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PROMOTION WITH ADATOMS AND MICRODEPOSITS 

OF CATALYSTS USED IN ELECTROCHEMICAL 

ENERGETICS SYSTEMS*) 

By 

Yu. B. VASSILIEV**) 

(Received November 25, 1982) 

Abstract 

Studies have been made of the influence of various adatoms and microdeposits on 

relatively inert supports upon the kinetics and mechanism of different electrochemical 

reactions. It is shown that the catalytic effect depends primarily on the mechanism of the 

electrochemical reaction. For one reaction adatom can act as promoter and for another as 

poison. Generally the action of promoter (or poison) is to change the surface concentration 

or the strength of the bond with the surface of one of reacting particles. Adsorbed cation 

and adatom are two extreme cases of one phenomenon. 

The transition from adatoms to microcrystals has been studied. It is shown that with 

decreasing cluster size on support, the specific catalytic activity of a single atom in a cluster 

can both increase (Pt, Ir, Rh on GC and Ti) and decrease (Pd on GC) or remain unaffected 

(Pd on Nb). With increasing cluster on support gradually approaches that in monolithic 

metal. 

In recent years much attention has been given in electrochemical ener
getics to micropromotion with ada toms and microdeposits as one of the most 
important ways of increasing drastically the catalytic activity and decreasing 
expenditure of precious metals.1- 10) Deposition of monolayers and submono
layers of foreign metals is a relatively simple means of modifying the elec
trocatalytic properties of the surface and also a convenient method for investi
gation of surface effects in electrocatalysis.w 

Adsorption of monolayers and submonolayers of foreign metals at poten
tials more positive than the thermodynamic potential of their deposition can 
lead to a change in the electronic and adsorption properties of the surface,12-14J 
probably, due to strong interaction of valence orbitals of adsorbed species 
with electron gas of the metal, which in its turn should lead to a sharp 

*) The present paper was presented at the 5th JAPAN-USSR Seminar on Electro
chemistry held in Sapporo, Sept. 16-18, 1982. 

**) Institute of Electrochemistry, Academy of Sciences of the USSR, Moscow, USSR. 

89 



90 

Yu. B. V ASSILIEV 

change in the catalytic properties. 16) As shown by our studies, these sub
molecular layers are layers of chemisorbed cations, which have partly or 
completely lost their charge. Specific adsorption of inorganic cations on 
platinum and platinum group metals has been the subject of numerous studies 
both by means of the charging or potentiodynamic curves and by the radio
active tracer method. 12) 

The dependence of the surface coverage by various cations on potential 
shows that the potential range in which adsorbed cations exist on the surface 
depends both on the cation and the electrodecatalyst nature. As can be seen 
from Fig. 1, when passing from zinc to tin cations and further to mercury 
cations, the potential range and which adsorbed cations exist on the surface 
widens considerably. Zinc cations are completely desorbed from the platinum 
electrode surface already at the potential 0.4 V and thus it is clear why 
they do not affect the methanol electrooxidation process on platinum, which 
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Fig. 1. Dependence on Er of the platinum sur
face coverage with zinc (1), tin (2) and 
mercury (3) cations and the relation Qox/ 
ilQH for tin ions (4). 1-5·10-3M ZnS04+ 
0.5 M H 2S04 2.4-5.10-5 M SnS04 + 0.5 M 
H2S04 3-10-4M Hg(N03)2+0.5M H2S04, 
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Polarization curves of metha
nol electrooxidation on plati
nized platinum in 1 M H 2S04 
in the absence of tin (2) and 
after tin adsorption on the 
surface from 5·10-4M SnS04 
(1). 
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Fig. 3. Dependence on Er of the plati
num (1), iridium (2), palladium (3) 
and rhodium (4) surface cover
age with tin cations in 10-2 M 
SnS04+0.5M H 2S04, 

0.3 Q5 
Fig. 4. Dependence on Er of the platinum (1), iridium (2) and rhodium (3) 

surface coverage with zinc cations in 5·10-3 M ZnS04++0.5M H 2S04, 
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Fig. 5. Dependence on Er of the platinum (1), iridium (2) and rhodium (3) surface 

coverage with mercury cations in 10-4 M Hg(N03lz+O.5 M H 2S04, 

occurs in the potential range from 0.4 to 1.0 V. As can be seen from Fig. 
2 tin drastically accelerates methanol electrooxidation in the potential range 
up to 0.7 V, whereas mercury hinders this process up to 1.2 V. When 
passing from platinum to iridium, palladium and rhodium, the adsorption 
region of one and the same cation narrows down sharply (Fig. 3.-5). On 
a rhodium electrode the electrode surface is free of tin already at the poten
tial 0.4 V (Fig. 3). Hence it is clear why on rhodium tin has no effect on 
methanol electrooxidation though on platinum it strongly accelerates this 
reaction. 

It has been found that adsorption of alkali and alkali-earth metal cations 
does not involve any appreciable charge transfer from surface to cation and 
adsorbed cation is present on the surface as a charged particle. In this 
case due to strong mutual repulsion between adsorbed cations, the factor 
in the kinetic and steady-state adsorption isotherms increases strongly.16) 

Adsorption of other cations, however, involes complete or partial charge 
transfer. Thus in the course of tin adsorption on platinum on the anodic 
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Fig. 6. Cathodic and anodic i-Er curves for smooth platinum at E~nit=o.4 V in 0.5M H 2S04 

(1) and in the presence of 5.10-5 M SnS04 for various Tads: 2- 10, 3- 20, 4-50, 5-300 s. 
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potentiodynamic curve there appear and increase maxima of adsorbed tin 
oxidation (Fig. 6). From the ratio of the amount of electricity cosumed in 
oxidation of chemisorbed tin Qox to decrease in the amount of adsorbed 
hydrogen in the presence of tin ions LlQH' it is possible to determine the 
number of electrons donated to the electrode when chemisorbed tin is re
moved, occupying one adsorption site: n=QoX/LlQH.9) In the potential range 

0-0.2 V n=2, i. e., on platinum surface tin is present as a neutral ada tom 
Sn°. At Eo>0.2 V, however, n<2, i. e., we have to do with partial charge 
transfer. In this case with increasing anodic potential value, the apparent 
effective charge of adsorbed tin increasses (Fig. 1). The presence of the 

charge on chemisorbed tin particles at Er=0.6 V is evidenced by enhanced 
value of f in the adsorption isotherm (Fig. 7) caused by forces of mutual 
repulsion of charged chemisorbed particles. Increase in the degree of "the 
ionic state" of the platinum bond with cation with increasing anodic potential 
value is also observed for other cations (Fig. 8).17> Already on passing from 
platinum to iridium the potential range in which tin exists on the surface 
as neutral adatoms drastically narrows down. 

The results obtained by us show that adsorbed cation and adatom are 
two extreme cases of one phenomenon. In the case of tin adsorption on 
iridium first there occurs hydrogen redistribution along the energy bonds, 
i. e. the species in question is adsorbed as cation and only later the amount 
of adsorbed hydrogen decreases and maxima appear on the anodic poten-

04 

02 

Fig. 7. Dependence of the steady-state 
platinum surface coverage with 
tin ions on their bulk concentra
tion in 0.5 M H 2S04 at various 
adsorption potentials: 1-0.2, 2-
0.4, 3-0.6 V. 

02 

Fig. 8. Dependence of the platinum 
surface coverage with mercury 
cations on the adsorption time in 
10-4 M Hg(N03lz + 0.5 M H 2S04 

at various adsorption potentials: 
1-0.2, 2-0.4, 3-0.8 V. 
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tiodynamic curves the species 
turns into an ada tom strength
ening its bond with the surface 
and losing the charge (Fig. 9). 
Thus the adsorbed state of a 
modifying additive on the elec
trode surface depends both on 
the time of its presence on the 
surface and on the electrode 
potential. The state of the pro
moting additive on the electrode 
surface to a large degree defines 

the nature of its influence on 
the electrocatalytic properties of 
the electrode. Comparison of 
adsorption and polarization data 
shows that at first tin adsorp
tion does not affect hydrogen 
overvoltage but with time this 
increases at a practically con
stant value of surface coverage 
by tin (Fig. 10) due to increasing 
charge transfer and to strength
ening of the bond between 
adatom and substrate. Thus 
along with the surface coverage 
by adatom, we should take into 
consideration the degree of "the 
ionic state" and the strength of 
the bond of adatom with the 
electrode surface. 1S) 

One of the most important 
factors to be taken into account 
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Fig. 9. Dependence of JQk/oQk (1), JQH/OQH (2), 
Qox/oQH (3) and n = Qox/ JQH (4) for tin 
cations adsorption on the iridium elec
trode in 10-2 M SnS04 + 0.5 H 2S04 at 
Eads = 0.1 V on the adsorption time. 
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Fig. 10. Dependence of hydrogen overvoltage at 

i=5·103 A·m-2 on iridium on the adsor
ption time (a) and surface coverage with 
tin cations (b) in 0.5 M H 2S04 + 10-2 M 
SnS04 at Eads = 0.025 V (1) and Eads = 

0.1 V (2). 

when considering the promoting action of adatoms is the influence of adsorbed 
cations on the adsorption of various species on the surface, including the 
reacting ones. Adsorption of cations affects strongly the extent and energetics 
of hydrogen and oxygen adsorption on a catalyst. Since adsorbed hydrogen 
and oxygen are intermediate species playing an enormous role in many reduc
tion and oxidation processes, adsorption of cations should exert a significant 
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influence on these processes.9) 

Most frequently a base, or less noble, promoting element in a binary 
system favours oxygen adsorption. Tin has a promoting effect on electro
oxydation of methanol, formic acid and other organic substances in the 
potential range 0.2-0.6 V, when tin is present on the surface as SnOH, i. e. 
serves as sites for absorption of OHads• In the potential range under con
sideration the slow step of the oxidation processes is interaction of adsorbed 
organic species with the radicals OHads formed in the preceding fast electro
chemical step of the discharge of water molecules: 

( 1 ) 

It is possible to draw unambiguous conclusions about the mechaism of ac
celeration of the electrooxidation processes of simple organic substances on pla
tinum in the presence of promoters only if quantitative account is taken of the 
influence of promoter on the adsorption of organic substance and oxygen and 
on the basis of direct comparison of polarization and adsorption measurements. 

o O,f 0.2 03 0.4- 0.5 Ran 
Fig. 11. Dependence of electrooxidation rate on 

the surface coverage with tin ions for 
smooth platinum in 0.1 M HCOOH + 
0.5 M H2S04 solution at E= 0.4 V (1) for 
platinized platinum in 0.1 M CH30H + 
0.5M H2S04 solution at E=O.4 V (2), 
O.IM HCOOH+0.5M H 2S04 at 0.3V 
(3) and at 0.4 V (4); for platinized plati
num at constant coverage with respect 
to tin, (5) 0.4 V, 0.1 M HCOOH. 
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Fig. 12. Dependence of HCOOH elec
trooxidation current for plati
nized platinum at constant sur
face coverage with tin ions on 
the surface coverage with or
ganic species. The values of 
Usn: 1-0, 2-0.13, 3-0.24, 4-0.31, 
5-0.54. 
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It follow from Fig. 11 that at constant potential and organic substance 
concentration in solution the rate of oxidation of methanol and formic acid 
both on smooth and platinum electrodes increases exponentially with increas
ing tin surface concentration R{}~n 

( 2) 

The rate of oxidation IDcreases ID spite of the fact that with increasing 
extent cf adsorption of tin, the surface coverage by the particles undergoing 
oxidation decreases. This indicates that the accelerating effect on the electro
oxidation process is much greater than the hindering effect, associated with 
decrease of adsorption of organic substance undergoing oxidation. 

In order to elucidate the tr ue catalytic effect of tin in electrooxidation 
of organic substances it is necessary to compare the rates at constant surface 
coverage by organic substance. 

Fig. 12 shows the dependences of the rate of electrooxidation of formic 
acid on a platinized platinum electrode at different surface coverages by tin 
on the surface concentration of formic acid. It is clear from the figure 
that the rate of electrooxidation of formic acid rises exponentially with 
increasing surface coverage by chemisorbed particles 

i = KOsn ·exp (pl·f·sn{}~) 
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Fig. 13. Dependence of the oxidation rate of organic substances on the 
surface coverage with tin ions at E=O.4 V, at Oit=const for: 
smooth platinum in 0.1 M HCOOH+0.5M H2S04 solution (1), 
platinized platinum: 0.1 M CH30H + 0.5 M H 2S04 (2), 0.1 M 
HCOOH + 0.5 M H 2S04 (3), platinized platinum at constant 
coverage with respect to tin (4), for chemisorbed species from 
HCOOH on smooth platinum electrodes: E~x = 0.6 V (5), E~x = 
0.65 (6) and from CH30H on platinized platinum electrode: 
E~x=0.65 V after washing electrode (7). 

( 3 ) 
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In this case when passing from an untreated platinized electrode to 
electrodes promoted with different amounts of tin, the nature of dependence 
does not change. As can be seen from Fig. 13, the promoting effect of 
tin seems to consist in a sharp increase of the constant in Equation (3) 

where /32/=10. 
On platinum adsorbed tin accelerated 

not only the oxidation of organic substance 
when it is present in solution bulk, but also 
the electrooxidation of prechemisorbed sub
stances. Fig. 14 gives the i - r oxidation 
curves of particles prechemisorbed from 
1 N CHgOH solution at Er=0.3V in 0.5M 
H2S04 at 8~n =0 (Curve 1) and 8~n = 0.27 
(Curve 2). 

Platinum is a very good adsorbent 
with respect to methanol and formic acid 
and ensures a sufficiently high surface 
coverage by the species being oxidized, 
but the coverage of platinum surface by 
the radicals OHads in this potential range 
is slow. In this potential range tin is 
prone to adsorb oxygen easily and there
fore it can be assumed that the adsorbed 
tin atoms are the sites on which occurs 
enhancedad sorption of OHads participating 
III the oxidation process. 

2 

50 

Fig. 14. 

10 20 30 'tIs 
Oxidation rate of species 
(chemisorbed from 1 M 
CHsOH+0.5M H 2S04 at 
E~ds = 0.3 V) in the back
ground solution at E~ds= 
0.65 V: 1-0{,n = 0, 2-0~n 
= 0.27 after rinsing the 
platinum electrode with 
this solution. 

The obtained experimental data show that the nature of the effect 
of tin on the rate of the electrochemical process on platinum is determined 
by the mechanism of this proc-e&& and-t~ influence of tin on the adsorption 

of reacting species. When passing from platinum to iridium at the same 
potential we have a higher OHads concentration and therefore tin additions 
lead to a much less acceleration of methanol oxidation on iridium (Fig. 15). 

Earlier we showed that formic acid electrooxidation on palladium follows 
a mechanism different from that on platinum.19) Experimental data indicate 

that tin adsorption on palladium hinders drastically electrooxidation of formic 
acid on a palladium electrode, i. e. in this case tin is poison (Fig. 16). Tin 
also acts as poison for other reactions in which OHads do not participate -
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for hydrogen evolution and ionization, maleic acid electroreduction and some 
others. 

It is interesting to note that experiments with a rotating disk electrode 
from a platinum-tin alloy with the surface continuously renewed by scouring 
with a diamond cutter showed that on commercial platinum-tin alloys no 
drastic acceleration of the electrooxidation of simple organic substances 
is observed as compared with a platinum electrode. This indicated that 
formation of an alloy changes the manner different from that observed 

1 

o 
-1 

-2 
0.4 08 as 

Fig. 15. Polarization curves of formic acid and methanol electrooxidation on 
iridium in 1M CH30H+O.5M H2S04 (3,4) and 1M CH30H+O.5M 
H2S04+10- 2 M SnS04 (3',4'), in 1 M HCOOH+O.5M H 2S04 (1,2) and 
+1O-2M SnS04 (1', 2'). The maximal non-steady current (2, 2'; 4, 4') 
and the steady current (1, 1'; 3, 3'). 
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Fig. 16. Polarization curves of formic acid e1ectrooxidation on palladium in 
1M HCOOH+0.5M H 2S04 in the presence of SnS04: 1-0,2-5·10-sM, 
3-5·1O-4 M, 4-2·10-3 M, 5-5·10-3 M, 6-1O-2 M (a) and dependence of e1ec
trooxidation rate on the bulk concentration of SnS04 at various adsor
ption potentials: 1-0.25 V, 2-0.2 V, 3-0.15 V (b). 

during the formation of an adatom of one metal on the surface of another. 
For this reason it is necessary to take into account the influence of the 
adatom-substrate bond on the adsorption properties of the adatom itself. 
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Thus the influence of a promoting component on the electrocatalytic 
activity to a large degree depends on the nature of the electrode catalyst, 
the mechanism of the reaction occurring on it, the nature and state on the 
surface of the promoter itself, the adsorption on the surface of reacting and 

foreign substances and their competition with the promoting component for 
the catalyst surface. In the case of an electron-transfer reaction without 
significant adsorption of reacting substances the influence of ada toms is very 
slight (the influence on the processes in the system quinone/hydroquinone and 

Fe+2/Fe+3). The conclusion about the promoting effect of ada tom on redox 
systems drawn by Adzic R. R. and Despic A. R.w is erroneous and can be 
explained by the fact that they did not differentiate between the adatoms 
formed before the thermodynamic potential is reached and the micro
crystals formed at higher potential values. Skundin and Tuseeva22) studied 

the influence of silver on the processes in the redox system Fe+2/Fe+s on 
a gold electrode. The concentration of silver Ag+ varied from 2, 5 to 2500 
mole/g. Depending on the number of silver ions, the equilibrium potential 
of the system Ag+ / Ag was either more negative or more positive than that 
of the system Fe+2/Fe+ 3• If it was 
more positive silver was present as 
adatoms, if more negative, silver 
microcrystals were formed on gold. 

As can be seen from Fig. 17, as the 
surface coverage of gold by silver 
adatoms increases, the exchange 
current decreases slightly, at poten
tials close to the equilibrium poten
tial of the system Ag+/Ag at which 
a phase of silver microcrystals is 
formed, the electrode working sur
face increases and the exchange 
current grows. But this is an en
tirely new different phenomenon
micropromotion by microcrystals. 

Fig. 17. 

I' 

Dependence of the exchange cur
rent of the system Fe+2/Fe+ 3 on 

Of particular interest is micropromotion of inert electrodes-carriers with 
microcrystals of catalytically active metals. We studied the adsorption and 
electrocatalytic properties of platinum, iridium, rhodium, palladium and ruthe
nium microdeposits on titanium as an inert carrier, as well as platinum 

microdeposits on various inert carriers: glass, carbon, pyrographite, gold, 
titanium, niobium, etc. In many cases the adsorption and electrocatalytic 
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properties of microcrystals were studied after introduction into solution of 
a metal-catalyst salt by measuring from the very first moment the appearance 
of nuclei and their growth to microcrystals of different size. In what follows 
all specific catalytic activity values given are refered to the relative surface 
of microdeposits with respect to the carrier surface (Sc/Ss), which varied with 
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Fig. 18. Dependence of the relative of hydrogen evolution on the relative 

sutface of microdeposits of platinum metals with respect to the 
titanium surface: I-Pt, 2-Ir, 3-Rh, 4-Pd, 5-Ru, 6-0s. 
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the deposition time. As shown by the studies by means of a scanning elec
tron microscope, on the carriers used by us, characterized by a high over
voltage of the generation of metal-catalyst nuclei they start to grow with 
time and practically no new nuclei appear. Therefore the ratio Sc/Ss is pro
portional to the mean size of the catalyst crystallite or cluster on the 
carrier surface. 

As can be seen from Fig. 18, the specific rate of the hydrogen evolu
tion reaction per atom in small platinum, iridium and rhodium clusters 
differs from that per massive catalyst atom, exceeding it by almost an order 
of magnitude. These effects are pronounced on platinum, iridium and rho
dium and practically absent on palladium. With increasing mean cluster size, 
the specific rate of hydrogen evolution decreases, gradually approaching that 
on a massive catalyst. Analysis of the energy spectra of hydrogen adsorption 
shows that on small cluster the energy of the hydrogen bond with catalyst 
is less than the massive catalyst and with increasing mean cluster size gra
dually approaches that on a massive catalyst, as can be seen from Fig. 19 
for iridium. 

Similar effects of increasing process rates on small clusters were also 
observed for other reactions: hydrogen ionisation, maleic acid electroreduction 
and formic acid electrooxidation (Fig. 20). 

03 02 0.1 0 -01 Er/V 
Fig. 19. The influence of size of 

cluster of iridium on 
titanium on the energy 
spectra of hydrogen ad
sorption. SolSs: 1-0; 2-
0.1; 3-0.25; 4-0.35; 5-
0.52; 6-1.06; 7-Smooth 
iridium. 
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Fig. 20. Dependence of electro reduction rate of 
5·10-2 M maleic acid at Er=0.05V (1) and 
electrooxidation rate of 1 M formic acid 
at Er = 0.3 V (2) on the relative surface 
of microdeposits of iridium with respect 
to the titanium surface. I', 2'-on smo
oth iridium; 2/1-on smooth iridium and 
adatoms of titanium. 
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The observed effects are due to a strong difference of the electronic 
and, as a consequence, adsorption properties of small size catalyst clusters 
from those of a massive electrode-catalyst. With increasing cluster size, 
these properties gradually approach those of the electron gas in massive 
metal. 

The obtained resultes also showed that the effects for one and the same 
catalyst depend on the electrode -carrier nature. Thus the dependence of the 
electrocatalytic activity of microde-

posits on their size is not general and t/A.m-2 
is determined by the combination of 
the properties of catalyst and carrier. 

To prove the determining role of 20 
electronic factors Skundin et al per-
formed measurements on superfine 
continious catalyst films on a carrier 
( < 70 nm) and showed that the rate 
of hydrogen evolution is higher in this 
case and the adsorption energy lower 
than on a massive catalyst. Fig. 21 
gives the dependence of the specific 
rate of hydrogen evolution on plati-
num films on glass carbon as a func-
tion of the film depositions time pro-
portional to the film thickness. 

20 40 60 80 

Fig. 21. Dependence of the specific rate 
of hydrogen evolution on plati
num films on glass carbon on 
the film thickness (proportional 
to the film deposition time). 

Photoemission measurements also point to a difference in the electronic 
properties of small clusters and a massive catalyst. As will be seen from 
Fig. 22 the photoemission current from platinum microdeposits on titanium 
in 1 M KOH in the presence of an acceptor- nitrous oxide is much greater 

than that from smooth platinum and platinized platinum. With increasing 
value of Sc/S., it gradually approaches the photocurrent on a platinized 
platinum electrode with the same roughness factor. It follows from the 

photoemission theory that the photoemission current is proportional to the 
density of electronic states of metal near the Fermi level. The data of the 
present study can be interpreted to mean that the density of electronic states 

in small clusters on a carrier increases. It is interesting to note that on 
palladium deposited on titanium no increase in photocurrents as well as in 
specific catalytic activity is observed. This clearly shows once more that 
the observed effects are defined by the combination of catalyst and carrier 

properties. 
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0.15 
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-:0.3 -0.4 -D5 0r 
Fig. 22. Photoemission current from platinm microdeposits on titanium 

in 1 M KOH in presence of a acceptor (N20): 1-Pt/Pt, Sc/S.=4, 
3-Pt/Ti, SC/S8 =3.5, 4-Pt/Ti, So/S8=100, 2-Pt/Pt, Sc/S8=80. 
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