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Abstract

The e�ect of surfactants on the electroreduction of O2 to H2O2 was investigated by cyclic voltammetry and batch
electrolysis on vitreous carbon electrodes. The electrolytes were either 0.1 M Na2CO3 or 0.1 M H2SO4 at 295 K,
under 0.1 MPa O2. Electrode kinetics and mass transport parameters showed the in¯uence of surfactants on the O2

electroreduction mechanism. The cationic surfactant (Aliquat 336Ò, tricaprylmethylammonium chloride), at mM

levels, increased the standard rate constant of O2 electroreduction to H2O2 15 times in Na2CO3 and 1900 times in
H2SO4, to 1.8 ´ 10)6 m s)1 and 9.9 ´ 10)10 m s)1, respectively. This e�ect on the reaction rate might be due to an
increase of the surface pH, induced by the Aliquat 336Ò surface ®lm. The nonionic (Triton X-100) and anionic
(sodium dodecyl sulfate) surfactants retarded the O2 electroreduction, presumably by forming surface structures,
which blocked the access of O2 to the electrode. Ten hour batch electrosynthesis experiments performed at
300 A m)2 super®cial current density, 0.1 MPa O2, 300 K, on reticulated vitreous carbon (30 ppi), showed that
compared to the values obtained in the absence of surfactant, mM concentrations of Aliquat 336Ò increased the
current e�ciency for peroxide from 12% to 61% (0.31 M H2O2) in 0.1 M Na2CO3 and from 14% to 55% (0.26 M

H2O2) in 0.1 M H2SO4, respectively.

List of symbols

a area occupied per Aliquat 336 molecule
(m2 molecule)1)

b Tafel slope (V)
Ci concentration of species i (mol m)3)
D O2 di�usion coe�cient (m2 s)1)
E electrode potential (V vs Ag/AgCl)
E° standard potential for O2/H2O2 (V vs Ag/

AgCl)
F Faradaic constant (96 485.3 C mol)1)
i current density (A m)2)
I current (lA or A)
ks standard rate constant for O2 electroreduction

to H2O2 (m s)1)
Lc length of the hydrocarbon chain in the Aliquat

336 structure
n total number of electrons involved in the elec-

troreduction of O2

nC number of carbon atoms in one Aliquat
336 chain

NA Avogadro's number (6.022 ´ 1023 mol)1)
Nc number of long hydrocarbon chains in the

Aliquat 336 structure (�3)
R universal gas constant (8.314 J mol)1 K)1)
T temperature (K)

Vc volume of the hydrocarbon chain per surfactant
in the Aliquat 336 structure

zi charge of ion i

Greek symbols
eo permitivity of vacuum (8.85 ´ 10)12 C2 J)1 m)1)
er dielectric constant of water (78.5)
h surface coverage by the Aliquat 336 admicelle
m scan rate (V s)1)
rs surface charge density (C m)2)
Gs surfactant adsorption density (mol m)2)
/s surface potential (V)

Subscripts
b, bulk bulk phase
®lm the Aliquat 336 surface ®lm
p, p/2 cyclic voltammetry peak and half-peak,

respectively
s surface phase (i.e., inner limit of the di�use

double layer)

1. Introduction

Hydrogen peroxide is a versatile and environmentally
friendly oxidizing agent whose most important use is in
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bleaching wood pulps [1]. The global annual demand for
peroxide is expected to reach two million tonnes during
2000, with an estimated growth of about 5% per year [2].
The electroreduction of O2 to H2O2 in alkaline

solutions (e.g., NaOH 0.1±2 M) has been extensively
investigated, especially to address the needs of the pulp
and paper industry (i.e., 2±4 wt % peroxide in about 1
to 3 wt % NaOH). For this purpose various on-site
H2O2 electrosynthesis processes have been developed,
using porous, carbon-based cathodes in trickle bed or
gas di�usion arrangements [3±6]. The high NaOH/H2O2

weight ratio (e.g., 1.6 for the Dow±Huron technology
[7]), together with the sensitivity to the electrolyte nature
(i.e., NaOH or KOH are preferred) are major draw-
backs for the widespread commercialization of the direct
oxygen electroreduction technology.
To increase the competitiveness of this electrochem-

ical route to peroxide, the coupling of the electroreduc-
tion of O2 at the cathode with simultaneous
electrosynthesis at the anode of various chemicals such
as NaClO3 [8], O3 [9] or (NH4)2S2O8 [10] has been
studied. Electroreduction of O2 to HOÿ2 has also been
investigated in a fuel cell, where about 20 mM peroxide
was obtained in 1 M KOH at 390 A m)2 (current
e�ciency 92%) [11].
Besides the electrosynthesis of H2O2 in concentrated

alkaline solutions, there is potential need for a versatile
electrochemical peroxide process which would produce
>0.1 M H2O2 in a variety of electrolytes, such as
Na2CO3, Na2SO4 and H2SO4. Such an electrochemical
process could meet the peroxide requirements of new
pulp bleaching methods [12±14] and generally, would
enable greater ¯exibility in the end-use, manufacturing
and handling of peroxide in comparison with the
existent O2 electroreduction technology. The 2 e) re-
duction of O2 to produce above 0.1 M H2O2 with good
current e�ciency at pH below 12, presents interesting
challenges for both fundamental and applied electro-
chemistry research.
Pletcher and coworkers obtained up to 20 mM H2O2

at pH � 2, during O2 reduction on reticulated vitreous
carbon (60 ppi) in a ¯ow cell operated at atmospheric
pressure [15±17]. The current e�ciencies were between
16 and 69% depending on the electrolytes used (e.g.,
NaCl, Na2SO4) and the cathode potentials applied (i.e.,
)400 to )900 mV vs SCE for super®cial current
densities in the range of 52 to 340 A m)2).
To enhance the O2 electroreduction to H2O2 at low

pH (i.e., <12) previous research has mainly focused on
either electrocatalysis by transition metal macrocycles
[4], [18±20] and surface adsorbed quinone derivatives
[21±24] or electrochemical mediation by bulk quinone
compounds [25±28].
The goal of the present study was to put forward a

di�erent approach for O2 electroreduction to H2O2, by
exploiting certain interfacial e�ects induced by surfac-
tant adsorption on the electrode surface. Surfactants
play important and interesting roles in a wide variety of
electrochemical systems [29±33]. Classic polarographic

studies of O2 reduction noted that several surfactants
(e.g., gelatin, lauric acid, sulfonaphthylstearic acid) even
in very low concentrations (e.g., 5 ´ 10)4 wt %) sup-
pressed the polarographic wave corresponding to the
2 e) reduction of O2 to H2O2 [34]. More recent
investigations showed that surfactants such as quinoline,
inhibit selectively the polarographic reduction of O2 in
1 M NaOH, by blocking the second electron transfer to
yield the superoxide ion (Oÿ2 ) as main product [35]. Also,
it was found that octadecylmercaptan self-assembled
monolayers on Au are able to in¯uence the overall O2

reduction mechanism (i.e., 2 e) vs 4 e)) at pH 8.3 [36].
Moreover, it was reported that the presence of certain
nonionic surfactants was detrimental for O2 electrore-
duction to peroxide in alkaline media, due to an
enhanced electrochemical decomposition of H2O2 [37].
However, none of the above studies carried out a
comprehensive investigation of the e�ects of the main
classes of surfactants on O2 electroreduction to H2O2 in
both acidic and alkaline media.
In the present study, cyclic voltammetry, constant

current coulometry and electrosynthesis experiments
were performed to evaluate the e�ect of surfactant type
(e.g., cationic, anionic and nonionic) and concentration
on the electroreduction of O2 to peroxide in both 0.1 M

Na2CO3 and 0.1 M H2SO4 at ambient conditions.

2. Experimental methods

For cyclic voltammetry experiments an Omni-90 (Cy-
press Systems Inc.) potentiostat was employed with the
conventional three-electrode arrangement. The working
electrode was a 1 mm diameter glassy carbon (GC,
Cypress Systems Inc.) disc. The counter electrode was a
Pt wire and the reference a mini Ag/AgCl electrode in
saturated KCl. The working GC electrode was cleaned
by polishing with 1 and 1/4 lm diamond paste and
0.03 lm alumina paste followed by sonication in meth-
anol and double distilled water. The cyclic voltammo-
grams were recorded in O2 saturated electrolytes (i.e.,
0.1 M Na2CO3 and 0.1 M H2SO4) maintaining an O2

`blanket' above the electrolyte (at atmospheric pressure).
The temperature was 295 K.
The batch electrolysis experiments (i.e. coulometry

and electrosynthesis) were performed under galvano-
static conditions at 300 A m)2. A 150 ml e�ective
volume `H'-cell (Electrosynthesis Co.) was used,
equipped with a Na®on 117Ò (DuPont) cation exchange
membrane.The cathode was reticulated vitreous carbon
(RVC) with 30 pores per inch (ppi) (ERG Inc.) having a
thickness of 8 mm in the direction of current ¯ow,
super®cial area 10 cm2 (4.25 cm ´ 2.35 cm) and speci®c
surface area 1.8 ´ 103 m2 m)3 (ERG). The RVC cath-
ode was cleaned by rinsing in 5% HNO3 followed by
sonication in methanol and double distilled water. As
catholyte 110 ml of either 0.1 M Na2CO3 or 0.1 M

H2SO4 in distilled water was used, with continuous O2

sparging at atmospheric pressure. No chelating or other
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peroxide stabilizing agent was added to the catholyte. A
magnetic stirrer bar and a stirrer plate that was always
set to the same speed provided mixing. The temperature
of the catholyte was maintained constant (300 � 3 K)
during electrolysis with the help of a water±ice bath.
The cathode compartment was connected to the

reference electrode compartment by an L-shaped glass
tube tipped with a ceramic frit. A saturated calomel
electrode (SCE) was used as reference.
The counter electrode (i.e., anode) was a Pt mesh

immersed in either 0.5 M H2SO4 (for the acidic catho-
lyte) or 3 M NaOH (for the alkaline catholyte). The cell
was driven by a d.c. power supply with a maximum
output of 1 A and 50 V.
The cathodic current and potential were monitored

with two digital multimeters, while the quantity of
electricity was measured with a digital coulometer (PAR
model 379). The H2O2 concentration was measured by
titration with 0.1 N KMnO4 in 4 N H2SO4 [38]. Blank
titration experiments showed no interference between
the surfactants employed and the analytical method.
Three surfactants were investigated as representative

for their classes, that is, cationic: tricaprylmethylammo-
nium chloride (AliquatÒ 336, Aldrich), nonionic:
t-octylphenoxypolyethoxy ethanol (TritonÒ X-100,
Sigma) and anionic: sodium dodecyl sulfate (SDS, Sigma
Inc.). The formulae, molecular weight, aggregation
number and critical micellar concentration (cmc) in pure
water for the above surfactants are given in Table 1.

3. Results and discussion

3.1. Cyclic voltammetry of O2 on bare glassy carbon
(GC) in 0.1 M H2SO4 and 0.1 M Na2CO3

First, as a reference, the O2 electroreduction on bare GC
was investigated. Figure 1(a) and (b) show major
features of the scan rate dependence of the O2 cyclic
voltammogram in 0.1 M Na2CO3 (pH 11.5, 295 K) and
0.1 M H2SO4 (pH 0.9, 295 K), respectively.

The distinctive feature of the cyclic voltammetry in
alkali (Figure 1(a)) is the presence of a shoulderlike
wave at E1

p=2 � ÿ0:35 V vs Ag/AgCl, that preceds the
main peak. Taylor and Hum�ray [41] showed that both
waves are associated with a single electrode process, that
is, O2 reduction to HOÿ2 , and not with two successive
electrode processes as previously thought. This point of
view is now accepted in the literature [42, 43]. The
double wave of Figure 1(a) exhibits a shoulder at
E1
1p=2 � ÿ0:35 V, due to the reduction of O2 to HOÿ2

electrocatalysed by surface functional groups (mostly
quinone groups [42]). Note that the reduction peaks of
the surface oxide species (e.g., quinone groups) for
various carbons are between )0.35 and )0.42 V in 0.1 M

NaOH [44].
The shoulder wave is followed by the main peak with

Ep between )0.74 and )0.82 V (depending on the scan
rate) due to the uncatalysed two-electron reduction of
O2 [43]. The shift of the peak potential Ep, toward more
negative values with increasing scan rates m, indicates a
mixed (i.e., activation±di�usion) control of this peak
(Figure 1(a)).
Regarding the O2 electroreduction in 0.1 M H2SO4 on

bare GC (Figure 1(b)) only one wave was observed with
peak potentials between )0.85 and )1 V. The shape of
this wave was scan rate dependent, that is, sigmoid
at scan rates below 0.2 V s)1; above 0.2 V s)1 the
true peak behaviour was revealed. This indicates a
slow, irreversible, electron transfer process under mixed
control.
Pertinent electrode kinetic parameters for O2 reduc-

tion on bare GC (Table 2) were calculated from cyclic
voltammograms recorded at nine di�erent scan rates
(i.e., Figure 1(a) and (b) present two representative cases
only). The equations corresponding to an irreversible
charge transfer process under mixed control were used
[45]. The O2 di�usion coe�cient (1.9 ´ 10)9 m2 s)1 [4])
and O2 concentration (1.17 ´ 10)3

M in 0.1 M Na2CO3

and 1.24 ´ 10)3
M in 0.1 M H2SO4, respectively, at

295 K, 0.1 MPa, [46]) were constants.
In Table 2, the total number of electrons n, con®rms

the overall 2 e) reduction of O2 on GC in both
electrolytes. The Tafel slopes b (Table 2), compare fairly
well with literature data. For instance at pH between 0.3
and 4.2 a Tafel slope of 0.155 � 0.015 V was reported
for pyrolitic graphite [48] whereas on various carbons in
alkali media, Tafel slopes in the range of 0.104±0.150 V
were found [41].
Furthermore, Table 2 shows that the standard rate

constant ks, for O2 reduction on bare GC is more than
105 times smaller in 0.1 M H2SO4 than in 0.1 M Na2CO3,
re¯ecting the electrode kinetics limitation of the 2 e) O2

reduction in acidic media. Also, ks for 0.1 M Na2CO3,
pH 11.5, (i.e., 1.2 ´ 10)7 m s)1) is 250 times smaller
than the value obtained in 0.1 M KOH on GC (i.e.,
3 ´ 10)5 m s)1) [43]. However, in 0.1 M KOH on a
diamond electrode a ks of 6.6 ´ 10)7 m s)1 was reported
[43], showing the importance of the electrode material
on the rate of O2 electroreduction to peroxide.

Table 1. Surfactant characteristics

Surfactant Molecular

weight

Aggregation

number [39]

CMC in pure

water/M [39]

(298 K)

Aliquat 336

[CH3(CH2)7]3CH3N
+Cl)

(cationic)

404.17 ± 1.2 ´ 10)4*

Triton X-100

CH3C(CH3)2CH2C(CH3)2
-C6H4O(CH2)2
-O(CH2)2OH

(nonionic)

624.9 140 2.4 ´ 10)4

SDS

C12H25OSOÿ3 Na�

(anionic)

288.5 62 8.3 ´ 10)3

*calculated from log(cmc) = A ) B nC where A = 1.25, B = 0.27

(Klevens' constants) and nC = 8; cmc: mM [40]
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3.2. In¯uence of surfactants on the O2 electroreduction
to peroxide

Figures 2 and 3 show that all three surfactants (Table 1)
a�ect the O2 cyclic voltammetry in both 0.1 M H2SO4

and 0.1 M Na2CO3. All three surfactants suppress the
sigmoid catalytic wave in alkali, so that, in the presence
of surfactant, only one wave is observed in both media.
The in¯uence of surfactants was similar in both

electrolytes. For instance, increasing concentrations of
the cationic surfactant (Aliquat 336) shifted the peak
potential to more positive values, that is, in 0.1 M

Na2CO3, the peak shifted from )0.76 to )0.49 V with
1.4 mM Aliquat 336 (Figure 2), while in 0.1 M H2SO4

from )0.99 V in the absence of surfactant, to )0.69 V in
the presence of 17 mM Aliquat 336 (Figure 3).
The peak potential in the presence of the nonionic

(Triton X-100) surfactant remained almost unchanged
with surfactant concentration for both electrolytes
(Figures 2 and 3). The same is valid in carbonate for
the anionic surfactant (SDS), while in acid the e�ect of

SDS was somewhat more complex. For example, with
increasing SDS concentrations Ep shifted signi®cantly to
more positive values.
The dependence of the peak current Ip, on the

surfactant type and concentration (Figures 2 and 3)
provides insights into the mechanism of surfactant
adsorption and surface ®lm formation. Generally, in
both H2SO4 and Na2CO3, the presence of the cationic
surfactant increased Ip while the non-ionic and anionic
surfactant decreased Ip. This e�ect indicates di�erences
in the adsorption mechanisms between the cationic and
the other two surfactant types.
For Aliquat 336 the dependence of Ip on surfactant

concentration in 0.1 M Na2CO3 (Figure 4) resembles the
shape of a typical adsorption isotherm for polar
surfactant adsorption on charged surfaces [32, 40].
Therefore, there appears a direct relationship between
the electroreduction of O2 and the adsorption of cationic
surfactant on the cathode. Interactions between the
adsorption mode of cationic surfactants and electro-
chemistry was observed for other electrosynthesis reac-
tions as well (e.g., acetophenone reduction [49]).
From Figure 4, three regions can be identi®ed as a

function of Aliquat 336 (A336) concentration. At
concentrations below 6 ´ 10)3 mM (region I, Figure 4)
the cationic surfactant had little effect on Ip. However,
at concentrations between 6 ´ 10)3 mM and 1 mM (i.e.,
around the cmc, Table 1) the peak current increases by
almost 50% (region II, Figure 4), whereas a further
increase of the A336 concentration above 6 mM led to
the leveling of Ip (region III).
The e�ect of Aliquat 336 concentration on Ip obtained

for O2 electroreduction in 0.1 M H2SO4 (Figure 5); is
similar to that in 0.1 M Na2CO3 except that (i) the

Table 2. Kinetic parameters for O2 electroreduction on bare GC at

295 K

Electrolyte Electrode reaction and

E° (V vs Ag/AgCl,

std KCl) [47]

n b

/V

ks
/m s)1

0.1 M Na2CO3 O2 �H2O� 2 eÿ

! OHÿ �HOÿ2

1.91 � 0.1 0.16 1.2 ´ 10)7

E� � ÿ0:26V
0.1 M H2SO4 O2 � 2H� � 2 eÿ

! H2O2

2.04 �0.04 0.17 5.1 ´ 10)13

E� � �0:50V

Fig. 1. Representative cylic voltammograms for O2 on bare GC (a) 0.1 M Na2CO3 (pH 11.5), (b) 0.1 M H2SO4 (pH 0.9), T � 295 K. Scan rate:

(curve 1) 0.05 and (curve 2) 0.50 V s)1.
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cationic surfactant concentration where Ip reaches a
maximum, is about 3 times higher for 0.1 M H2SO4 than
for 0.1 M Na2CO3 (i.e., 17 mM vs 6 mM) and (ii) once a
maximum Ip is reached, a further increase of the Aliquat
336 concentration (e.g., to 30 mM) decreases the peak
current.
Taking into account the general theory of polar

surfactant adsorption on oppositely charged surfaces
[30, 31, 40], it is proposed that the observed behaviour of
the peak current and potential in the presence of the
cationic surfactant, is due to complex changes occurring
at the electrode surface with regard to the electrical
properties (e.g., Stern potential, surface charge density),
O2 transport parameters (e.g., O2 concentration and
di�usion coe�cient) and surface pH as a result of
surfactant aggregate formation at concentrations above
cmc (e.g., admicelle).
Regarding the in¯uence of Triton X-100 and SDS

on the peak current (Figures 2 and 3), both surfac-
tants lowered the peak current, hence, they suppressed
the electroreduction of O2. This is presumably due to

the `blocking e�ect' of these surfactants [33]. There-
fore, it is hypothesized that instead of forming highly-
ordered surfactant aggregates with head-down facing
the surface, the nonionic and anionic surfactants
might adsorb in `trains' and `L's [40], where parts of
the hydrocarbon chain are facing the electrode sur-
face. In alkali, (pH 11.5) the electrostatic repulsion
between the cathode and the anionic head group
contributes to the formation of a `blocking' arrange-
ment of the SDS ®lm.
It is proposed that the increase of the O2 reduction

peak current with A336 concentration is due to an
increase of surface pH induced by the cationic surfac-
tant. The voluminous tetraalkyl ammonium ions of the
cationic surfactant displace the protons from the electric
double layer, hence, the surface pH increases and
promotes O2 reduction. Extremely close to the electrode
surface, where the electron transfer occurs, the reduction
of O2 takes place in a less protic environment. Similar
surface pH e�ects induced by quaternary ammonium
ions have been exploited in other electrochemical

Fig. 2. E�ect of surfactant type and concentration on the ®rst scan of

O2 cyclic voltammetry. Electrolyte 0.1 M Na2CO3. Electrode GC. Scan

rate 0.3 V s)1. T � 295 K.

Fig. 3. E�ect of surfactant type and concentration on the ®rst scan of

O2 cyclic voltammetry. Electrolyte 0.1 M H2SO4. Electrode GC. Scan

rate 0.5 V s)1. T � 295 K.
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systems most notably in the electroreduction of acrylo-
nitrile to adiponitrile.
A theoretical estimation of the surface pH for the

present case, is given in Appendix 1. It was found that
in 0.1 M H2SO4 (bulk pH 0.9) in the presence of 17 mM
A336 the surface pH (i.e., at the inner limit of the
di�use double layer) can be as high as 9.4. A local pH
of 9±10, as calculated theoretically (Appendix 1), is
supported by the experimental data, which indicates a
shift of the peak potential toward more positive values
with increasing concentrations of Aliquat 336 (Figures 2
and 3).
Since Aliquat 336 was the only surfactant (of those

investigated), which increased the rate of O2 electrore-
duction, it was used in further cyclic voltammetry
studies.

3.3. O2 electroreduction in the presence of Aliquat 336
surface ®lms: kinetic and transport parameters

The scan rate dependence of successive cyclic voltam-
mograms was studied to obtain quantitative informa-

tion on the in¯uence of surface ®lm formation for O2

electroreduction. The Aliquat 336 was used in concen-
trations which gave the most signi®cant changes in Ip
and Ep (Figures 4 and 5), that is, 17 mM in 0.1 M H2SO4

and 1.5 mM in Na2CO3, respectively.
Figure 6 shows the e�ect of successive potential

cycling (i.e., 1st and nth scans) on the O2 voltammogram
in 0.1 M H2SO4 and 0.1 M Na2CO3.
In Figure 6, with A336 present, there is a signi®cant

di�erence between the ®rst and the nth scan with respect
to the magnitude of the peak current. Furthermore,
Figure 6 illustrates that the dependence of the 1st peak
current on the square root of scan rate is linear in the
presence of A336, as expected from the cyclic voltam-
metry theory, whilst the nth peak current levels o� at
high scan rates.
In the absence of surfactant the di�erence between the

®rst and nth peaks, was much smaller than in the
presence of A336. For instance, at 0.4 V s)1, for 0.1 M

H2SO4, without surfactant, the ratio Ip,1/Ip,n was mea-
sured 1.35, while with 17 mM A336, this ratio is 2.34 as
shown in Figure 6.
These results could be rationalized by assuming that

the ®rst scan response is due to the reduction of O2

from the surface ®lm (i.e., intra-admicelle O2) while in
subsequent scans, as the O2 from the immediate vicinity
of the electrode surface was depleted, the cyclic
voltammogram is controlled by O2 di�usion through
the surfactant ®lm. Since the peak current for the scans
>1 was always smaller at scan rates above 0.05 V s)1,
the complete replenishing of the surface ®lm with O2

was not achieved in the time between two consecutive
scans. Therefore, it is plausible to assume that the
reaction plane for O2 reduction is located inside the
hydrophobic ®lm and di�usion e�ects (e.g., nonlinear
di�usion to a partially blocked surface) might play an
important role.

Fig. 5. Peak current for O2 reduction obtained on the ®rst scan against

Aliquat 336 concentration. Electrolyte 0.1 M H2SO4. Electrode GC.

Scan rate 0.5 V s)1. T � 295 K.

Fig. 6. E�ect of successive potential cycling on the O2 voltammogram

in the presence of Aliquat 336. Peak current against square root of

scan rate for the 1st (squares) and nth (circles) scans. Electrode GC.

A336 concentration 17 mM (for 0.1 M H2SO4, j and d) and 1.5 mM

(for 0.1 M Na2CO3, h and s). Scan rate 0.05±0.5 V s)1. T � 295 K.

Fig. 4. Peak current for O2 reduction obtained on the ®rst scan against

Aliquat 336 concentration. Electrolyte 0.1 M Na2CO3. Electrode GC.

Scan rate 0.3 V s)1. T � 295 K.
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Therefore, the O2 electroreduction in the presence of
the A336 surface ®lm can be described by the following
sequence of steps (written here for acidic media):

O2;bulk � O2;outer plane of the film �1�

O2;outer plane of the film � O2;inside the film �2�

O2;inside the film � 2 eÿ �H2O

� �HOÿ2 �OHÿ�;inside the film �3�

HOÿ2;inside the film � HOÿ2;outer plane of the film �4�

HOÿ2;outer plane of the film �H� � H2O2;bulk �5�

To estimate, the apparent kinetic parameters for O2

electroreduction in the presence of A336, the 1st scan
data (i.e., Ip (Figure 6) and Ep) was subjected to the
classic cyclic voltammetry interpretation of mixed acti-
vation-di�usion control [45]. The corresponding O2

concentration was assumed to be the one inside the
surface ®lm. The O2 concentration in the A336 layer
CO2;film, was estimated based on literature studies of the
intra-micellar solubility of O2 [50]. Employing micellar
cetylthrimethlyammonium bromide (CTAB) solutions,
it was found experimentally [50], that the intra-micellar
O2 concentration was 2.8 times higher than the O2

concentration in the bulk. The same ratio was adopted
in the present work, to describe the intra-admicellar O2

concentration.
Furthermore, the bulk O2 concentration, CO2;bulk, in

the presence of Aliquat 336 is slightly higher than the O2

concentration in the `pure' electrolyte (i.e., without
surfactant). For the cationic surfactant concentration
range used in the present study, a factor of 1.1 is
recommended by the literature [50]. Hence, the bulk O2

concentrations in the presence of Aliquat 336 are
1.38 mM in 0.1 M H2SO4 and 1.29 mM in 0.1 M

Na2CO3, respectively. From the latter values together
with the 2.8 times factor (see above), CO2;film in acid and
alkaline media was estimated as 3.86 and 3.61 mM,
respectively.
Employing CO2;film together with the 1st scan cyclic

voltammetry data for 0.1 M Na2CO3 and 0.1 M H2SO4,
the O2 di�usion coe�cient in the surfactant layer, the
Tafel slope, and standard rate constant for O2 reduction
to H2O2, were estimated (Table 3).
Comparing the data from Tables 2 and 3, it can be seen

that the Aliquat 336 had a signi®cant e�ect on all the
parameters. First, the presence of the cationic surfactant
increased the standard rate constant ks, about 15 times in
0.1 M Na2CO3 and 1.9 ´ 103 times in 0.1 M H2SO4. It is
proposed that this increase of the O2 reduction rate in
0.1 M H2SO4 is due to an increase of surface pH induced
by the cationic surfactant (Appendix 1).
The observed Tafel slopes bfilm, in the range of 0.21±

0.30 V, are commonly encountered for electrode pro-
cesses in¯uenced by strong adsorption [18].

Another feature of the Aliquat 336 ®lm formation is
the decrease of the O2 di�usion coe�cient, that is, three
times in 0.1 M H2SO4 and four times in 0.1 M Na2CO3

(Table 3) compared to the value in the absence of
surfactant (i.e., 1.9 ´ 10)9 m2 s)1).

3.4. Small scale batch electrosynthesis experiments:
constant current coulometry

Hydrogen peroxide electrosynthesis experiments were
performed in an H-cell (under the conditions described
in Section 2), to investigate the e�ect of the three classes
of surfactants on certain ®gures of merit such as,
accumulated peroxide concentration and current e�-
ciency. The duration of these experiments was short (i.e.,
15 min in acid and 5 min in carbonate) to minimize the
interference of the secondary reactions such as electro-
reduction and/or chemical decomposition of the
electrogenerated peroxide.
Figure 7(a) and (b), show the current e�ciency for O2

reduction to H2O2 as a function of surfactant type and
concentration in acid and alkali, respectively. Corrob-
orating the cyclic voltammetry studies, only the Aliquat
336 increased the current e�ciency (Figure 7). The
anionic and non-ionic surfactants retarded the O2

electroreduction. For instance, in 0.1 M H2SO4, 2 mM

of both SDS and Triton X-100 lowered the current
ef®ciency for H2O2 from 40% without surfactant to
10% (Figure 7(a)).
The cationic surfactant had the greatest e�ect in acid

(Figure 7(a)), where 1 mM concentration of Aliquat
336 increased the current ef®ciency from 40% to 92%.
Increasing the Aliquat 336 concentration above 1 mM

had no additional effect, the current ef®ciency leveled
off around 90%. In alkali, on the other hand, cationic
surfactant concentrations of 1 mM increased the cur-
rent ef®ciency from 67% to 92% while a higher
surfactant concentration was less effective; for exam-
ples, at 8.5 mM surfactant the current ef®ciency was
only 80%. It is assumed that at high concentrations of
Aliquat 336 (i.e., about 10 mM), a thick ®lm of
surfactant is formed on the electrode, which hinders
the access of O2 to the electrode surface. This assump-
tion is supported by the low intra-admicelle O2

di�usion coe�cient in the carbonate electrolyte
(Table 3).

Table 3. Apparent kinetic and transport parameters for O2 electro-

reduction on GC in the presence of Aliquat 336 surface ®lm at 295 K

Electrolyte Electrode reaction D®lm

/m2 s)1
b®lm
/V

ks, ®lm
/m s)1

0.1 M Na2CO3

Aliquant 336:

1.5 ´ 10)3
M

O2 �H2O� 2 eÿ

! OHÿ �HOÿ2

4.3 � 0.4

´ 10)10
0.22 1.8 ´ 10)6

0.1 M H2SO4

Aliquant 336:

1.7 ´ 10)2
M

O2 � 2H� � 2 eÿ

! H2O2

6.5 � 0.3

´ 10)10
0.22 9.9 ´ 10)10
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3.5. Electrosynthesis of H2O2: peroxide concentration
and current e�ciency pro®les

Batch O2 electroreduction experiments lasting 10 h were
performed under galvanostatic conditions (300 A m)2)
as a function of Aliquat 336 concentration. The perox-
ide concentration, cathode potential and pH of the
catholyte were followed over time.
Figure 8 shows that in 0.1 M H2SO4 at a constant

super®cial current density of 300 A m)2, after 10 h the
H2O2 concentration was 0.26 M for a Aliquat 336
concentration of 1±2.5 mM, while without surfactant
only 0.07 M H2O2 was obtained. Correspondingly, the
current e�ciency for peroxide after 10 hwas around 55%
with Aliquat 336 and 14% without it. The cathode
potentials were in the range of)1.0 to)1.5 V vsAg/AgCl.
The pH of the catholyte varied slightly from the initial
value of 0.9 to a value between 0.8 and 1.0 after 10 h.
In Figure 8 the rate of H2O2 electrogeneration in

0.1 M H2SO4 was higher in the ®rst 5 h for 1 mM

Aliquat 336 than in the case of 2.5 mM surfactant
concentration. However, in the last 5 h, when the H2O2

concentration in the cell exceeded 0.2 M, there was very
little additional H2O2 accumulated in the cell with 1 mM

surfactant, while with 2.5 mM Aliquat 336 the peroxide
concentration kept increasing near the rate of the initial
5 h (Figure 8).

In 0.1 M Na2CO3 at 300 A m)2 (Figure 9), addition
of Aliquat 336, improves the ®gures of merit for O2

electroreduction, for example, after 10 h with 2.5 mM

Aliquat 336 the current ef®ciency is 61% (H2O2 conc. of
0.31 M) while without surfactant the current ef®ciency
levels after 3 h at 7% (H2O2 conc. of 0.014 M). The pH
of the catholyte increased from 11.5 initially to 13.2±
13.4 after 10 h and the cathode potential became more
negative over time. For instance, at 300 A m)2 for
0.8 mM Aliquat 336, the potential decreased from
)1.1 V vs Ag/AgCl after 1 h to )2.3 V after 3 h,
leveling off at this value up to 10 h.

4. Conclusions

The in¯uence of surfactants (cationic, nonionic and
anionic) on the electroreduction of O2 to H2O2 was
investigated on vitreous carbon electrodes. Na2CO3 and

Fig. 7. Current e�ciency for O2 reduction to H2O2 on a 30 ppi RVC

against surfactant type and concentration. O2 saturated electrolyte.

Super®cial current density 300 A m)2. T � 300 K. (a) 0.1 M H2SO4;

(b) 0.1 M Na2CO3. Surfactant: ( ) Aliquat 336; (m) Triton X-100; (r)

SDS.

Fig. 8. In¯uence of Aliquat 336 concentration on the electrosynthesis

of H2O2 in 0.1 M H2SO4 at 300 A m)2. Cathode 30 ppi RVC. pHinitial

0.9. T � 300 K. A336 conc. (mM): (j) 0, (d) 1 and (m) 2.5.

Fig. 9. In¯uence of Aliquat 336 concentration on the electrosynthesis

of H2O2 in 0.1 M Na2CO3 at 300 A m)2. Cathode 30 ppi RVC.

pHinitial 11.5. T � 300 K. A336 conc. (mM): (j) 0, (d) 0.8 and (m) 2.5.
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H2SO4 in 0.1 M concentration were employed as elec-
trolytes, under 0.1 MPa O2 pressure. Cyclic voltamme-
try studies at 295 K, provided an insight into the e�ects
of surface ®lm formation on both the electroreduction
kinetics and transport of O2. It was found that Aliquat
336 (tricaprylmethylammonium chloride) increased the
rate of O2 reduction to H2O2 in both electrolytes. This
was attributed to an increase of the surface pH induced
by the organized Aliquat 336 surface structures
(Appendix 1). Furthermore, the cationic surfactant
reduced the O2 di�usion coe�cient to the electrode
surface by a factor of 3 to 4.
The nonionic and anionic surfactants (Triton X-100

and sodium dodecyl sulfate, respectively) retarded the
electroreduction of O2 to H2O2, presumably by forming
less organized, entangled, surface aggregates, which
blocked the access of O2 to the cathode.
Batch electrosynthesis experiments on a 30 ppi RVC

cathode corroborated the cyclic voltammetry data. In
the presence of 0.8±2.5 mM Aliquat 336, at 300 A m)2,
0.1 MPa O2 and 300 K, O2 was reduced fairly e�ciently
to peroxide in both electrolytes. Peroxide concentrations
up to 0.31 M in 0.1 M Na2CO3 (current e�ciency 61%)
and 0.26 M in 0.1 M H2SO4 (current e�ciency 55%)
were obtained, while without surfactant the maximum
peroxide concentration in acid was about 0.07 M (cur-
rent ef®ciency 14%) and 0.014 M in alkali (current
ef®ciency 7%), respectively. Further studies are under-
way in our laboratory, in `¯ow-by' cells (e.g., trickle-bed
electrochemical reactor) to test the feasibility of the
cationic surfactant mediated electroreduction of O2 at
super®cial current densities above 300 A m)2, and
under two-phase ¯ow conditions closer to potential
industrial applications.
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Appendix 1. Theoretical estimation of the surface pH
in the presence of Aliquat 336 adsorption

In the preceding Sections it was proposed that an
increase of the surface pH induced by the cationic
surfactant, might be the cause for the enhanced O2

reduction to H2O2, especially in acidic media. This is
hinted by the fact that the peak potential Ep, for O2

reduction in 0.1 MH2SO4 in the presence of 1.7 ´ 10)2
M

Aliquat 336 is almost the same as Ep in 0.1 M Na2CO3 in
the absence of surfactant (compare Figures 3 and 1(a)).
Therefore, the issue of surface pH needs to be addressed.
The pH inside the electrical double layer pHs, can be

calculated from the following equation [51]:

pHs � pHb � F /s

RT

� �
log e �A1�

where pHb is the bulk pH. For /s, referred to as the
surface potential, one can consider the potential at the
inner limit of the di�use double layer, which is easily
accessible numerically based on the Gouy±Chapman
model [51, 52].
For a ¯at surface, /s is related to the charge density of

the inner limit of the di�use layer rs, by [52]:

rs � � 2RT ereo
X

i

Ci;b exp ÿ ziF /s

RT

� �
ÿ 1

� �( )1=2

�A2�

where er is the solvent dielectric constant (78.5), eo is the
permitivity of vacuum (8.85 ´ 10)12 C2 J)1 m)1) andCi,b

is the bulk concentration of the ionic species i (mol m)3).
To solve the nonlinear Equation A2 for /s, the charge

density at the inner limit of the di�use layer must be
estimated, which requires a model for the electrical
double layer in the presence of cationic surfactant
adsorption.
It is accepted in the literature that at high concentra-

tions of cationic surfactant (e.g., orders of magnitude
above cmc, 1.7 ´ 10)2

M considered in the present case)
bilayer formation occurs on the solid surface [30, 31, 53].
A model of the double layer based on this concept is
shown in Figure 10, together with the corresponding
potential distribution [53].
From Figure 10, due to superequivalent adsorption at

the inner boundary of the di�use layer a charge reversal
occurs, causing a positive charge density rs and a
positive potential /s. Furthermore, rs is related to the
surfactant adsorption density Gs by

Fig. 10. Structure of the electric double layer in the presence of cationic surfactant admicelle (adapted from [53]).
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rs � F Cs �A3�

The surfactant adsorption density Gs (mol m)2) is given
by

Cs � h
aNA

�A4�

with [30]

a � Vc

Lc
� 27:4� 26:9Nc�nC ÿ 1�

1:5� 1:26 nC
� 10ÿ20 �A5�

where a,Vc, Lc, nC,Nc,NA and h are as de®ned in the List
of symbols. A value of h � 0.75 was assumed here [54].
Substituting the numerical values in Equations A3±

A5 gives a � 51.1 ´ 10)20 m2, Gs � 3.25 ´ 10)6 mol
m)2 and rs � 0.235 C m)2. These values compare fairly
well with the literature data on cationic surfactant
adsorption [53, 54].
Once rs has been calculated, the nonlinear Equation

A2 can be solved for /s provided that the ionic

concentrations are known. Regarding the ions accumu-
lated at the outer plane of the admicelle (i.e., inner limit
of the di�use layer, Figure 10) two limiting cases were
considered. First, it was assumed that only the cationic
surfactant (i.e., quaternary ammonium ion and its co-
anion, Cl)) is present at the outer plane of the admicelle.
This assumption implies exclusion of the H3O

+ ions,
and yields a theoretical maximum value for the surface
pH, that is pHs,max.
For the second limiting case, it was assumed that all

ions of the electrolyte (i.e., H3O
+ and SO4

2) in addition
to Cl)) are accumulated unhindered at the outer plane
of the admicelle and they are contributing to /s. This
limiting case gives the theoretical minimum surface pH
in the presence of surfactant, pHs,min.
Substituting into Equation A2 the bulk ionic concen-

trations based on the above assumptions, and solving
for /s, one obtains: 0.494 V (assumption 1) and 0.065 V
(assumption 2), respectively. Finally, from Equation A1,
with a bulk pH of 0.9 (i.e., 0.1 M H2SO4), the calculated
surface pH values at the inner limit of the di�use layer
are: pHs,max � 9.4 and pHs,min � 2.0.
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