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The nature of colloidal platinum in aqueous solution:
features of catalytic reactions
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The specific features of the catalytic reduction of methylviologen by dihydrogen in water in
the presence of platinum colloids synthesized by various methods are studied. The colloids
prepared by the radiation-chemical reduction of PtCl,2~ in the presence of polyacrylate or
polyphosphate as stabilizers and colloids prepared by the reduction with dihydrogen efficiently
catalyze the reaction. The "citrate" colloids synthesized by the reduction of PtCls2~ with citric
acid are characterized by a prolonged induction period after which these colloids also gain the
catalytic activity. We assume that the "citrate” platinum colloids are giant clusters with the
close-packed metal core containing the "magic" number of platinum atoms (Pts;), which are
coordinated by the ligand molecules blocking the surface of the metal particle. In the presence
of H,, the ligand molecules are decomposed or removed from the surface, which is accompa-
nied by the appearance of the catalytic activity.
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absorbance.

Metal colloids and clusters, and first of all, those of
platinum group metals, exhibit a high and selective
ability to catalyze various reactions.!-2 Elucidation of the
mechanism of the catalytic effect and its interrelation to
the structure and nature of clusters and colloids is
among the most urgent problems.

We have previously3 found that platinum colloidal
particles prepared by various methods differ noticeably
in catalytic activity. For example, the "radiolysis" col-
loids,* synthesized by the radiation-chemical reduction
of Pt! ions in the presence of polyacrylate, polyethylene-
imine, polyphosphate, and other polyelectrolytes as sta-
bilizing additives (solvate mechanism of protection), are
oxidized to Pt!l by ~30% with dioxygen. This does not
occur either for "hydrogen" colloids, which were pre-
pared by the reduction with H, in the presence of the
same stabilizers, or for "citrate" colloids prepared by the
reduction of PtIY in the presence of citric acid. It was
found that the "radiolysis" colloids reduce Au(CN),™
under argon to colloidal gold but do not catalyze the
reduction of Au(CN),™ by H,. By contrast, the "hydro-
gen" platinum colloids do not reduce Au(CN),™ ions but
catalyze their reduction by dihydrogen. These differ-
ences in chemical activity of the "radiolysis" and "hydro-
gen" colloids were explained by a noticeable difference
in their size and shape. The first colloids are nonregular
particles 1—3 nm in diameter, and the second colloids
are spherical particles with a diameter of 5—8 nm.
However, the "citrate" colloids also have a spherical

* Hereinafter we used the names of colloidal platinum particles
accepted previously3 according to the method of preparation.

shape, the almost monodispersed particle distribution,
and an average diameter of 2.5 nm. Nevertheless, they
differ substantially in properties from the "radiolysis" and
"hydrogen" colloids. For example, they neither reduce
Au(CN),™, nor catalyze the reduction of Au(CN),™ by
dihydrogen. However, their preliminary exposure for
~20 min to an H, atmosphere initiates the oxidation by
the Au(CN),™ ions in argon. The "radiolysis" and "hy-
drogen" colloids catalyze isopropyl alcohol autooxidation
to acetone, but the "citrate" colloids do not manifest this
ability. The specific features of the reactivity of the latter
were related to the oxidation of their surface by dioxygen
during synthesis.

In this work, we continued a study of the catalytic
activity of platinum colloids using the reduction of
methylviologen by molecular hydrogen as an example.
Previous and new results suggest that in the "citrate"
colloids, unlike the platinum colloids with solvate pro-
tection ("radiolysis" and "hydrogen" colloids), the stabi-
lizing ligands block active sites on the surface of plati-
num nanoparticles preventing some catalytic reactions.

Experimental

Various platinum colloids were prepared by previously de-
scribed methods.3

In the case of the "radiolysis" colloids, the radiation-chemi-
cal reduction of Pt!! was performed by y-irradiation from a 6°Co
source of (1—5)+107% mM solution of K,PtCl, containing
0.01 mM isopropyl alcohol and 5+ 10~ mM sodium polyphos-
phate or polyacrylate as a stabilizer. The formed platinum sols
have an irregular structure and rather broad size distribution
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with a predominant diameter of 1—3 nm. The average particle
size is ~1.8 nm.

The same stock solution was used to prepare the "hydrogen"
platinum colloids. With this purpose, the solution was saturated
with H; at 1 atm and ~20 °C and stored for 1 day for complete
Pt!l reduction. The size of the spherical particles that formed
ranges from 5 to 8 nm, and the average size is 7.0 nm.

The "citrate” colloids were synthesized by a known proce-
dure.4 A 1% solution of Na citrate (25 mL) was added to a
boiling 3+ 10™* M solution of K,PtClg (500 mL). After boiling
for 1 h, the solution gained a brown color. After cooling to
room temperature, the solution was passed through a column
packed with the Amberlite MB 1 ion-exchange resin. Deioniza-
tion of the solution decreases its electroconductivity from 500 ro
20 uSm cm~!. The particle size of the "citrate" colloids with
almost monodispersed distribution was 2.5 nm.

The reaction of H, with methylviologen (MV2") (dimethyl-
4,4’ -bipyridine) catalyzed by colloidal platinum was studied
using the following procedure. A 0.1 M solution of NaOH
(1 mL) and a 51072 M solution of methylviologen (1 mL)
were added to an evacuated solution (10 mL) containing the
catalyst, and then H, (1 atm) was let in. The concentration
of reduced methylviologen was determined spectrophoto-
metrically by the absorbance of the MV™" radical cation,
which has an intense absorption band with A, = 600 nm
(gmax = 1.1-10* L mol~! cm™1).5

Electron microscopic studies were performed on a Phillips
CM12 instrument equipped with an EDAX 9800 analyzer.
Specimens were prepared by the deposition of a solution droplet
on a copper-carbon support followed by drying. The specimens
were prepared and studied without contact with air.

Results and Discussion

Catalytic reduction of methylviologen. The reduction
of the methylviologen ion (MV2*) with molecular hy-
drogen in an alkaline aqueous solution catalyzed by the
"radiolysis" and "hydrogen" colloids occurs according to
the overall reaction

2 MV2t + H, =2 MV** + 2 HT. (1)

The standard potential of the MV2*/MV™ redox pair
is —0.4 V,8 j.e., it is much more negative than that of the
2H*/H, pair equal to zero. In neutral and acidic media,
the MV™" radical cations are oxidized over platinum
colloids to evolve hydrogen, i.e., the reaction inversed to
(1) occurs. Colloidal platinum and methylviologen are
used in combination with other components in photo-
active systems to obtain dihydrogen from water.” How-
ever, in an alkaline medium, due to a decrease in the
concentration of H* ions, the potential of the hydrogen
system becomes much more negative reaching ~—0.8 V.
Under these conditions, the direction indicated for reac-
tion (1) becomes possible.

Our experiments showed that, in the case of the
"radiolysis" and "hydrogen" colloids, the MV™" radical
cation formed immediately after H, was let in an alka-
line aqueous solution of MV2*. Its appearance is de-
tected by the characteristic intense absorbance with
Amax = 600 nm and shoulders at 580, 660, and 730 nm
(Fig. 1). The reaction is accelerated when the concen-
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Fig. 1. Absorption spectra of a solution containing
1-107% mol L~! Pt® ("radiolysis” platinum colloids),
11072 mol L=! NaOH, and 1- 104 mol L~! methylviologen:
evacuated (/) and after letting in H, (2).

trations of colloidal platinum and methylviologen in-
crease. In the presence of 1.0+ 1074 M colloidal plati-
num and 5.0+ 1073 M MV2*, when H, is let in and the
solution is rigorously stirred, already 2—4 min after (the
time necessary for measuring the optical absorption
spectrum), more than 50% MVZ" ions are reduced. If
the solution is not stirred, MV™ is also formed immedi-
ately after hydrogen was let in. However, the reaction
further develops much more slowly, which indicates that
the dissolution of H, in water is the limiting stage of
reduction. When O, is introduced, the MV™" radical
cations are oxidized, and the system returns to its initial
state. The reduction-oxidation procedure can multiply
be repeated. However, this results in a gradual accumu-
lation of the products of methylviologen partial decom-
position, the solution gains a green color, and an addi-
tional absorption band with a maximum at 390 nm
appears in its optical spectrum (in air).

The reaction with the "citrate" colloids is substan-
tially different. In this case, at the indicated above
composition of the solution, an induction period of
~25 min is observed (Fig. 2). Then the MV*'" radical

[MV+] - 103/mol L~
3 -

0 20 40 t/min

Fig. 2. Kinetic curves of formation of the MV™" radical cation
in the reaction of methylviologen MV2* with hydrogen in the
presence of the "citrate" platinum colloids (solid lines 7). The
break points correspond to mixing of the solution. Dotted line
(2), a solution of the "citrate" platinum colloids pre-stored for
3 h in an H, atmosphere. Solution: 1-10™% mol L~! Pt0,
1:1072 mol L™! NaOH, and 5+ 1073 mol L~! methylviologen,
saturated with H,.



628 Russ.Chem.Bull., Int.Ed., Vol. 50, No. 4, April, 2001

Ershov

cations are formed, and the reaction rate at the initial
stage increases. In the absence of stirring, after several
min, the reaction is retarded, and a "pseudo-steady-
state” state is achieved. After mixing the solution, a new
jump in the formation of the reaction product is ob-
served, and almost complete reduction of methylviologen
present in the solution is gradually achieved by "steps".
When the reaction is performed with intense stirring, the
induction period is shortened only insignificantly during
the time of smooth achievement of the limiting concen-
tration of the reaction product. The reduction of the
MVZ* ions with H, on platinum "microelectrodes” has,
most likely, an electrochemical nature. In the absence of
stirring, at a sufficiently high current density, the reduc-
tion rate increases to the value at which diffusion does
not already provide the transfer of the reactant to the
electrode. The reduction rate decreases because of the
"transport” hindrances. Diffusion is a slower process
than electrochemical reduction and, as a result, the
kinetics is limited, as a whole, by the diffusion rate. In
our opinion, this is a reason for the "steps" observed
during methylviologen reduction by H, in the absence of
stirring. When electrochemical reduction goes to the
diffusion region, the further potential shift cannot al-
ready increase the rate of process because diffusion does
not provide reactant supply to the electrode. During
stirring the solution gets renewed in the near-electrode
space, which results in a new jump of the reduction rate.

For the "citrate" colloids pre-stored in an H, atmo-
sphere for 3 h, we did not observe an induction period in
methylviologen reduction (Fig. 2), and they differ slightly
in their catalytic activity from the "radiolysis" and "hy-
drogen" colloids.

Note that after storing in air the platinum colloids
(including the "citrate" colloids pre-treated with H,) do
not loose their capability of catalyzing methylviologen
reduction immediately after the removal of air and
introduction of Hj.

We found that the "citrate" colloids, unlike "radioly-
sis" and "hydrogen," do not reduce Au(CN),” and do
not catalyze reduction by H,.3 However, pre-storing for
~20 min in H, initiates the subsequent oxidation of
colloidal platinum by the Au(CN),” ions in an Ar
atmosphere.3 It is noteworthy that the specific properties
of the "citrate" platinum colloids appear in reduction
reactions and also in oxidation processes. For example,
unlike "radiolysis" and "hydrogen" colloids, they do not
catalyze the autooxidation of isopropyl alcohol to ac-
etone. However, they gain this capability after pre-
storing in an H, atmosphere. This procedure was found
to be universal for the transformation of the "citrate"
colloids into colloids with the same catalytic properties
as the "hydrogen" colloids in redox processes. The found
peculiarities of the reactivity of the "citrate" colloids have
previously3 been ascribed to the oxidation of their sur-
face by air oxygen during their synthesis. However, the
data obtained indicates that the "citrate" colloids origi-
nally possess several chemical properties, which are not

gained at a simple contact of the "radiolysis" and "hydro-
gen" colloids with air, i.e., when their surface is oxidized,
and are not returned to the "citrate" colloids being pre-
treated with H, when they are oxidized by air oxygen.

Absorption spectra of colloids. The optical absorption
of platinum nanoaggregates is due to the oscillation of
surface plasmons (electron gas) and intraband electron
transitions.89 The optical properties depend substantially
on the size and shape of the particles and are also very
sensitive to the state of the surface. It has previously3
been shown that the absorption spectra of the "radiolysis”
and "hydrogen" platinum colloids are the same and
almost independent of the form of the used stabilizer
(sodium polyacrylate or polyphosphate). They represent
single bands with a maximum at 215 nm, whose intensity
decreases smoothly on going to the long-wave region,
and the molar absorption coefficient at A,y is equal to
6-103 L mol™! cm™! (+10%). In the recent work,1? the
platinum nanoparticles with a diameter of 1—3 nm were
obtained by the reduction of PtClg2~ with ethanol in the
presence of poly-N-isopropylacrylamide in water-etha-
nol mixtures (according to the terminology used in this
work, we define them as "ethanol" platinum colloids).
They have the same optical parameters as those observed
for the "radiolysis" and "hydrogen" colloids.

The optical spectra (normalized at 500 nm) of the
platinum colloids studied in this work and "citrate" col-
loids are shown in Fig. 3. It is seen that the absorption
spectra of the "radiolysis" and "hydrogen" colloids are
virtually the same in the whole region of wavelengths
from 200 to 800 nm and exhibit a maximum at 215 nm.
The absorption typical of platinum nanoparticles pre-
dominates in the whole optical spectrum of a solution of
the "citrate" colloids and increases smoothly and mono-
tonically toward the UV region. However, the absorption
band does not exhibit a maximum and is somewhat more

D (rel. units)
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Fig. 3. Normalized absorption spectra of the "radiolysis" (),
"hydrogen" (2), and "citrate" (3) platinum colloids in an aque-
ous solution. The absorbance at 500 nm was accepted as unity.
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narrow than that in the case of the "radiolysis" and
"hydrogen" platinum colloids. The found distinction could
be related to both the state (different from the "radiolysis"
and "hydrogen" colloids) of the surface of these
nanoparticles and the presence of chemical compounds,
which were formed during the reduction of the platinum
ions and were not completely removed by purification, in
the solution along with sols of "citrate" platinum. How-
ever, the deionization of the solution with the Amberlite
MB 1 ion-exchange resin decreases its electroconductivity
(see Experimental). The initial compounds and products
appeared during the synthesis of the platinum colloids are
almost completely removed. The residual electroconduc-
tivity corresponds to the maximum concentration of the
unreacted citrate ions of <107® mol L™!, which does not
explain the sufficiently intense absorption at ~200 nm.
We found that the repetition of the purification proce-
dure has no noticeable effect on the absorption spectrum
of a solution of the "citrate" colloids. It is noteworthy that
the optical spectrum of the "citrate" colloids is smooth
and has no inflections and special points, which could be
expected if it was a sum of the spectral components.
Therefore, it is reasonable to assume that the observed
absorption spectrum is due, in fact, to the particles
defined by us as "citrate" colloids. They behave as specific
particles or giant molecules for which the absorption by
the metallic core and the absorption by the ligands on its
surface cannot be separated as individual absorption bands.

The previous study? of the optical absorbance of
spherical platinum nanoaggregates showed that when
their diameter increases up to 10 nm the shape of the
optical absorption band, position of its maximum, and
absorbance remain virtually unchanged. The calculated
optical parameters (the position of a maximum and
absorbance) agree well with the experimental values for
the "radiolysis," "hydrogen," and "ethanol" colloids with
spherical particles 1—3, 5—8, and 1—3 nm in diameter,
respectively. The absorption bands of sols with the par-
ticle diameter >20 nm are broadened and shifted to the
long-wave region, and their intensities decrease with an
increase in the particle size. In the case of needle-like
particles, an additional band appears, which is shifted to
the visible region when the particles elongate. Thus,
theoretical calculations do not predict differences in the
absorption spectra of the "citrate," "radiolysis," "hydro-
gen," and "ethanol" colloids.

The absorption spectrum of the "citrate" platinum
colloids changes depending on the exposure time in an
aqueous solution saturated with hydrogen. The absorp-
tion intensity (Fig. 4) at A < 250 nm decreases and at
longer waves, by contrast, increases. The solution dark-
ens. Several hours after, the spectrum stops changing.
This resulting spectrum is a smoothly descending absorp-
tion from the UV to visible region with an inflection at
~230 nm. This spectrum can be deconvoluted to a broad
band with a maximum at 220—230 nm, which is imposed
by the smoothly increasing to the UV region absorption
without a maximum. The electron microscopic study

A/nm
Fig. 4. Changes in the spectrum of optical absorbance of a

solution of the platinum "citrate” colloids (1+10™* mol LI Pt0)
saturated with H, at storage times of 0 (7), 60 (2), and 180 min (3).

shows (Fig. 5) that, when the "citrate" colloids (with the
size distribution of particles close to the monodispersed
distribution and an average diameter of 2.5 nm) are
treated with H,, they flocculate to form fractals (prolate
chains and branched structures). The latter explains the
more intense absorbance of the platinum particles in the
visible region as compared to that of the "radiolysis" and

40 nm

Fig. 5. Electron microphotographs of the starting platinum
"citrate" colloids (a) and after their storage with H, for 3 h (b).
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"hydrogen" colloids with approximately the same size
(due to a great contribution of light scattering). In addi-
tion, the size of individual particles increases to 5—8 nm.
The observed additional low-intensity absorption at
A < 220 nm (Fig. 4) corresponds, most likely, to com-
pounds that composed the ligand shell of the "citrate"
colloids and underwent chemical transformations or were
simply displaced into the solution bulk due to the inter-
action of the platinum colloids with molecular hydrogen.

Nature of platinum colloids. In our opinion, the dis-
tinction in properties of the "radiolysis" and "hydrogen"
platinum colloids, on the one hand, and "citrate" colloids,
on the other hand, is due to the different states of their
surface. This is likely related to different methods for their
preparation and mechanisms of colloid stabilization. The
first colloids exhibit a solvate mechanism of protection by
polymers (polyelectrolytes, polyphosphates or poly-
acrylates), which are linked to the surface of metallic
particles mainly by van der Waals forces. The second, i.e.,
"citrate," colloids are metallic nanoparticles protected by
anions of citric acid or products of its decomposition
formed during the reduction of PtClg?™ to the metal. In a
"terminological" sense, they can be attributed to giant
clusters containing a positively charged close-packed core
including a preferential number of metal atoms. The main
principle in organization of such idealized clusters is that
the metal atoms in it form layers around the central atom,
which are packed similarly to the packing in the bulky
metal, and the cluster structure has a polyhedron shape
typical of crystallites of this metal. Clusters of this
type!!=14 form families of particles with the discrete,
"magic”" number of atoms equal to 13, 55, 147, 309, 561,
etc. The metallic core of these clusters is stabilized by
coordinated ligands and outer-sphere anions. The latter
can be the determining distinction of a giant cluster from
a metal sol, which has not, most likely, a specific structure
of chemical bonds on the surface. Presently, representa-
tives of all indicated and even more complex families of
clusters have been synthesized and their structures have
been solved by modern physical methods. Thus, the "cit-
rate" platinum colloids can be attributed to particles with
a specific size and a rigidly determined structure of chemi-
cal bonds between the ligand and surface. In fact, as was
already mentioned, their size distribution is virtually
monodispersed with an average particle size of 2.5 nm.
The monodispersed character of distribution with the
same size of platinum particles (2.0—2.5 nm) has previ-
ously been found in Ref. 15, where the "citrate" method of
their preparation was also used. For the platinum cluster
with this size and close-packed HCC structure, we can
expect five layers of the metal atoms around one central
atom and the total number of atoms of ~561. Of course,
we imply the idealized cluster to which the real "citrate"
platinum particles are very close in size. Anions of citric
acid and products of its decomposition form, most likely,
the ligand shell of the cluster thus providing its stability
and the appearance of specific, as compared to standard
colloids, properties. In particular, this relates to the cata-

Iytic properties and specific optical parameters, which
differ from those for metal sols with solvate protection.

Unlike "the radiolysis" and "hydrogen" colloids, the
"citrate" platinum colloids are incapable of catalyzing
the reduction of methylviologen reduction by H, or
oxidation of isopropyl alcohol to acetone.3 This probably
due to the fact that the catalytic sites on the particle
surface are blocked by the ligand molecules. It is sub-
stantial that the ligand blocks the surface of the platinum
particles with respect to its catalytic effect in both the
reduction and oxidation processes. This indicates a strong
chemical binding of the surface platinum atoms by the
ligand molecules. In the presence of molecular hydro-
gen, the ligand protection decomposes due to either
ligand displacement or their decomposition in the reac-
tion with H,. This is manifested as a change in the
optical spectrum of the platinum nanoaggregates: the
absorption of the "ligand" giant "citrate" platinum cluster
is changed by the absorbance typical of sols of this
metal. As a consequence, the formed sols gain the
catalytic properties inherent in the "radiolysis" and "hy-
drogen" platinum colloids.
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