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-Abstract-

The effects of 10"‘ -1071 M of various anions and cations added to 1 N

H>S0), and 1 M NaOH solutions on oxygen-reduction at pre-anodized and pre-
cachodized platinum electrodes were examined by measuring the coulombic
efficiency for the formation of hydrogen peroxide (calculated on the basis of
Op + Hp0 + 2e” =p OOH™ + OH ). Current-potential curves have also been ob-
tained. In 1 M NaCH, oxygen was reduced tc hydrogen peroxide with & coulombic
efficiency of almost 100% at the pre-anodized electrode. In the presence of
Ba**, sr**, and Ca** in 1 M NaOH, however, the efficiency decreased to 10-15%
with increasing concentration of thess ions. In 1 N HySO,, oxygen was reduced
principally to water and the coulombic efficiency for hydrogen peroxide forma-
tion was only 10-20%. In the presence of Cl~ and Br~ ions this efficioncy in-
creased to 50-60%. Current-potential curves indicated that overpotential of
the oxygen reduction at the platinum electrodes increased in the presence cof
Ba**, Sr**, and Ca** ions in 1 M NaOH and C1~ and Br~ ions in 1 N HaSOj. The
catalytic activity of the platinum electrodes for hydrogen poroxfhe decomposi-
tion in 1 M NaOH and 1 K H,50; with and without these snions and cations was
also measured. The overpogential for oxygen evolutions on platinum as vell as
on other electrode surfaces in 1 M NaOH have been found to be increased by 15
to 90 mV when Ba**, Sr**, or Ca** ions are added to the solution. These
results are discussed on the basis of the adsorption of cations and anions on
the oxide or hydroxide covered electrode surfaces vith emphasis on the ion-
exchange properties of the oxides.

Evidence for various oxide films and/or adsorbed oxygen on platinum

electrodes is summarized. A voltammetric study of a special oxide leyer
formed on an excessively anodized platinum electrode is also described.
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The Effects of Anions and Cations on Oxygen Reduction

and Evolution Reactions on Platimum Electrodes

by

Akiyes Kozawa

INTRODUCTION

It has been vell recognized in the past ten years that the platinum
electrode is not inert and that the surface is electrochemically oxidised and
reduced in aqueous solutions (1,2,3,4,55). The electrode surface is covered
vith an oxide film and/or an adsorbed oxygen layer in a certain potential
range and such oxide films play an important role in various electrochemical
reactions on the platinum electrodes (5,6,7,8).

Various metal oxides with hydrated surfaces usually exhibit ion-exchange
edsorption in aqueous solutions; that is a cetion-exchange adsorption in
alkaline solutions and an anion-exchange adsorption in acid solutions (9). 1In
earlier vork, cation-exchange adsorption on manganese dioxide and silica vas
studied and the formation of a surface complex &s s new adsorption mechanism
vas propoted by the author (10,11). Since the platiaum electrode also is
covered with oxide film, cations should be adsorbed in alkaline solutions and
anions in acid solutions on the electrode surface at least in some ranges of
potential., In view of such an ion-exchange adsorption, an effect of cations
and anions added to the electrolyte on oxygen reduction and oxygen evolution
reactions at platinum electrodes should be expected. In this paper the effects
of anions and cations added to 1 y_ NaOH or 1 X H,80, on oxygen reduction and
oxygen evolution processes will be described.

The electrochemical reduction of oxygen at platinum electrcdes in
alkaline and acid solutions has been studied earlier by voltammetry (12-1h)
and chrono-potentiometry (13,13a,15). The reaction is very much influenced

by the surface condition of the platinum electrode. Laitinen and Kolthoff (12)
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aad later Sawyer and Interrante (13) reported that the half-wave potential of
oxygen reduction on platinum is independent of the pH of the solution at pre-
cathodized electrodes, but changes linearly with a slope of approximately -60 mv
per pH unit at pre-xoidized electrodes,
For the mechanism of oxygen reduction, the following three processes are

frequently considered (12-15).

. - - o = .
It 05 + 2}{20 + Le === LOH E“d + 0.LO1 V M}
II: Pt +1/2 0, + Hy0 ~<chemical o ”"'(_S’“)a
v
A - - °
Pt(Od)2 + 2¢ === Pt + 20H E“d = 0,155 V(36) (2]
. T —— - = o 2 -
ITITs O, + H,0 + 2e OOH  + OH Em 0.05'V (52,53,54) (3]

Reaction III may be followed by either catalytic decomposition
Ille: ooH~ -ShBemicaly ,,, 0, + OH" [3a]
or electrochemical reduction

- - - o.
OOH + H.0 + 2¢ === 30 E + 0,85 vV (5b4) (3b]

2 red
Although these equations are written for alkaline solution and the E:e

d
values are for alkaline solution, corresponding equations for acid solution can
easily be written,

In the first mechanism.' oxygen is reduced directly to OH by a four=-
electron transfer process., This mechanism was supported to some extent by the
data obtained by Bockris and Huq (16) in highly purified 0.1-0.001 N H,50, where
a potential corresponding to the overall four-electron process was obtained
(see also ref. 16a). These authors pointed out that the exchange current for
the reaction was so small that the reversible potential corresponding to
reaction [1] could be obtained only in highly purified solutions.

In the second mechanism, the platinum surface is oxidized chemically by

dissolved oxygen; then, the platinum hydroxide (or adsorbed oxide) is reduced

Reaction [1] is ordinarily considered as an overall reaction. This could be
listed as a mechanism under a circumstance in which no particular interw
mediate is recognized experimentally. Such is quite unlikely, however.




electrochemically (12,15). Comparing the otserved half-wave potentials (12,1k4)
with the E:ed = 40,155 V,this mechanism is acceptable from the standpoint of
thermodynamics. The third mechanism was proposed by Berl (17) based on his
experiments with carbon electrodes. Later Davies et al, (18) showed by using

018 that the bond between the atoms in 02 is not broken in the electrochemical
reduction on carbon. Until last year the principal support for this mechanism

on platinum electrodes was a qualitative detection of hydrogen peroxide by
Laitinen and Kolthoff (19) and a quantitative determination of hydrogen peroxide
by Delahay, who carried out the oxygen reduction experiments in 0.2 N KC1
solution (pH 6.9) on various metals and determined hydrogen peroxide inm the
solution by a polarograraic method (20). Recently the author (21) has

measured the coulombic efficienty for H202 formation in 02 reduction on platinum
in acid and alknline solutions. Of the three mechanisms, only reaction [3]
involves hydrogen peroxide as a product. Effects of anions and cations on the
formation of hydrogen peroxide in oxygen reduction on platinum have been examined
mainly in 1 M NaOH by the author (22). In the present experiments, the coulombic
efficlency for hydrogen peroxide formation has been determined in 1 g.uasoh as
well as 1 M NaOH with and without added cations and anionms,

Oxygen overvoltage was revieved by Brieter (23). It was demonstrated by
means of 018- labeled anions that the oxygen evolution reaction at smooth
platinum electrodes involves anions at least in high concentrations (5.8 to
10 N) of HC10, (24) and H,S0, (25). Hickling and Hill (26) reported that oxygen
overvoltage at a smooth platinum electrode increased by 10-60 mv in 1 M KOH and
40-180 mv in 1 E_Hesoh in the presence of 0.02 M KF. Erdey-Gruz and Safarik
(27) showed that oxygen overvoltage on smooth platinum in 1 g.nasoh increased in
the presence of large amounts (0.3-1.0 ﬂ) of cations in the following order:
3+

o
k> a1t NHh+> zn*> Na'> M32*> Li*. There seems to be no data on the effect

of alkaline earth metal cations on oxygen overvoltage in alkaline solution. It

will be shown in this paper that oxygen overvoltage in 1 M NaOH increased by
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15~50 mv in the presence of 10 -10 " M of Ba , Sr , Ca on platinum and other

metal electrodes.

In the potential range involved in the oxygen reduction and evolution react-
ions on the platinum electrode, the electrode surface is covered with oxide (or
hydrox*'4e) film, Therefore, a knowledge of the surface condition of platinum in
terms of oxide film anc/or adsorbed oxygen is necessary in order to interpret
the experimental results. For this purpose a brief summary on the adsorbed
hydrogen, adsorted oxygen, and oxide films on anodized-and cathodized-platinum
electrodes will be given. Some details will be given of an oxide film formed
on an excessively anodized platinum electrode in stoh solution, since this

oxide film has not been described often in the literature.

EXPERIMENTAL

Oxygen reduction experiments were carried out in an ordinary polaro-
graphic H-cell with a fritted glass layer in the middle. For coulombic
efficiency measurements, 25 ml of 1 M NaCH or 1 g.nasoh solution was put in
each arm of the H-cell. A rectangular platinum electrode of 16 or 18 cn®
apparent surface area was placed as a cathode in the solution of one arm where
pure oxygen gas (1 atm) was bubbled through the saolution during the experiments
and another small platinum electrode (1 cm2 apparent surface area) was placed
in the other arm as an anode. A constant current of 1.0 ma in most of the
experiments was passed between the anode and the cathode for a measured time,
usually 2 to 20 minutes, A purtion of the cathode solution (usually 20.0 ml)
vas taken out and acidified in the case of 1 M NaOH solution; then the hydrogen
peroxide concentration was determined by a spectrophotometric method. The
method (21) is based on the formation of a yellow-colored material (28) formed
in the reaction between H202 and TiClh reagent. By this method 5 to 100 ug
of H.O. in a 30-ml solution could be determined within an error of a few per

272

cent when a 10-cm cell was used in the extinction measurements.
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Solutions were prepared from triple-distilled water. Sulfuric acid was
purified by distillation twice in a current of air at about 210°C. The 1 M NaOH
solution wes purified by pre-electrolysis at a platinum cathode under a nitrogen
atmosphere for more than 30 hours. Various salt solutions which were added to
1 M NaOH or 1 g.stoh solutions were prepared from chemicals of analytical
reagent grade without further purification. Decomposition of hydrogen peroxide
in these purified solutions was negligible for 10 to 20 minutes in the absence
of a platinum electrode.

Two types of platinum electrode were used; one was pre-cathodized and
the other pre-anodized in 1 M NaOH or 1 X Hasoh depending on the solution used
for the oxygen reduction experimentas, The cathodic or anodic treatment was
carried out for about 20 sec at a current density of 5 ms/cm2 immediately before
use. As will be discussed later, during most of the oxygen reduction experi-
ments the pre-anodized electrode was probably covered with Ptoz-film in both
acid and alkaline solutions and the pre-cathodized electrode at least partially
with Pt(OH)2 or a similar oxide in 1 N NaOH solutions saturated with oxygen.

It is a common experience that the "activity" of platinum electrodes depends
on the history and the pre-treatment of the electrodes. In the preliminary
experiments, a few elactrodes were etcLed in a hot . qua regia solution or
treated in a boiling 6 N HC1l solution, or treated anodically and

cethodically alternately, and then finally anodized or cathodized as mentioned
above immediately before the coulombic efficiency measurements., The
efficiencies were not much different among the anodized electrodes, but large
differences occurred among the cathodized electrodes particularly in alkaline
solutions. The relative effects of added anions and catirns, however, were
the same among tho;e electrodes., In this paper, therefore, any series of
experiments shown in the same table or figure was usually carried out with the
seme electrode at one time. Furthermore, in the experiments to examine the

effect of anions or cavions, before and after each expariment the electrode
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was tested in a standard solution without additives to show that there was no
permanent change in the electrode,

Current-potential curves for the oxygen reduction and oxygen evolution
processes were measured in the H-cell mentioned earlier by using a polarograph.
In these measurements, a small platinum electrode was placed in a solution

stirred by O, in one arm and a mercurcus sulfate plus 1 K H,S0, (+0.667 V vs.

2
N.H.E.) or a mercuric oxide plus 1 M NaOH (+0.115V vs, N.H.E.) electrode vas
pPlaced in the other arm of the H-cell. These reference electrodes, wvhich vere
also used in these experiments as counter electrodes, were not polarized more
than a few millivolts even when 50 to 100 uA was drawn. All the potentials in
this paper are expressed agsinst N.H.E. All the experiments described in this

paper wvere carried out at room temperature (i.e., 22 £ 1°C).

RESULTS AND DISCUSSION

1. Surface condition of platinum electrodes

&, Anodized and cathodized electrodes: It was shown previously by the
author (3,29) and other investigators (2) that current-potential curves of
platinum electrodes taken between hydrogen evolution and oxygen evolution
potentials in an agueous solution saturated with inert gas gave a series of
peaks due to reduction or formation of adsorbed hydrogen and platinum oxides
or adsarbed oxygen. A schematic summary of these curves for an anodized or a
cathodized platinum electrode is shown in Figure 1. The original curves were
taken in 1 M NaOH (3) with a potential-scanning rate of 2.5 mv/sec. These
curves then were shifted t¢ those in a solution of ot - 1l by assuming that
the peaks moved exactly =59 mv per pH unit. The presence of four peaks
(a.b,c,d) on the oxidation curve A and four peaks (a',b',c',d') on the reduc-
tion curve B indicates that four redox couples A, B, C, and D exist on the
surface of platinum electrodes. From the middle of the twvo conjugated peak

potentials (a, a'; b, b'; etc.), approximate standard redox potentials EA’ EB’
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Figure 1, Schoutic curront-potontinl Curves or Platinyn
olootrodu. A Oxidation curve taken &t g cathodized
aloetrodo Trom nNegative ¢, Positive potontiala, B: reduction
Curve taken at g Cathodizegq 8lectrode from +1.0 wolt to
negative potontial, C: réduction curve taken at an &nodizeg
oloctrodo from Positive to negative potontials. Note: data
Fecorded in M NaoOj and tranapoaed to &g+ =1 (see text),
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E., and E_ vere obtained and shown on the abscisa. It has been interpreted that

c* D

the redox couples A and B are two forms of adsorbed hydrogen (3,30-35). The
redox couple C vas not observed in 1 N H,S0, (2,3) and has not been identified
Yet. The redox couple D corresponds to adsorbed oxygen and/or platin hydroxide
(Pt(OH)2). On the reduction curve of the anodized electrode (curve C) peak &'
was not observed but peak c¢" appeared at a more cathodic potential than a'.

This has been interpreted on the basis that the anodized electrcde was covered
wvith Ptoaonﬂao and the hydrated platinum dioxide film was reduced directly to

Pt at peak c¢" (3). Principal evidence for this interpretation comes from
comparing the potential with the value (36,37) for the following reaction:

+ -
. PR, S °
PtO.°nH.O + LH + le Pt + (n+2)320; Ero = +0.80 V (4]

e 2 d

b. Excassively anodized electrode: A nev oxide film, which vas not involved

in the discussion first presented, was found on the surface of a platinum
electrode which was excessively anodized in nasoh. A platinum wire electrode
(apparent area: 0.53 cmz) vas polished with fine emery in each case bafore
the anodic treatment. Then it was ancdized under various conditions as
described in kigures 2, 3, 4, 5, and 6, and the current-potential curves vere

taken in an N.-saturated 1 g.nasoh at 25°C starting with +0.87 V and scanning

2
toward negative potentials at 3 mV per sec in the same manner as described
previously (3). As shown in Figures 2-6, three peaks (e, f, g) can be seen on
these curves, We can see that the peak f remains almost unchanged regardless
of the conditions of the anodizing; however, the peak g becomes larger with
increasing anodizing time (Figure 2), the temperature of the solution (Figure
3), and the current density (Figure lL) involved in the ancdic treatment, The
anodic treatment in 1 M NaOH did not shov psak g as shown in Figure 5. The
peak g appears in the same potential range as that of the peak bV which is due
to formation of adsorbed hydrogen (H' « o"-ﬂbbﬂ.d.). As shown in Figure 6, a
repeat trial without reanodigation shows & norsal two peaks for adscrbed hydro-

gons and & third trial after reanocdisation (curve C in Figure £) shows a curve

Quite similar to the curve C in Figure 1, Therefore, the peak g is not due to
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Figure 3. Effect _of temperature. The anodization was carried
gudint 100 ma/em? for 15 min. in 1 N H2SO at the temperatures
ndicated.
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FPigure 5. Effect of the elecirolyte solution. The anodization
was carried out at 100 ma/cm< for 15 min. at 25°C in 1 N H2SOy,
0.1 N H2S0) and 1 M NaOH for curves A, B, and C respectIvely.
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Figure 6. Curves taken cgnsecutively. A: 1lst curve after the
anodization at 100 ma/cm< for 15 min. in 1 N H280, at 24°C.
B: 2nd curve immediately after the lat curve C: taken after
the Z2nd curve after reanodizing at 100 ma/cmé for 1 min. in
1 N H280) at 25°C,
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an enlarged peak for the peak b, but it seems to be a kind of new oxide which is
formed only by excessive anodic treatment at high current density. The peak f
reaches a steady state after a fev minutes of ancdization and does not change on
further anodization (Figure 2). The peak f is insensitive to temperature and the
current density used in the anodization (Figure 3,i). The peak f appears at a
little more cathodic potential than the peak c" (on curve C in Figure 1) which

is due to reduction of Ptoa'nH 0; this might be due to a little more stabilized

2
form of Pt02-nH 0.

2
In an attempt to obtain an x-ray diffraction pattern of “he new oxide
corresponding to the peak g, a platinum plate with a platinum wira lead was
anodized at 300 ma./cm2 for 100 hours in 1 E-stoh at 35-45°C., A yellow-colored
film appeared after 3 hours of anodization, and the color became thicker with
continuing anodization. Several x-ray diffraction patterns were taken during
the anodization from time to time and no diffraction peaks were found except
those of platinum metal. This might be due to the amorphous unature of the
oxide film, This yellow oxide caanot be attributed to any impurity such as
IT

Pb"" or MnII which can be deposited as PbO2 or Mn02,

solution was prepared from highly purified water and distilled sulfuric acid.

because the sulfuric aciad

This anodic oxide film on platinum also has been studied by Inoue (38)
in connection with the platinum foil anodes ussd in the production of per-
sulfate by electrolysis of a [stoh + (Nﬂh)zsoh] solution. A yellow compound
which formed on an anodized platinum was described by Ruer (39) as Pt(OH)2
Soh-BPt(OH)h-PtO2. Anodic oxidation of platinum was studied with alternating
current superposed on D,C. by Altmann and Busch (40), who found that Pt0,*nH,0
came off the electrode. Recently Shibata (4l) found a large potential step
Just before tlLe hydrogen evolution in the chrono=-potentiogram of a heavily
anodized platinum electrode. Probably this corresponds to the peak g in this
‘paper. Oxygen gas containing 15% of osone by weight has been found by Boer

(42) to be produced at very high current densities on a platinum ancde in a
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-

sulfuric acid sclution (4 = ]1,0065),

18°C
Thus an examination of the literature search indicates that the oxide film
corresponding to the peak g shown in Figures 2-6 may not be a new oxide, but is

not well recognized or characterized.

¢. Effect of Br : The effect of bromide ion on the current-potential curves

of a platinum flectrode taken in 1 g_ﬂzsoh saturated with nitrogen is shown in
Figure 7. Curve A in this figure corresponds to the formation of an oxide

film and/or adsorbed oxygen on the platinum electrode. This process is
inhibited in the presence of small amounts of Br (curves B, C, and D). The
sharp rise of the current in the curves B, C, and D is due to oxidation of Br~
ions. The resuits in Figure 7 suggest that the Br ion is strongly adsorbed

on the p’atinum surface in 1l g_nzsoh and inhibits the electrochemical oxidation

of the platinum surface,

2. Effects of cations and anions on oxygen reduction

a. Coulombic efficiency: The effects of various cations and anions on the
coulombic efficiency for production of hydrogen peroxide were examined at a
constant current of 1,0 mA for 10 minutes of electrolysis at a platinum
electrode of 16 cm2. The results for an anodized platinum electrode are shown
in Tables 1 and 2 for 1 M NaOH and 1 K H,80,, respectively. The coulombic
efficiency values ware calculated on the basis of 0, + H,0 + 2e” == OOH™ + OH™

2

or 02 + 2H+ + 2e = H202. The efficiency values for a cathodized electrode

were lover than those (Tables 1 and 2) for an anodized electrode in both acid
and alkaline solutions; however, the effects of the addition of the anions and
cations were relatively the aime. Among the various cations and anions tested,
only bhalide ions in acid solution and alkaline esarth metal ions in alkaline
solution showved marked.effect.

So far as the coulombic efficiency for H202 production in alkaline

solution is concerned, Cth-, No.~, co.", soh', F, C17, Br~, and Zn' = had very

3
little effect at concentrations up to 3.3 x 1072 M (22). The marked effect of
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Table 1. Effect of Cations on the Formation of Hydrogen Peroxide

on a Pre-anodized Platinum Cathode in 1 M NaOH

*
Run No. Electrolyte H202 formed Efficiency
1 1 M NeOH T2.0 £ 1.2 ug 68.0%
*%
2 1 M NeOH + 0.001 M CaCl, k9.5 k6.7
3 1 M NaOH + 0.001 M Sr(C10,), 38.4 36.2
4 1 M NeOH + 2.001 M Ba(Cl10)), 22.4 21.1

After 10 minutes of electrolysis at a constant current of 1.0 mA at a
pre-anodized Pt cathode of 16 cm in a solution of 25 ml,

*a

A vhite precipitate [Ca(OH)2] was suspended in the solution.

Table 2, Effect of Anions on the Formation of Hydrogen Peroxide on

& Pre-anodized Platinum Cathode in 1 XN H,SO)

Run No, Electrolyte H202 formed. Efficiency
5 1 K H,50, 15.0 £ 1.0 vz .28
6 1N stoh + 0.033 M KF 18.7 17.6
T 1 N H,80, + 0,033 M KC1 32.8 30.5
8 1 N H,80, + 0.33 M KBr 55.2 52.0
9 1 N HC1 39.2 36.9

- —————

B¢++,
EDTA (
|- 18

meats,

decomp

After 10 minutes of electrolysis at a constant current of 1.0 mA at a
pre~anodized Pt cathode of 16 cm® in & solution of 25 ml.

Sr++, and Ca++ ions on the efficiency was completely removed by adding

Na sslt of ethylensdismine tetmacetate) to the sclution (22).

Effect of H202 decomposition: During the coulombic efficiency measure-

some hydrogen peroxide produced electrochemically may have been

osed chemically at the electrode as well as in the bulk solution,

Platinum is a good catalyst® for hydrogen peroxide decomposition (43). It is

+ The
aut

decomposition of peroxide on platinum, however, probably proceeds by an
o oxidation-reduction process involving reactions (3) and (3b). i'nder these

circumstances it is preferable to consider the peroxide as electrochumically
reduced., See Technical Report 17 for a discussion of this point.
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expected that the longer the electrolysis time= the greater would be the amount
of decomposition., In an attempt to establish how much hydrogen peroxide was
originally formed by the electrochemical process, the efficiencies measured for
various electrolysis times were plotted against time as shown in Figure 8. From
the efficiency values obtained by extrapolaticn to zero time, one can see that
oxygen is reduced to OOH™ with an apparent coulombic efficiency of 100% in 1 M
NaOH at an anodized platinum electrode at zero time. In other solutions the
extrapolated value for the apparent efficiency is 15-60%, depending on the
composition of the solutions. The efficiency values obtained by the extrapolea-
tion are shown in Table 3 for various concentrations of Br  and alkaline earth
metal cations in 1 E_stoh and 1 § NaOH, respectively. This extrapolation
procedure also tends to reduce the effects cf the electrochemical reduction of
peroxide (reaction 3b) since the rate of the reduction reaction is expected to
increase with increasing peroxide concentration.

Table 3. Coulombic Efficiencies for Peroxide Formation
Extrapolation to Zero Time.

electrolyte at pre-anodized Pt at pre-cathodized Pt
1N H;S—Oh N ;3.—51 0.0%
1 N H,S0, + 107 M Br- 35.8 39.0
1 N S0, + 1072 M Br~ 51.3 54,5
1 X H,50) + 107t M Br- 55T 5547
1 M NaOH 85 - 100" 20 - b5"
1M NaOH + 2 x 1075 M ca™* 50 - 65 15 - 25"
1M NaCH + 2 x 107> M sr™* 40 - 45" 1 - 20
1 M NeOH + 2 x 107> M Ba'" 25 - 30" 6§ - 15"

Shows the range of values for three different Pt electrodes.
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The catalytic activity of anodized or cathodized platinum electrodes for
the decomposition of hydrogen peroxide was actually measured as follows.

Twenty-five ml of 1 8 H,50) solution containing H 0, at a concentration of 92

2
ug/ml was preparedi with and without adding Br~ and placed in the H-cell used
in the other experiments., A platinum electrode was dipped into the solution
and oxygen gas was bubbled through it in order tc stir the solution as in the
efficiency measurements. One ml of the soluitorn was taken ocut every 3 min
and the hydrogen peroxide concentration was determined spectrophotometrically.
The results are shown in Figure 9, from which we can see that the 5202
concentration decreases almost linearly with time except in the presence of
KBr (10"1‘-10'1 M), In a pure l N H SO, solution, the decomposition rate is
much greater with a cathodized platinum electrode than with an anodized
electrode.

The decomposition rates in the stoh solutions containing Br~ are very
small. Previous investigators have reported that platinum looses its
catalytic activity for decomposing H,0, in HC1l solution (43,44,45), We may
conclude that the coulombic efficiency of less than 100% in 1 §.H280h contain-
ing Br is not due to decomposition of hydrogen peroxide, but rather is
intrinsic to the electrode system, i,e;, in addition to the peroxide producing
reaction is a second non-peroxide pr ducing parallel reaction, or the reduc-
tion of peroxide according to reaction (3b) proceeds at a substantial rate,
or both.,

An experiment similar to that of Figure 9 was carried out in 1l M KaOH
with and without Ba'' ion added. It vas fouhd that practically no hydrogen
peroxide was decomposed without a platinum electrode in 1 M NaOH, and the
decomposition rate was much greater with a cathodized electrode than that with
an anodized electrode (21). In the presence of Ba** ion the decomposition
rate was greater by about 20% with either a cathodized or an anodiszed platinum

electrods.
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The method just described, by which electrochemical formation of 5202
was found by extrapolating to zero electrolysis time, has disadvantages. The
determination of very small amounts of hydrogen peroxide formed in a short
electrolysis time was not accurate; moreover, it was felt that the electrode
surface was changing to some extent during the first one or tvo minutes in the
constant current electrolysis, since the potential was changing.

In an attempt to overcome these difficulties the following method was
tried with four differently pre-treated platinum electrodes. Both the
efficiencies (for 10 minutes of electrolysis at 1.0 mA) and the rates of
hydrogen peroxide decomposition in a solution of 120 ug Hzoa/nl vere measured
for the four electrodes in 1 M NaOH with and without Ba'* added. These results
are plotted in the graph shown in Figure 10. The four points on each curve are
for anodized, cathcdized, aqua regia-treated, and heated (in air at 700°C)
platinum electrodes. The points taken in 1 M NaOH fall on one curve (A) and

the points taken in 1 M NaOH + 1072

E_Bt(OH)2 fall on the other curve (B).

The extrapolation of curve A to zero decomposition rate goes to almost 100¥
efficiency and the extrapolation of curve B does not appear to go to zero.
These results imply that the electrode processes for the oxygen reduction in

1 M NaOH with Baf* ions present is different at least to some extent from that
in pure 1 M NaOH. If the low efficiency in the presence of Ba.H vere simply
due to a higher rate of hydrogen peroxide decomposition, the data with Bn'H
present should fall on curve A and the extrapclation to zero decomposition
should go to 100% efficiency. We may conclude that oxygen is electrochemically
reduced to OOH at platinum electrodes in 1 M NaOH, but in the presence of Ba**

ions another simultaneous electrochemical process takes place which does not

produce hydrogen peroxide, or OOH is electrochemically reduced further.
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c. Qurrept-poteptial curves: Current-potential curves of platinum electrodes

vere recorded in 1 § H230h and 1 M NaOH solutions under various conditions with
potentials scanning from positive to negative potentials. The results are
shown in Figures 11 and 12. The curves C1 and A1 in Figure 11 shuw that the
potential where the electrochemical oxygen reduction in a pure 1 g_stoh
solution takes place with an appreciable rate is about 140 mV more cathodic
at a pre-anodized electrode than at a pre-cathodized electrode. This was
already found by voltammetry (1L) and also by chronopotentiometry (7). Onm
addition of bromide ions to the solution, the current-potential curves shift to
more cathodic potentials (curves Az. A3, Ca. C3). This means that the over-
potential for the oxygen reduction increases in the prasence of bromide ions.
Small peaks indicated by C" with a smali arrowv on the curves Az and A3 1n_
Figure 11 are due to the reduction of the oxide film (Ptoz'nnao) on the
electrode surface. During the coulombic efficiency measurements in 1 N
H,80, (Table 2) with a pre-anodized platinum electrode (18 em® in surface area),
the electrode potential was measured and found to change from O.T4 to 0.TO
volts vs., N.H.E, during the 10 minuto; of electroliysis in pure 1 g.nesoh and
from 0,50 to 0.3T Vin 1 N stou + :LO-2 M KBr. Comparing tﬁue potential
values with those in Figure 11, one may conclude that in the coulombic
efficiency measurements (Tables 2 and 3) oxygen reduction was carried out on
a Ptoz-covered surface at the pre~anodized electrode in pure 1l !-stoh and
probably on a bromide-adsorbed platinum surface (void of oxide) in the 1 ).
Hasoh-containing bromide.

In alkaline solution, again oxygen is reduced at more anodic potentials
at a pre-cathodized electrode than at a pre-anodized electrode as skown by the
curves Cl and Al in Figure 12. The overpotential for the oxygen reduction

increases wvhen Ba*’ 1s added at voth pre-anodized and pre-cathodized platinum

electrodes. The peaks A' and C" correspond to the reduction of the Pt(OH)2
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pre-cathodized platinum electrodes (apparent area:

taken in 1 N HzSOu with oxygen gas bubbling.

scanning rate was 1.2 mv/sec.
Al - pre-anodized Pt in 1 N Hp30)
Ay - pre-anodized Pt in 1 N H2S0) + 10-3 M KBr
A3 - pre-anodized Pt in 1 N HpS0) + 10-2 { KBr
Cy - pre-cathodizec Pt in 1 N Hp30),
C2 - pre-cathodized Pt in 1 N Ho 23S0) + 10~3 M KBr
C3 - pre-cathodized Pt in 1 HS 280), + 10-2 H KBr
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Figure 12. Current-potential curves taken at pre-anodized and
pre-cathodized platinum electrodes (apparent area: 0.05 cm?)

in 1 M NaOH.

taken at
NaOH

taken at
bubbling
taken at

M BaCly with 02 bubbling

Taken at
NaCH + U4

taken at
NaOH
taken at
bubbling
taken a
L x 10
taken a
L x 10-

The potential scanning rate was 0.6 mv/sec.

a pre-anodized electrode in No-saturated 1 M
a pre-anodized electrode in 1 M NaOH with 0;
& pre-anodized electrode in 1 M NaOH + 4 x 10~k

a pre-anodised electrode in 1 M
x 103 M BaCl2 with O, bubbling

& pre-cathodized electrode in N2-saturated 1 M
a pre-cathodized electrode in 1 M NaOH with O

pre-cathodized electrode in 1 M NaOH +
BaClpy with O bubbling
pre-cathodized electrode in 1 M NaOH +
BaCly with 02 bubbling.
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(or adsorbed oxygen) film and Ptoeonﬂeo on the electrode surface, respectively.
The electrode potentials during the coulombic efficiency measurement in 1 M
NaOH (Table 1) were -0.035 V and +0.063 V vs. N.H.E. in pure 1 M NaOH for the
pre-anodized and the pre-cathodized electrodes, respectively, and -0.015 V and
40,064 V ys. N.H.E. in 1 M NaOH + 5 x 107> M Ba** for the pre-anodized and the
pre-cathodized electrodes,respectively. Comparing these potentials to those
believed to be associated with the reduction of the oxide films (peak 4' and
C" in Figure 12), one can conclude that in the coulombic efficiency measure-

ments the oxygen reduction occurred on the PtO_-covered surface at the pre-

2
anodized electrode and on the P't.(OH)2 (at least in parts)-covered surface at
the pre-cathodized electrode in 1l M NaOH, regardless of the presence or
absence of Ba'’ ions.

4. Iaflusace of pH, current depsity, apd povential: The coulombic
efficiency for hydrogen peroxide production in a neutral solution (pH 7.0)
vas measured at a pre-anodized electrode. The results given in Table 4 shov
that the efficiency values (Run No, 1, 2, ant 3 in Table L4) fall between the
efficiency values in 1 M NaOH and 1 N stoh solutions (Taebles 1 and 2), The
addition of bromide increased the efficiency and the addition of zinc ion
decreases it slightly as one can expect from the results obtained on the
addition of anions and cations to alkaline and acid solutions.

The coulombic efficiency for the hydrogen peroxide formation was also
measured over a wide potential range in 1 M NaOH. The results shown in
Figure 13 were obtained by passing a current of 1 to 18 mA with an electrode
of 16 cm? for 2,5to 15 min depending on the currsit, As shown in the Figure,
the efficiency values decrease with decreasing electrode potential. The
factors contributing to this may be as follows. First, at relatively
cathodic potentials, the platinum surface is no longer covered with oxide

film, but with adsorbed hydrogen to some extent and the catalytic activity

for decomposing hydrogen peroxide may be greater than those at anodic
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Table 4, Coulombic Efficiency for HpOp Formation in a Neutral
Solution at a Pre-anodized Platinum Electrode,

»
Electrolysis H,0, formed Efficiency

Run no, Electrolyte time e2
1 0.2 M NaAc + HAc (pH 7.0) 5 min 11.6 ug 18.L%
2 " " 10 18.7 17.6
3 " " 15 28.0 17.6
L "+ HAc + 0,03 M KBr 10 L6.7 L4, 0
5 " " 4 0.1 MKBr 10 L5.5 43,0 )
6 solution of No. 4 + 0,01 M ZnSO; 10 38.0 35.9
T " + 0.05 M ZnSO;, 10 38.5 36.3

L ]
At a pre-anodized electrode of 18 cm? at a constant current of 1.0 mA,

potentials wher~s an oxide film exists on the surface. The decomposition of
hydrogen peroxide on platinum has been considered as an electrochemical process
(46,47) and :therefore should be dependent on the electrode potential. Second,
at the most cathodic potential (-0.775 V), 18 mA per 16 sz had to be passed
to maintain the potential and this may have exceeded ihe diffusion limiting
current+. Third, some other parallel oxygen-reductvion processes and the
hydrogen peroxide reduction process may occur to a greater extent at the more
cathodic potentials than at the relatively anodic potentials,

At any rate, it should be noted that some hydrogen peroxide formation is
certainly taking place on the pre-anodized platinum even at a potential Jjust
before the beginning of hydrogen evolution and that Ba*’ ions added to the

1 M NaOH still produce a small decrease .u “he 5202 formation, even though the

* The diffusion limiting current may be estimated from the equation iy = nf Dc¢/$

where f = faraday, D = diffusion coefficient, ¢ = concentration, and § =
effective thickness of diffusion layer. A value of i; = 1.0 ma/cm? is
obtained with the folloging values. § = 0,005 cm for the gas-stirred
solution, ¢ = 0,8 x 107 mole/cm3 , D =2, and D = 2,7 x 10=5 cm? sec~l,




80

EFFICIENCY, %
'S (o))
o o

N
o

-29-

POTENTIAL vs. N.HE., VOLT

Figure 13. The cculimbic efficlency values for H 0o formation

in the
various
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oxygen reduction process on platinum electrodes at
potentlals in 1 M NaOH.

in 1 M NaOH at a Bre-anodized electrode
in 1 ¥ NeGH + 10< M Ba(OH), at a pre-anodized electrode

in 1 M NaOH at a pre-cathodizad electrcde
in 1 K NaOH + 10-< M Ba(OH); at a pre-cathodized
¢lectrode.
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electrode surface should not be covered with oxide film at this cathodic poten-

tial. Further research is necessary to clarify this point.

3. Effects of cations and anions on oxygen evolution
a. Platinum electrodes: Current-potential curves for the oxygen evolution

process were recorded for a platinum electrode in 1 M NaCH, scanning from
+0.6 V to more anodic direction. The effects of NaC10, , Sr(Cth)a, and EDTA
added to the solution are shown in Figure 1k, The results show that the
electrode surface seems to attain a constant state after the first two curves
taken successively (curves 1, 3) and the addition of 1072 M §aC10, (and
also KC1 in a separate experiment) has very little effect (curves 3, 4). The
overpotential for the oxygen=evolution process increases with increasing
amounts of Sr(Cth)2 (curve 5, 6, T). The addition of EDTA brings the curve
back to the original position, probably because Sr*+ ions are complexed and
no Sr'’ is adsorbed on the surface,

Among the three alkaline earth ions, the effectiveness of these ions in
increasing the over-potential was in the following order: Ba+*<8r++<Ca*+,
wvhen compared at the same concentration. The solubility of Ca.(OH)2 is so
small in 1 M NaOH, however, that the effect of Ca“ vas not evaluated properly.

Some question might be raised as to the function of EDTA in the experi-
ments just described. The possibility exists that the EDTA might be electro-
chemically oxidized on the platinum electrode in 1 M NaCH in addition to forming
a complex with 8r++ ion. In order to examine this point, 25 ml of an 1 M NaOH +
0.020 M EDTA solution was electrolyzed in an H-cell with a platinum electrode
(6.0 cm?) as the anode at a current density of 1.0 mA/cm2 for up to 60 min
with oxygen-gas stirring. The concentration of the EDTA was determined every
20 min by titrating a 5.0-ml portion of the solution with a standard soclution
of 0.0100 M ZnS0) using Eriochrom Black T as an indicator. During the

electrolysis the electrode potential rose from an initial value of +0.865 to
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Figure 1. Current-potential curves for a pre-anodized platinum
anode (0.13 cmc in surface area) for the oxygen evolution
process in an O, gas-stirred 1 M NaOH solution. The potential
scanning rate was 0.6 mv/sec. These curves were taken in the
following order,

l. 1st run in 1 M NaOH
2. 2nd run immedYately after the lat run in 1 M NaOH
. 3rd run immediately after the 2nd run in 1 M NaOH

in"l M NaOH + 10-2 M NaClO}, after, curve 3
in 1 ¥ NaOH + 10-2 ¥ NaC10), + 10~4 M Sr(C10},), after curve g
in 1 ¥ NaOH + 10-2 M NaC10) + 103 ¥ Sr(S10))> after curve
in 1 ¥ NaOH + 10-2 { NaC10), + 19-2 M Sr(C10; )2 after curve 6
repeated in the same condition =s_curve 7
in 1 M NaOH + 10-2 M NaCl0), + 10-2 M Sr(Cl0y)p + 2 x 1072 M
EDTA,

O OO~ o\

e o o » o o
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+1,055 V v8. N.H.E., at the end of the electrolysis. It was found that the
concentration of the EDTA solution remained constant within the analytical
error even after 60 min., This siggests that EDTA is not oxidized electro-
chemically under these conditions.

b. Other electrodes: The same experiments as just described for the platinum
electrodes were carried out on nickel, palladium, nickel oxide, gold and carbon
anodes to establish if the addition of Ba+*, Sr++, and Ca.++ to 1 M NaOH pro-
duced similar effects with these electrode surfaces. The results for a nickel
electrode are shown in Figure 15; the relative effect of SrH and EDTA are
essentially the same as for a platinum electrode except that oxygen evolution
takes place at much lower potentials on nickel than on platinum. Tafel slopes
wvere obtained from these current-pctential relations. These results are
summarized in Table 5, which shows that the oxygen overpotential increases by

15 to 90 mV in the presence of 5 x 1073

E.Sr(010h)2 depending on the electrode
material, and the Taf'el slope increases only slightly in most cases when

Sr(Cth)2 is added to 1 M NaOH.

DISCUSSION

In order to understand the considerable effect of small amounts of
anions and cations added to the electrolyte as described in the preceeding
sections, we must assume that those ions are adsorbed on the electrode surface.
The nature of the adsorption mechanism has to be discuassed first.

Various metal oxides with hydrated surfaces gesnerally have an ion-
exchange property. The hydroxyl groups which exist on the surface of those
metal oxides in aqueous solutions usually dissociate in two ways depending on

the pH of the solution (9); i.e.,

o ut -
- —
M - OH M + OH™ (acid) (5]

M~ OH = MO~ + H' (alkaline) 3
v

00 @ o0

where ! M represents a metal atom on the surface of the oxide. These OH or

H+ ions are held near the :M+ or :MO-. respectively. Therefore, anion
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Figure 15. Current-potential curves for a nickel anode
(sapproximately 0.2 cm@ in surface area) for the oxygen svolu-
tion groceaa in an oxygen gas-stirred 1 M NaOH solution taken
utdo. mv/sec. These curves were taken In the following
order.

1. in 1 M NaOH -2
2. in 1 M NeOH + 107< M NaCl0
. in 1 M NaOH + 10-2 ¥ NaC10}, + 10-3 SrSCIO )
é. in 1 ¥ NaOH + 10-2 M NaC10), + 5 x 103 M gr%c:to )2
. in the same solution as fof curve 4 x 10- g.EDkA,
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exchange-adsorptions in acid solutions and cation exchange-adsorptions in
alkaline solutions take place as shown in the following eq.ations,
respectively:

' M* OH” + 1" =m i M* 1™ + OH™ (7]
o e
PMH M Mo M e E? (8)
-«

The platinum electrode is covered with an oxide film over a certain
potential range; therefore, anion adsorption in acid solution and cation
adsorption in alkaline solution on the electrode surface should be expected.

It has been shown that 02 is reduced on a Ptoa-coverod surface at a
pre-anodized electrode and on a surface covered with Pt(OH)2 (or adsorbed
oxygen) at a pre-cathodized electrode in 1 M NaOH (Figure 12) and that a small
amount of Ba+*, Sr**, and Ca*’ has a considerable effect (Table 1). These
cation effects can be understood on the basis of ion-exchange adsorption when
the electrode is covered with an oxide or hydroxide layer.

The anicn effect on oxygen reduction found in acid solution (Table 2)
also can be explained on the basis of anion-exchange adsorption; however, the
electrode surface is probably no longer covered with ¢x'de film in the
presence of Br  ion during the oxygen reduction (Figure 11). This anion
effect in acid and neutral solutions, therefore, must beé explained by the
specific adsorption of halide ions on the platinum. The effects of such
specific adsorption of halide ions on various electrode processes have been
described frequently in the literature  U48-50).

The author previously suggested (10,11) that the nature of the divalent
cation adsorption on the metal oxides was not simple electrostatic attraction
but a kind of cooruination bonding. Furthermore, the author has proposed that
a substantial fraction of the adsorbed divalent cations are involved in
surface chelates. For example, with Ba*+ ions the surfece hydroxyl groups may

be involved as follows:
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If the adsorption force were just a ordinary electrostatic attraction,
na would be expected to be adsorbed to a far greater extent than Ba*¢ in
1 M NaOH because the concentration of Nc+ is far greater thean that of Bn*+
and the total molality of the electrolyte is high in the present work (see
ref. 51).

It was shown that Da+*, Sr++. and ca*t ions have a marked effect on
the oxygen evolution process. This means these positively charged ions must
have been adsorbed on the electrode at very positive potentials. This also
implies that simple electrcstatic attraction between the divalent cation and
the electrode surface is not the principal adsorption force and that
probably suriuce complex formation of the type just described is important.

Although the electrochemical reduction of oxygen has been found to be

dependent on the surface state of the platinum electrode and the ion adsorption

on the platinum elec¢trode, further research is required to establish fully the

mechanism for the oxygen reduction.
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