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The effect of in situ reversible adsorption / desorption of iodide / iodine-adatoms at polycrystalline
gold (Au) electrode on the oxygen reduction reaction (ORR) was studied in alkaline media using cyclic
voltammetric technique. The ORR was completely inhibited by the compact iodine-adatoms at more
positive potential than ca.  0.25 V vs. Ag / AgCl / NaCl (sat.). The ORR commences simultaneously
with the potential-induced reductive desorption of the iodine-adatoms. The interesting feature observed
is the complete inhibition of the heterogeneous catalytic disproportionation reaction of the

electrogenerated HO 2 to O2 and OH  by the iodine-adatoms chemisorbed at the Au electrode surface.
Consequently, compared with the bare Au electrode, a decrease in the first cathodic peak current as
well as a large increase (ca. 12 times) of the second consecutive cathodic peak current corresponding

to the further reduction of HO 2 to OH  , that is, the two-step four-electron ORR was observed at the
iodine-adatoms-modified Au electrode in alkaline media. Effect of the other halides, e.g., bromide,
chloride and fluoride was also studied.

Keywords: Chemisorption; Iodine-adatoms; Oxygen reduction reaction; Two-step four-electron ORR;
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1. INTRODUCTION
Oxygen reduction reaction (ORR) is of great importance for the electrochemical energy
conversion in fuel cells and metal-air batteries, corrosion and some other industrial processes [1-6].
However, it continues to be a challenge to explore the mechanism / pathway of the ORR because of its
complex kinetics as well as to find out cheaper electrocatalysts that could support the desired fourelectron reduction process being vitally important for the efficient performance of the fuel cells. The
mechanism of the ORR is highly sensitive to the type of electrode materials, their surface structures,
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surface modifiers and the nature of the electrolytic solutions. For example, our group has reported that
polycrystalline gold (Au) electrodes modified by cysteine and iodine-adatom submonolayers,
interestingly, show a quasi-reversible ORR although this reaction is fully irreversible at the clean Au
electrode in the same media [7,8]. We have also reported that a well-defined inverted peak is observed
at lead-modified Au electrode during the ORR in alkaline solution when it contains an appropriate
amount of iodide [9]. Effect of bromide-adatoms on the ORR was investigated by Adzic et al. [10-12]
and Markovic et al. [13] in bromide-containing electrolytes of relatively lower pH using various single
crystalline metallic electrodes. Those studies demonstrated that bromine-adatoms chemisorbed on the
electrode surface inhibit the ORR to a variable extent: An ordered compact bromine-adlayer results in
a complete inhibition of the ORR, while a partial inhibition occurs depending on the potentialdependent surface coverage of the bromine-adatoms and the electrode materials. H2O2 is often
produced as an intermediate in the ORR. We have reported that iodine-adatoms show very unique


effect on the reduction of HO2 in alkaline media [14]. The cyclic voltammetric behavior of HO2 at
the clean Au electrode in alkaline media is very complicated because of several simultaneously
occurring chemical and electrochemical processes, namely, heterogeneous disproportionation of


HO2 to O2 and electrochemical oxidation of HO2 to O2, electroreduction of the produced O2 to
HO2 and electroreduction of HO2 to OH [14]. Our previous study showed that in situ fabrication of




compact iodine-adatoms effectively inhibits all other processes other than only a quantitative

electroreduction of HO2 to OH at the Au electrode surface freshly generated by the potential-induced
desorption of the iodine-adatoms [14].
Chemisorption of halides, especially iodide at different metallic electrodes has become a
subject of extensive studies being significantly important in a wide range of electrochemical
applications [14-30]. Therefore, chemisorption of iodide and evaluation of its adlayer structures have
been extensively studied using a wide range of in situ and ex situ techniques, namely, electrochemical
analyzer [14], low energy electron diffraction (LEED), Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS) [31,32], surface enhanced Raman scattering (SERS) [33], scanning
tunneling microscopy (STM) [34-41], atomic force microscopy (AFM) [42], surface X-ray scattering
(SXS) [43,44], electrochemical quartz crystal microbalance (ECQM) [45,46].
In the present study, we address the effect of the in situ fabricated iodine-adatoms at the Au
electrode on the pathway of the ORR in alkaline media using cyclic voltammetric technique. Effect of
other halides, such as bromide, chloride and fluoride on the ORR was also studied.

2. EXPERIMENTAL
For cyclic voltammetric measurements, Au electrodes with ( = 1.6 mm sealed in a Teflon
tube) an exposed surface area of 2.01x102 cm2 were used as working electrodes. A spiral Pt wire and
an Ag /AgCl / NaCl (sat.) were the counter and reference electrodes, respectively. A conventional twocompartment Pyrex glass cell was used. Prior to measurements N2 or O2 gas was bubbled into the cell
solution for 30 min to obtain N2- or O2-saturated solution. Commercially available H2O2 was
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purchased and stored in low temperature and used as received. All the measurements were performed
at 25 ± 1 ºC. The Au electrodes were polished with aqueous slurries of successively finer alumina
powder (down to 0.06 m) and were sonicated for 10 min in Milli-Q water. The Au electrodes were
then electrochemically pretreated in 0.05 M H2SO4 solution by repeating the potential scan in the range
of  0.2 to 1.5 V vs. Ag / AgCl / NaCl (sat.) at 0.1 V s1 for 10 min or until the cyclic voltammetric
characteristic of a clean Au electrode was obtained. A roughness factor (rf) of 1.2 was estimated for
the Au electrodes as calculated from the charge passed during the formation of the surface oxide
monolayer [47]. The ORR was carried out in O2-saturated 0.1 M NaOH solution containing 12.5 mM
of potassium iodide (KI). For the ex situ modification, the Au electrode was soaked in 0.1 M NaOH
aqueous solution containing 0.5 M of KI for 10 min and washed thoroughly with milli-Q water before
its use. The ORR was also investigated in O2-saturated 0.1 M NaOH solutions containing 12.5 mM of
potassium bromide (KBr), potassium chloride (KCl) and potassium fluoride (KF) separately. The
electrodes modified with halide-adlayer are hereinafter denoted as the X(ads)Au electrode, where X(ads)
stands for I(ads), Br(ads), Cl(ads) or F(ads). Electrochemical measurements were performed using an ALS
CHI-832A electrochemical analyzer.

3. RESULTS AND DISCUSSION
3.1. Chemisorption of iodide at the Au electrode
Iodide undergoes a rapid oxidative chemisorption on the Au electrode surface forming a
monolayer of atomic iodine-adatoms. The details in this regard have been presented in our earlier
study [14] as well as in the studies by other groups [32,41,48-50]. According to those studies, the
surface coverage and adlayer structures of the iodine-adatoms are largely influenced by the applied
potential in the iodide-containing solution. In brief, at potential more positive than ca. 0.2 V vs. Ag /
AgCl / NaCl (sat.) in alkaline solution, iodine-adatoms undergo a unidirectional compression as the
electrode potential becomes more and more positive, resulting in a continuous increase of the surface
coverage of iodine leading to the formation of a close-packed rotated-hexagonal adlayer structure.
Such a unidirectional compression of iodine-adatoms is well-known in literatures as
“electrocompression” [14,40,49,50]. The thus-formed compact iodine-adlayer may effectively inhibit
the inner-sphere electron transfer process [14], while it may significantly increase the electrode
response of many outer-sphere electron transfer reactions [51,52]. At potential below 0.2 V,
potential-induced continuous desorption of iodine leads to the conversion of the close-packed rotatedhexagonal structure into a relatively less-packed rectangular adlayer structure [10]. Electrochemical
reactions may then take place at the bare fraction of the electrode surface [7,8]. As the potential is
swept to more negative value, the surface coverage of the iodine-adatoms decreases significantly. At
potential ca. 1.0 V vs. Ag / AgCl / NaCl (sat.) the iodine-adatoms are almost completely desorbed in
alkaline solution and inner-sphere electron transfer reaction may then take place at the thus-generated
fresh bare surface of the electrode [14]. As the potential is swept back to the positive direction, the
specific adsorption of iodide begins [14,32,48] and the surface coverage of iodine-adlayer increases
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with increasing potential. Therefore, iodide adsorption / desorption is a reversible process and its
surface coverage and adlayer structures can suitably be controlled electrochemically for a desired
chemical / electrochemical purpose.
3.2. Reduction of O2 at the I(ads)Au electrode
Fig. 1 shows the CVs obtained at the Au electrode in (a,b) N2- and (a',b') O2-saturated 0.1 M
NaOH solution containing (a,a') 0.0 and (b,b') 12.5 mM KI.
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Figure 1. CVs obtained at the Au electrode in (a,b) N2- and (a',b') O2-saturated 0.1 M NaOH solution
containing (a,a') 0.0 and (b,b') 12.5 mM KI. Electrode was held in the solution for 10 min
before measuring the CVs (b) and (b'). Potential scan rate: 0.1 V s1.
Both of the electrodes, e.g., the Au and I(ads)Au electrodes exhibit two cathodic peaks
[assigned as (I) and (II) for the Au electrode and (I') and (II') for the I(ads)Au electrode] in O2saturated solutions. The shape of the CV obtained at the I(ads)Au electrode (curve b') is comparable to
the reported data on the ORR at the Au (111) single crystalline electrode in alkaline media by
Kongkanand et al. [53]. It is well-known that the first peak (I) appearing at relatively positive potential

is assigned to the formation of HO 2 according to the reaction (1)


O 2  H 2 O  2e  HO2  OH 

(1),
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,while the second consecutive peak (II) appearing at relatively lower potential is assigned to the further

reduction of the electrogenerated HO 2 according to the reaction (2) [53,54]:


HO2  H 2 O  2e  3OH 

(2)

Similarly to the bare Au electrode, the peaks (I') and (II') appearing at the I(ads)Au electrode
are also attributed to the same reactions (1) and (2), respectively. However, the remarkable features
observed at the I(ads)Au electrode compared to the bare Au electrode are: (i) the peak (I') appears at
0.49 V, which is ca. 0.29 V more negative and its intensity decreases by ca. 33% and (ii) the second
consecutive reduction peak (II') assigned to the further reduction of the HO 2 electrogenerated in peak
(I') potential region increases by ca. 12 times. The interesting feature, therefore, observed in the present
study is that the peak (II') current increases remarkably as compared with the peak (II) which implies
that the ORR pathway at the I(ads)Au electrode could be altered from that at the bare Au electrode by
the in situ formation of the iodine-adatoms.
The onset potential (ca. 0.25 V) for the ORR at the I(ads)Au electrode is 210 mV more
negative as compared with the bare Au electrode (compare curves a' and b'), because of the blocking of
the access of O2 molecules to the electrode surface by the highly ordered and compact iodine-adlayer
as we have discussed in the preceding section [14]. The ORR is an inner-sphere electron transfer
process and hence the reaction cannot proceed until some vacant sites are generated on the Au
electrode surface for the access of the O2 molecules. Below 0.25 V, the iodine-adlayer begins to
undergo potential-induced partial reductive desorption from the Au electrode surface and thus the
close-packed rotated hexagonal structure is converted to a relatively less-packed structure with defects
and holes in the structure [14]. Therefore, the peak (I') is in fact assigned to two superimposed
processes, namely, (i) the partial desorption of the iodine-adatoms and (ii) the access of O2 molecules

to the electrode surface through the vacant sites and its electroreduction forming HO 2 . More over, the
adsorption efficiency of O2 molecules (which is vitally important for the initiation of the ORR) at the
I(ads)Au electrode could be decreased by the existing iodine-adatoms, which is a very strong adsorbate
for the Au electrode surface. Therefore, the ORR at the I(ads)Au electrode requires a higher
overpotential than the bare Au electrode.
The decrease of this peak (I') current (by ca. 33%) apparently could be attributed to (i) the less
accessible surface area at the I(ads)Au electrode, (ii) the inhibition of the catalytic decomposition of

the produced HO 2 to O2 and OH by the iodine-adatoms and (iii) the hydrophobic nature of the
iodine-adatoms. A considerable amount of the iodine-adatoms still remain adsorbed at the peak (I')
potential region. We demonstrated in our previous article [14] that the surface coverages of the iodineadatoms at 0 (at which the compact monolayer is formed) and 0.49 V vs. Ag / AgCl / NaCl (sat.) in
alkaline media are 1.54 × 1015 and 1.02 × 1015 atoms cm2, respectively. Therefore, approximately
66% of the total surface area of the Au electrode is still covered by the iodine-adatoms at 0.49 V. The
ORR in the peak (I') takes place at the numerous micro-arrays of the vacant sites, i.e., the Au (111)
facets (explained later) of the I(ads)Au electrode (7,8). The diffusion layer of O2 molecules at a given
vacant site may overlap with those at the neighboring vacant sites and the whole of the electrode
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surface thus can practically be effective for the ORR, therefore suggesting that the less accessible
surface area at the I(ads)Au electrode may not have a significant role in the less peak (I') current

intensity. The clean Au electrode surface is well-known to catalytically decompose HO 2 in alkaline
media to produce O2 and OH [7,8,14]. The HO 2 produced in the ORR at the bare Au electrode in the


peak (I) potential region, therefore, undergoes the disproportionation reaction according to reaction (3)
[7,8,14]:


HO2  OH 12 O2

(3)

The reaction (3) increases the surface concentration of O2 and thus increases the peak (I)
current intensity for the ORR at the bare Au electrode (7,8,14). On the contrary, at the I(ads)Au

electrode, the reduction of O2 to HO 2 in the peak (I') region mainly occurs at the Au (111) domains of
the Au electrode. Previous reports by our group on the potential-induced desorption of various thiols
and iodide [7,8,55] and reports by other groups on the desorption of cyanide [56] and iodide [57] using
the Au and single crystalline Au (111), Au (100) and Au (110) electrodes reveal that the binding
strength between adsorbates and the Au facets is of the following order: Au (110) > Au (100) > Au
(111). Therefore, the iodine-adatoms preferably undergo potential-induced (i.e., reductive) desorption
from the Au (111) facets of the Au electrode surface and the ORR in the peak (I') potential region
occurs at the thus-formed free Au (111) facets. The Au (111) facets of the Au electrode surface are

noncatalytic towards the disproportionation reaction of HO 2 to O2 and OH (i.e., the reaction (3))
[7,8,58]. In addition, the remaining iodine-adatoms also poison the catalytic activity of the Au

electrode for the disproportionation of HO 2 . Therefore, unlike the bare Au electrode, the


electrogenerated HO 2 in the peak (I') potential region is highly stable and hence the reaction (3) no
longer takes place at the I(ads)Au electrode. The less surface concentration of O2, therefore,
consequently results in the lower peak (I') current as compared to the peak (I) current. Hence, the

efficient inhibition of the catalytic decomposition of the electrogenerated HO 2 to O2 and OH could be
considered as the principal reason for the decreased peak (I') current observed at the I(ads)Au
electrode. The hydrophobic nature of the iodine-adlayer may also be a minor reason for the less intense
peak (I') current for the ORR in the case of the I(ads)Au electrode.
The peak (II') height is increased by ca. 12 times at the I(ads)Au electrode compared with the
peak (II) at the bare Au electrode. The peak (II') height is considered to be almost equal to the peak (I')
height, although these heights are not precisely determined because a proper current baseline for the
peak (II') cannot be obtained experimentally. The ability of the I(ads)Au electrode to enhance the peak
(II') current is mainly attributed to the inhibition of the heterogeneous catalytic decomposition of the


produced HO 2 as discussed earlier [7,8,14]. The electrogenerated HO 2 , therefore, without
undergoing its disproportionation reaction, remains at the vicinity of the electrode surface and its
reduction takes place at the freshly generated Au electrode surface in the peak (II') potential region.

The details on the electroreduction of HO 2 at the iodine-adatoms-modified Au electrode in alkaline
media have been presented in our previous report [14].
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3.3. Effect of added H2O2 into the solution
The two-step four-electron ORR was further demonstrated by performing experiments in the

presence of added HO 2 . Fig. 2 shows the CVs obtained at the Au electrode in (a,b) O2- and (c) N2saturated 0.1 M NaOH solution containing 12.5 mM KI and (a) 0.0 and (b,c) 10 mM H2O2.
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Figure 2. CVs obtained at the Au electrode in (a,b) O2- and (c) N2-saturated 0.1 M NaOH solution
containing 12.5 mM KI and (a) 0.0 and (b,c) 10 mM H2O2. Potential scan rate: 0.1 V s1.
The notable features observed at the I(ads)Au electrode in the presence of the added H2O2 are
(i) the peak (I') current in O2-saturated solution remained unchanged (compare curves a and b), (ii) the
second consecutive peak (II') current increased remarkably compared to that obtained in O2-saturated

solution in the absence of the added HO 2 and (iii) in N2-saturated solution, the peak (I') current
completely disappeared and a well-defined peak [assigned as (II'')] current was observed at the same
potential as the peak (II') potential (curve c). Similar voltammetric behaviors of the ORR in the
presence of H2O2 were reported by our group using electrodeposited gold naonopartilcles-modified Au
electrode in acidic media [54].The unchanged peak (I') current in O2-saturated solution signifies two


things: (i) HO 2 does not undergo reduction at the peak (I') potential region and (ii) HO 2 is not


catalytically decomposed to O2 by the I(ads)Au electrode. Decomposition of HO 2 to O2 should result
in an increase of the surface concentration of O2 and thus increase the peak (I') current. Therefore,

peak (I') in curve (a) is obviously assigned to the two-electron reduction of O2 forming stable HO 2 .
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The second consecutive peak (II') current is increased due to the reduction of the added HO 2 along


with the reduction of the HO2 electrogenerated in the peak (I') potential region [54]. The intensity of
the peak (II'') current (curve c) is less as compared with the peak (II') current (curve b) because only

the added HO 2 undergoes reduction in the N2-saturated solution. Appearance of the peak (II'')


obviously suggests that the HO 2 electrogenerated in the peak (I') region undergoes reduction in the
peak (II') potential region (curve a). The sum of the peak (II') and (II'') currents of curves (a) and (c),
respectively, is equal to the peak (II') current of curve (b), implying that the added and

electrogenerated HO 2 can undergo reduction without a significant catalytic decomposition at the


electrode surface. These observations in the presence of the added HO 2 , therefore, obviously
demonstrate the two-step four-electron ORR at the I(ads)Au electrode in alkaline media.
3.4. Effect of scan rate on the ORR
The ORR was investigated at the I(ads)Au (poly) electrode in the potential scan rate range of
0.005 to 1.0 V s1 (Fig. 3).
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Figure 3. CVs obtained at the Au electrode in O2-saturated 0.1 M KOH solution containing 12.5 mM
KI at various scan rates: 0.005, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 V s 1
(from top to bottom).

The peak (I') current was determined from the CVs shown in Fig. 3 and plotted (after the
background correction) as a function of the square root of scan rate ( 1/2). Fig. 4 shows that the values
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of the peak current nicely (r2 = 0.998) fall on a straight line passing through the origin, indicating that
the ORR is solely controlled by the diffusion of O2 molecules to the electrode surface.
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Figure 4. Linear plot of the first peak (I') current vs. the square root of scan rate for the ORR at the
I(ads)Au electrode. Data were taken from Fig. 3.
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Figure 5. Linear plots of the first (I') and second (II') peak potentials vs. logarithm of the scan rate (log
). Data were taken from Fig. 3.
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The plot of the peak (II') current vs. 1/2 was excluded as the height of the peak (II') current
could not be estimated precisely owing to the lack of a well-defined current baseline. On the other
hand, at the bare Au electrode the peak (I) current was not proportional to 1/2 and the peak (II) current
diminished quickly with increasing  (not shown). The peak (I') and (II') potentials (EP,I' and EP,II')
were also derived from the CVs shown in Fig. 3 and plotted as a function of log . Fig. 5 shows that
the values of EP,I' and EP,II' fall on their individual straight lines at relatively higher scan rates. The
slopes of both straight lines are comparable and approximately equal to ca. 9.14 × 10-2 V decade1,
from which the cathodic transfer coefficients (c) were found to be 0.33 for both the reduction of O2 to


HO 2 and further reduction of HO 2 to OH.

3.5. Effect of surface overage of the iodine-adatoms on the ORR

j / mA cm –2

0

–0.5

9
4
3
2

(I')

1

–1

(II')
(I)

–1.2

–0.8

–0.4

0

E / V vs. Ag / AgCl / NaCl (sat.)

Figure 6. CVs obtained at the I(ads)Au electrode in O2-saturated 0.1 M NaOH solution containing no
added iodide at the 1st (1), 2nd (2), 3rd (3), 4th (4) and 9th (9) cycle. The I(ads)Au electrode
was prepared by soaking the Au electrode in 0.1 M NaOH solution containing 0.5 M KI for 10
min. The dot 2-dashed line shows the CV obtained at the bare Au electrode in the same media.
Potential scan rate: 0.1 V s1.

The bare Au electrode was ex situ coated with a monolayer of spontaneously formed iodineadatoms by soaking the electrode in 0.1 M NaOH solution containing 0.5 M KI for 10 min under open
circuit condition. The thus-fabricated I(ads)Au electrode was then transferred into O2-saturated 0.1 M
NaOH solution containing no iodide ion and the ORR was investigated with continuous potential scan
cycling. Fig. 6 clearly shows that the peak (I') and (II') currents diminish quickly and the peak (I)
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grows rapidly with potential scan cycling. CV obtained at the 9th cycle is almost similar to that
obtained at the bare Au electrode. As a result of the continuous potential scan cycling in the iodide free
solution, the iodine-adatoms undergo potential-induced reductive desorption from the electrode surface
in the cathodic sweep and the resulting iodide ions diffuse into the bulk of the solution. Consequently,
the surface coverage of the iodine-adatoms decreases gradually and thus the CV characteristic of the
ORR obtained at the bare Au electrode was observed in the 9th cycle, in which the surface is actually
free of the iodine-adatoms. The minor oxidation peak current appearing at ca. 0.05 V at the I(ads)Au

electrode is attributed to the oxidation of HO 2 to O2 [8,59,60]. Therefore, the iodine-adlayer can exist
on the electrode surface only when the solution contains iodide ions and play a significant role in the
two-step four-electron ORR.

3.6. The ORR at the other halides-modified Au electrodes
For comparison, the ORR was also investigated at the Au electrode in O2-saturated 0.1 M
NaOH solution containing 12.5 mM of KBr, KCl or KF and the results are presented in Fig. 7.
Fluoride did not show any effect on the ORR as it does not undergo adsorption at the Au electrode
surface and hence the data is not shown for simplicity. Chloride exhibits only a little effect on the ORR
at the Au electrode.
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Figure 7. CVs obtained at the Au electrode in O2-saturated 0.1 M NaOH solution containing 12.5 mM
of (a) KI, (b) KBr or (c) KCl. Electrode was held in each solution for 30 min before
measurements. CV (d) was obtained at the bare Au electrode in the absence of the halides.
Potential scan rate: 0.1 V s1.
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Holding the Au electrode for 30 min in 0.1 M NaOH solution containing 12.5 mM KCl resulted
in a decrease of the peak (I') current only by ca. 5% and a shift of the peak potential to the negative
direction by 6 mV, while the peak (II') current and potential remained almost unchanged (compare
curves c and d). The results imply that the adsorption affinity of chloride at the Au electrode surface in
alkaline media is considerably low as compared with iodide. Bromide shows an intermediate effect
between iodide and chloride implying that bromide has a moderate adsorption affinity on the Au
electrode in alkaline media. In the presence of bromide, the peak (II') potential remains almost similar
to that in the presence of iodide and chloride. However, the peak (I') appears at 0.33 V which is 0.16
V more positive compared to that in the presence of iodide (compare curves a and b) and 0.18 V more
negative compared to that in the presence of chloride (compare curves b and c). The notable effect
observed in the presence of bromide is the decrease of the peak (II') current by ca. 33% and the
increase of the peak (I') by ca. 6% compared to the iodide-containing solution. The decrease of the
peak (II') current may be due to the fact that the bromine-adlayer may not be fully efficient for the

inhibition of the disproportionation reaction of the electrogenerated HO2 . The shift of the peak (I')
potential to the positive direction implies that the potential-induced reductive desorption of the
bromine-adlayer takes place at more positive potential than the iodine-adlayer, that is, the binding
strength between the bromine-adatoms and the Au electrode surface is less than the corresponding
strength of the iodine-adatoms. A little increase of the peak (I') current may be correlated to (i) the
larger accessible surface area (as bromide does not undergo strong adsorption and form a full
monolayer [59]) and (ii) the probable disproportionation of the minute amount of the electrogenerated

HO2 to O2 and OH ,which increase the surface concentration of O2. The unique feature obtained at
the Br(ads)Au electrode is the appearance of an oxidation peak current at ca. 0.05 V which is

assigned to the oxidation of HO2 to O2 at the bare fraction of the Au electrode surface. It is to be
noted that a close-packed halide-adlayer at the Au electrode completely inhibits the oxidation of

HO2 [14]. This feature implies that unlike the iodide-containing solution, the surface is not
completely blocked by the bromine-adatoms during the anodic potential scan in the bromidecontaining solution because of the less adsorption affinity of bromide as compared with iodide. The
details on the in situ formation of the bromine-adatoms on the Au electrode surface in alkaline
solution, its surface coverage and the effect of the adatoms on the electrochemical oxidation of

HO2 have been presented in our earlier report [59]. In summary, it can be concluded that the
poisoning effect of the halide-adatoms on the catalytic activity of the Au electrode surface towards the

disproportionation of the electrogenerated HO2 to O2 and OH decreases in the order of I(ads) > Br(ads)
> Cl(ads). The two-step four-electron ORR thus takes place almost ideally at the I(ads)Au electrode, but
it becomes less ideal at the Br(ads)Au electrode and much less ideal at the Cl(ads)Au electrode .

4. CONCLUSIONS
The ORR was investigated at the iodine-adatoms-modified Au electrode in O2-saturated 0.1 M
NaOH solution in the presence of iodide. The ORR was completely inhibited by a close-packed iodine-
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adlayer existing at the Au electrode surface at more positive potential than ca. 0.25 V. The ORR
appears as a superimposed reaction with the potential-induced reductive desorption of the iodine
adatoms. The unique feature observed in the study is the electrogeneration of stable HO2 at the
I(ads)Au electrode in the first peak potential (0.49 V) region owing to the complete inhibition of the

disproportionation reaction of HO2 to O2 by the iodine-adatoms chemisorbed at the electrode surface.
The second consecutive peak current appearing at ca. 0.83 V corresponding to the further reduction

of the electrogenerated HO 2 to OH was thus increased by ca. 12 times. The two-step four-electron


ORR is a well-known phenomenon, but the electrogeneration of HO 2 as a stable intermediate at
metallic electrodes is hardly observed because of its rapid disproportionation reaction, which is very

promptly catalyzed by the electrode surfaces themselves. The in situ electrogeneration of stable HO 2
using the I(das)Au electrode could be useful in many electrochemical and chemical processes. Bromide

is less efficient adsorbate than iodide to inhibit the disproportionation of HO2 , while chloride has no
significant role in this regard. Hydrodynamic studies are currently undertaken to further clarify the
two-step four-electron ORR at the iodine-adatoms-modified Au electrode and will be reported soon
elsewhere.
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