BTS 093091- FC Met hod for el ectrochem cal oxygen reduction in alkaline
media The | RISHE3BRLFEL) ates to a process for the el ectrochem cal
reducti on of oxygen in al kaline nmedia using a catalyst conprising
ni trogen-doped carbon nanot ubes 5(NCNF§Y having netal nanoparticles
present on their surface. Carbon nanotubes have been generally known
i plech ichlons idnhig\allyading ntkeldcr i bed i n
1991 by lijima (S. lijima, Nature 354, 56-58, 1991). The term carbon
nanot ubes has since then enconpassed cylindrical bodies conprising
carbon 10 and“hhal\/\ielﬂlgoﬁrfihtaﬁf?i eprdicﬂsstfbetlfeéﬁh?ﬁrofﬁh@?cal Ifeﬂmﬁﬂ)nl’b’f}oﬁﬁlgl%rﬁin
| ength which i mul tiple of at |east 10 of the dianeter. A further
cha?act eristi @ﬁ‘éﬁnet H’é"éi@p A58oA SRS utRePTising) gy@rggn-gfm%ﬂr b ey nanatpess
atoms, Wi th t{IRCNALPRAVINANGEUDRASHHRNQ RELN: SaKéiNgirAc£Or e having a
di fferent norphol ogy. Synonyms for carbon nanotubes are, for exanple,
"carbon fibrils" or "hollow carbon fibers" or "carbon banboos" or (in

the case of 1%9%&&5&&%&@@@%@@8@ BWnSo t}%[s RAALHGA 51 at 1%3% %%ce?s

to their dinmensions and particu perties, ese carbon na

are of indust thexlwerapesctizadde 199k by hgmp (S dijinta, diatved 320 FH-G8) 1994). The term
Further inportant possibiliti.es are in electrqni,c and,energy. .

appl i cati ons §?rﬁ%1ég?'}?§§/be§ h#e?%ﬁel tse"n%ﬂfgm ass%”ﬂi“&ﬂ@? badisy F?‘ﬁ% ising carbon
conduct i viloy bhdiRaviigd Biatneter GothD @dhee Goth 3 018G MR ah@h Mngth WHIOE WG Al Biple
carbon bl ack. The use_of carbon nanotubes is particul ar

. |y :
advant ageous Wheifeashd§ ofthe djapsrerydy fusihas shargcgsistie of Hiesg ggbon nanotubes is
abovenent i oneghyRis QR ddr&P cdrBbPIBMSE with BRAaFbonGhafotibes genbthally Radihk §WhRE
possi bl e to dope these carbon nanotubes w th heteroatons, e.g. of
mai n 25group hivieg grdiferppsmarpbeloay.thwgeyms fadwarhey rahetupgsoestor example,
pr OdUC! ng t he“ga%&PngQ“BP ulpcﬁﬁ)w carbocfzfﬂgérg‘l lny“clérl)%m H]%%Q?dosr (%I the case of
produci ng nitrogen-doped carbon hanot ubes are based on 1 he
conventi onal pcoddigticomesyétanostsolistor tlaaswilgal car bon nanot ubes, for
exanpl e 30el ectric arc processes, |aser ablation processes and
catal ytic processes. BTS 093091-FC - 2 - in these production
processes, soOwA& td theirddGetsidnd nd parkioNla NGABPEBE Shdds Yatbby nfdebek Qrdast
subjected to copplicated after-treatnment steps, which nmakes the
products obt aiHe§tH? o RGeS fpp tleg BERIUSHA G RO M pRsdE s pF Birtbeisaaportant

econom cal |y YpatdiliB&d dr¥&n 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 of 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 processors are, inter alia, characterized in that carbon

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



50n the other hand, catal ytic processes of fer advantages for

econoni cal pr &REI3831-EC car bon nanot ubes since a product having a
hi gh quality may be able to be produced in good yield by neans of

t hese processes. A catalytic process of tdis type, in particular a

fl ui di zed-bed process, is disclosed in 10 DE 10 2006 017 695 Al. The
process disclosed there enconpasses, in particular, an advantageous
node of oper atin ﬂmsqﬁrodtht&ioﬁlpmodsszedo hmdtliayesuﬁ&rwadfon\nahmbbasalshmw have to

nanot ubes can,be ced C wi th introduc

Catal yot ana dF SUREPGHB P iR AR Fedimeh shes i BEF rkes B dacidis oty
starting nat efioal &e%jﬂ@ce@@@aﬁmmm ihe g 16dceded 3¢ Mmicall§ Antfragivar ti ng
mat eri als which would result in nitrogen 15doping of the carbon

nanot ubes is not disclosed. A simlar process for the targeted,

advant ageoys Ry Ok 6l f 5= Tgle) (ME '
di sclosed in \%) 2089;‘ lglghggoila@dl#’t&ﬂgvg&f%ggfﬁg%%amﬁs 'S g?@g’lé%l ed ﬁé{% of

the nitrogen- dafben namttlns singn o putsst T Rshigh Husliy oy by ahlsdn se paglucdd
t he process C%pg‘%?gjsé‘d% J’ofrtf’?%ég%% s&f the catal yst material for

produci ng them e r ues 0 at al yst material can be netal
nanoparticles. A process for subsequent Ioad| ng of t he ni trogen doped

car bon nanotu NCNTs ot discl ose co to the, p

Gt bean e b bsbesnar ML gt dn PaRey ke i med Broceas in
materi al i19 f OB hezoosroal7&vs ad. TROpldeNs MRElos@rteretnbenpRsdd0n partlcu]ar an
2009/ 080204, it is always the case that only small proportions of t he

catal yst mat elaii‘éqm%ﬂe@uf)ﬁ@ééﬁfopﬁaflﬁ'é ohtherfyjircdibpe by eraapp Al whitdtagpn
(NCNTs) obt ai ﬂ%tut%ggecah'b%t ﬁﬁu&gsc%'nhﬁ UQ@t\@#t]}( ﬁ{trdé% dxll 5ih 8k ﬁe%bﬁplyglaﬂld

be present in smal propor ions in the ni'trogen- car bon

nanot ubes ( NCHBshargo op poducedt isdiksivitegligfloded thatithe @artmg/malprlﬂls Jus&hgan
Co, M and Mo ofurther
el ement s whi cﬁmgpq fh%t&{qo%?osrﬁ ﬁ%%eolgkarﬁl?%E%erlatﬁm]gzrhtwouqg r?%‘? PRI RgFn
met al oxi d& addpisgbf de amtownirdathet Beweditclddedever, surface | oadi ng of
t he nitrogen-doped carbon nanotubes (NCNTs) with the abovenenti oned

BTS 093091- FC

A similar process for the targeted, advantageous production of nitrogen-doped
carbon nanotubes (NCNTs) is disclosed in WO 2009/080204. In WO 2009/08204, it
is disclosed that the nitrogen-doped carbon nanotubes (NCNTs) produced by means

20  of the process can still contain residues of the catalyst material for producing them.
These residues of catalyst material can be metal nanoparticles. A process for
subsequent loading of the nitrogen-doped carbon nanotubes (NCNTS) 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 (NCNTSs) obtained. The list of possible catalyst materials which can be
present in small proportions in the nitrogen-doped carbon nanctubes (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. However, surface

loading of the nitrogen-doped carbon nanotubes (NCNTs) with the abovementioned



- 3 - catalys [ is not disclosed since the nitrogen-doped
carbon nanotu are formed on the catal yst materials.

Furt hernore, WD 2009/ 080204 does not disclose the forns in which the
ni trogen can 5be present in the nitrogemXoped carbon nanot ubes
(NCNTs). Yan et al. in "Production of a high dispersion of silver
nanoparticles on surface- functionalized nmulti-walled carbon

nanot ubes usi ggtabysl elatsrialsost abi discbedthisgue "the Mtregenaloped edrben slaB@ubes
(2009) 171-17 i a n. napot bes wi t hout 10

het er oat ons ¢ nC§U§§%§3§HiP%&tﬁeéaﬁﬁéawan “silver on their surface.
Accordi ngly, carbon nanot ubes can be subsequently | oaded with silver

oxi i 71 ng act denkERre o200 BEaBF dosiiiat abelpasneromts BV Agk B aitrgen 60
the discl osur %e?b&séfﬁ%ﬁ\% nitfo enagﬁh@tda%alnawt@déa%NMﬁ serve as
"anchor sites" tor the S|Iver nanoparticles to be deposited are

formed on the 153urface of the carbon nanotubes during the course of

their treat meRt, Wit ﬁlh@’r%cg?nz bﬂg l‘g@‘i ngcrébﬁ'%?’sﬂ@e(f%E a%]éso nY?lﬂ'fa%E

al ., the oxidizing property 0 Is critica
assuned fron1ﬁh@ndmémﬂbsmﬂewhﬂwwaadnmlaMDHmhaumhgenh&m&mmanommhanmei
oxygen and 2 i

ot ai sel osed ML IS BE IR of RSN hahor B S Fulbe o

silver. | noaddieteioammsYan sﬁbseq{lentlgid)el’lbhdddl with siser bhalicit ikfkee.| Aadrtingly,
carbon nanotubes can be used as cajalyst in the el ectrochem_cal
reduction of SRYPENIPIURCHFALPF ABbTRAFCOHY 1934qd podeyiivdpoliaitbt Peises

ni trogen- cont g hiBHaleAH BRAMhAANRTHRDSS nahebr &S@i&m@laeids @u@ﬂ stm{rwa?dw&“
metal nanoparticles and have a proportion of nltro?en of fromO0.0

1. 34, expressédfigis adie Acgordingto Hiet disdestret by Yantrorl.( Gctionsh graaps w:hlch
0.01-1.34). AQ&Q% 94 ch& SWQ”QFQP&/ %ﬁ@e%?lg?orptgﬁﬁbeg f@bé Q%{?sﬁgd Jrggé}%@!i Ythe

metal nanoparticles have a di amet

present insa pmr@]@orctﬁ te ofbdr omotdles 1OYg ohe 30the dfothelr tramsmenfwitleie
ni t r ogen- cont ai éé Jbon nanot ubes. BTS 093091-FC - 4 - not

di scl ose the ﬂé&ﬁ? Bt he nitrogen in the nitrogen-containing carbon
nanot ubes and al so does not disclose that the resulting

ni trogen-containin rbon_nanot ubes | oaded with platinum or,

r ut heni um met rHCFva?%Bcﬁaws.t% Y88 €taln ﬂ'rfewg@ag Pwpﬁri%eg@g sids werifigad, it can be

el ectrochem cabsubRAUSEH ARe BfscRANZESY Yin BNalaltsatHeNRtdB Mot B are oxygen and
20 nitrogen-doped carbon nanotubes (NCNTSs) are therefore not disclosed as starting

point for the carbon nanotubes loaded with silver. In addition, Yan et al. do not

disclose that these loaded carbon nanotubes can be used as catalyst in the

electrochemical reduction of oxygen in an alkaline medium.

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 (CNx 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.

WO 2008/138269 does not disclose that metal nanoparticles other than those of
platinum or of ruthenium can be present. Furthermore, WO 2008/138269 also does



5 The Gernan m%cati on nunber DE 10 2008 063 727 describes a
process for t + of nol ecul ar oxygen in al kaline nedia,

which allows the el ectrochem cal reduction of nol ecul ar oxygen to
doubly negatively charged oxygen ions in%olutions having a pH
greater than or equal to 8 and in which the nol ecul ar oxygen 10is
brought into contact in such solutions with nitrogen-doped carbon
nanot ubes ( NCNTsYiselase e natugs ofpde titengenfin Pigriidpgancontathingueareameanptubes
nitrogen. It Q

document's of fHe he dBEe Rot AGRTd e R dialnBMa Lt Pbrutes
of nitrogen- dipeed mhﬂatimarmtmﬁesiufnﬁnéthm{ﬁspartmex:mriﬁatsed)m miotdssdsifer
reducti on of ow an dustrl al | dvan eous reduction
of oxygen. &g%ﬁ’g?ﬁm?ﬁ%m%%j@fté? YR 24P ﬁ do not yet
appear to be conpletely understood and/or to have been sol ved.
However, DE 1Q 2008 063 727 does not disclose a process for the
reduction of JB°SEFHRRPIFNIAPREAAf AR NIRRT K0 LAY MdeRdiiseeribes a process for
ni t r ogen- dopeghL aldlabnnan okt © Sihy alkﬂm‘é’@n&hataﬁ§ﬁ allows the electro-
ni t rogen- doped carbon nanot ubes ( s) can be [oaded with met al
nanoparti cl es chemicplgpduction pEmelecular Xygor ididagbly aegdmeelpmhvgefhmxmen ions in
provi si on of rI S

25el ect rochemg%lgﬁg h%ucgi o‘%ﬁ g;ea%%}ia}e{%rv\ﬁ?agﬁo?aﬁ"fm Whlc E)hletnédf%uelar OXygen
advant aged0of inbtaughye o doped masuob rsohmiood unbﬂasn1(1N@ﬁT&)ped$athrrﬁﬁ@uuees
an unsol ved pr as _now sugprisi.n been found that, as a
first subject ¢ @pmhfﬁ?‘&wp‘?fﬁ%ﬂwxwm'i %‘ﬁq"tawléa%?'gﬂg% can be

sol ved by a process for the eI ectrochem caI reducti on of 30 oxygen in
al kal i ne medi a having a_  pH nor e characterized in that it

is carried out!4aH befeensyan Q’ECEO %QOSa{)Gea@alasr%fm@&ﬁﬁbqréipwgnents of the prior art

ni trogen- dopede&AbLP N rlﬁﬁOIiﬁHPi@a?noG‘lestﬂe IR rﬁir :pgl'l carb n nanotubes
nanoparticl es having an average particle size | n ange fromito

15 nm pr edént (NGNd'sprim sonneridm @/fitﬁfth@rrcd_v‘:tl@n @@%Xmenvma:gh!io‘@narltlhélixsrtrially

surface. BTS ag\?a%{)%% ESeduction fo}:tlaﬁ%é‘é %{89& rdt(i)lg%?sﬁ)g%{e%qgch%?c %%%ﬁ s do

(NCNTs) used as €O I'tuent o focess o

i nventi on usuabt yet hppeer @ I:@rcompretdlpmdafstdudtmmfgem hafe Elftenls_ebzsdi. 0. 5% by
wei ght. The nitrogen-doped carbon nanotubes (NCNTs) used preferably
have a 5Sproportion of nitrogen in the range fromO0.5% by weight to
18% by wei ght However, DE 10 2008 063 727 does not disclose a process for the reduction of

20 oxygen in alkaline media in the presence of nitrogen-doped carbon nanotubes
(NCNTs), in which these nitrogen-doped carbon nanotubes (NCNTSs) can be loaded

with metal nanoparticles on their surface.

According to the prior art, provision of a particularly effective process for the
25 electrochemical reduction of oxygen which fully exploits the advantages of nitrogen-

doped carbon nanotubes (NCNTs) is therefore an unsolved problem.

It has now surprisingly been found that, as a first subject of the present invention,
that this problem can be solved by a process for the electrochemical reduction of
30  oxygen in alkaline media having a pH of more than 10, characterized in that it is
carried out in the presence of a catalyst comprising nitrogen-doped carbon nanotubes
(NCNTs) comprising metal nanoparticles having an average particle size in the range

from 1 to 15 nm present in a proportion of from 2 to 60% by weight on their surface.



particularly &pﬁi&hﬁ?txri” the range from 1% by weight to 16% by

wei ght. The ni ent in the nitrogen-doped carbon nanotubes
(NCNTs) used as constituent of the catalyst in the process of the
invention is incorporated in the 10graphitic |layers of the

ni t rogen- doped carbon nanotubes (NCNTs) and is preferably at |east
partly present as pyridinic nitrogen therein. However, the
nitrogen present in the nitrogen-doped carbon nanotubes (NCNTs) can

al so be addi t ifgealdoseRUSFA AR nBdHhRs gﬁtm?ﬁgeaagé&{stiﬁw&% catalyst in
nitrogen and/or pyrrolic 15nitrogen and/ or am ne nitrogen and/or

quat er nary ni theogeeess Thibe grvepidm usoally ffve quaerertiearof nitragen gbat leastld.6% by
nitro and/or nithos 1 he r i it rogen.ar f
. %egh?. ?hearﬂﬂ%)%%rﬁgsgeﬁ ca ﬂnlatq{ ﬁ%}n\?gl}rhelg gh’cﬁ\\]lnsé us cﬁ%rierfersﬁl Have a

subordinate inp ance prese h-si'nce sence
does not sbgnipkeanibhyfhiitdgen irhthel mueatioan 0.520 bijoweigkt to 1 86 tpr eerdhs,

it ogen- doped P BURPRATILG L CRERFLY: h OaM i 1 P EALE-RB: ol 96 of
the nitrogen present is pyridinic nitrogen. 25The proportion of

pyridinic nitrogen in the nitrogen-doped carbon nanotubeﬁﬁéNCNTs) of
the catal yst i8¢ Vurgechapreseat iy they nigpgeredensdycaghon) rangtuben (NGNFs) vipdiase

context of th%o%tﬁﬁ@ﬂtofitﬁ'é/\,ﬁ%:lh@ﬂn tw?r&c%mftmh I iofi 18 ch ARG Yed in the

descri bes nitrogen atons h are present in a heterocycli'c conpoun
consi st i nd0of gBpbhicdawers3ol the oitewgamdopedecartion moganbeat(VENTs) ahdis preferably

ni t r ogen- dope e ... An_exanpl e of such a
pyridinic nit 95%%{%B?@Y@ﬁ%%?ﬁ%(f‘@%@@m et o™ Bre 093091 FC - 6 -
N (1)
However, the nitrogen present in the nitrogen-doped carbon nanotubes (NCNTs) can
also be additionally present as nitro nitrogen and/or nitroso nitrogen and/or pyrrolic

15  nitrogen and/or amine nitrogen and/or quaternary nitrogen.

The proportions of quaternary nitrogen and/or nitro and/or nitroso and/or amine
and/or pyrrolic nitrogen are of subordinate importance to the present invention since
their presence does not significantly hinder the invention.

20
However, the process is particularly preferably carried out using catalysts comprising
nitrogen-doped carbon nanotubes (NCNTSs) in which at least 40 mol% of the

nitrogen present is pyridinic nitrogen.

25  The proportion of pyridinic nitrogen in the nitrogen-doped carbon nanotubes

(NCNTs) of the catalyst is very particularly preferably at least 50 mol%.

In the context of the present invention, the term “pyridinic nitrogen” describes
nitrogen atoms which are present in a heterocyclic compound consisting of 5 carbon
30  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.



However, the‘ﬁ¥§%ﬁ%éi%tpic nitrogen refers not only to the aromatic

formof the a d heterocyclic conmpound shown in figure (I)
but also the singly or multiply saturated conpounds of the sane
enpirical formula. Furthernore, other cdghbunds are al so enconpassed
by the term "pyridinic nitrogen”™ when such other conpounds conprise a
het erocycl i ¢ conmpound consi sting of five carbon atons and the
nitrogen atom An exanple of such igli nic nitrogen is shown in
figure (Il1). Figure (11) depicts |pby y of exanple three pyridinic
nitrogen atonms which are constitue of a nulhicyclic conmpound. One
of the pyridinic nitrogen atons is a constituédt of a nonaromatic
heterocyclic compound. In contrast thereto, the term "quaternary
nitrogen" as used in the context of the present invention refers to
ni trogen at omglANfveR thg Eragwaldane nifragsakefersonaion]yeigdthe arpmasicdarm of the
atons. For ex r

mul ticyclic cg%ﬁﬁn gngéSH %I\(ng(?ﬁ "@B%‘P?ﬁp\ﬂ@q«l@ﬁe g‘?{n?%)dy[trh?gﬁtgf ér
ni trogen descmiulemy sturatedgompodnds bf the samelppieisdrfmrmulwenti on, nitrogen
atons which are present in a heterocyclic conpound consisting of four
carbon atoins and the nitrogen in the nitrogen-doped carbon nanotubes
(NCNTs) . An eXanpkenofe, aﬂ%mymr]mhhds ﬁﬁ”ﬂl@@lﬁdcdrﬂpidﬂed 69Nh&xdrnofpyirhdEnic
present |nventlon i,S Fhomm I gure 093091 FC - 7 - In

the context of!tFgEy ?b“%b?ﬁ@b@ﬂm“mP O"FﬁFga gepgycliceemppwidsgnigting

the heterocyclrgad batbdinishsiif BE nRRERPHEE. ﬁh@%nﬁl@ofélﬁh'b?r idihi¥nitRifen is
sat urat ed conpounds haV|£ﬂ four 5carbon atons and one nitrogen atom
€

in a cyclic asharyafigye al so enconpassed by the termin the
context ofjgthe present invention. For the purposes of the present
invention, the termnitro or nitroso nitrogen refers to nitrogen
atons in the nitrogen-doped carbon Itubes (NCNTs) which are,

(In

Figure (II) depicts by way of example three pyridinic nitrogen atoms which are
constituents of a multicyclic compound. One of the pyridinic nitrogen atoms is a

constituent of a nonaromatic heterocyclic compound.

15
In contrast thereto, the term *“quaternary nitrogen™ as used in the context of the
present invention refers to nitrogen atoms which are covalently bound to at least
three carbon atoms. For example, such quaternary nitrogen can be a constituent of
multicyclic compounds as shown in figure (II1).

20

(y

The term pyrrolic nitrogen describes, in the context of 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

25  pyrrolic compound in the context of the present invention is shown in figure (IV):



10 regardle335186¢§*{4&$rther coval ent bonds, bound to at |east one

oxygen atom ormof such a nitro or nitroso nitrogen is
shown in figure (V), which illustrates, i partlcular the difference
fromthe abovenenti oned pyridinic nitrogen 151t can be seen
fromfigure (V) that, in contrast to conpounds mhich conprise a
"pyridinic nitrogen" in the sense of the present invention, the
nitrogen here is also covalently bound to at | east one oxygen atom
The heterocyclic conpound thus no | onger consists only of five carbon
atons and the nitrogen atom but ins consists of five carbon
atons, the nitrogen atom and an ox(geﬁ atom 20 Apart fromthe
compound shown in figure (V), the térmnitro or gfa troso nitrogen al so
enconpasses, in the context of the present invention, the conpounds
whi ch consi st 19TheaBhkxtitpAGAN ﬁﬂgo&xytesnh.sw&t r&wtaf to'thd fderBby yglicall
nitroso nitrogen shown in ure is also referred to as oxidized
pyridi ni ¢ nit bogpewratedTompon S@G\mle)ﬁguoﬁf (1Vh eupsagretetl compewtdsdwayingfeur

term am nesni f t
i rogen- ddpede bt BTl et Bitteh ALY QPR AhEImeblab Yoo suporpgpgece
hydr ogen at onby #éredetnoinithd canbexe of thapresere ivanton at om but are not bound

to BTS 093091-FC - 8 - oxygen. The presence of pyridinic nitrogen in
the proportions indicated is particularly advantageous because it has

surprisingly IpeethefpatpocestdTaic pro@npPinkbion] Ge frd 966 0r hifrosEnRRES Lo
of the nitrogen-doped carbon nanotubes (NCNTs) of the catal yst used

acts syner gi sﬂt'@éF'P \Aioing Hn tthe MEpean-deRed parhonc naetyhes BN wivieh are,
surface ofipt Nl dids@ B MHAORGHIL RERRA: DBARL Bbﬁﬁa\(y'\lé?'\{lés} oh@ 3@%%' H&E. A

the el ectrochem cal reduction of oxygen I h an kal i ne ne
10W t hout wi shperdfie dorpeof suxd 4 vitwe ethEtPyQ nittogappeahevi frafigarert)ewbicr

interaction illustrates, in particular, the difference from the abovementioned pyridinic nitrogen.

\N+/O

s
)

15 It can be seen from figure (V) that, in contrast to compounds which comprise a
“pyridinic nitrogen” in the sense of the present invention, the nitrogen here is also
covalently bound to at least one oxygen atom. The heterocyclic compound thus no
longer consists only of five carbon atoms and the nitrogen atom but instead consists
of five carbon atoms, the nitrogen atom and an oxygen atom.

20
Apart from the compound shown in figure (V), the term nitro or nitroso nitrogen also
encompasses, in the context of the present invention, the compounds which consist
of only nitrogen and oxygen. The form of nitro or nitroso nitrogen shown in figure
(V) is also referred to as oxidized pyridinic nitrogen.

25
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



bet ween the pyj 65%51_ 'érogen groups of the nitrogen-doped carbon
nanot ubes (NC@#TNI—E:TE nmetal nanoparticles on the surface of the
nanot ubes catal yzes the reduction of oxygen in the process nore
strongly than woul d have been expected. "I5That nol ecul ar interaction
in particular may well |ead to the advantageous use of the

ni t rogen- doped carbon nanot ubes (NCNTs) bearing nmetal nanoparticles
conpared to tR&Y§lre netal nanoparticles or pure nitrogen-doped
carbon nanotubes (NCNTs) as inproved catal ysts. 20The net al
nanoparticles can consist of a netal selected fromthe group

consi sting of The prdjencCaf pwidMic Gitrog8n in G, pivporthns iMjicattld,is Barticiarly
Ti, Ru, Pt, A R Ta. Nb. . Zn an The.nmetal .
nanoparti cl esg%w@‘fv& g?‘g%l 1ip%(lzuosﬁs“{ I‘swfs P résmr%’f g?ensfgfme%g%h@btl’ferl?yﬂjafrﬂcengrrogﬁlbm
25consi sti 8g @hrtiular &t the Alrogdudoped cafon nhiiotubba (NOINTsYf the dat&lest ubfiacts

metal nanoparticles.particularly preferably consist of metal .
sel ected f romSY"ﬁ@I@Ichﬂb “E@nti'f’ é‘i‘%ﬂd‘ampaﬂ&?‘”ﬂ?“ﬁd‘?“ Bie S“ﬁﬁ?e ?ét,he‘l‘“‘éf}'og%',

Zn and Cd. 30FhgedT®irBbn ﬁ‘l@ﬁ&@l%stdg@ﬂ%%@rc)itaﬂ)}%etthé?H|e%frb}z’hé?ﬁi%5ﬁ1re§mﬁ'on of
consi st of silver (Ag). BTS 093091-FC - 9 - The proportion of netal

nanoparti cl es osYgenteag alkalinggreddBhpr i si ng nit r ogen- doped car bon

nanot ubes (NCNTs) bearing netal nanoparticles is preferably from 20
to 50% by weight. 5 The catal yst which conprises nitrogen-doped

car bon nani8t uyéghquieNTkingdorbertisi togp thebst, inappeper thath emlbaNamigtanction
average parti %%e S|

in.the range fromlto.15 .nmpresent i.n a
proportion of From éﬁef (S’ygg%cbgﬁlﬁﬁg%ﬁougﬁ ?fﬁt ermg'ﬁg%écgo eaﬁafbiog ngaybes,
t he pr ﬁcess of(NcNérlsj Mﬁhimmirﬁnmum&syorpﬂne Iaiumd dﬂﬁh@n@bﬁﬁ%&)&\’l@ie@'ﬂle
is 10characterized in that it conprises at |east t steps: a
provi si on of ﬁ?ﬁ#z’F%ﬁb#-O&m’dné%nfwsmﬁ&%&w?mwr%'fd X by eacpected.
proportion of at |east 0.5% by weight of nitrogen as suspension (A

ina first solvent, 15 b) provision of a suspension (QE;Q of netal
nanopar t i ¢f es That raclseidariatesstigempartioplagimely eplldead th dhesasy prtagdogmuse(ofthe

and (B) 10 01 ¥R RerHSRANSIRA nbfduBRY¢NCNTS) bearing metal nanoparticles compared to
the pure metal nanoparticles or pure nitrogen-doped carbon nanotubes (NCNTs) as

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

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.
30 The metal nanoparticles very particularly preferably consist of silver (Ag).

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

to 5 nm.



20d) separati ﬁﬁzﬁgﬁgf_ﬂ trogen-doped carbon nanot ubes (NCNTs) now

| oaded with ticles fromthe suspension (C). The

ni trogen- doped carbon nanot ubes (NCNTs) stsed in step a) of the
process of the invention are usually ones’ as can be obtained fromthe
process described in 25 W2009/080204. In a first preferred

enbodi mnent of the process, these are nitrogen-doped carbon nanotubes
(NCNTs) having a proportion of nitrogen in the range from 0. 5% by

wei ght to 18% i r j - . C
nanot ubes 30 m&ﬁ%ﬂv iogn%ga}g{ag%%?ﬁ]%nag:‘t%nﬁtél%ggﬁﬂ}p giQi? %g“‘?%g?ap ed
from 1% by Weicgﬂbpﬂtn@H%B%Sb(%@DéTﬁ thearin@wSt) 9309k ticles is@eferabdn foub2é to
(NCNTs) havi ng %@‘%gﬂtﬂ on of pyridinic nitrogen of at |east 40

nmol % preferabloy t ast 50 nol % of nitrogen present in the

ni t rogen- déped carbon nanot ubes (NCNTs). 5The suspension (B) as per
step b) of th rocess, is .usual ly.obtaj ned roviding a sol ven A
containing a ﬁ-é’gaf:a@@l;tt which &q I%$)ngﬁge@%§8qﬁgh9qug?@ anN{:Hé'S}
netal salt incbigri§nd el ndmdparkibledBivihg APARRAE bhrgitIBSiz8 tn &2 rheTtoHe] B
suspension (B) in a step b2). 10This reduction of the nmetal salt in.
the sol vent (AP "EBPFEHE i} 2 PFPRONECppleSemdetodd Yaby sisight of thail sufage and is
stabilizers L& I i: 0N : Of : I Gl .
being for mad. The T SaeT 0 oy a prapa o i ekl Bl BFAYRRLIss Rt 1o
of such cdPl oichaxctebizbd inethgt it dGSuistadslleastcibe btopd st abi | i zers are

usual ly those selected fromthe group consisting of am nes,
carboxylic acids, thiols, dicarboxylic acids, the salts of the above

and sul f oxi des. aPr pfogistmc ef i sitrggenetoptd daftdae nseheet edNENDH hidng a
group consi sting of butyl am ng Od@fﬁ’n i ¢ aci d, dodecyl am ne,
oy

nyristic acid, dimet h§ioPETIRRekAGlsay Y Wstghh 8t nifrggfetieutRenEPn Givkin a
sodiumcitrate. first solvent,
15
b) provision of a suspension (B) of metal nanoparticles in a second solvent,
c) mixing of the suspensions (A) and (B) to give a suspension (C) and
20 d) separation of the nitrogen-doped carbon nanotubes (NCNTSs) now loaded

with metal nanoparticles from the suspension (C).

The nitrogen-doped carbon nanotubes (NCNT's) used in step a) of the process of the
invention are usually ones as can be obtained from the process described in

25 WO 2009/080204.

In a first preferred embodiment of the process, these 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

30 (NCNTs) having a proportion of nitrogen in the range from 1% by weight to 16% by
weight.

In a second preferred embodiment of the process, they are nitrogen-doped carbon



The nmetal sal thﬁjg%Egl_ﬁ vent (A) as per step bl) is usually a
solution of a of the nmetals selected fromthe group
consisting of Fe, Ni, Cu, W V, C, Sn, , M, 25Mo, My, A, Si, Zr,
Ti, Ru, Pt, Ag, Au, Pd, Rh, Ir, Ta, Nb, "Zn"and Cd. The netals are
preferably selected fromthe group consisting of Ru, Pt, Ag, Au, Pd,
Rh, Ir, Ta, Nb, Zn and Cd. The netals are fpar_ti.(;ul-arly preferably

sel ect ed fromremiules NENIsh p\eg Agrerortigg, ofmyridide nimogerRpf at|lgast 48 mojs,
Zn and Cd. Th S r rtj f < S

TS 093001 FCTOTI0Y Lol 20 ARPET b icRln HrflCf S ) ¥R hpcd koo
nitrate. The metchbes fNCYTay.e usually present in a concentration of
froml to 1000 mol/1 in the solvent (A). 5 The solvents (A) are
usual ly selected fromthe group consisting of water, alcohols,

tol uene, cycl dhexaspensigeB)anecr lex anef thoepéneis 1eedllaNBaikdAEHBviding a
xyl enes and m xtures thereof 10Al CO]EJO| s fromthe above list can be
nonohydric or s%?'}}ﬁé‘@i?‘?rﬁalﬁ‘lngéﬁ’b‘?t%l.sa g5t Bl ad mppssauestly puluging g metal

al cohol s are @iifiH (BOSIGNY ¢8Y 1o HEACRIOarti G & 4s3b ARG LGRALBALB) in a step
Pol yhydri c al cohols can al so be polyneric alcohoﬁs such as

pol yet hyl ene §¥col. The reduction in step b2) of the process is
usual ly carried out using a chem cal 15 reducing agent (R) sel ected
fromthe group consisting of sodi um borohydride, hydrazi ne, sodium
citrate, éfhylTameredigtioolqf themetaiclalt ietthanolveranh)f aantdeveur inothe Ipyebences:.

In a step b3) garri ut. in.a preferred further devel opnent of th
process for 2Ggsﬁp%edﬁgﬁoﬂﬁldtskg'l'(?‘é‘?&?&'/cg’[p,re‘feﬁ aggﬁ%‘?rﬁno("eogélé%?fté]ltqayoﬁﬂc es
sol vent from stiapSoriled. BickeBZ)ibn iiSpreRpdlRELHe Dbt if tHePrdsbceBElsadh colloid
nanoparti cl es r1“§g_r,m3d and the netal nanoparticles are subsequently

taken up in t B@°UEHENd sol vent indicated in step b) of the process.

15  Suitable colloid stabilizers are usually those selected from the group consisting of
amines, carboxylic acids, thiols, dicarboxylic acids, the salts of the above and

sulfoxides.

Preference is given to those selected from the group consisting of butylamine,
20 decanoic acid, dodecylamine, myristic acid, dimethyl sulfoxide (DMSO), ortho-

toluene thiol and sodium citrate.

The metal salt in the solvent (A) as per step b1) 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,
25 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,

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 metal is very
30  particularly preferably silver (Ag).

The metal salts are usually salts of the abovementioned metals with a compound

selected from the group consisting of nitrate, acetate, chloride, bromide, iodide,



If the above-ifﬁiéggggﬁgieferred further devel opnent of the process
for producing yst is not carried out, the liquid nentioned
above forms the second solvent. The first and second solvents in
steps a) and b) of the process for produélng t he catal yst can be

sel ected i ndependently fromthe group consisting of water, alcohols,
t ol uene, cycl ohexane, pentane, hexane, heptanes, octane, benzene,

xyl enes and 3G6wifate.Jrefsrentrels gbykn to BigiRIBOIBIEC - 12 - Pol yhydric

al cohol s can al so be pol yneric al cohols such as pol yet hyl ene gl ycol.
The first solvent and the second solvent are preferably at | east
parti al |y i defMhtaakal sS8iEhe: saply priesennin acodtanpratdyn of frdrh € t9 1 @asmol/Bin the
usual 'y carried out using nethods as are generally known to those
skilled in théOQ?WﬂAx nonexcl usi ve exanpl e of such a separation is
filtrationg The present invention further provides for the use of
ni t rogen- doped_car bon 10nanot ubes fNCNTs) | oaded wi th et al

nanoparti cl es oA sehepts (ALareasealyoelecisd frme therasetnesingisling elweter. glrobels,

oxygen in al k%lhal%, Eoeh ReBAY @g,tﬁeph%ﬁneggé@gm%&& benzehPEx rlencs and

advant ages of this uSe have been present ove i n connecti

t he process ofnikinesitlevarit i on. The preferred variants of the process
whi ch are described there can 15li kewi se be used in the use according
to the invention. The process of the invention and the catal ysts
conpri si ndoni logtes flomeate albdvedist Bantd mbashyANCNT$b1yheaRE bRbRESs Miséible

nanoparticles which are produced for the proces re illustrated .
ol o wi £ & hE Ao FL R OGS &IrpheS bttty s eseL by e ssulioh and mositol

Polyhydric alcohols can also be polymeric alcohols such as polyethylene glycol.

The reduction in step b2) of the process is usually carried out using a chemical
15 reducing agent (R) selected from the group consisting of sodium borohydride,
hydrazine, sodium citrate, ethylene glycol, methanol, ethanol and further

borohydrides.

In a step b3) carried out in a preferred further development of the process for
20  producing the catalyst, the liquid (essentially the solvent from steps bl) and b2)) is
separated off from the metal nanoparticles formed and the metal nanoparticles are

subsequently taken up in the second solvent indicated in step b) of the process.

If the above-described preferred further development of the process for producing the

25  catalyst is not carried out, the liquid mentioned above forms the second solvent.

The first and second solvents in steps a) and b) of the process for producing the
catalyst can be selected independently from the group consisting of water, alcohols,
toluene, cyclohexane, pentane, hexane, heptanes, octane, benzene, xylenes and

30  mixtures thereof.

Alcohols from the above list can be monohydric or polyhydric alcohols. Possible

examples of polyhydric alcohols are ethylene glycol, glycerol sorbitol and inositol.



20not be consmmtri cting the scope of the invention. In
addition, the #—= s illustrated wwth the aid of figures,

W t hout being restricted thereto. 25Fig. | shows the result of the
TEM exam nation of the catal yst as per eJ(%mpI e 1 fromexanple 6. Fig.
2 shows the result of the TEM exam nation of the catal yst as per
exanple 2 fromexanmple 6. 30 BTS 093091-FC - 13 - Fig. 4 shows the
resul ts of th&olibudnnalendnissantlse heppymedsslcawilymych hepdytiatlgstgdycot.om
exanples 1 to 3 as per exanples 7 and 8. The curve of the reduction
current (1) versus the applied voltage (U relative to an Ag/ AgCl
ref erence el edhe ieke solsers andthe saodd adlsent biegprafolabBoe lcast faltlllx idxiicalat a
reduction current of in each case -104 A Fig. 5 shows a conpari son
of the overvoltages (U) for the reduction of one nole of oxygen for

the processes Thd séar@fmdh ditepdl) bOtHeHRodBY RULAR dasiidtboutNBing HAhoztas aRS
per exanples 1 and 2 conpared to the processes (3-4) which are not

accordi ng to €reErslvkewnhie goshgkilrg ie dhaeys snenexghisivexaapipts of3sughd

4. BTS 09309 fa(ation Iinrafii@mpl €s:  Exanple 1: Production of a
catal yst which can be used in the process of the invention 5

Ni t rogen- doped carbon nanot ubes were produced as described in exanple

5 of WO 2009/ Q80204 w t.h t he Ly differences,that pyridine was used
as starting maferr et insTandPs ek RSP b ot LhiroRERedRY R
t enper at une ohantdiies afNCNTE Ibedeat with rhétae nivwspaiaskesiont BdirtsdrBQe for the

m nutes. 10 Residual anmpunts, of .the cat st used (a catal yst S
prepared as dééﬁﬁr?%gﬁlqgﬁreg%ﬁﬁloéo’iygﬁ? "\/@‘%’@8@766 VR ?Jé'ﬁ?f)?\{\%érlg
renoved by washi ng the nitrogen-doped carbon nanotubes obtained in 2

mol ar hydrochloric acid for 3 hours under refl|ux., o
The advantages of this use have been presented above in connection with the process

of the invention. The preferred variants of the process which are described there can

15  likewise be used in the use according to the invention.

The process of the invention and the catalysts comprising nitrogen-doped carbon
nanotubes (NCNTs) comprising metal nanoparticles which are produced for the
process are illustrated below with the aid of some examples, but the examples should

20  not be construed as restricting the scope of the invention.

In addition, the invention is illustrated with the aid of figures, without being

restricted thereto.

25 Fig. 1 shows the result of the TEM examination of the catalyst as per example 1 from

example 6.

Fig. 2 shows the result of the TEM examination of the catalyst as per example 2 from

example 6.

Fig. 3 shows the result of the TEM examination of the catalyst as per example 3 from

example 6.



15 Sone of th&;&'gﬁgﬁwoped car bon nanot ubes obtai ned were

subj ected to +ed i on as per exanple 5. An anopunt of 800 ng of
t he ni trogen-doped carbon nanotubes were introduced into 100 m of
cycl ohexane and treated with ultrasound-fdr 15 nminutes (ultrasonic
bath, 35 kHz). 20 A suspension of silver nanoparticles was obtained
by firstly dissolving 22.7 (131.4 nmmol ) of decanoic acid (> 99%
Acr os Or gani c$)g- 4rsHo89thg resiBg off theyradayurementy of dieiprocges whingth® 884y sk fioa)
in 500 mM of (,> ~99. 9% ) 31, .0f silwv
nitrate (> 99%/0%’@2@@&)“ SRy RRES Y anfs, ol by AnP PRI 0E e Bt
added t her et oveAlit the appléedaddtiage (), relatiee o afit Ag/A g QR sefathder debtfodé issshown,

m nutes. 19.2 26 | ) of n-butylamne (> 99.5% Signa- rich)
wer e subsequeﬁ&‘i S%gﬁéngﬁ?ﬁ)ﬁm%’éa’f}% ra rﬁd‘ﬂfé’faé SY TS O{Wreé@ ?ﬁs?]ﬁlltogsA'V\hi | e
stirring. 3.24 g (32.9 mmol) of sodi um borohydride (> 98% Acros
Organi cs) which had previously been dissolved 30in 40 m of

i ce- cool ed deiféPsBevharepPiisea of HerpvaelacesdUd fu theedustion afione mode of
over a period j 2R LEfdNg. - = - (>
99.9% Kr aemsr0 %e@?ﬂhﬁ%ﬁﬁ%%a l()){ICﬁI% et{]/%ﬁﬁeﬁ%fs& l?r%l lﬁgﬁ%ta stgés\%gs
added, resultexgnples pred 2piompaiedrioche progsedsesd(3F4)omithh eresmit ccayding wo the
the solid sub§n<a\,gut<laontds t}ﬁci: ng lfsitsl, 5Sere(13g offé 35T e noist, filtered solid
obt ai ned was washed WEh acet one dnd ’fﬂr‘?péd; at” éibout 50C in a vacuum
drying ovéa (pressure - 10 nbar) for two hours. About 200 ng of
the dry solid were dispersed in 30 mM of cyclohexane and this

di spersion was then conbined with 100 m of the above-descri bed

di spersion of the 10nitrogen-doped carbon nanotubes. The m xture
formed was stirred until the dispersion nedium had becone conpletely
decol orized (<2 h). 15The m xture was subsequently filtered (Bl ue
Band round filter, Schleicher&Schtill)



and the catal %ﬁ @Eé gi gzd as filter cake was washed with acetone and
again dried at -=acuum dryi ng oven (pressure - 10 nbar) for
two hours. The quantitative el enental analysis (inductively coupled
pl asnma optical emission 20 spectroscopyl4tCP-CES", instrunent:
Spectrof |l ame D5140, from Spectro, nethod according to the

manuf acturer's instructions) subsequently carried out to determ ne
the silver cordixamplésndi cated a | oadi ng of 19.0% by wei ght. The
catal yst obtai ned was subsequently partly passed to the exam nation
as per 25exanple 6 and partly to exanple 7. Exanple 2: Production of
a catal yst whiBxangde 1berededionnofthéatplyst ehschodant Beeusedviarthe rocess of the
Ni t r ogen- doped carbon nanotubes were produced in a nmanner anal ogous
to 30exanpl e YAt he sole difference that the reaction was now
carried oug for 60 mnutes. BTS 093091-FC - 16 - as described in
exanple 5 before mxing with a silver nanoparticle dispersion.

Thi s was once Nigager-doprf sah@npipngtubes stefe produped andescaibed fmexgmple 5 of

exampl e T 1 O vaaRby OBk | VER RNARAITELES, (RARHULE! LS Bl LTP M ng

anal ysis (ICP or silver I'cated a

wei ght. The catagdripftthobdaaiinedanasrisd bstguentdcyiopdgsedativetdf AP layd tlo:
t he exam nation as per exanpl d.partly to exanple 7. 10 Exanpl e
3: Producti onr%afﬁ%n@?fgla%eggﬁﬁﬁdg%gg%rﬁ% S be used in the process of

t he i nventlpon An experiment as described in exanple | was carried

out with the sol. i fference that commerci al carbon nanotubes | .
(BayTubes(r), P Bﬂé?ﬁmﬁe%ff e F R IFOWoElG 47 O8IV e reRredhes described in

ni t rogen- dopedyGA5IDQN MWB0i00bet02tEthdt BN CwerdNeRIAL AL DheAe nitrogen-
described in exaggl egOS was not carried out due to thé |ack of
n

ni trogen conswdpp panokbes ehteinedi a2 malebbydragidorie beid for 3 hours under

reflux.

15
Some of the nitrogen-doped carbon nanotubes obtained were subjected to the
examination as per example 5. An amount of 800 mg of the nitrogen-doped carbon
nanotubes were introduced into 100 ml of cyclohexane and treated with ultrasound
for 15 minutes (ultrasonic bath, 35 kHz).

20

A suspension of silver nanoparticles was obtained by firstly dissolving 22.7 ¢
(131.4 mmol} of decanoic acid (> 99%, Acros Organics) and 30 g (131.4 mmol) of
myristic acid (> 98%, Fluka) in 500 ml of toluene (>99.9%, Merck). 22.3 g
(131.4 mmol) of silver nitrate (> 99%, Roth) dissolved in 25 ml of deionized water

25  were added thereto. After the addition, the mixture was stirred for 5 minutes.

19.2 g (263 mmol) of n-butylamine (> 99.5%, Sigma-Aldrich) were subsequently
added dropwise over a period of three minutes while stirring. 1.24 g (32.9 mmol) of
sodium borohydride (> 98%, Acros Organics) which had previously been dissolved
30 in 40 ml of ice-cooled deionized water were then added to the reaction mixture over

a period of 15 minutes while stirring.

After continuing to stir at room temperature for four hours, a 7-fold excess of acetone



20Quantitativ analysis (ICP-OES) for silver indicated a

| oadi ng of 2o§%§iﬁgﬁgiig%t. The catal yst obtai ned was subsequently
passed both partly to the exam nation as_ per exanple 6 and partly to
exanple 8. 25 Exanple 4: Production of al?urther catal yst which

cannot be used in the process of the invention Ni t r ogen- doped

carbon nanotubes were produced in a manner anal ogous to 30exanple 1.
In contrast td& @R&Mfplkeragmer Reldartieenbibt based se dhrevrliineloddoludneiised was

Sxampl e 6. BAGYIae R MY SR LR SNERA fok g RN PERR L

spect roscopi c saissatestly b¢ikSGgred dift he catal ysts from exanple 1 and
exanpl e 2 The proportion by mass of nitrogen in the nitrogen-doped
carbon nanotubes and also 5 the nolar proportion of various nitrogen

speci es i N5t hehphaPa/ fitded Q)idobssn Al wad WdsREERith Qttishel dhdldrRd at about 50°C

ni t rogen- doped carbon nanot ubes were determ ned for the

ni t r ogen- doped? & %3 HEMH WURGPVPEEresR o1t dimben fPiwoHeuEour se of exanpl e

1 and of exanple 2 by neans of X-ray photoel ectron spectroscopic

anal ysis (ESCA, instrument: ThernoFi sher, ESCALab 220i XL; met hod:

according to theutl2btmgffcheader selid mster dispdrdsin. 30Thbol@icld®xane and this

gegg[rg: geﬁ 2{)%@%@%@%@% ggen:ﬁg)imtg %féfﬂewiilh 100VBRSHIE JooBL G5 RA dRBErs R ATRASE
10 nitrogen-doped carbon nanotubes.

The mixture formed was stirred until the dispersion medium had become completely

decolorized (<2 h}.

15 The mixture was subsequently filtered (Blue Band round filter, Schleicher&Schiill)
and the catalyst obtained as filter cake was washed with acetone and again dried at

50°C in a vacuum drying oven {(pressure ~ 10 mbar) for two hours.

The quantitative elemental analysis (inductively coupled plasma optical emission
20  spectroscopy “ICP-OES”, instrument: Spectroflame D5140, from Spectro, method
according to the manufacturer’s instructions) subsequently carried out to determine

the silver content indicated a loading of 19.0% by weight.

The catalyst obtained was subsequently partly passed to the examination as per

25  example 6 and partly to example 7.

Example 2: Production of a catalyst which can be used in the process of the

invention

Nitrogen-doped carbon nanotubes were produced in a manner analogous to
30 example 1 with the sole difference that the reaction was now carried out for

60 minutes.

The nitrogen-doped carbon nanotubes were likewise partly passed to the examination
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as described in example 5 before mixing with a silver nanoparticle dispersion.

This was once again followed by a treatment the same as that in example 1 for
applying silver nanoparticles. Quantitative elemental analysis (ICP-OES) for silver

indicated a loading of 20.6% by weight.

The catalyst obtained was subsequently passed both partly to the examination as per

example 6 and partly to example 7.

Example 3: Production of a catalyst which cannot be used in the process of the

invention

An experiment as described in example I 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.

An examination as described in example 5 was not carried out due to the lack of

nitrogen constituents in the commercial carbon nanotubes.

Quantitative elemental analysis (JCP-OES) for silver indicated a loading of 20.6% by
weight,

The catalyst obtained was subsequently passed both partly to the examination as per

example 6 and partly to example 8.

Example 4: Production of a further catalyst which cannot be used in the process

of the invention

Nitrogen-doped carbon nanotubes were produced in a manner analogous to
example 1. In contrast to example 1, these were not subsequently loaded with silver

nanoparticles. The catalyst obtained in this way was passed to example 8.



6.1 51.40 Zlarggﬁ E;§4.4 2.7 Ex. 2 9.9 42.6 0 13.5 27.2 6.7 6.6
3.4 Exanple & A=5si on el ectron mcroscopic (TEM exam nation

of the catal ysts as per exanple 1, exarrplng 2 and exanple 3 15

10

Example 5: X-ray photoelectron spectroscopic analysis (ESCA) of the catalysts

from 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 in 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 course 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.

Measured values as per example 5

Sample | N content | Pyridine | Amine | Pyrrole | Quater- Quater- | Pyridine NOy

weight] [mol%] | [mol%] | [mol%)] [mol%] [mol®%] | d)N*-O 1
[mol%]

Ex. 1 6.1 51.4 0 21.8 11.3 8.4 4.4 2.7

Ex. 2 9.9 42.6 0 13.5 27.2 6.7 6.6 3.4

15

20

25

Example 6: Transmission electron microscopic (TEM) examination of the

catalysts as per example 1, example 2 and example 3

The catalysts obtained as described in examples 1 to 3 were subsequently optically
examined for their loading with silver under a transmission electron microscope

(TEM. Philips TECNAI 20, with 200 kV acceleration voltage).

The catalysts as per example 1 and example 2 are shown in fig. 1 and 2, respectively.
Fig. 3 shows a transmission electron micrograph of a catalyst as per example 3. All
three figures confirm the high silver loading of about 20% by weight determined by

means of elemental analysis.

As a result of the use of additives for stabilizing the silver nanoparticles during the
synthesis, agglomeration of the silver was generally prevented and the average silver

particle size is less than 10 nm after application to the nitrogen-doped and undoped

[% by N N N nary N nary N | (oxidize | [mol%




The catal ysts i described in exanples 1 to 3 were
subsequent |y égﬁi@gﬁﬁﬁﬁgianined for their loading with silver under a
transm ssion el ectron m croscope (TEM Phlllps TECNAI 20, with 200 kV
accel eration voltage). 20The catal ysts ads per exanple 1 and exanple 2
are shown in fig. 1 and 2, respectively. Fig. 3 shows a transm ssion
el ectron m crograph of a catalyst as per exanple 3. Al three figures
confirmthe hicgthonndnpparticigadlirny tote edpopies20% by wei ght det ermi ned by
nmeans of elenmental analysis. 25As a result of the use of additives
for stabilizing the silver nanoparticles during the synthesis,

aggl omer at i on Tofe differaiceven thasctipeanefal thy eﬂ)dfc&klcﬁﬂhi:ﬁdczﬁﬁddﬁ&t@mﬁuﬁbﬁ%n

silver particle size is |ess than n fter, a cation to t
nitrogen-dopedhﬁﬁamﬁﬁﬁbﬁéﬂnp@ﬁg ﬁ§éggﬁﬂ] ownyig 1i PEC ?%bﬂmﬂQﬁ&ﬂé&¥”%1E%
for all thesee sgxampliesieclhRudédnfiBs @EQSsupPort Ratediat And thy sil R nﬁmﬁaamcles
el ectrochem cal reduction of oxygen determ ned in exanples 7 and 8

and shown in fThg silver deadingnersilyer perticle ﬁim@@th%)othsrlwﬁecra@tbus'h::r@feﬂ@@t@
bet ween t he calhonsaudRBeay, al and the silver nanoparticles. The
silver | oading orBS| verr gg?%ﬁﬁt size, on the other hand, can thus
be rul ed out as cause of the differing act|V|ty Exanple 7:

Process accor e inventi.on us, Yol s frome es 0
2nd 2 80 my o PR BRstR ST g e <3t b sofebe tiBPLe ARl
di spersed1on %9dni of acetone and 20 x| of th|s di spersion were in

each case dripped onto a polished electrode surface of a rotating
annul ar disk electrode (fromJaissle Elektronik 15 GrbH). After

evaporation ofsonﬁgeofatﬁ@m sty #loRtxakBled] oPExatnpiat Weid ﬁl@tl?@lsFé/rb&Viln 50 ml
al cohol sol ution was Rpe on to fix the solid. 20The rotating

annul ar di sk &f @@qfqud@d of dhis diispiersdpnt Weredarcaghyeass dagpgsbonte xapepished
or electrode surface of a rotating annular disk electrode (from Jaissle Elektronik

15  GmbH).

After evaporation of the acetone, about 10 pl of a saturated polyvinyl alcohol

solution was dripped on to fix the solid.

20 The rotating annular disk electrode, now comprising the catalysts as per example 1 or
example 2 was then used as working electrode in a laboratory cell containing 3

electrodes (working electrode, counterelectrode and reference electrode).

The arrangement used is generally known as a three-electrode arrangement to those
25  skilled in the art. A 1 molar NaOH solution in water which had been saturated with
oxygen beforehand by passing a gas stream of pure oxygen through it was used as

electrolyte surrounding the working electrode.

A commercial Ag/AgCl electrode (from Mettler-Toledo) was used as reference

30  electrode.

The electrolyte was maintained at 25°C. The reduction of the oxygen dissolved

molecularly in the electrolyte was likewise carried out at this temperature, which was



exanpl e 2 was s working electrode in a | aboratory cel
containing 3 éiigﬁgiﬁﬁ;ig?morking el ectrode, counterel ectrode and
reference el ectrode). The arrangenent used is generally known as a

t hree-el ectrode arrangenent to those 2518killed in the art. A1
nmol ar NaOH solution in water which had been saturated with oxygen

bef orehand by passing a gas stream of pure oxygen through it was used
as el ectrol yt eogftpliedundi ng t he wor ki ng el ect rode. A commer ci al
Ag/ AgCl electrode (from Mettl er-Tol edo) was used as reference

30el ectrode. BTS 093091-FC - 19 - controlled. A potential difference
bet ween t he wey potagiatHdiErenod betavedn tHeeworkingrebroededreicthe oderende dldverode in
range from+0.14 Vtp -0.9 en set and the reduction current
Carve was 5 ¢ i roResaSomag- e Thos L I el rofFi g atire s
-0.96 V was mgigsui@eurdd. TheB&ReheafioRdiMgs fiohh€0.$p&aE -0.D6 WOk &l théduiefl at
t he annul ar di sk el ectrode was 3600 rpm 10To determ ne the

advant ageous A&PEFIETSMYSprocess carried out according to the

i nvention for reducing oxygen in alkaline nedia, the potenti al

di fference between working el ectrode and reference el ectrode at a
current of 10&haspead of retaipolef dwsenvlendiskofiéctfodowas M Ogrmphs recor ded
by nmeans of the above neasurenent. A graph for the neasurenents
relating to the process according to the invention using the

15cat al ystl8 f Tondegecaripd g alvaRtagedishange sliewnodens targied dut hécotding he the

seen that the.potential difference.b en reference el ectrode and
nor ki e el eor PBARSRN bR redicnis PR i SRR et ahe B EntH S Re lpen

-0.116 V and thakindMaRBurss 40 fehferRalettllSde ASa PRIen€¥RND! @ Wad H ARRYhse
-0.137 V and in the case of the process 20whi ch is not according to

t he inventi on@édiohgremdhegrplisiseorded Pemeaisphccabyve meagygtpent. A graph for
the measurements relating to the process according to the invention using the

15  catalysts from examples 1, 2 and 3 is shown in fig. 4.

It can be seen that the potential difference between reference electrode and working
electrode when using the catalyst as per example 1 is about -0.116 V and that when
using the catalyst as per example 2 is about -0.137 V and in the case of the process
20 which is not according to the invention using the catalyst as per example 3 is about

-0.208 V when the respective potential difference is read off at a current of 107 A.

All results obtained in this way for the experiments of examples 7 and 8 are
summarized once more in fig. 5 as overvoltages relative to an Ag/AgCl reference
25  electrode in 1 N NaOH under standard conditions (23°C, 1013 hPa) to be overcome

in the respective processes.

It can be seen in fig. 5 that a potential difference of (-) 0.116 V or () 0.137V
prevails in the process according to the invention. This means that, in the process of
30 the invention, only an overvoltage of 0.316 V or 0.337 V (assuming a redox potential
of oxygen of 0.2 V relative to an Ag/AgCl reference electrode) prevails, so that only
this has to be overcome in order to achieve flow of current and thus reduction of

oxygen. In contrast, an overvoltage of 0.408 V or (.36 V has to be overcome in the



-0.208 V mheng&ﬂ§g$£@£§§éive potential difference is read off at a
current of 10 . +esults obtained in this way for the
experinents of exanples 7 and 8 are summari zed once nore in fig. 5 as
overvoltages relative to an Ag/ AgCl ref ef8nce 25el ectrode in 1 N NaOH
under standard conditions (23C, 1013 hPa) to be overcone in the
respective processes. It can be seen in fig. 5 that a potenti al

di fference of pracessgs milgchyagy npt pea@rding 1y the dyepntien.j Merahe aprasigesrbenergy
according to t i i i to f e
Tmvent i on,  only iR A8l dr3edTERRS LR s el ARETTR AR priBe
redox potenti akbcoodingxyheinvefticd. 2 V rel ative to an Ag/ AgCl reference
el ectrode) prevails, so that only this has to be overcone in order to
achieve flow of current and thus reduction of oxygen. In contrast, an
overvol t ags OEAn/iEs:\Pidkesd wifichVis s aé@riing QY i tion st caBllpsts from
093091-FC - 20 - processes which are not according to the 1nvention.
Merely a reduc¥tmBled@pddonsunption per nole of reduced oxygen is
therefore required in the processes according to the invention.
5Exanpl e 8: Process which is not according to the invention using

cat al ysts frorinessampinent idendingl td thah inesxpmplenewas dadréast dut aithitios tohediffierence
exanpl e 7 was i t..w th ol e differen th e _catal yst,s
e por Cexampt St asiict heblbfes S8 Lhip BAG T R ot B T RRLS
10 i s not lccasmhitagedrding trethe imwentidnas, as slescaibedignee fdredarmplo 7ealf®shown for

exanple 7, also shown for the catal yst per ex le 3 in fig, 4.

The result frdi CHAVSASIEESURRER Matck THEABH MGMiBe PrRser Y BichiHAc!
using the catatystindSoRBE irR%AIM Bsiflg tifo ctfly st RFTPBLarle W i3 fok YeashBs of
| onger shown in fig. 4. The summari zed experinental data for exanples

7 and 8 are sKBH- A lenggt shownyip figah The symanrizsbaxperimensplalatn fapexasnles 7
the course of ,hhg JoURGHFESHLS. Bl cafHRMRAE A, ab Qitwit D50 v R0 GRS aRe WRRD
are not according to the I nvention have a higher energy consunption

for the rd8uctdisonssish afxygeple dsthat ho pswgssenwhich are not according to the invention

have a higher energy consumption for the reduction of oxygen as a consequence.



BTS 093091-FC -21 - ims |.A process for the el ectrochem ca
reduction of d&%%ﬁﬁﬂﬁﬂ:49 kaline nedia having a pH of nore than 10,
characterized in that it is carried out in the 5 presence of a

catal yst conprising nitrogen-doped car boAl nanot ubes ( NCNTs)
conprising nmetal nanoparticles having an average particle size in the
range fromlto 15 nmpresent in a proportion of from2 to 60% by

wei ght on t heiGlaingr f ace. 102. The process as clainmed in claiml1,
characterized in that the nitrogen-doped carbon nanotubes (NCNTs)
have a proportion of nitrogen of at |east 0.5% by weight. 3. The
process as cl ai nedA proetRifor %emlearocﬁ&ﬁfcabfe@ﬁtﬁ@dof dﬂx}tghﬂﬁn tlt@line media

nitrogen in 15the nitrogen-doped arbon nanotubes is at | east
partly present as BWP%% ﬁF‘P’F’o @ 10.gcharpgterized c‘§§ td‘s‘scqaé‘"?fje%i"‘t ip the
cl ai (rjn 3, cba{ acter b?egéhchr Bf 4 Bahly@lomBAsh ﬂ@roga{ dRh czulasn H:!ndomﬂ@(NCﬁTs)
pyridinic nitrogen he process as clained in any cl ai ns

4, characterized i ROmpaALing W@taﬂrémpaﬁaﬁﬂﬁpharmg@néyer@gmargt:le@fzean #wtrange

selected fromthe u or 4,

M, Mo, My, Al 1@6% P B”rﬁjﬁéyés IR%SF&RHNHFQJ%WCI 0 A%weﬁ%ﬂo%ﬂ'wlr
and Cd. 6. The prowﬂﬁseas clainmed in claimb5, characterlzed in that
the nmetal nanoparticles consist of silver (Ag). 7. A process for
produci ng a catalyst for use in the process as clained in any of

30cl ai ms 10t 026, CITh¢ pRicessiaz @Mirhddl inhiddimi I, charetdrEed imthat @RtrddRe-doped

steps BTS 093091-FC i )
carbon nanotubes (NCNTs) have a proportion of nitrogen of at least 0.5% by

weight.
3. The process as claimed in claim | or 2, characterized in that the nitrogen in
15 the nitrogen-doped carbon nanotubes (NCNTs) is at least partly present as

pyridinic nitrogen.

4. The process as claimed in claim 3, characterized in that at least 40 mol% of
the nitrogen is pyridinic nitrogen.
20
5. The process as claimed in any of claims 1 to 4, characterized in that the
metal nanoparticles consist of a metal 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.
25
6. The process as claimed in claim 5, characterized in that the metal

nanoparticles consist of silver (Ag).

7. A process for producing a catalyst for use in the process as claimed in any of

30 claims 1 to 6, characterized in that it comprises at least the steps

a) provision of nitrogen-doped carbon nanotubes (NCNTs) having a

proportion of at least 0.5% by weight of nitrogen as suspension (A) in a



- 22 - fir st ig! vgniz 8) provi sion of a suspension (B) of netal
nanoparticl es 304L solvent, c) mxing of the suspensions (A
and (B) to give a suspension (C) and d) separation of the

ni t r ogen- doped carbon nanot ubes (NCNTs)-Adéw | oaded with netal
nanoparticles fromthe suspension (C). The process as clainmed in
claim?7, characterized in that the suspension (B) is obtained by in a
step bl)a solvent (A) fichselagnti ng a netal salt is provided and in a
step b2)the netal salt in the solvent (A) is subsequently reduced to
nmetal nanoparticles to give a suspension (B). The process as cl ai ned
inclaim7 or 8, charpatvesidnzed suspehdiad (B)oe nfetal aincpattic B in agedoddw@lvent,
second solvent as per steps a) and b) of the process are sel ected

i ndependently fromthe group consisting of water, alcohols, toluene,

cycl ohexans, pentage, nfigx@bethe IEPERMIs (AFLRNB) tPE0E £ BB pensidn§ T sndnd
m xtures thereof. The usegof nilﬁgogen- ogedrt?gtr b%n nangtubega?NCNTs)

| oaded with netal nanoparticles on their surface for the

el ectrochem cal regyuctianigh oPimY AfF kAN ia AR ndRsHhiks ARENGG) W idadld

nore than 10.
with metal nanoparticles from the suspension (C).

10 8. The process as claimed in claim 7, characterized in that the suspension (B)

is obtained by in a step
bl)  asolvent (A) containing a metal salt is provided and in a step

15 b2)  the metal salt in the solvent (A) is subsequently reduced to metal

nanoparticles to give a suspension (B).

9. The process as claimed in claim 7 or 8, characterized in that the first solvent

and the second solvent as per steps a) and b) of the process are selected

20 independently from the group consisting of water, alcohols, toluene,
cyclohexane, pentane, hexane, heptane, octane, benzene, xylenes and

mixtures thereof,

10.  The use of nitrogen-doped carbon nanotubes (NCNTs) loaded with metal
25 nanoparticles on their surface for the electrochemical reduction of oxygen in

alkaline media having a pH of more than 10.



