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Life time of Activated Platinum Surface 
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The electrocheniical reduction of preoxidized platiriurn electrodes produced a surface state 
that  exhibited decrcascd "activity" toward the prewave of adsorbed hydrogen with time. 
The half-life of this activated surface state was of the order of 46 min. The ratio of coulombs 
for platinum oxidation compared to the hydrogen premave gave for m in P t* . . . (H2)m 
(adsorbed) a value of 0.3, where P t*  designates the activated platinum. 

Introduction 

Various pretreatment methods have been employed 
to "activate" a platinum surface where the activation 
supposedly produced an enhanccnient in the reversi- 
bility of the electrode reaction. .ittempts have been 
made to explain this phenomenon of activation in 
terms of the chemical and physical nature of the 
platinum surface. Lingane' and Sawyer and Inter- 
rante2 for example have observed the necessity of 
preoxidizing the electrode prior to the reduction of 
oxygen and have proposed a mechanism which in- 
volved platinum oxide. Others, notably Anson, 3 , 4  

Anson and King15 and Davis6 have studied the efl'ect 
of oxide on the reversibility of electrode reactions at 
platinum. An oxide bridge-type niechanism has been 
invoked6-' to explain the increased activity associated 
with a preoxidized platinum electrode, but Anson and 
King's results do not support this contention. 

The activity of platinum electrodes in relation to 
surface structural changes has been studied by Shi- 
bata.g-ll On the basis of visible 'Lcoarsening" 
of the surface by alternating current e l e c t r o l y s i ~ ~ ~ ~ ~ '  
and of dccreasc.d rates of activity in terms of hydrogen 
overpotential associated with varying pretreatment 
times, l1 Shibata had concluded that when an electrode 
was oxidized and then reduced, a thin layer of unstable 
atonis was formed. The high activity was due to the 
presence of these unstable surface platinum atoms 
whose rate of crystallization mas apparently slow. l 1  

A n s ~ n ~ * ~  and Anson and King3 on thc basis of the 
similarity in behavior between a preoxidixed and re- 
duced electrode and a chemically platinized electrode 
concluded that the electrochemical reduction of oxide 
formed a thin platinized surface which accounted 

for the enhanced activity. The platinized surface 
would be the same surface as described by Shibata" 
and I3onne1nay,~~ and henceforth will be designated as 
Pt*. 

The overpotential for the reduction of proton or 
water to form hydrogenIg or the oxidation of hydro- 
g e n " ~ ' ~  decreased when a preoxidized arid subsequently 
either electrochemically or chemically reduced elec- 
trode was used. On the reduction a small prewave 
occurred immediately before the hydrogen evolution. 
This prewave has been interpreted as being due to ad- 
sorbed hydrogen on the platinized surfa~e.~*'41'5 The 
possibility of more than one form of adsorbed hydro- 
gen to produce fine structure on the prewave has been 
investigated by Franklin and Cooke.lR 

There has been presented evidence that oxygen at 

(1) J. J. Lingane, J .  Electround Chem., 2 ,  296 (1961). 
(2) D. T. Sawyer and L. V. Intermnte, ibid., 2 ,  310 (1961). 
(3) F. C. Anson and J. J. Lingane, J .  Am. Chem. Soe., 79, 4901 
(1957). 
(4) F. C. Anson, Anal. Chem., 33, 934 (1961). 
(5) 1'. C. Anson and I>. hl. King, ibid., 34, 362 (1962). 
(6) I). G. Davis, ,Jr., Talar~ta, 3 ,  335 (1960). 
(7) I. >I. Kolttioff and 15. It. Sightingale, Anal.  Chim. Acta, 17, 329 
(1957). 
(8) F. C. Anson, J .  Am. Chem. Soc., 81, 1554 (3959). 
(9) S. Shibata, J .  Chrm. Soc. Japan, Pure Chcm. Sect . ,  79, 239 (1958). 
(10) S. Shibata. i t i d . .  80, 453 (1959). 
(11) S. Shibata, Hull. Chem. Soc. ,Japan, 36, 525 (1963). 
(12) A I .  Bonnetnay, Z .  Elektrochem., 59, 798 (195.5). 
(13) I,. 1'. Haminett, . I .  Am. Chem. Soc., 46, 7 (1924). 
(14) D. T. Sawyer and E. T. Seo. .I. Eleelroanal. Chem., 5, 23 (1963) 
(and pertinent references therein). 
(15) It.  P. Buck and L. It. Griffith. . I .  Klecclrochem. Soc., 109, 1005 
(1962). 
(16) T. C.  Franklin and S. I,. Cooke, Jr., ibid.. 107, 556 (1960). 
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platinum exists as a oxide film, while a t  the same time, 
the evidence does not preclude the possibility that oxy- 
gen is an absorbed film.I7 Feldberg, Enke, and Br ickd8 
have studied the anodic and cathodic polarization of a 
platinum electrode and concluded that the active elec- 
trode was the “half-reduced” state. 

In  this paper the dependence of the number of cou- 
lombs consumed in the cathodic and anodic hydrogen 
prewave will be investigated with respect to the number 
of coulombs involved in the oxidation and reduction 
of the platinum oxide, and the variation with the time 
following activation. The data are consistent with 
reduction of oxide surface producing Pt*. 

Experimental. 
The experimental arrangement for the chronopoten- 

tiometric measurements were conventional in all 
respects. The triangular wave generator and poten- 
tiostat used for cyclic voltammetry were built following 
the circuit design of Alden, Chambers, and ad am^.'^ 
A Leeds and Northrup Model H Azar strip chart 
recorder or Electro-Instruments Model 100TB X-Y 
recorder were used for the current-voltage (CV) 
traces. 

The following additions or changes were made to a 
previously described20 special quartz cell : A Leeds 
and Northrup No. 117136 bridge containing the same 
solution as in the cell made connection to a commercial 
Leeds and Northrup calomel electrode which served 
as the reference electrode; and either platinum wire 
or planar foil sealed in soft glass tubing were used for 
the working electrodes. Platinum was obtained from 
two different sources: Wildberg Bros. Smelting Co., 
San Francisco, Calif., 99.98% Pt; and Engelhard 
Industries, Inc., Sewark, N. J., 99.9E!9% Pt, 
(main impurities: Fe 34 p.p.m. and Pd 25 p.p.m.). 
The bridge and electrodes were sealed to an O-ring 
top which fitted the cell tightly. All seals were air 
tight against leakage. The degassing procedure and 
equipment was previously described. 2 1  

The areas of the electrodes were evaluated through 
ferrocyanide oxidation using the diffusion coefficient 
value22 of 0.67 X cm. sec.-l. They compared 
favorably to the measured geometric areas. The 
electrodes were stored in 1 F HzS04. 

Reagent grade sulfuric acid and sodium or potassium 
carbonate were used without further purification. 
Water was redistilled from alkaline permanganate. 

Results and Discussion 
A platinum foil or wire electrode stored for several 

hours in a 1 F HzS04 solution exhibits the cyclic CV 
patterns shown in Fig. 1 and 2 for polarization in 
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Cyclic scan of platinum electrode in 1 F &Sod. Figure 1. 
Electrode stored for 24 hr. in 1 F &So4 prior to scan. 
Steady-state CY reached after about 10 cycles. 
indicate direction of current change with each scan.) 
rate is 0.13 v. sec.-I. 
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Cyclic scan of platinum electrode in 1 F Na2COa. Figure 2. 
Electrode stored for 12 hr. in 1 F H2S04 prior to scan. 
Steady state reached after about 15 cycles. 
direction of current change with each scan.) 
0.13 v. s ~ c . - ~ .  

(Arrows indicate 
Scan rate is 
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Table I : Coulombs for Oxidation and Reduction a t  Platinum" 

Electrode 
area, Solution, 7'0.6,  % __ Qe - Q 'a Qo 4- Q'a 

cm.2 :I F Q& QO Q 'e Q'* min. Qs. QS Q ' 0  Qa + Q's 

5.44 NazCOa 
5.44 
5.44 Na2COs 
0.81 Ns2C03 
0.60 NazCOa 
0.60 
0.10 Na.2COs 
0.10 HrSO4 

860 718 184 
410 398 147 
925 758 310 
612 503 205 

1105 987 386 
765 666 422 
330 310 925 
570 570 390 

136 52.0 
133 41 5 
27 V 
179 
326 
227 

90 40.0 
338 51.3 

5 . 4  
Av.: 46.2 f 

0.15@ 
0.325 
0.293 
0.342 
0.295 
0.297 
0.272 
0.593b 
0.304 f 

0.20 

0.835 
0.970 
0.820 
0.820 
0.895 
0.870 
0.940 
1.00 
0.894 f 

0.051 

0.740 
0.905 
0.875 
0.873 
0.845 
0.538* 
0.973 
0.867 
0.868 f 

0.037 

0.906 
1.00 
0.892 
0.894 
0.960 
1.09 
0.961 
1.06 
0.970 f 

0.050 

a Scan rate: 0.13 v. set.-'; all values of Q in pcoulombs/cm.2. * Scan limits: 1 F HzS04: Q. and Qo, 1.125 to 0.125 v. us. s.c.e.; 
0.125 to -0.190. Omit these valucs &la and 

in average. 
1 F NazCOs: QB and Qo, 0.50 to -0.50 v. us. s.c.e.; & I s  and Q'c, -0.50 to -0.85. 

degassed solutions of 1 F HzS04 and 1 F NazC03, 
respectively. The shape of the polarization curves 
changes with each cycle until a steady-state pattern if3 
attained. In  the basic carbonate solution the steady- 
state CV patterns are more reproducible from day to 
day than the sulfuric acid solution. I n  both cases, 
however, the number of coulombs consumed in the 
anodic wave, Qa, is ca. 10% greater than the coulombs, 
Qc, consumed in the cathodic portion (see Table I, 
columns 3 and 4). The values of Qa and Qc for a given 
scan limit of potential appears to be independent of 
the scan rate between 0.13 and 0.0195 v.-sec.-I. Data 
for basic carbonate solution are summarized in Tabl'e 
11. 

If a platinum electrode is cycled as above and then 
allowed to polarize cathodically, a wave is observed 
to precede the larger current for the hydrogen evolu- 
tion. The prewave only appears if the electrode is 
preoxidized and then reduced and undoubtedly cor- 
responds to the chronopotentiometric prewave prev- 
iously observed by Anson.* The cyclic CV curves for 
activated electrode in 1 F NaZCO3 and 1 F HB04 arle 
shown in Fig. 3A and 3B, respectively. The CV curvle 
in acid is closely similar to one shown previously by 
Buck and Griffith.15 In carbonate, the potential 
of the cyclic pattern shifts by ca. 0.06 v./pH from thie 
acid and appears similar with the exception of some 
loss in the fine structure of the prewave. If the 
direction of the polarization is reversed a t  the foot of 
the current for the evolution of hydrogen into solution, 
an anodic wave, which is essentially a mirror image of 
the cathodic prewave, is obtained. The number of 
coulombs for the cathodic prewave, &Ie, and the anodic 
wave, Q'&, are summarized in columns 5 and 6 of Table 

I. The values of Q'o and &Ia. appear to be independent 
of the scan rate (see Table 11). The average ratio of 

is 0.868 f 0.037 for the data in Table I .  The 
inequality between the values of Qa and Qc, and 
and &Ia indicates that all of the oxide is not reduced 

~ 
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Figure 3. Trace A: Cyclic scan of activated platinum 
electrode in 1 F Na2C03 between the potential limits of 
+1.125 to -0.190 v. us. s.c.e. 
activated platinum electrode in 1 F HzS04 between the 
potential limits of +1.125 to -0.190 v. us. 8.c.e. Traces 
a-g between the potential limits of 0.125 and -0.190 v. us. 
8.c.e. were taken after intervals of time: 0, 10, 25, 40, 70, 
100 and 130 min., respectively. Scan rate: 0.13 v. sec.-I. 

Trace B: Cyclic scan of 
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Table 11: Effect of Scan Rate 

Scan 
rate, Q ‘ O ,  Q’U Qo + Q’o 

v. 8ec.  -1  &.a QC Q ’0 Q ‘a recycleb recycle Qa + &‘a 

0.13 1060 920 386 317 342 334 0,950 
0.0625 1140 1000 343 334 342 317 0.912 
0.0325 1110 990 402 308 350 325 0.985 
0.0195 1130 1050 410 342 360 334 0,990 
Av. 1110 =I= 30 990 f 35 385 f 21 325 f 13 349 f 6 328 f 6 0.960 f 0 . 0 3 0  

a Scan of P t  electrode in 1 F Na2C03. All values of & in pcoulombs/cm.2. * & I I L  and &’c recycle is coulombs consumed when elec- 
trode is cycled once around (scan limits: -0.50 to -0.87 v. us. 5.c.e.) the hydrogen prewave after a complete cycle was made around 
both the oxide and hydrogen prewave (scan limits: +0.50 to -0.87 v. us. s.c.e.). 

in the potential region of the main oxide reduction 
wave but continues into the potential region of the 
hydrogen prewave. If this is the case, the value of 
(QC + &Ic)/(QR + &la) should approach unity. Ex- 
perimentally, the average values are 0.97 f 0.05 and 
0.96 f 0.03 for the data presented in Tables J and 11, 
respectively. If the above reasoning is correct, the 
value of QIa:Qlo should also approach unity upon 
each successive cycle if the electrode is cycled only in 
the potential region of the prewave. Columns 6 and 
7 of Table I1 shows the values of & I c  and &la for 
the recycle in the prewave region. The average ratio 
of &Ia : &Ic  is 0.94 as compared to 0.85 for the ratio of 
the first cycle (data: column 4 and 5 of Table 11). 
If the potential is allowed to continued cycling around 
the prewave region, the values of &Ia and & I o  become 
equal. 

Both the oxide and prewave CV curves are independ- 
ent of soluti-n stirring. When both the oxide and 
hydrogen prewave CV’s are affected by stirring, the 
solution contains some dissolved oxygen. If only the 
values of &IR to &’? are changed by stirring, the poten- 
tial range being scanned is sufficiently cathodic to 
evolve hydrogen into the solution. When the value of 
&Ia remains constant irrespective of whether or not the 
solution is stirred and whether hydrogen is evolved in 
the cathodic portion during stirring, it is an indication 
that the Pt* is saturated or a t  a maximum coverage 
with adsorbed hydrogen. Thus, the reactions in- 
volved a t  the platinum surface consistent with the above 
results and the conclusions of other ~ ~ r k e r ~ ~ * ~ , ~ ~ , ~ ~  
are 

PtO + 2H+ + 2e- = Pt*  + HzO (1) 

Pt* + 2mHf + 2me- = 

Pt* . . . (Hz), adsorbed (2) 

or, if an oxidized electrode is immersed in dissolved 
hydrogen 

PtO + Hz = Pt* + HzO (3) 
and 

Pt* + mHz = Pt*.  . . (H& adsorbed 

where PtO represents platinum oxide (not distinguished 
from possibility of Pt(OH)z in basic solutions, but dif- 
ferentiated from molecular oxygen held on platinum 
surface through weak electrostatic forces) and m may 
be any posTtive integer or noninteger value. If the 
Pt* is a real physical state, the formation and subse- 
quent reduction of oxide seems to necessitate the for- 
mation and rupture of bonds between platinum and 
oxygen atoms. 

The values of Qa and Qc depend on the anodic and 
cathodic potential limits as well as somewhat on the 
prior history of the electrode. In particular, care 
must be taken to prevent oxygen evolution on the 
anodic limit. (There is indication from, previous 
work that the potential for oxygen evolution can be 
differentiated during oxide formation a t  least in basic 
 solution^.^^) It is interesting to note that the value 
of Q’? or &la. is directly related to the amount of oxide 
formed. In  Table I the average ratio of is 
0.304 f 0.020. A similar result is found in Table 11. 
If one assumes that platinum oxide formation and 
reduction is a two electron per atom process and that 
adsorbed hydrogen is molecular, the value of m is 
0.3. 

That 
is, if the activated electrode is allowed to stand for 
periods of time (no electrical connections) in a thor- 
oughly degassed solution and then cycled around the 
hydrogen prewave, both &la and &Ic  decrease (see 
Fig. 3B, traces a-h). In  Fig. 4, curve B, a typical 
plot of the logarithm of the values of &la as a function 
of time for carbonate solution is shown. The curve is 

(4) 

The values of &la and & I c  are time dependent. 

(23) T. Kuwana, J .  Electroanal. Chem., 6 ,  164 (1963). 
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Figure 4. 
Curves A and C evaluated froni continuoilsly c:ycling the 
electrode in 1 F Na2C03 and 1 F fI2SO4, respect,ively. 
Potential limits of scan: -0 .50 to -0.85 and +0.125 t o  
--0.190 v. ?is. 8.c .e . ;  1 F SapCOs and 1 I.’ IIzs04, respectively. 
Curve B: Q‘. evduated from interniittently cycling a 
platinum electrode in 1 P Na2COa. 

1,ogarithrn of Q r R  plotted us ii function of t,inie. 

linear. Thc slope of the curve is similar to those found 
in 1 F H2S04. Several values of the decay of &la 

in terms of half-lifc, To 5 ,  are given in Table I. 
If I%* is truly a dislocated, either atomic or small 

crystalline platinum, thc more stable thermodynamic 
state should bc the larger, crystalline platinum, Pt,. 
The rate of the conversion of the reaction 

ki 
I%* + Ptc ( 5 )  

where kl is the rate constant and is cxpected to depend 
only on thc rate of surface migration and reorientation 
of I%* as it “fits” into the larger crystalline lattice 
structure. If the hydrogen prewave is Pt* (€12)  
(adsorbed), t h m  the decrease of Q’. and Q f c  with time 
is perhaps a measure of kl. 

If I%* conversion is purely random and statistical, 
the rate will be first order with respect to the surface 
concentration of I%*. Furthermore, the validity of 
measuring the apparent rate of Pt* conversion by thc 
hydrogcn prcivave will depend on the constancy of m 
and on the following reactions 

Pt* (TI2), (adsorbed) --%- 
Pt* + mH2 (soln.) (6) 

kr 
Pt* (H2), (adsorbed) --+ 

I’tc + mH2 (soln.) (7) 
kd 

I%* (HJn (adsorbed) + 

( I L ) m  (adsorbed) (8) 

Pt + 2II+ + 2e- --+ Pt (H,) (adsorbed) (9) 

The constancy of the values of Q f a  to Q f c  with scan 
rate (see Table 11) in the basic solution indicates, a t  
least, that the rate of reaction 6 is slow if it occurs a t  
all to any extent. A completely deactivated electrode 
(allowed to stand in degassed solution 12 hr. or more) 
shows no prewave and only the normal, large currcnt 
due to hydrogen formation into solution. On cycling, 
the anodic prewave is also absent for a deactivated 
elcctrode and there is no evidence for contributions 
from reaction 9 in the potential rcgion of the prewave. 
If reaction 8 occurs, it is only an additional path by 
which Pt* is removed from the systrm. ,Just by 
studying the prewave, reaction 8 cannot be distin- 
guished from reaction 7. Conversion of I%* by thcse 
two reactions should have a dift’erent rate than by re- 
action 5. 

Rather than allowing the elcctrode to stand for var- 
ious periods and then evaluating the prewltve, thc elec- 
trode was continuously cycled around the prewave a t  
a scan rate of 0.13 v. SCC. - l .  The values of Q’n eval- 
uated in this manner are plotted as a funetion of time 
for 1 F Ka2C0.1 and 1 F €12S04 in Fig. 4, curves A and 
C, respectively. The curves are both linear with simi- 
lar slopes. If both the values of Q’a and Q’c for the 
same run are plotted as a function of time as abovc., 
two linear curves, which intersrct due to a slight 
difference of slopes, are obtainrd. The reason for this 
is heliwcd to be attributable to the slow absorption 
of hydrogen into the platinum metal which makes the 
value of Q’? slightly larger than Q l g  during the early 
part of the run. At longer times, however, thc amount 
of absorbed hydrogen bccomcs appreciable and con- 
tributes to Q’.,. During thcsc latter stages, if the 
potcntial is allowed to scan in the region betwren the 
oxide and hydrogcn prewave, an anodic wave attri- 
buted to absorbcd hydrogenlfi is observcxd. 

The first-order decay in quantity of reaction 2 is an 
iridircct measure of the rate of reaction 6. The value 
of Q f a  can, thus, be expressed at any time, t ,  as follows 

(Q’A t = (Q’d (10) 

( Q f d t = O  = 7nQa (11) 

where 

and the value of kl calculated is 0.015 min.-l. 
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A relationship of similar form as (10) has been set 
forth by BonnemayZ4vz6 for poisoning of “active” 
sites on platinized platinum by bromine. Poisoning 
by other halogens was also investigated. It cannot 
be disputed that “active” sites of Pt* may be deacti- 
vated by adsorption of certain anions or organic mole- 
cules or through chemical reaction to form a platinum 
compound on the surface. Presence of oxygen in 
alkaline solution to form oxide would be an example of 
the latter. It seems unlikely, however, that  any of 
the above reasons accounts satisfactorily for the pres- 
ent experimentally observed results, particularly to 
explain the similarity of the half-lives irrespective of 
whether the solution was 1 F H2S04 or 1 P NazCOa 
or whether the electrode was continuously or inter- 
mittently cycled to obtain the decay data. 26 

An interesting question arises with regard to the 
mechanism of hydrogen evolution or hydrogen oxida- 
tion. Does electron transfer occur through the ad- 
sorbed hydrogen without any appreciable exchange of 
the adsorbed with the solution hydrogen? Recent 
tracer experiments by Osteryoung and AnsonZ7 has 
indicated that adsorbed iodide on platinum does not 

exchange and is inactive electrochemically as far as 
the oxidation of solution iodide or iodine is concerned. 
A similar situation, perhaps to a lesser extent, may exist 
with the hydrogen system. 
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theirs. 
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