal yst pr oducéglsggé?jescri bed in ex $pl e 1. Fi g%gﬁg%@wgﬁw
second transm ssion el ectron m crograph ? EM of the catalyst 5
produced as described in exanple 1. Fig. 4 shows a first transm ssion
el ectron mcrograph (TEM of the catal yst produced as described in
exanple 2. 10 Fig. 5 shows a second transm ssion el ectron m crograph
(TEM of the quatfaleyisd ispivet uced aaatdofe d@ftoly@isexanple 2. Fig. 6
shows a transm ssion electron m crograph (TEM of the catal yst
produced as described in exanple 3. 5 WO

2011/ 080066P R ags - : o ctipn
of a catal ystCﬁ/ 5;15 g%ﬁgﬁ@ggtﬁﬁglﬁ%ﬂg ntF%( g[r?ggﬁ%hcg%gféggl@ #_s @gﬁg%gf(%gﬁd
nanot ubes wer &ahopdasetiibes INEBEE) ibbarihg metek amopartiblen re\iDuARHI BEOROdith
with the only.dif: fram bei t hat ri dine was used .as
starting mat ertiﬂIé a{%{%g ﬁ%ﬁere%ac ﬁaé,ﬁnu\%\gag ekt n@%ﬁfe&ﬁiﬂ% °8n%né‘s<\£?% ipstriction of
t emper at ur e ofthe7ROfe: afithe inkentiogacti on time was restricted to 30

m nutes. 10 Residual anounts of the catal yst used (a catal yst was
prepared as described in exanple 1 of WD 2009/ 080204 and used) were
renoved by wasfbdditiéd) GethidnaaeR-laRadd GaiaaR 3P aLUR itﬂ&ftﬁkiﬂggeéﬂct&l
nol ar hydrochloric acid for 3 hours under reflux. 15 Part o e
nitrogen-dgpe(‘il'leé%?’-bon nanot ubes obt ai ned were passed to the

exam nation as described in exanple 4. The ni trogen-doped carbon
nanot ubes obtained in this way were subsequently dispersed in 467 m
of ethyl ene giFigdlshpys anlditragt frvarant X-rashpisotodiaptron speettostbpy Eudg (BSCRPof
?]10?]8 ¢ regm ust “%eamﬁok%ﬁﬁ%%’é‘ csatr};ornr HAnotibes rlllgecfj1 ins tegérglgle alt.tSap%Qi%%erllltly,f%re Iilflos

—

spectrum of the nitrogen-doped carbon nanotubes used in example 1 in the binding
15 energy [B] range from 390 to 410eV is shown. Under the measured spectrum
(O: black, thick, hatched, continuous line), the approximated ideal measurement
signals of a pyridinic nitrogen species (A:black, thin, broken line with long
sections), a pyrrolic nitrogen species (B: black, thin, broken line with short sections),
a first quaternary nitrogen 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).



187'm of a si lution of 2.5 g of hexachl or i
Wtﬁim?ﬁﬁsg%@g) g@gﬁ@ﬂhﬁ&ﬂsﬁm

acid hydrate (from indistilled,yater were su

added at a rate of about 1 m/mn to the resulting dispersion of the
ni t rogen- doped carbon nanot ubes. The di spersion was 25 stirred
further during,this addiition. After_the addition of the platinumsalt
sol uti on was %&r%l S%P S 2 firg %BW%?S‘WCEPE FurepgRh (TrdMedithe eptalyst ppodyged
nmeans of a 1.5sﬂ&kﬂbaﬁmGwh@ghmIi0n in ethylene glycol. The

di spersion obtained in this way was subsequently transferred to a
3-neck flask 30 and reacted in this at about 140C under reflux and a
protective gasianpsiiie 3 S..:

D011 0800 86ReTIERTRRACE Soldlli 4ol sSlon i igh microftanh (TEND. of the) catglysty
room t enpefat Preiupsd asidepdripedin cgminplg 1it t o st and under anbi ent
conditions (1013 hPa, 23C) and subsequently passed through a filter
paper (blue band round filter, Schleicher & Schfill) and washed once
with distill edigwtishows & fitss tragpagsivhielgrbh SiiGaiaply STEMCST IR dabysk ?Ia.dﬁeed
invention off from,ihe dispersion. 5 The resulting, still nolist solid
was then dried®4¢°d lPﬁx%%§%3uun1drying oven (pressure - 10 nbar)
for a further 12 hours. The catal yst according to the invention was
subsequent|ly passed to the exam nation as described in exanple 5.
Exanpl e 2:10pr diguét showso secon rteansraissian yedectroni raierdgsaphof TEAGC of dhien gathlyst
the invention N : nanot ubes were produced in a
manner analoggﬁ%ﬂ%%ﬂgggﬁﬁngﬁﬁgéﬁﬁgghe sole difference that the
reaction was now carried out for 120 m nutes. The nitrogen-doped

car bon nanot ubgs re likew.se rtl assed. to the exam nation as
described in E%e%ﬁr?ﬁ%‘”ﬁa SapRhissien %?Péﬁoﬁirg‘ﬁrqgf?%é%ﬂ ) of fheeqatalyst produced as
gl ycol . Thi desoeibed ialekomvpid 30nce again by a treatnment identical to

t hat descg%bed in exanple 1. 20 The catal yst obtai ned was
subsequentty |ikew se passed to the exam nation as described in
exanple 5. Exanple 3: production of a further catalyst which is not
according to the invention




25 An experi mewio 2Ai8Rishegd to that described in exanpl ﬁgﬁ‘&%ﬂa@lﬁﬁékﬁj

out with the sole difference that comer¢ial carbon na
(BayTubes(r), from BayTubes) were now used i nstead of the
ni t rogen- doped carbon nanot ubes used there 30 It follows that, after
washi ng of thPEE car Eor} nanotubes in 2 nolar hydrochloric acid, the
producti on of al yst was carried out in the same way. WO
20111080066PCDEP2010/ 069607 - 17 - An examination as described in
example 4 was not carried out due to the |ack of nitrogen
constituents ibxappe tammednetion of agatalyst aesevdins ée the inveniencat al 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 (ESCA) dihetmigogentdapsdstasbasnagetsbes Werd produesdapiacibedria eexapR! Lo

10 The propor ty Ltr in t i trogen-doped,.carbon
nanot ubes and “é@?é’e?’ﬁg@%@@h %F(S’B@%ﬁﬁgﬁnﬁ rg}\%é‘%yf%gglﬁgﬁ% wAding, &@s ged
W thin the prapetattingmmityrialphs ra@btish Wiogefed it airdhctiBe iohipefa8€ dr goped
car bon nanot ubes were det.erm ned for, the nitrogen-doped carbon

nanot ubes as 88531%%@“9?\“’&“%“&35@@‘16? 3QmaHiese 1 and of exanple 2 by

means of X-ray photoel ectron spectroscopi c analysis (ESCA;, 15
i nstrunent: ThernoFi sher, ESCALab 220i XL; net hod: according to the
manuf act urt@r ' -Repidulramequnimel theTensalyssinged (aloetelysi wesl peapered rasndescritzeeldin

in table 1. The (v | roRroporti.qns of. t various
nitrogen speci eas#%lgﬂr3 qt?e%%@?@gézs@ﬁ (eir{]lc%% t‘ﬁ%eﬁl??vgagjﬁ’ ‘gﬁﬁwﬁgﬁe RHEegen-
carried out byopadecarbymonawtiues digained ite? mdler ReirbihieHcngi® Ry Yowal us8er
characteri zi ngeﬁup{e respective nitrogen species in the N1 s spectrum

Tabl e 1:

15 Part of the nitrogen-doped carbon namotubes 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
20 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
25  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
'30 and reacted in this at about 140°C under reflux and a protective gas atmosphere

(argon) for 3 hours.



Measured val quo’a@(]]ﬁmsogwﬁm e 4 Sanple N content |% bX’dﬁPml]O/Oﬁ%M
Pyridine Nfinol% Amne N [npl voi Pyrr%e N [ro0l70]

10

15

20

25

30

The dispersion was then cooled to room temperature by simply allowing it to stand
under ambient conditions (1013 hPa, 23°C) and subsequently passed throngh 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 vacnum 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

nifrogen 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: ThermoFisher, ESCALab 220iXL; method: according to the

manufacturer’s instructions), The values determined are summarized in table 1

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

Table 1:

Measured values as per example 4

Sample

N content
1% by
weight]

Pyridine
N
[mol%]

Amine
N
[mol
%)

Pyrrole
N
[mol%]

Quater-
nary N
[mol%)

Quatey-
nary N
[mol%]

Pyridine
(oxidized)
N-O
[mol%]

NO,
[mol%]

Ex.1

7

48.72

0

2421

10.07

9.71

492

2.36

Ex. 2

10

39.66

0

6.5

40.54

4.05

6.67

2.58

25

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 iltustration, this is
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For this’ purpose, rposition of thelkndl vi dual ne
characteri zi ng the

shown in fig. 1 for the measured spectrum of the nitrogen-doped carbon nanotubes as

per example 1 used according to the invention.

It can be seen from comparison of the nitrogen-doped carbon nanotubes as per

5 example 1 used according to the invention with the noninventive nifrogen-doped
carbon nanotubes as per example 2 that although the proportion of nitrogen in the
nitrogen-doped carbon nanotubes as per example 2 is higher than in the case of the
nitrogen-doped carbon nanotubes as per example 1, the molar proportion of the
pyridinic nitrogen species in the nitrogen-doped carbon nanotubes as per example 1

10 is greater than that in the nitrogen-doped carbon nanotubes. as per example 2. The

converse in turn applies to the proportions of the quaternary nitrogen.

Example 5: transmission electron microscopic (TEM) examinan'onl of the
catalysts as per example 1, example 2 and example 3

15
The catalysfs obtained as described in examples 1 to 3 were subsequently optically
examined for their loading with platipum 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 nifrogen-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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wei ght of pl abf menl ndragaticlenod the chidbRhandltss. of the catal yst according
25to the ipvention. In contrast to fig. 2 and 3 show ng the catal yst

according“to the invention, fig. 4 and 5 relating to the first

catal yst whi chpk fofiRenfi¢s SrthBdial SubdHendn BB {08 re%%ﬁ’\ia}ééﬁ} ndt chVelé an

the platinum is present predominantly in the form of agglomerates. '



di spersion of platinumparticles on the surface of the nitrogen-doped
carbon 30 nanotubes has not occurred here. WO

2011/ 080066PCT/ EP2010/ 069607 - 19 - déPed ' carbon nanot ubes.
Accordingly, only the different proportion of pyridinic nitrogen in

t he nit rOéms doped car bon nanot ubes appears to be critical to the
desired fine dispersion of the metal on the surface of the

ni trogen- doped carbon nanotubes. 5 This assunption is further

support epl by A bRal&Seipsisiak nmgeﬂm@p%a [RIFBA hmﬁ,fmbreb meatra)l Ne8ins ae}ﬁomon

exanpl e 3. These are shown in hese results nmake it "clear
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pyridinic qumtmﬁxyoes not |l ead to the desired high dispersion of
met al nanoparticles on the carbon nanotubes. 15 The noni nventive
commerci al cafsEin hemial pelatiey(tenai n 1 argel y not covered and the
platinumis present predominantly in the formof agglonerates. - 90
- Clainms 1. A catal yst conprising nitrogen-doped carbon nanot ubes
(NCNTs) %havi ndegatalysipasrdldimad of claim 1, @hsltact}rii@d bytlmethgmet:dmamﬁptart@@@ hayf

whi ch at | ea %: | r n|c nitrogen in the
nitrogen-dopéhag%?%%% Hg%m nﬁﬁg%ﬁ%%?§¥jt ér&in from2 to 60% by

wei ght of netal nanoparticles having an average particle size in the

range from1 to 10 n e present on th rface of .
ni t?ogerP dopébti p&o{fpﬁoﬁ; ﬁ%gmgelg r? (? car%on nanotubes &ECNTS) 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 proportion
of at least 0.5% by weight of nitrogen of which at least 50 mol% is pyridinic
nitrogen and is present in the nitrogen-doped carbon nanotfubes, into a solution

(A) comprising a metal salt,

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

c) separation of the nitrogen-doped carbon nanotubes (NCNTSs) now loaded with
from 2 to 60% by weight of metal nanoparticles from the solution (A) having an

average particle size in the range from 1 to 10 nm.

4, The process as claimed in claim 3, characterized in that nitrogen-doped carbon

nanotubes (NCNTs) have a nitrogen content in the range from 0.5% by weight to 18%
by weight.



wherein the nmetal is platinum (Pt). 2. The catalyst as clainmed in
claim1l1, characterized in that the netal nanoparticles have an
average particle size in the range fréhr2 to 5 rim 3. A process for
produci ng nitrogen-doped carbon nanotubes (NCNTs) havi ng netal
nanopar ti.cl esihsmpesesst asgirimbdin clsmsf3ame!, chiractecized inzébdt the chéraicali reducing

car bon nanot JEEE (RELS Sl afhs T GGEUD R BhURRReS 50y

wei ght of nitrogen of which at |east 50 mol %is pyridinic nltrogen

and is presen t he n| o en- doped car bon _nanot ubes, intg
sol uti orP(A) %ﬁ% r}l‘g?%ffg capor garotubes (NCAVES) ihawing P‘HBOTHB'Eé’If ag dgapt

in the sol utigdy, GPwd ﬂJﬁhﬁ% TGk ti & Bef HB689MNnd
nanot ubes (NCNTs(bﬁw ]?] ona1 géém th éég{j?ttll %ﬁgg?ﬁﬁgcgeprghﬁca re5u0| ng on

agent (R), an?dn@i,m fr@l@p’étﬂa@ﬁ% rbyoﬁelgfrt@f e mek nanpppridles hnting a martistaupiesof
(NCNTs) now |g; ?g?qo WP] r[-:g)?%sgnt a%) K%tg(ystlg%n\’{ﬁé 9J‘r%ac8 fof H‘Etn%o en dlo ed carbon
nanoparticles Tromthe so an-average ‘partic RS

i n the range nhnaobes NCNIshm 4. The process as clained in clalmii
characterized in that nitrogen-doped carbon nanotubes (NCNTs) have a
nitrogen content in the range from0.5% by wei ght to 18% by wei ght.
-21 - 5. The process as clainmed in clainms 3 or 4, characterized in
that the chem cal reducing agent (R) and the solvent of the solution
(A) are at least partly identical. 6. Use of nitrogen-doped carbon
nanot ubes (NCNTs) having a proportion of at |east 0.5% by wei ght of
nitrogen of which at |least 50 nol %is pyridinic nitrogen and on which
from2 to 60% by wei ght of the nmetal nanoparticles having a particle
size of from1 to 10 tun are present as catalysts on the surface of

t he nitrogen-doped carbon nanotubes (NCNTs).



