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Abstract

The electrocatalytic reduction of dioxygen by anthra-9,10-quinone derivatives and dyes at polypyrrole modified glassy carbon electrodes
has been investigated. The stability and electrochemical behaviour of the modified electrodes were examined at different pH media and pH 7.0
was chosen as the optimum working pH to study the electrocatalysis by comparing the shift in oxygen reduction potential and enhancement
in peak current for oxygen reduction. Anthra-9,10-quinones combined with polypyrrole showed excellent electrocatalytic ability for the
reduction of Q to H,O, with overpotentials ranging from 320 to 665 mV in the anodic direction compared to bare glassy carbon electrode.
The diffusion coefficient values of anthraquinones at the modified electrodes and the number of electrons involved in anthraquinone reduction
were evaluated by chronoamperometric and chronocoulometric techniques, respectively. In addition, chronocoulometric and hydrodynamic
voltammetric studies showed the involvement of two electrons ire@uction. The mass specific activity of anthraquinones used, the diffusion
coefficient of oxygen and the heterogeneous rate constants for the oxygen reduction at the surface of modified electrodes were also determinec
by rotating disk voltammetry.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction iron-tetra amino phthalocyanine coated GCE, respectively.
The catalytic reduction of oxygen was also carried out by Li
Oxygen reduction finds wide applications in electrochem- et al. on Pt particles dispersed on pabyghenylenediamine)
ical technologies such as fuel cell and biosengb¢§]. The film modified GCE[9].
electrocatalytic reduction of oxygen on redox polymer coated = Many mediators such as coppdi0], manganese oxide
electrodes has been the object of active investigation over[11], ruthenium—iron clustgd 2], titanium silicate§13], Au
the past two decadd6-9]. As the catalytic properties de- nanoparticleg[14], metal phthalocyaning], metal macro-
pend on propagation of charge through the coating, redoxcyclic complexeg[1,15], pyrimidine baseg§16], naphtho-
polymer coated electrodes, due to the immobilization of con- quinong[17,18]and anthraquinond9—-22]derivatives were
ducting solid polymer at the electrode surface, appear asemployed as electrocatalysts for the reduction of dioxygen
particularly attractive modified electrodes for the electrocat- to water or HO,. With redox polymer coatings, high lo-
alytic reductions. Kingsborough and Swafigrand Ramirez cal concentrations of catalytic sites can be achieved, even
et al. [6] studied the electrocatalytic oxygen reduction at though the total amount of catalyst remains small. Recently,
polythiophene-cobalt salen hybrid modified GCE and at poly- Singh et al. reported the electrocatalytic activity of compos-
ite films of polypyrrole and CoF£,4 nanoparticles towards
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and 1,4—-diamino anthra-9,10-quinone (DIAMAQ) were

0 o} NH,
purchased from Lancaster. 1-[(2-Hydroxy ethyl)amino]-4-
@‘@ @‘@ (methyl amino) anthra-9,10-quinone (DB3), 1,5-dihydroxy-
4,8-bis(methyl amino) anthra-9,10-quinone (DB26) and 1,4-
o e}

diamino-2-methoxy anthra-9,10-quinone (DR11) were re-
AQNE 1-AMAQ ceived as samples from ATUL India Ltd. and purified before
use. The experimental solutions of anthraquinones in acetoni-
o o} NH, ; : 6 ~3
NH trile of concentratloq ;.& 107 ° molcm™ were prepared.
2 HPLC grade acetonitrile (SRL) was used as received. The
@‘@ @‘@ 50% aqueous acetonitrile solutions used at different pH val-
ueswere 0.1 MBSOy (pH 1.0),0.1 MBSO, + 0.1 MNaOH
o o NH (for pH 2.0-3.0), 0.2M CHCOOH+0.2M CHCOONa

2-AMAQ DIAMAQ (for pH 4.0-5.0), 0.1 M NapPO4+0.1M NaOH (for pH
A NH CH; 6.0-12.0) and 0.1 M NaOH (pH 13.0). The required val-

o] NH Y
OCH; ues of pH were obtained with the described solutions by
@‘@ @‘@ mixing and the pH of the media was measured using
a Cyberscan 500-pH meter. Triply distilled water deion-

o) NH, o

NHCH,CH,OH ized by TKA water purifier was used throughout the ex-
DR11 DB3 periments. All other chemicals used were of the high-
est purity available from Merck. Nitrogen and oxygen
OH O NH CH; gases with 99.99% purity were used during the experi-
ments.
@‘@ PPY/GCE was prepared by potentiostatic method in which
the glassy carbon electrode was keptin 0.1 M pyrrole solution
o OH in acetonitrile containing 1.5 102 g of KCl at 0.9V (ver-
HLCHN sus Calomel electrod¢®4]. Thickness of the film (0.jtm)
DB26 . .
was controlled coulometrically. The coating was removed by
Scheme 1. Structures of the anthraquinones used. polishing followed by cleaning with dilute nitric acid solu-
tion.
dioxygen reduction has not been explored so far. Consider- A three-electrode system containing a saturated calomel
ing the growing importance of quinones as catalysts, many reference electrode (SCE), a platinum wire counter elec-
studies have been carried out using mediators with quinonictrode and a polypyrrole modified glassy carbon working elec-
functions. Salimi et al. reported the electrocatalytic ability trode (A=0.0314 cm) was kept in the cell solution, which
of the adsorbed 1,4-dihydroxy anthra-9,10-quinone deriva- contains anthraquinone derivatives. All electrochemical ex-
tives[21] and anthraquinone podanf®?] on glassy carbon  periments were performed at a thermostatic temperature of
electrodes towards thex@eduction with overpotentials from  25.0£0.1°C.
560 to 650V at pH 6.0-7.0 and from 380 to 470 mV at An EG&G Princeton Applied Research Model 273A po-
pH 4.5, respectively, lower than that of a bare glassy carbontentiostat/galvanostat (Princeton, NJ, USA) controlled by
electrode. In this direction, the glassy carbon electrode hasM270 software was employed to perform cyclic voltam-
been modified with polypyrrole and used for electrocatalytic metry, chronoamperometry and chronocoulometry tech-
reduction of oxygen in the presence of some anthra-9,10-niques. In all cyclic voltammetric studies, background
quinones. current was measured at various scan rates and sub-
In the present investigation, the electrochemical be- tracted properly. A Bi-potentiostat model AFRDE5 hav-
haviour of anthra-9,10-quinone, its amino derivatives and ing an analytical rotator model AFMSRXE with MSRX
dyes Scheme }lat polypyrrole modified glassy carbon elec- speed control (PINE Instruments, USA) was used for
trode (PPY/GCE), the stability and efficiency of such combi- hydrodynamic voltammetric studies on dioxygen reduc-
nation in the electrocatalysis of dioxygen reduction were ex- tion.
amined by cyclic voltammetry, chronoamperometry, chrono-
coulometry and rotating disk voltammetry along with the de-
termination of diffusional and kinetic parameters.
3. Results and discussion

2. Experimental All voltammetric studies of anthra-9,10-quinone, its
amino derivatives and dyes were performed at PPY/GCE in
Anthra-9,10-quinone (AQNE), 1-amino anthra-9,10-qui- the absence and presence of oxygen at various pH media in
none (1-AMAQ), 2-amino anthra-9,10-quinone (2-AMAQ) the range 1.0-13.0.
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3.1. Electrochemical behaviour of anthra-9,10-quinones  process producing the corresponding hydroquinones
at PPY/GCE _
AQNH> + 2H" +2e” — H>AQNH,

voltammograms under deaerated conditions depending uporyne-proton process, which leads to the formation of hydro-
the substituents present and nature of anthraquinones. As agyyinone anion

example, at pH 7.0, 1-AMAQ and AQNE showed a single

redox couple whereas a sharp irreversible cathodic peak was®QNH2 +H™ + 2~ — HAQNH,™
observed for DIAMAQ. 2-AMAQ and DR11 showed very
broad irreversible cathodic peak and broad redox couples
were obtained for DB3 and DB26. The variation of cathodic
peak current with scan rate was studied by performing these
voltammograms at various scan rateig}. 1shows the cyclic
voltammetric response for 1-AMAQ at pH 7.0 and the inse
exhibits the linear variation of cathodic peak currégd)(with
square root of scan rate'(2). Moreover, the plot of lodgc

3.1.2. Stability of the modified electrodes

In order to examine the stability of the modified elec-
trode in the presence of catalyst and the reproducibility of
t its electrochemical behaviour, the modified electrodes were
immersed in acidic medium (pH 1.0) containing the cata-
lyst for 20 h and in neutral medium (pH 7.0) containing an-

versus log is a straight line with a slope around 0.5 sug- thraquinones for 30 h and then cyclic voltammograms were

gesting the mass transfer as diffusion controlled adsorption€corded. Inboth media, there was aslight decrease in the cor-
[25,26] responding voltammograms (<4%). In addition, there were

no changes in the peak current or separation of the peak in
cyclic voltammograms after 100 cycles of repetitive scanning

3.1.1. Effectof pH at scan rate 40 mV/g in pH 7.0 buffer.

The reduction peak potentials shift cathodically toward

more negative values with increase in pH of the solution. 5 5 Catalytic reduction of dioxygen at the surface of

Anthraquinones are known to give the corresponding hy- . Jdiiad electrodes

droquinone derivatives by reduction in agueous solutions

[21,22] AQNE undergoes two-electron two-proton reduction 3.2.1. Effect of pH

to give the hydroquinone up to pH 8.0 and two-electron one-

proton reduction process above pH 8.0 to yield hydroquinone reduction at PPY/GCE was studied in various buffers be-

anion. At the electrode surface, the remaining six amino an- ,aan pH 1.0 and 13.0. Even though the reduction poten-
thraquinone derivatives and dyes undergo two-electron three'tials of dioxygen and anthraquinones are pH-depeni@ait
proton reduction at I_ow pH values to give the corresponding their displacement may be unequal due to their different
protonated hydroguinones kinetic behaviour. As the pH of buffer solution increases,
there is a gradual increase in the cathodic peak current up
to pH 7.0. The optimum pH was found to be 7.0 to study

In DIAMAQ, DB3, DB26 and DR11, the protonation of the the electrocatalytic reduction of dioxygen because of the
second amino group may be difficult due to the presence of Maximum cathodic current enhancement and oxygen reduc-
electron withdrawing quarternary ammonium cation in pro- tion potential shift observed at this neutral pH. This shift

tonated anthraquinones. At the intermediate pH range, theiS the difference between the oxygen reduction potential at

anthraquinone derivatives undergo two-electron two-proton PPY/GCE with anthraquinone and that at bare GCE with-
out anthraquinone. Shamsipur and co-workers also studied

this reduction using GCE modified by 1,4-dihydroxy-anthra-
9,10-quinone derivatives only at pH 6.0—7ZL]. It is re-
ported recentl\{3] that dioxygen is reduced bioelectrocat-
alytically to water at neutral pH.

The catalytic effect of anthra-9,10-quinones in dioxygen

AQNH, + 3HT +2e~ — HAQNH3™

0.5

3.2.2. Stability of the modified electrodes against O

~ reduction

= . The stability of the modified electrode towards @duc-

i f Qg0 tion was also examined by performing cyclic voltammograms

65 . . of 100 repetitive cycles at scan rate 40 m\t in oxygen sat-

-1200 -900 -600 urated solution with anthraquinone at pH 7.0. There were no
E/mV vs. SCE changes in peak potential and current in the successive cycles.

Fig. 1. Cyclic voltammogram of 1-AMAQ at PPY/GCE in phosphate buffer After Suqh 100 _repetltlve cycles, the cyclic VOItammOgram

pH 7.0 at scan rate 40 mV*$. The inset shows the plot of the cathodic peak ~ Was carried out in the absence of oxygen and compared with

current vs. square root of scan rate. the cyclic voltammogram obtained initially under deaerated

1/nA
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0
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Fig. 3. Cyclic voltammograms of DIAMAQ on PPY/GCE at pH 7.0 in the
Fig. 2. Cyclic voltammograms of AQNE on PPY/GCE at pH 7.0 under absence (d) and presence of oxygen (0). Scan rate 40tV s
deaerated at the beginning; (colid line), oxygen saturated (0) and again

deaerated (g dashed line) conditions. Scan rate 40 mV.s . . . . .
o ) tion of oxygen by diffused catalytic molecules in which the

condition. A 5% decrease in the cathodic peak current with- neutral species hydroanthraquinone catalyzes theeQuc-
out any change in the peak separation was observed. As antion. The corresponding anodic peak is indicative of partial
illustration, the cyclic voltammograms obtained under deaer- involvement of hydroquinones in oxygen reduction and the
ated, oxygen saturated and again deaerated conditions aréémaining molecules revert to anthraquinone itself. Hence,
presented iffig. 2for the compound AQNE. Thus the stabil- the possible mechanism for the electrocatalysis of dioxygen
ity of the modified electrode against electrocatalytic studies by diffused catalytic molecules is summarized as
was established. H20
AQ +2e = AQH»
3.2.3. Dioxygen reduction at pH 7.0

Since the reduction of anthraquinones is a diffusion con- AQH2 4+ 02 — AQ + H20;
trolled adsorption process, the catalyst molecules approachT
the surface of the electrode by diffusion and get entrapped in
the cavities of polypyrrole film. The adsorbed anthraquinone
derivatives and dyes shift the oxygen reduction potential more
toanodic side. Being cationic polymer, polypyrrole facilitates
the stability of the hydroquinone dianion formed by the reduc-
tion of anthraquinones. The combined effect of polypyrrole
and anthraquinones towards dioxygen reduction was studied
by comparing the voltammograms of oxygen reduction at 4
PPY/GCE with anthraquinones and at bare GCE without an-
thraquinones. Forinstand&g. 3shows the cyclic voltammo-
grams of DIAMAQ in the absence and presence of oxygen at
pH 7.0. Here, DIAMAQ combined with PPY reduces the oxy-
gen at—355.9 mV. Since dioxygen reduces-a1020.9 mV d
on bare GCE at pH 7.0, the shiftin oxygen reduction potential
is found to be 665 mV. The probable mechanism for the elec-
trocatalytic reduction of oxygen by adsorbed anthraquinones
is given as

AQ + 26 — AQ*

he observed oxygen reduction potential shifts with the dif-
ferent anthraquinones investigated are about 320—-665mV
and given inTable 1

The effect of anthraquinones alone on dioxygen reduc-
tion was also studied by comparing the voltammograms of
O reduction in the absence and presence of anthraquinone

I/pA

_ H2O R '
AQ?* + 0y -5 AQ + Hp0; 2»01300 -600 100

E/mV vs. SCE

As an exemption, 1-AMAQFKig. 4) reduces the oxygen at

two potentials, viz-592.0 and—952.0mV at pH 7.0. The  Fig. 4. cyclic voltammograms of 1-AMAQ on PPY/GCE at pH 7.0 in the
reduction peak at more cathodic side may be due to the reduc-absence (d) and presence of oxygen (0). Scan rate 40V s
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Table 1
Diffusion coefficient of anthraquinond3g (CA), number of electrons in- (A)
volved in the reduction of anthraquinoneg, (CC), potential shift in @
reductionAE (CV) and number of electrons involved inp@eductionno,

(CC) 501“/*
Anthraquinones Dag? Nag  Potential shift no, g o
(x1Pcm?s 1) AE (mV) 2 r—— =
PPY+AQ AQ

AQNE 1.80+0.06 201 341 62 228 ®
1-AMAQ 1.67+0.04 201 429 150  2.07 <
2-AMAQ 1.62+0.05 203 321 42 201 -
DIAMAQ 1.54+0.04 2.04 665 386  2.10 L ! 2
DR11 1.4140.02 2.08 414 135 2.07 5 (——
DB3 1.03+0.04 2.09 463 184  2.16 I
DB26 0.92+0.03 213 451 172 2.23 T

@ The parameters were calculated from four replicate measurements. 25 WA
derivatives at PPY/GCE and the shifts in @duction po-
tential are reported ifable 1 As an example, DIAMAQ on . . s
PPY/GCE causes an oxygen reduction potential shift of about 0 10 20

386 mV at pH 7.0. 20 (/s

3.2.4. Effect of the substituents towards oxygen
reduction

The influence of 9,10-anthraquinone substituents in
electrocatalytic properties was investigated by compar-
ing the shift in oxygen reduction potential. The decreas-
ing order of potential shift is DIAMAQ >DB3>DB26 > 1- 0.0 1.1 22
AMAQ >DR11 > AQNE > 2-AMAQ. The effect of the sub- t ] g
stituents has been discussed with regard to the stability of
the hydroquinone dianion intermediate. The largest shift ob- 79 5. Chronoamperograms obtained in pH 7.0 by the double potential-step

. . e technique at an initial potential 6100 mV and final potential of 800 mV

served in DIAMAQ is due to the stabilization of hydro- c"scE (a) 1, 1for modified GCE by PPY and DB26 in the;@aturated
quinone dianion intermediate through the intramolecular H- pyfer. 2, 2 as 1, 1 for the bare GCE. (B) 1, for modified GCE by PPY
bonding. Butin DB3, inductively electron donating (+1) alkyl and DB26 under deaerated condition, 2a8 1, 1 for the bare GCE. (C)
groups increase the electron density at nitrogen and causeé’lots of net current vg~ 12 for the above-modified GCE in the absence (d)
slight decrease in the hydrogen bond strength. Even though?"d Presence (o) of dioxygen.

more m:mbc_er f?f hydr%gerr: k_)é)ndsfis prese_nt ri]ndDBZG, be- the presence and absence of oxygen are represerhiigd 54
gqus_eo pherl e (i)c_lt_on fofc Sides o ((Jj)fygep In é’ ro?jumone and B, respectively. The net curreh; was obtained by
ianion, the stability of its intermediate is reduced. Due point-to-point subtraction of the background current from the

to the presencde of or}lyhor;]e (;ntramolecular H-bonding be- ¢, rant observed for the modified electrodes in the presence
tween—NHz and one of the hydroguinone oxygen, 1-AMAQ and absence of oxygen. In deoxygenated buffer, the plot of

SDh;;\(’Sedl Iegsl,?elrlshlft as c?fmpared W';hbDlAh'\g%' [_)53 and net current versus /2 shows a straight lineHig. 5C, line d)
- N ,hsten(_:”? ect exerted I yht_f uhSt'tLt’)ent which extrapolates close to the origin. From the slope of Cot-
—OCH causes the still lower potential shift. The absence plot, the diffusion coefficient values of anthraquinones

of intramolecular hydrogen bonding decreases the stability used were determined using the Cottrell equation
of intermediates in AQNE and 2-AMAQ. In addition, the

unsymmetrical structure of 2-AMAQ causes the oxygen re- [ = nFDY2ACpqn=Y271/2,
duction potential shift to the least extent.

slope= nFDY2ACpqn /2

3.3. Chronoamperometric studies where Cpq is the concentration of the anthraquinone used
(1.82x 10~ " mol cm3), D is the diffusion coefficient of an-

The chronoamperometric behaviour of PPY/GCE with thraquinone and A is the geometric area (0.0318)avfithe

anthra-9,10-quinones was studied in the absence and presglassy carbon electrode. The calculabedalues are summa-

ence of oxygen using the double potential-step technique withrized inTable 1

an initial and final potential of100 and—800 mV versus In oxygenated buffer, the corresponding Cottrell plgt

SCE, respectively. As an example, the chronoamperogramsversust—*2 (Fig. 5C, line o) is linear at short time periods

of bare GCE and GCE modified by polypyrrole with DB26in  while it deviates from the linearity at longer times. The ex-
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trapolation of linear part of the plot results an intercept at 3.5. Hydrodynamic voltammetric studies

6.71pA. This transient current largely seems to be due to the

catalytic reduction of @by DB26 and PPY, since the direct The electrocatalytic reduction of,Qvas also carried out
reduction of oxygen at blank electrode under the same experi-at rotating polypyrrole modified GC electrodes with an-
mental conditions shows only a little residual current. Similar thraquinones at the optimum pH 7.0 to assess the kinetic
behaviour was observed in the case of other anthraquinonegparameters more quantitatively. As an example, a set of

used. current—potential curves recorded in ap €aturated buffer
of pH 7.0 at various angular velocities, with a rotating
3.4. Chronocoulometric studies disk glassy carbon electrode modified by polypyrrole in the

presence of DIAMAQ are shown iRig. 7A. The Levich

Double potential-step chronocoulometric studies were and Koutecky—Levich plots were made from the limiting
performed with anthra-9,10-quinones using PPY/GCE in the current measured at a potentiaB50mV and are shown
absence and presence of oxygen with an initial and final po-in Fig. 7B and C respectively. The Levich plot fig. 7B
tential of —100 and—800 mV versus SCE, respectively. An is very close to the theoretically calculated line for a two
example of chronocoulomogram for DB3 at PPY/GCE inthe €lectron processn2) and shows slight negative devia-
presence and absence of & pH 7.0 is illustrated ifFig. 6. tion at higherw values. This non-linearity may be the re-
Under oxygen saturated conditions, large enhancement ofsult of a catalyzed reduction in which a current limiting
charge and the appearance of nearly flat line compared tochemical step precedes the electron trangi@;22] The
deaerated condition when the potential is reversed, prove
an irreversible electrocatalytic reduction of oxygen. The
same behaviour was observed for the other anthraquinones
used.

The number of electronsf involved in the reduction of 160k
anthraquinones at the optimum pH was calculated from the
slope ofQ versug2 plots under deaerated conditions, using
the Cottrell equation, 1204

200
) 1600
1400
1200
1000
800

600

Q = 2n FACDY?7~1/241/2 400

-1/ A

80F

by employing the diffusion coefficient values of an- 200

thraquinones obtained from chronoamperometric results.
The calculatech values are closer to 2.0 and presented in a0k
Table 1 The number of the electrong)(involved in dioxy-

gen reduction at PPY/GCE with anthraquinones was also de-

100

termined as 2.0Table ) from the slope ofQ versust'/? 0 e e 1 (00
plots under oxygen saturated conditions wiin1.25 mM, ook E/mV vs. SCE
A=0.0314 cmd andD =1.57x 10~ cn?s~. Hence the re- =2
duction product is hydrogen peroxifier,21,22] <
=
= 250
125 =2
exp
(6] 0 , ,
0 20 40
o 172 / I.ad|/2S—|/2 exp
= 0.02f (©
0 g y = 0.1639x+0.0056
2 Ny n=2
X 55¢ T
S ~ 0.01} ¥'=0.1621x+3E-07
n=4
y = 0.0811x+1E-07
0 L L
0 0.05 0.1
d o 172 / radl/ZS-I/Z
15 L Fig. 7. (A) Current—potential curves for the reduction of 2.25 mM) in

-1 10 21 the presence of DIAMAQ at a rotating glassy carbon electrode modified with
t/s polypyrrole in the buffered solution of pH 7.0 at different rotation rates (rpm)
and scan rate 20 mV/$, (B) Levich plots of limiting currents at950 mV
Fig. 6. Chronocoulometric curves of DB3 at PPY/GCE (pH 7.0) in the ab- (exp), and theoretical Levich plots for twa £ 2) and four i=4) electron
sence (d) and presence of (0) oxygen. reduction of @, (C) Koutecky—Levich plots of the above data.
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Table 2
Surface coverag€aq, mass specific current (MSC), heterogeneous rate corlstant diffusion coefficient of @(Do,) in the electrocatalytic reduction of
O3 at the surface of polypyrrole modified electrodes

Anthraquinones Iaq (x10° moleni2) MSC (Amg1) KR(x104M-1s1) Do,? (x10°cnPs™1)
AQNE 1.31 609 3.48+0.05 1.49+0.03
1-AMAQ 2.09 383 4.21+0.08 1.49-0.05
2-AMAQ - - - -

DIAMAQ 0.45 1341 5.20+0.07 1.48+0.02

DR11 - - - -

DB3 2.08 290 4.87+0.12 1.46+0.04

DB26 2.07 289 4.55+0.14 1.47H40.03

2 The parameters were calculated from four replicate measurements.

corresponding Koutecky—Levich plot iRig. 7C is linear, podandg22] and 1,4-dihydroxy anthraquinon¢®l]. The

with a slope close to that of the theoretical line for two adsorbed catalytic molecules reduced the oxygen at lower
electron Q reduction. This supports the accomplishment potential than the diffused molecules. The heterogeneous
of the catalytic reduction of ©@to H,O, at PPY/GCE by rate constants of dioxygen reduction determined at these
DIAMAQ. Similar behaviour was observed for the case of modified electrodes are greater than the previously reported
other 9,10-anthraquinones used. The mass specific activityvalues[21,22] The diffusion coefficient values of oxygen

of anthraquinones, which is defined as current response ofare also comparable with the earlier repgitg,21,22] The

the catalyst per mg in dioxygen reduction,«at 100 rpm specificity of these polypyrrole modified electrodes with an-
was determinefR7] and is represented ifable 2 The het- thraquinones towards dissolved oxygen suggests their possi-
erogeneous rate constant for the catalytic reaction betweerble use as oxygen sensors.

the reduced anthraquinone and oxygen is evaluated from

the intercepts of Koutecky—Levich plot using the expression

[17,18,21,22] References
-1 -1, ;-1 -1
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