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reduci ng nol ecul ar oxygen The present invention relates to an

el ectrochem cal process for the reduction of nol ecul ar oxygen in

" al kaline solutions in the presence of nitrogen-doped carbon
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The reduction products of molecular oxygen which are desired in such electrochemical reduction

reactions are usually oxygen ions which have a double negative charge and are usually present in
10 the form of hydroxide ions in aqueous solutions. However, it is likewise generally known that the
‘ electrochemical reduction of molecular oxygen can also result in another reduction product which,
depending on the conditions of the reduction process and depending on the electrode material, can

be formed in smaller or larger amounts. This other reduction product is hydrogen peroxide.
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15 The formulae (I to IV) shown above, according to which molecular oxygen can be
electrochemically reduced to give oxygen ions having a double negative charge in the form of
hydroxide ions, show that this can take place either with uptake of two electrons twice with the
intermediate formation of a hydrogen peroxide anion (OOH) according to the formulae (I and IT)
or directly with uptake of four electrons once according to formula (II). The theoretically possible,

20 electrochemical reaction according to the formula (I) would be advantageous if it were to occur
in a process for the reduction of molecular oxygen. The reason for this advantageousnéss is

"deséﬁbed beiow. .

“On the basis of the autoprotolysis of water, hydrogen peroxide would also automatically be present

in aqueous solutions in addition to the abovementioned hydrogen peroxide anion.

25 Owiﬁg to its corrosive and oxidative properties, hydrogen peroxide is generally an undesired -

by-product in the reduction of molecular oxygen.
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abovementioned reasons regarding the corrosive properties of hydrogen peroxide.

With the.use of economical, for example, carbon materials, such as carbon black or graphite, as
support material for other electrode materials is frequently completely dispensed with because
10 these generally promote the reaction according to the formula (I) and thus lead to greatly reduced
lifetimes of the electrodes. Furthermore, the amount of oxygen ions having a double negative
charge, for example in the form of hydroxide ions, is thereby smaller, owing to the possibility of

the disproportionation reaction according to formula (IV).

Thus, O. Ichinose et al., in “Effect of silver catalyst on the activity and mechanism of a 2as
15  diffusion type oxygen cathode for chlor-alkali electrolysis”, in Journal of Applied
Electrochemistry 34: 55-59 (2004), discloses that the use of carbon black and in partiéular
electrodes’ comprising pure carbon black results in hydrogen peroxide being formed in large

amounts in the experiment of the electrochemical reduction of molecular oxygen.

It is further disclosed that an electrochemical reduction of melecular oxygen can be carried out in
20 the presence of a catalyst material in the form of a carbon black support laden with silver or of a
pure carbon black support in a 32% strength by weight sodium hydroxide solution at temperatures
of 60°C or 80°C. Here, the formation of hydrogen peroxide on the carbon black material leads to
cracking in the electrode, which is recognized as being disadvantageous. Q. Ichinose et al. explain
that the transfer of only two electrons to the molecular oxygen can be improved to the transfer of
25  four electrons by the addition of silver to the carbon black, so that less hydrogen peroxide is

formed, which in turn is advantageous.

The process variants presented in the disclosure by O. Ichinose et al. are, however,‘
disadvantageous in that the addition of silver to the electrode material is required for achieving the -
~desired transfer of four electrons. However, silver is a noble metal whose use as a constituent of

30 electrodes is economically unattractive. Furthermore, complete suppression of the formation of
“hydrogen peroxide is not possible since proportions of molecular oxygen always come into contact

with the carbon black support and are reduced there according to the formula (I) to hydrogen

peroxide in the aqueous solution. This in turn is suitable for damaging the electrode material.

L. Lipp in “Peroxide formation in a zero-gap chlor-alkali -cell with an oxygen-depolarized
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30  the electrochemical, catalytic reduction of molecuiar'oxygén have proportions of pyridinic and -

quaternary nitrogen.

P. Matter et al. do not disclose that the abovementioned reduction of molecular oxygen is also
possible in alkaline solutions. Furthermore, according to the process variants disclosed in P. Matter
et al., the disproportionation reaction according to the formula (IV) likewise takes place as a result

35  of the presence of hydrogen peroxide after the formation thereof by the reaction according to
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It is further disclosed that this disproportionation is responsible for defects in the carbon structure,
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f orm bd8ind ptage.hydr ogen i ons without the node of action of the present

i nvention being adversely affected thereby. 30Thi s applies in the

' t t ention
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and t h en | abo tione orns o
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doubl e nEQaIahié%r 6hBH0dS0 nm, preferably of 4 to 100 m and particularly preferably of 5 to 50 nm.

Moreover, the nitrogen-doped carbon nanotubes used in the process according to the invention
20  wusuvally have a ratio of length to diameter (aspect ratio) of at least 2, preferably at least 5,
particularly preferably at least 10.

The diameters and aspect ratios according to the invention and preferred diameters and aspect
ratios of the nitrogen-doped carbon nanotubes are advantageous since high aspect ratios coupled

with the small diameters of the nitrogen-doped carbon nanotubes lead to particularly high specific

25  surface areas per unit mass on nitrogen-doped carbon nanotubes and moreover, in particular, the
| outer surfaces of the nitrogen-doped carbon nanotubes are particularly suitable for the

abovementioned transfer of four electrons according to the formula (III).

In a préferred embodiment of the. process according to the invention, the nitrogen-doped carbon
nanotubes contain pyridinic and quaternary nitrogen in a ratio greaterrthan or eqﬁal to 1, preferably

30  greater than or equal to 1.5, particularly preferably greater than or equal to 2.

In a further preferred embodiment of the process according to the invention, the nitrogen-doped

carbon nanotubes for this purpose contain a proportion of greater than 1 atom% of nitrogen.
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parti chlar faf/te%fl?dalﬁIaéu?p(gcrm?rﬁ'gp%tggg‘ﬁ%%*@ﬁ‘gﬁltﬁ?%{hsfer of four

el ectrons according to the formula (D). In a preferred enbodi nent

of the processthatotids pgpdse it the récond@iptdfao-calted & odickkyoD@AhIRRRAC AlBOR it is
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The pr oporéj on of nitrogen on the carbon nanotubes is to be ad; usted
in a sinpl hﬁgﬁﬁrg*mqhﬁn isthased o tleformula (V) in which a limiting current (ip;; [A]) is defined as a

function of the number of electrons (n, [-]) of an electrochemical reaction which are exchanged in

the reaction on the surface of an annular disc electrode, as are said to be generally known to the

person skilled in the art, as a function of the Faraday constant (F = 96 485.34%), as a function
mo

25  of the binary diffusion coefficient of the substance to which/from which electrons are taken up

2
by/released to the electrode (D, [21_ 1) in the electrolyte in which it is present in solution, as a
. 5 :

i | 2
function of the kinematic viscosity of the abovementioned electrolyte (v, [m_ 1), as a function of
Ry .
the concentration of the substance to which/from which electrons are taken up/released to the

mol

electrode in the electrolyte (¢ [ 1), as a function of the area of the annular disc electrode (4,

mS

30 [m®])and as a function of the rotational speed of the annular disc electrode (@, [s7 ).
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functi @y of the;nunbgr af electrons (n, [-]) @fl) an el ectrochem cal
reacti on which af® exc anged in the reaction on’the surface of an
annul ar disc electrode, as are said to be generally known to the
person ski lthediopdot e I@lhieclqﬂﬁevﬁ:hfdiﬁég?dﬂi‘ Bs BhtatnbPisFRY ALY £ANSIAR! (e Bnstant
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coef fi ci entet¥ & WBick Gisheditde to whi ch/from which el ectrons are taken
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taken 15  which are transferred is not known. By simple rearrangement of the equation, the value of # is thus

obtained and it is pdssible thereby to determine whether a reaction according to the formulae (I, II

and optionally IV) or according to the formula (II) is present.

The present process is particularly advantageous because, a number of very close to 4 is obtained
for » in such a determination for the process according to the invention. In the particularly
20  preferred embodiments of the present invention, the number is even almost exactly 4. Deviations
therefrom are due in particular to the values of the constants used, such as, for example F, D and
U, which are present in the formula (IV) and are not completely exact. Moreover, the
concentration of oxygen ¢ in solutions having a pH greater than or equal to 8 cannot be determined
in the process according to the invention as exactly as would be necessary here for the

25 determination of the exact value 4.

|

The nitrogen-doped carbon nanotubes used in the process according to the invention and its
preferred embodiments can be prepared by the processes according to the prior art if the

abovementioned properties of the nitrogen-doped carbon nanotubes are obtained therefrom.

In a preferred embodiment of the present invention, the nitrogen-doped carbon nanotubes are

30  obtained from the processes according to the German patent application with the application
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| eads to a sinple mathematical relatfonship in € nu

of electrons n 15 which are transferred is not known. By sinple
r ear r ah@emdhe figeing pa eeyeffacied by Wwasking e pdtregen-doped cafpes naivtublen withamcicid The

i s possi bl Qci&ﬂ%%ﬁbl&ﬂy&@éﬁﬁﬁﬁﬂﬁw‘met her a reaction according to the

formulae (I, I'l' and Optiona or according to the formula (II1)
Is present. The present process is particularly advantageous because,
a nunber’ ofth¢ dreping ofdke pirogenrdppesb tarbernedanotubes from the catalyst material is particularly

advantageous because, as a result, the residues of catalyst material are no longer available as
possible, catalytically active components for the possible reduction of molecular oxygen to

15  hydrogen peroxide according to the formula (II).

In a further particularly preferred embodiment of the process according to the invention for the
reduction of molecnlar oxygen, the nitrogen-doped carbon nanotubes are free of metal or

semimetal constituents, such as, for example, Fe, Ni, Cu, W, V, Cr, Sn, Co, Mn and Mo.

The process according to the invention is usually carried out with application of a voltage of +0.2
20 to0 -0.8 V between a silver/silver chloride reference electrode (Ag/AgCl reference electrode) and an
electrode comprising the abovementioned nitrogen-doped carbon nanotubes having a proportion of
pyridinic and quaternary nitrogen, the reduction of the molecular oxygen taking place in the
process according to the invention on the surface of the electrode comprising the nitrogen-doped
carbon nanotubes having a proportion of pyridinic and quaternary nitrogen. The voltage stated here
25  is based on an Ag/AgCl reference electrode, as is generally known to the person skilled in the art.
Starting from this, the conversion to the reqﬁired voltage between the electrode comprising the
abovementioned nitrogen-doped carbon nanotubes having a proportion of pyridinic and quaternary
nitrogen and the reference electrode is possible for the person skilled in the art in a simple manner

for other reference electrodes.

30 It was furthermore surprisingly found that the process according to the invention is distingnished
by a reduced electrical power consumption at otherwise the same yield of oxygen ions having a
double negative charge, which is due, inter alia, to the fact that the transfer of the abovementioned

four electrons in the process presented here takes place even at lower voltages than would be the
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processes according to the German patent application with the 5
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of nol ecul &F ?ﬂé‘égn to 15hydrogen peroxide according to the fornula
(I'1). I'n a further particularly preferred enbodi nrent of the process
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and M 20 Theolpfi@e@sands F krhRgthhost he invention is usually carried out
with application of a voltage of +0.2 20 to -0.8 V between a
silver/silver_ chl %[i de_reference el ectrode (Ag/ AgCl reference _
el ect r ode) “afi@dasrorck of Msderessghiprtion s (acelatyolsiveappitalye dor the electrochemical

nitrogen- d@&ﬁ&i&ﬁf%cﬁﬁf‘&&yﬁ&?@ éﬁ%\ﬂx?&n%rgrlﬁﬁﬁé b H%l&{egweicggrgé, Cn@erized

quaternary nitrogen, the reduction of the nolecul ar _oxgg_en t aki'ng

pl ace in t Hethst beesprisgs 8 drdickgtreds spars (Dafidled wish asplutiprehayingf aaplé godfater than or

el ectrode ¢@mprih Sd NGy thecbd rR985udaRed 3?%” e ' a

proportion %Egppyri’di_ ni c %ng‘& qcuat erengrg i ]tgr?o e%%%g%go?% gl‘g%\ég%g%)tpg% carbon

here 25 nanotubes having a proportion of pyridinic and quaternary nitrogen is present, which electrode has
an electrically conductive connection via a voltage source (3) to-a further electrode (2a) in a
further electrode space (2), a membrane (4) being present between the first and the further
electrode space. '

The process according to the invention can be particularly advantageously: carried out in the

30  apparatus according to the invention.
The present invention is illustrated with reference to figures, but without limiting it thereto.

Fig. 1 shows a Koutecky-Levich diagram obtained from the measured data of the process

according to the invention according to Example 1. The limiting current ipy in microamperes is
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connect i ONFig. 8 siowsal KagakeDEvELdifi@im bohallfdathel 48] 86k iRGeockRabcdrfindto the
further _el ectrode sgq%ce t((2%:1))(, a nenbrane (4) being present between the
g 'e

first &nd HEHGr 1% CrPBRIEs §faéeand from theipsogsessyaaoensdios i g invntion,
the invent h@Rrdidito bﬁd@%ﬂ@ﬁ!@bieyz Mamhegﬁtg%hym&ﬁ%és%c&uh 'rt]@ﬂfgfh%,enﬁon,
|

30 apparatus according to the invention. present invention
i |1 ustrat edcotiding fceFxampic é &6 showu pe solidygirclesi enbithe linepr anprayitation thereof for

t hereto. determining the factor X according to the formula (VI) is shown as a thick solid line. The data

from the process according to the invention, according to Example 2, are shown as solid squares,
30  and the linear approximation thereof for determining the factor X according to the formula (VI) is
shown as a thin solid line. The data from the process according to the invention, according to
Example 3, are shown as solid triangles, and the linear approxﬁnation thereof for determining the

factor X according to the formula (VI) is shown as a shaded solid line. The respective linear



pl otted agai nst the square root of the rd2ational speed (02 of the
annul ar disc electrode in Vmn-1 . The neasured points shown rel ate

to the rot approximatiepeddbe ploctshs aaturdingito tieSvekiestdced@ing 1O B4 DedN BG 3, are
" through 900 ﬁ}n-ﬁ to 16Q%F%}n . _The Iin&gﬁho is alinear

appr oxi mat iFSHISENY feraRend e chpreetrrizst vithdhe ayoatsrs hdoge dhs datajom hepracess not
- formul a (Viageordidd ®hhd SBivelibaiad@ediastodbmparativE Egample 5 ROVGo@n 5@@Fks, and
of the nmeasured data recorded Qy nmeans of an annul ar di sc el ectTode

agai nst an egIRGCIPRETUAiR-Bererllor Aeganinine she fetar Kowrcargmedo dic Reoda (V) is
mn-1 of tReovaHWRW tBin ddikeg 1id. T6L A480R i CRERAL HelitRnt A IR fii

1 (line B) in the case of the rocess%ﬁg?gggggﬁgﬁng toBt g¥%ﬁ5§h%%g?mgw
and accor diceEPRBtisExmmde 3, 2p feovm) o prptieirelgs eandfihe hreap ppmresdmation thereof for
accordi ng fg ' i ikl L GYA ich..

i agr am obt o nnp PR ralaecdink kg R BT SONBEEL B ol

the invention, according to Exanple 2. The Iimting current iDgrin

ni cr oanper &4 Sshpwy en appapili aseqrding éo the drieationp bavied a firse eleatait i(bN abmprising a
speed (02 bay s adi i i e, easured points ... .
shown reIa?%ﬁ%g%?%g@ngg¥?g%§§&£%%%%ggg?i?ﬁgu§%%g a %P§@m§F%8§PSH%mﬁand
from 480 nipatarnersinitegen BG(firstistettradedpd@ D) whichdis fited2GM0: 012 MNaOH betutionHaving

shown is a_l} ! i f _the.determ nation of the factar .

K accordi n§ d[}ggﬁée%?%ﬁﬁ %& ?%%ﬁ%?n & embre eﬁgjnﬁeadhggerfg?cﬁrpdﬁpﬁ?e &ﬁ with a
sﬂows a Kottitaeinkxyeltmﬂc(ﬁaﬁﬂﬁ@@ﬂb@h@@ded@ﬁeﬁﬂg&tﬂ;ﬂIﬂzethm)awubyadri@mtsadiaﬁn chloride
t he process ;accor di {o.t i.nvention,. according to Exanple 3. The
liniting o Solftion Mfédﬂg e @P%‘éﬁ’ﬁ%g&ég’aﬁﬁg 6?8(‘3?@8 °8§‘§r|°ﬁ%et cnpgction, iy g voltage
root of theouret(a)ioahe GpedettrodX(19f the annul ar disc electrode in

Vmn-1 . 20 The nmeasured points shown relate to the rotational speeds

of the,annylar disc electr from. 400 mi.n4 thyough 900 m n4 and_ 1600
min-1 tlg 2@3&1"}????? PVeRHRR 1§ ﬁ%ﬁﬁe@ﬁ ustgted 1 F]ﬁ{@é[efﬂ;‘g)pfr%ﬁo}{%w& Rragiplgspwithout
det er m nat limitirgfit théxetof act or K according to the formula (VI), which is
obtained as 20.1. Fig. 5 shows a Koutecicy-Levich diagramw th al
nmeasured. data fromthe process according to the 25 invention,

according to Exanples 1 to 3, and fromthe processes not according to
the invention, according to Conparative Exanples 2 and 3. The data
fromthe process according to the invention, according to Exanple 1,

are shown as solid circles, and the |inear approximtion thereof for
determ ning the factor K according to the formula (VI) is shown as a
thick solid Iine. The data fromthe process according to the

i nvention, according to Exanple 2, are shown as solid squares, 30 and
the |inear approximation thereof for determning the factor K

according to the fornmula (VI) is shown as a thin solid line. The data
fromthe process according to the invention, according to Exanple 3,

are shown as solid triangles, and the |inear approxinmation thereof

for determning the factor K according to the formula (VI) is shown

as a shaded solid line. The respective linear - 12 - approxinations

of the processes according to the invention, according to Exanples 1

to 3, are additionally correspondingly characterized with the nunbers

1 to 3. The data fromthe process not according to the invention,
according to Conparative Exanple 2, are shown as enpty squares, and

the |inear approximation thereof for determning the factor K

according to the formula (VI) is 5 shown as a thin dashed |line. The
data fromthe process not according to the invention, according to
Conparative Exanple 3, are shown as enpty circles, and the |linear _
approxi mation thereof for determning the factor K according to the
formula (VI) is shown as a thick dash-dot Iine.




Fig. 6 shows an apparatus according to th&-invention, having a first

el ectrode (la) conprising a surface layer (la') with nitrogen-doped

car bon nan@xamekshavi ng a proportion of pyridinic and 10 quaternary

" nitrogen in a first electrode space (1) which is filed with a 0.2 M

NaOH sol utiQn havi. a pH.of.13.31.. Sepgrated, . therefrom by a nmenbrane

(4) is a fﬁ?ﬁggﬁé@ggﬁﬁgugﬂﬁﬁécofgﬁug&f%‘%\V&PP?%ni um el ectrode (2a),

the el ectrode space (2) being filled with a 0.5% by wei ght sodi um

chl ori de sd@Dutg cfmitogtnidopedt ¢arlami namvtabeacprepdel b2 ataliey HAYMPBIRINEST Fyrfdine at

conducti ve ectlon,via vol t age, sourc 3) to the first electrode
(7 15T BRI E gt Frafiom oves S p AR b Gutian etios sriais Gonsiting of
detai | by thw tyokdighwion Copavarylvasght vf MAQHE 7¥9srbytvdight bf Mo edr® first dikBersed in
Exanpl es Eﬁggﬁlg 1. Ox etﬂ%,r edu&ti on accor di n% to the invention 40 ny

of nitrogen® JoSEYORF B rhsenBesd ot eqplyst epsigyes by imgepy pfgvashing in concentrated
deconposi t hgdroelorRyskiddboRnBoRlso Bl s dishefsioredwReshtfigact or, over a

cobal t - nol ybdenum magnesi um oxi de catal yst (consisting of 5 19% by

wei ght of &g 4% bx wei ght of Mo and 77% by \(\/ei%ht of O, were

first di sper§eyiesigopPs cgbomcarashes arvre inteagpieBebsfomhand do% mensns of electron

catal yst r gsdcHR8pyd Yor BRAScal lanMRSN (I A; Nir6A NERRhSALRA M%%him& method
e

acid solution, so that a first dispersion A was .obtalned.
ni t r ogéf- defreliRRioHBR MIBHa SRS infisrcsions) pad by gpgeuschiteanamistiemelcdispn meiarescopy

of el ectroprEesh PRE Q%are_{tﬁ)sr tyﬁr.hrre qt@%]n%%b,llggg%w ; &g&%‘icc%llg&g]to the manufacturer’s

Ther noFi sher, ESCALab 2201 XL ccording to t
manuf act ur éstractiopst r uct i ons) and by means of transni ssion el ectron
m croscopy (TEM from FEI, apparatus type: Tecnai 20, Megavi ew Dl ;

met hod acc @l ghdg P nbben iR ERGL Rhod bRt AMGHERNS 5 | f puad
here that the Sni trogen- doped cg%%oaﬁﬁ%d;%%ﬁlb%aggﬁ%%q%hpar%rp%(\)r,‘%?noﬂpg's ag)rqs% of
at ono of ninttyogepe that theythad Reytidnaef pyridmid oueternayr tittogen 2B 8y umt tinnehey had a
nitrog of 2. 88; t hat ad 15. medi an, di ter..d50 o ou

10" e S et Rien R dh Mol 98 s he ARt | B SABEH 850 By gl i bac o
rati o of gesattesticdigreakdti@h 10li sper si on A obtained, 120 p.1 were

i ntroduced dropw se onto a polished el ectrode surface of a rotating

annul ar di de.(fr.o i.ssl e, El ekt roni k H ... After the
evapor at i o?n)%gg L%%Ee)ﬁ g‘c(g)tta(éjﬁeél : Blgldl APy uﬁ?‘i@(??%ﬁ%laﬁﬂ]cﬁ]?ﬁ? glgetrode surface of a
t et r af i uor ositinglaemdarpgitsceivetrofroafhissla Erckiraak GinbEN; from DuPont) were

i ntroduced dropw se thereon in a concentration of 26 ng/m in

| Sopropano LAJ?tfeI(') the ];:\Ifa)f)lmgl QIE Qfe the Qé&o%e,%eﬁ %P g dfssnolv%ld Ssglgﬂosnlat%g té%\r'aﬂuoro ethylene polymer

20  (Nafion® solution; from DuPont) were introduced dropwise thercon in a concentration of

26 mg/ml in isopropanol for fixing the solid present in dispersion A.

The rotating annular disc electrode, now comprising the nitrogen-doped carbon nanotubes, was
then used as a working electrode in a laboratory cell containing 3 electrodes (working electrode,

opposite electrode and reference electrode).

25 The setup used is known to the person skilled in the art in general as a three-electrode
arrangement. A 1 molar NaOH solution in water, which was saturated with oxygen beforehand by

means of passing through a gas stream of pure oxygen, was used as an electrolyte surrounding the

working electrode.

The reference electrode used was a commercially available Ag/AgCl electrode (from Mettler-
30  Toledo).

The electrolyte was heated to 60°C. The reduction of the oxygen dissolved in molecular form in

. the electrolyte was likewise carried out at this temperature, which was controlled.



The rotating annul ar disc el ectrode, nowlt¢onprising the
ni t rogen- doped carbon nanot ubes, was then used as a working el ectrode

in a |abor @mewmﬁj',lthc:Gal‘flaalloﬂIolﬁghe31uait1ﬁgtcﬁﬂdﬁSvaé\&ﬁHaiﬁir&gmedheQﬁﬂg@%m +0.2 V to
- opposite el od r ef rence el ect rode 25The setup used
known to th(?gvé?%pgﬁgg’ RieP e Pring clgetrode gnd i dpfarencpseleptrode. The abovementioned
. three-el ectrzmgdefvE(TZHm@&mBﬁtwas&e];kdﬂfakaﬁ @6 oseVML i on in water, which
was saturated with oxygen beforehand by means of passing through a

gas strea ure oxy was used as an el ectraql yte surrounding the
wor ki ng elmgg? F‘%ﬁ%“emcn gfQ’r‘?ea P‘éﬁlﬁé"f“%‘?ﬂ?g TRHEE O3S Ficd W agpdegopsly several times, the

comrer cf al kotatonall sheddl of HAGhAGE iR lREksRUBInG FARAIMVBIch bk e3RERLRI0) - -

14 - Subsequently the variation of the limting current was neasured
|ntheran§ﬁ %réh+02 to -0.8 V, applied between the working

el ectrode angst BEASBIegIeqls Jefee capfigd &‘Bo‘&?éﬂ%n?ﬂpmﬁédﬁi?%mjem@fms of the

+0.2 V 10 afhulfar ViseoRctfdde plasindk, Br 88 indhe ROuE 3 evich did@8m of Fi

measur enment of the abovenentioned range was carried out anal oggusl y
several tipes, the 5 rotational speed_ of the annular disc el ectrode
bei ng vari &8¢ FsiullsAf fhoatsuepentiareewn i e damde KewgcleLevetdiagram in Fig. 1. A
measur emenk uder £o6ed.s isebtrdd Rk glop@ thh@ flcat 99&0{1&3@4 Ui e PorabllE (v)

annul ar _di sc_el ectrode per m nute, lotti nfg
Kout ecil®y- E%G‘Hhsbewagb%f@fthwwbeaof emé"omsestmm srred mtth@rms Utrfelivevs from this,

are shown fy inhBe dfks@o0in @edﬁ%%‘tﬁ'ey

val ue of about 4.2 is obtal ned fromo 1(If(bh %?IE?%MI ?ﬁ%%omedmthereacnon
appr oxi mat PesArdingsp fymuladDf whiduls e it of theahavefvitjonshaivntades vethe proctdse
nunber of electrons n transferred in the process. It follows from

this, that B&Qva&h’)? efzﬁ’ﬁfﬂé% sHeld NG sTEAUE tﬁloﬂﬂgg IibORfD =K ut %E yar Oglﬁgram is

per oxide waS formed I'n the reaction accor
is the resshowngh Ft%%fqummummeﬁo@mvalnuageﬁﬂmfamdm dtmelae;scsic per miute (A)

f I f
Kout ocky Laurareel s SREhART kel b0 52%) CORMEIRERLREN | © 3600

revol utions of the annul_ ar disc el ectrode per mnute (A) 15 in
conpar i sonltvi ehiderh drogothiseSnsidin thah gn rreaging enretht pfocesnaCanging &t fhy @nvention in the

The br oces b df ik T, 4 O Mok dohiefab Yo iitist Gtaginds Sy ol 0.1 v
nmeasur enmentelative gol ranemg/AngWeamdu,r whatasatn aap;hn@dutvmlet;ﬁ\@ﬁssoﬁot%b&dmg to the

about -0. 1m¥ent10 at;n[ an Cl. el ectrode fjeas on carry %

out the procesS™ oY © ffla?vr?ﬁ f) taﬁégnlnff\?%trﬁ‘e h“’hetnﬁ f'sapé’h?dr\é‘htﬁgeflﬁéwu 0.2V,
occurs2@ o Fs gri n‘emam of¥kygel inbepréde RpRtingdo VR hdG8on §d»%§@g€ous19 ofeurs
V. 20 Thus he reducti on of oxygen in the process according to the

i nvent i on SUUSHPUYEORISPSSES Geerding & fhedpriop ﬁﬁnwi”ﬁ pPae & 8 ¢sgving b erfirey for the

to the pri electdchemivdréhictid®odtDxyden Fis: @Mﬁer@ﬁomﬁﬂﬁe fn‘ﬂftméla ent for the process
el ectrochem cal reduction of oxygen. Fig. further shows t he

liniting cBCPEHE Pdhe dvEntinnois edgutiwicsr as; ]ﬁ@l ppthahef tth@’ﬂ‘EeﬁS)nC‘tl @caldmgtto the
tw ce as highas. thats &k & e %B%%ﬁﬁoﬂ&@ttraﬁs@‘&%f?b&%léc?g%[b%c&@%g 0 4 %ormula

This is due to the abovenentioned transfer of four e

accor dthg 1B tmdhe grasessaacperding) tp the inteatien, ovlesess awmbotwk mipctronst dre transferred
i nvention, ,WHRERAS R Yl ; ed according to ..
e or mui SoPRIRAS sRIb M SHATHEANG, 8BNS S RESREE: At fefuding o
not accor dﬁlﬂglll’ef@twmeA‘mrﬁbmﬁly,onn the @medoﬁ"lgiGypro:zeBS nbie a@aﬁl&loofo theeinvention, an

process no ven on of an even

hi gher vol %pﬁ’ggﬁgpggg}?ur ?h’i H}.@r k: Qu%ef |Eh8n 9&‘% ﬁﬁ%dé?%?ﬂlpﬂré’x & egrifingto the

]'E o the f Orhﬁminala (]]rI])I thaynfallow, Oﬁﬂld}l\vS mﬁmﬁ& inlﬁ'g.izﬁditlﬁhafbﬁﬁloﬂl' the fﬁrtﬁerf‘t%n%lﬂg bivBe curve
orm t urt her .ben the curve 30 at vol t age of about

hohe o Ho%eavé?l B¢ ke 64" O3 Qe Hu alsg amplies diat &he pcese mel HPoTging o the

t he i nvent inventios isodlways as@sianrd ivathabe wdctRity bRapPBaRSShikher Q&lta%@ﬁia)’ilﬂﬂar%aeld of

hi gher volta e if |mé L yi el d of oxygen i1ons having a doub
en 1ons having a double negative charge 15 o be obtained from this process as m the process

according to the invention. Thus, such processes are considerably disadvantageous, at least in

terms of energy, and as a direct consequence also economically disadvantageous.



Exanpl e 2: Further oxygen reduction accofding to the invention An
experinment equivalent to that in Exanple 1 was carried out, with the
only diff eExampletZnFurthenetyeeairediictidneacrorilingge thedapadionar bon nanot ubes
"~ used there, nitrogen-doped carbon nanotubes prepared by catal ytic

deconposi tiQn . i g t = fi;xed- bed reactor .ove
_ catal yst 5%0?@&2%%% |{r1118§1%1§ t&xqga?rp% Ig‘g TE%IF WS g6 ggbi t%ecfpily ﬁllé ence that,
used. Moredwerd afghs nitegendoedenbor anndtees aséd tiered nittigat-d@ea|cabpe enotubes

of the annular disc ctrode af. 2500 revol ytjons r nute, The

ol 1 ogen- aubREl &Y aRRg R et il Ferriect A Re R £k dtp Ve faye

of ESCAS | comesporddingd Bxeple dyoftWia oo he3nsy kegeibwdare Meesve Measurements were
%0.0f nitrogen and that they had

nanot ubes had. roportijon of 3 ato ]
aratio of Cfﬂ?f’gaﬁﬁf gfqi%loaﬂaf’?g[iﬁg% a?ﬁug;gﬁgﬁlemodgP’I}%)S_OOIwoipﬁgnsrrggmq%e.
of the measurement are shown in the formof a Koutecicy-Levich

di agr am i n The gitrogen-dopéd|chi®od hardidd wdrebini<sti b i@ ehahd by @SB A Oft was
el ectrons n tﬁ%er}zferre in the prqocess fromthe slope of the |inear
appr oxi mat 'SR BTN He EERRAcRS (’Wf’oré‘i‘?é‘o‘(lbﬁs)hagﬁﬁw&?oﬁl%(?@-g piem% of nitrogen

- follows frend ihki they hidta ratidbfbhRdisRW §Rteard RBosAGUEEHON of the oxygen,
no hydrogen peroxide was forned in the reaction according to formnul a

(1) which has the result of the abovenentioned advantages of the
15pr ocdls. 185 2o tahe PosemgR A TIoBR B frettia Ketecketorich fasem ie Fis. 3. A

.invention Aflu@¥PEbdulBRtis 8ekdin¥@ ¥R Mhe IuPntiel B cle@rdaX M SreRedBSIhE Alobds€ From the
out, wth the only difference that, instead of the nitrogen-d pecf :

car bon nanéonpekthg disepr pprspemation, pype e dorpadre (XD Buh(W slvrairbevep ftefplevedfrom
by catal yti GRRRSdol i i i i - F
over a cat Igﬁ ;gtﬁEZO Cmo?fgﬁ%(f)ﬁ%rﬁ%ﬁc?%i g&g%fgégggfﬂy\?ﬁ%g%éggﬁgg%{ﬁ)%?én the
now used. Teretien sacording-tel dpranlac@) whish hante wtsall ofithrecabiomsnemtiongdtadehntages of the
bef or ehand hy.fyeans of ESCA. It was found thereby that the
n.itrogen-dgpe car bon nanot ubes had a proportion of 5.8 atonf of
nitrogen and that they had a ratio of pyridinic to quaternary

ni t rogen offxamele 3: Piven furthet pxygoh redustiopasurdimptotthaingemioawn i n t he
formof a Koutecicy-Levich diagramin Fig. 4. A 25 value of about 4.1

i s obtained.f : r erred..i n._the process
fromthe s op‘g‘E’S’?’H?’r‘%%H i ﬁénatl(r%g é%%?lg% Féhﬁsu%ﬁﬁ% { e""]’f&b%ln ful Bg?’e&{%mce that,
and (V1) slmstead alf dbe nitiogerf-driped warbbn oandtities usdiathere] mittogen-dopead serbofi dabi@ubes

reducti on no_hydr.oge F OXI mas forned,in the
reaction aﬁ%&%?r@%@@%r‘i ﬁ%ofngx fl{l g%ﬁ?’%@“ﬁ% %5 %?Weasﬁﬁ%fl Tgagter Over a catalyst
abovengdt i ooegpadhigrit &gesplol of W 1000083337 vade fpadat | ve Exanple 1:
Oxygen reduction not according to the invention, using carbon bl ack

The nitrogen-doped carbon nanotubes were investigated beforehand by means of ESCA. It was
found thereby that the nitrogen-doped carbon nanotubes had a proportion of 5.8 atom% of nitrogen
and that they had a ratio of pyridinic to quaternary nitrogen of 1.61.

The results of the measurement are shown in the form of a Koutecky-Levich diagram in Fig. 4. A
25 value of about 4.1 is obtained for the number of electrons # transferred in the process from the
slope of the linear approximation, using the formulae (V) and (VI) shown above. It follows from
this that, in the course of the reduction of the oxygen, no hydrogen peroxide was formed in the
reaction according to formula (I) which has the result of the abovementioned advantages of the

process.

30 Comparative Example 1: Oxygen reduction not according to the invention, using carbon
black

An experiment equivalent to that in Example 1 was carried out, with the only difference that,



- 16 - instead of the nitrogen-doped carBén nanotubes used there,

carbon bl ack (Vul can XC72, from Cabot) was used. The conpari son

~ between t hiisstqad of élss nifrogenaiopat dirban hanotubes @8y litid, @arban Glach §VRIEACEET2, from
accordi ng bl %agul},v ntion, according to Exanple 1, is shown in Fig.

2, the differences ndving al ready been 5explained in the context of

. Exanpl e 1 according to the invention. Conparative Exanple 2: Further
oxygen redUtt icomparivon betwerndhis gricesstndLadcoidBtth €12, inveitidtOan@ttirocess according to
nitrogen-d%ed %ﬁ_r bon n 'ot‘glj\‘%%s %n exper i men%_ egui valent to that in
Exanpl e 1 VB URPRAHBHNE G PTRmEIAd. BIROVRRT Fis drile Offfiatnces hyingaFeady been
t he nit sogerplaiagtid tieadoheRt JTERRhHD € Scdssiel b MRS iventibd. r 0geN- doped car bon
nanot ubes 10 whi ch, according to ESCA, had a ratio of pyridine to

guat ernary nitrogen of O. 62 re now used. These nitrogen-doped

car bon nan °&IPé’§g‘?ﬁr]‘g“ﬂ’rpé?) ?ﬁﬁ”ﬂ? gxyear yeduction aghpeserding fo &e ipyentipng asing
at 750C i n othek mkesheh@péEaehA navaibed Cat al yst corresponding to

Exanpl e 2 of WD 2007 093 337. The results of the neasurenent are

shown in tI}%formof enpty squares (V2) in the Koutecicy- Levich

di agr am of ‘& GPeBMeLA e&&ﬁﬂéﬂtd? that 4y Example  Lswasptagiededtwith theeonhudiblerenes that,

el ectrons mnstdad@ ¥ tRE hRfdgenldopkd chid8n RERAGRS BECAER! Afrob-ddpkd carbon nanotubes
conpar ative exanple fromthe slope of the |inear approximation of

these fBasdfed ersprdingipiESRA; Bad 4 raEios yrisins\ip quaieraary njtrogensf e Wemaeowmsed.
Fig. 5 and ThsseGhRdgagt6sca%aboR Yatubel! Sef E}:'g?edf r ¥ dyridi
shown above. Ien_ cogr%rpaﬁlig son \c/,\n tﬁnthé3 oxygjé rechc??%égﬁgé%%orpglﬂﬁ%é?%gWém at
i nventi on, 7a¥&dp difined-beg reaciorpias catalyst @rresphiditg taEaaspie &rof WO 2008 003 BAT.

of respective solid lines (1, 2, 3) and in the formof the solid

circles, 2feSQUR &SthaAadfdnAnp Lﬁ%\%ﬁ\%’% ﬁr?the 3 {)/1J eﬁ%\‘& §<§1§}eg r(g%)tgml tgé Iéorl}t%cky

sl ope of the |linear approxination I's on
evi dent . | Levigh diagremiof B §. i wlusrdbout A.2tihebtaindrfethofunbite of dettrotd DRamsferred

t he oxygen; j . i ex |e.carried. out here, .a .
Feduct fon AoE Bl 5 50 CR B bR R e bt Sp ipar Bgifation of
per oxi de t dicesmpisarse datahwitibh isdikdivisa dvent agethinsdafled link & Bipoy ewes thahaehized
reasons. 2 arative | e, 3;« EUrt her oxygen reduction not

accor di ng f%%g?fr%lrf%ee%f]}l%ﬁ g?%é’%%&ﬁg%?notubes not doped with

ni trogen An experinment equivalent to that in Exanple 1 was carried

out, w th fhenpatisondvififtbe erygen teliation barsidamdo die iieation, hdcogieny1+66 les 1 to 3,
carbon nangiubes used.ther.e, commercial.ly, avai | e. car bgn nanot ubes.
(BayTubese," qugrn? 8??%@5{0%0&33%8?5"% .lm§?)_ Thggr‘%gbﬂ ‘P%?QS’F‘ qf e solid circles,
reasur @rentquares and awwnglen(1, BE3) tkewied inGFTRLSY tHel sldple @8 tHe\@kar dppioRfhation which is
Kout eci cyLevi qul(gd' agr amof Fig. 5. A value of about 2.1 is obtained

for the nuffBEPSf BFELTHIE ntransferred in the process according to
this conparative exanple fromthe slope of the |inear approxinmation

of It follows from this that, in the course of the reduction of the oxygen according to the comparative
example carried out here, a reduction according to the formula (I) with formation of hydrogen

peroxide takes place, which is disadvantageous for the abovementioned reasons.

25  Comparative Example 3: Further oxygen reduction not according to the invention, using

carbon nanotubes not doped with nitrogen

An experiment equivalent to that in Example 1 was carried out, with the only difference that,
instead of the nitrogen-doped carbon nanotubes used there, commercially available carbon

nanotubes (BayTubes®, from BayTubes) were now used.

30 The results of the measurement are shown in the form of empty circles (V3) in the Koutecky-
Levich diagram of Fig. 5. A value of about 2.1 is obtained for the number of electrons # transferred

in the process according to this comparative example from the slope of the linear approximation of



" to the inv i

17 - the neasured data, which is |ikewil8e shown as a thin dashed
line in Fig. 5 and is characterized by V3, using the fornmulae (V) and
(V1) 'shown thsmwasured dateovipelr is ikewivd showh ea ey @Bhed IRRUE FigdB 2AC€ B AErized by

on, ..accordi t les 1 to 3, which are shown in
the form of r&?ﬁ@@?%g%m§8pﬁﬁmgfﬁﬁgggﬁ¥%ﬁﬁi3) and in the formof the

. solid circles, 5squares and triangles (1, 2, 3), likewise in Fig. 5,

the sl ope ah cidyeribanneis tha piyeen tedidtion Beooktind o e i nMor) abdordsy 8ER&hples1 to 3,
evident. It tg%#owﬁ ftoq%hhis hat, in the course of the reduction of
the oxygen W TFRG D e PP \?%IKQW_ > & Ve it the SR tfdpesolig circles,
reducti on ageesscind Gridn@let (B 2f @Y, Mabvaisd in) Fig 3, Mnd DpERIcIHRMIRE: DB RE8RN which is
peroxi de takes %Iace,_mhlch i s di sadvantageous for the abovenenti one

reasons. 10Uyhafgsgregisepdeniy ains 1. Process for the el ectrochenical
reduction of nol ecul ar oxygen to give oxygen ions having a double

negative chefoléwd fors @lisHhb) BSthd 8ok R G RS A ch@gé?ll REorfHY A tht BoBparative
S

characterized in that the nol ecul ar oxygen in such sol utions

brought i nE&eRIHCHEEd Rt ereia fedvstion despisires©athe drrmplan@: with formatiomof bydrogen
propor ti on pefoxiAk tkel f1h, RRth URLEIRG Yool foF &%‘ﬁﬂo%{e&iﬁ&? e!as%ﬁ%.' on of a
vol tage. 2. Process according to Claim1, characterized 1n that the
ni troggp- doped carbon nanot ubes have a dianeter of 3 to 150 nm
preferably of 4 to 100 nmand particularly preferably of 5 to 50 nm
103. Process according to either of Clainms 1 and 2, characterized in
that the nitrogen-doped carbon nanotubes have-an aspect ratio of at

| east 2, preferably at least 5, particularly preferably at |east 10.
4. Process according to any of the preceding clains, characterized in
t hat the nitrogen-doped carbon nanotubes have pyridinic and
gquaternary nitrogen in a ratio greater than or equal to 151
preferably greater than or equal to 1.5, particularly preferably
greater than or equal to 2. 5. Process according to any of the
preceding clains, characterized in that the nitrogen-doped carbon
nanot ubes have a proportion of greater than or equal to 1 atonfo of

ni trogen.




6. Process according to any of the precedfng claims, characterized in
that a voltage of +0.2 Vto -0.8 V, neasured agai nst an Ag/AgCl
reference diatentChaims is applied. 20 7 Use of nitrogen-doped carbon

nanot ubes havin inic gaternary . nitrogen .
for the r eguct i g)rﬁgcg?gf%p&‘eg% aorcg%l?gg &uction of & Ogeifg aYoidtis %’r%vwg%gm’és having
pH great er than a8louBle Begative cﬁay@ms@mpm havitsy o oH griefter tﬁhﬁ@‘teﬁl@ﬂhﬁm(ﬁ%‘acteﬂmd

|l e
ogat i vechar ge. itk B Bt 1Mot Proed b P 38 Phfogen-doped
el ectrode space chrbpn f hdnbtaBleswhihingd aS plopbrtion &fawﬁlﬂma 2 giRAARLY ﬁﬂ}a@an with
or equal to 8, in which | ectrode (la) conprising a proportion of
ni t r ogen- doped @BPYsATo ‘?far?o‘ioﬁi?@s havi ng a proportion of pyridinic and
quaternary nitrogen is present, which electrode has an electrically

conducti ve 2conn &E&deﬁmac\td)ram@ ty Qllaﬁrﬁg eclﬁ&défeﬁ@ec( @thaft Qhe?mfrb%ehm%ﬁedeéa%rlﬁﬂ&ubes

(2a) in a furth ctrode space rane ei ng_present
between the fir Ved*h g‘a’fﬂﬁt@r A PHed n@dﬁ F%@Plrydﬁ é1te ﬂ)%ﬁ:@n aﬂd particularly preferably of 5
to 50 nm.
10 3. Process accordiﬁg to either of Claims 1 and 2, characterized in that the nitrogen-doped

carbon panotubes have an aspect ratio of at least 2, preferably at least 5, particularly

preferably at least 10.

4, Process according to any of the preceding claims, characterized in that the nitrogen-doped
carbon nanotubes have pyridinic and quaternary nitrogen in a ratio greater than or equal to

15 1, preferably greater than or equal to 1.5, particularly preferably greater than or equal to 2.

5. Process according to any of the preceding claims, characterized in that the nitrogen-doped

carbon nanotubes have a proportion of greater than or equal to 1 atom% of nitrogen.

6. Process according to any of the preceding claims, characterized in that a voltage of +0.2 V

to -0.8 'V, measured against an Ag/AgCl reference electrode, is applied.

20 7. Use of nitrogen-doped carbon nanotubes having a proportion of pyridinic and quaternary
nitrogen for the reduction of molecular oxygen in aqueous solutions having a pH greater

than 8.
8. Electrolysis apparatus for the electrochemical reduction of molecular oxygen to give

oxygen ions having a double negative charge, characterized in that it comprises a first
25 -electrode space (1) filled with a solution having a pH greater than or equal to 8, in which
an electrode (la) comprising a proportion of nitrogen-doped carbon nanotubes having a
proportion of pyridinic and quaternary nitrogen is present, which electrode has an
electrically conductive connection via a voltage source &3) to a further electrode (2a) in a
further electrode space (2), a membrane (4) being present between the first and the further

30 electrode space.



