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Abstract—The oxidation of CO over Pt and Pt–Co catalysts was studied both experimentally and by quan-
tum-chemistry calculations. Density functional theory simulation shows that CO is oxidized on Pt13 via dis-
sociative oxygen adsorption. The calculated activation energy for the dissociation of O2 on Pt13 is 56 kJ/mol.
It is found that when a cobalt atom is introduced into the cluster, the activation energy falls for the stages of
CO oxidation and the dissociation of O2. Catalytic tests performed on Pt and Pt0.5Co0.5 nanopowders confirm
the Pt–Co system displays high activity in the oxidation of CO.
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INTRODUCTION

Quantum-chemical simulation is a modern
research tool for predicting the properties of transition
metals in catalytic reactions of practical importance
[1, 2]. For example, the new composition of a Co–Mo
bimetallic catalyst in the synthesis of ammonia was
predicted with the density functional theory [3]. The
main advantage of quantum-chemical simulations of
catalytic processes is the ability to study reaction
mechanisms, including transition metal nanoparticles
incorporated into promising heterogeneous catalysts,
while avoiding the use of expensive experimental
equipment.

Developing low-temperature catalysts for the oxi-
dation of CO is an important problem. Platinum and
its various forms (nanoparticles, atomic clusters, and
isolated atoms stabilized on the surfaces of oxide car-
riers), is normally used in this process [4–7]. For the
oxidation of CO on platinum, the Langmuir–Hin-
shelwood, Mars–Van Krevelen, and Eley–Rideal
mechanisms were proposed [8]. The Langmuir–Hin-
shelwood mechanism includes the stages of CO and
O2 adsorption (molecular or dissociative) on the active
center of a catalyst:

(1)

(2a)

(2b)

CO2 is formed through carbonate or peroxide inter-
mediates:

(3)

(4)

The mechanism of CO oxidation on platinum is
determined by many factors, e.g., the size and shape of
a particle and the type of carrier [9]. One of the most
promising ways of affecting the catalytic activity of
platinum is to incorporate another metal into the com-
position of the catalyst, e.g., iron, nickel, cobalt, or
copper [10–14]. It was found in [15] that Pt–M
nanoparticles with ordered structure improve a mate-
rial’s catalytic properties. Special centers with certain
compositions of metal atoms (the geometric effect)
and a charge created by the redistribution of electron
density between two metals (electronic effect) form
inside a bimetallic catalyst [14, 16].

In this work, we studied the mechanism of CO oxi-
dation on Pt13 and Pt12Co by quantum chemical
means. We also simulated the structure of clusters,
their interaction with O2 and CO, and their oxidation.⎯→PtCO CO,
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The theoretical data are compared to experimental
results on the catalytic properties of Pt and Pt0.5Co0.5
nanopowders.

EXPERIMENTAL

The structure of Pt13 and Pt12Co clusters and their
complexes with O2 and CO was optimized and their
energies calculated using the PBE (Perdew–Burke–
Ernzerhof) density functional theory [17] in combina-
tion with the SBKJC basis set and pseudopotentials
[18]. The contribution from zero-point energies was
determined from their oscillation frequencies, calcu-
lated in the harmonic approximation. The structure of
transition states (TSes) was localized, and the activa-
tion energies (Ea) in the stages of CO oxidation were
calculated with the Bernie optimization algorithm
[19]. TSes were found using the IRC algorithm, which
includes studying the relationship between the energy
of a reaction system and a reaction coordinate [20].
The calculations were performed with the PRIRODA
program [21] on the Lomonosov supercomputer at
Moscow State University [22].

The oxidation of CO was studied on Pt and
Pt0.5Co0.5 nanopowders (disordered solid solution)
obtained by decomposing [Pt(NH3)4](NO3)2 · 2H2O
and [Pt(NH3)4][Co(C2O4)2(H2O)2] · 2H2O, respec-
tively [23]. The nanopowders were chosen as samples
due to the ease of controlling their structure and the
absence of carrier influence.

The obtained single-phase Pt and Pt0.5Co0.5 nano-
powders were described thoroughly in [23, 24]. The
surface areas of the samples were additionally mea-
sured via the chemisorption of CO (10 ± 2 m2/g).

The catalytic properties in the oxidation reaction of
CO were studied in a U-shaped quartz f low reactor
(inner diameter, 3 mm) at atmospheric pressure. The
mass of the catalyst in the reactor was 25 mg (fraction,
≤0.1 mm) [25]. The temperature was measured with a
chromel-alumel (K-type) thermocouple placed into
the center of the catalyst layer.

Our catalytic experiments were performed in a
mixture with 1.0 vol % CO and 1.0 vol % O2, using He
as a balance. The feed rate of the reaction mixture was
80000 cm3 g−1 h−1. The composition and concentra-
tions of the components of the gas phase upstream and
downstream of the reactor were determined on a
KHROMOS GKH-1000 chromatograph. Before each
experiment, the nanopowders were reduced for 1 h in
H2 at 200°C. The catalysts were then kept for 15 min in
a reaction mixture at 25°С, and the catalytic properties
were determined in several cycles of temperature rise
and fall. The catalytic characteristics of Pt were stable
for at least 20 h in several temperature cycles. There
was slow reversible deactivation on Pt0.5Co0.5 as a
RUSSIAN JOURNAL O
result of repeated reduction, due probably to the seg-
regation of cobalt oxide on its surface. A detailed study
of this phenomenon is beyond the scope of this work.
The properties of Pt0.5Co0.5 obtained in the first cycle
of temperature rise and fall were used for purposes of
comparison.

The oxidation of CO was characterized from the
conversion of CO (XCO), calculated according to the
equation

(5)

where [CO]input and [CO]output are the concentrations
of CO at the input and output, respectively.

RESULTS AND DISCUSSION

Quantum-Chemical Study of the Structure and Catalytic 
Properties of Pt13 and Pt12Co Clusters during the 

Oxidation of CO

The structure of a Pt13 cluster was calculated at the
first stage. The results from calculating the structure of
this cluster by quantum-chemical means are contra-
dictory [27–32], even though it was obtained experi-
mentally [26]. Six Pt13 isomers in the triplet electronic
state were considered. The optimized structures of the
clusters and their energies relative to that of the most
stable isomer 1 are shown in Fig. 1. Isomer 1 is a dis-
torted pyramid, in the base of which are eight platinum
atoms. A similar structure was predicted for Pt13 in [31,
32]. It should be noted that isomers 2–4 differ negligi-
bly in their energies (no more than 18 kJ/mol), com-
pared to isomer 1, indicating possible isomerization of
the cluster. It is known that such structurally non-rigid
properties of particles result in both the activation of
reagents and their subsequent transformation during
catalytic processes [33, 34].

The structure and energy of bimetallic Pt12Co clus-
ters with different arrangements of Co atoms were cal-
culated (Fig. 1). The most energy stable cluster was
Pt12Со_2, in which cobalt is on the edge. It should be
noted that the initial structure of a monometallic clus-
ter remains unchanged, but the multiplicity of Pt12Со
grows to eight, as was observed in [35]. Introducing
cobalt into a platinum cluster increases the multiplic-
ity and alters the magnetic properties of a particle.

The oxidation of CO on Pt13 and Pt12Co_2
(referred to below as Pt12Co) was simulated. Superox-
ide Pt13O2 and peroxide Pt12OOPt complexes appear
when Pt13 interacts with O2 (Fig. 2). The calculated
changes in energy during the interaction between clus-
ters and oxygen (Table 1) indicate that the formation
of Pt12OOPt cluster, in which vertex and edge plati-
num atoms participate in the bridge coordination of

−
= ×input output

CO
input

[CO] [СО]
100%,

[CO]
X
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Fig. 1. Optimized structures of Pt13 and Pt12Co clusters. The relative energies of isomers are given in parentheses (in kJ/mol). A
cobalt atom is shown in light grey.
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Table 1. Change in energy ΔЕ (kJ/mol) of the stages of CO
oxidation on Pt13 and Pt12Co

Activation energies Ea are given in parentheses (in kJ/mol).

Stage Pt13 Pt12Co

M + O2 → MO2 –72 —

M + O2 → M12OOM –126 –156

М12OOМ → OМ13O –20 –34

(56) (29)

М13 + CO → М13СO –154 –199

М13O2 + СО → М13O2СО –172 —

М12OOМ + СО → М12OOМCO –152 –188

М13СO + О2 → М12(СО)OOМ –179 –149
O2, is the one most advantageous. The transitional
state of the destruction of the O–O bond in Pt12OOPt
was identified. The calculated activation energy for the
dissociation of O2 on Pt13 was 56 kJ/mol.

When a Pt12Co cluster interacts with O2, a
CoPt11OOPt peroxide complex is formed in which
oxygen coordinates on platinum atoms (Fig. 2). The
dissociation of oxygen in CoPt11OOPt passes through
a low activation barrier (29 kJ/mol) lower than the one
in Pt12OOPt. 

A CO molecule interacts with Pt13 to form the sta-
ble Pt13CO complex. A CoPt12CO complex in which a
CO molecule bonds to the platinum atom on the edge
is the most advantageous of the 13 different ways of
coordinating CO on Pt12Co.

When O2 and CO are activated on Pt13, there is a
co-adsorption effect. Adding CO to oxidized Pt13O2
and Pt12OOPt clusters is more energy efficient than
adding it to Pt13, while adding O2 to Pt13СO is more
advantageous than adding it to Pt13 (Table 1). There
was no co-adsorption effect of O2 and CO on Pt12Co.
We may therefore assume that CO is coordinated on
Pt13 with a low coordination number at the first stage,
and O2 then bonds at the edge–vertex center in perox-
ide form. The subsequent oxidation of CO was consid-
ered for two intermediates, Pt13O2CO and
Pt12(CO)OOPt.

Figure 3 shows the energy diagram of the multistep
oxidation of CO on Pt13. The first stage of the forma-
tion of a IM1 peroxide intermediate has the highest
activation energy. As a result, the oxidation of CO on
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
Pt13 is more likely to proceed through  or through
a mechanism that includes the dissociation of O2,

and oxidation of CO with the participation of O*
(through intermediates ):

1'IM

+ → +13 2 12Pt O Pt OO kJ/Pt 126 mol,

→ +
=

12 13
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Fig. 2. Optimized structures of Pt13 and Pt12Co complexes with O2 and CO.
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Figure 4 shows the energy diagram of the oxida-
tion of CO on Pt12Co for two intermediates,
CoPt11(СO)OOPt and CoPt11OOPtCO. In contrast
to Pt13, the process does not proceed through a car-
bonate intermediate but through the dissociation of
RUSSIAN JOURNAL O
O2. The activation energy for the first stage of CO
oxidation is reduced considerably, relative to that of
Pt13. The path of CO oxidation from
CoPt11(CO)OOPt is more kinetically and thermody-
namically advantageous than the one from
F PHYSICAL CHEMISTRY A  Vol. 93  No. 10  2019
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Fig. 3. Energy diagram of the oxidation of CO on Pt13. 

IM1

O

O
O

C

Pt

1.214
1.981

1.384
1.489

1.817

1.159

1.820

1.213

1.162

1.868

1.904

1.3091.175 1.352

1.9741.937

1.787

1.864
2.001

1.305

2.109
2.052

1.852
1.958

TS1

TS'

TS'

TS'

IM'

IM'

IM'

IM'

IM1

IM2

IM3

IM4

TS1

TS2

TS3

CO2

Pt13 + CO2

+CO

115

125
93

83 85
−16

−212

−188

−258

−270
−259

−292

−160−67

102

ΔE, kJ/mol

80

0

Pt12(CO)OOPt

Pt13O2CO

TS2 TS3

IM2 IM3 IM4

IM'

TS' TS' TS'

IM' IM' IM'

O
O

O
C

Pt

1.950
1.508

1.994

1.773
1.773

1.157

1.857

2.144 1.297

1.214

1.164

1.921

1.8531.720
1.872

1.331

1.920

1.172

2.010

2.005

2.061

1

1

1

1

2

2

2

2

3

3

3

3

4

4



1962

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vol. 93  No. 10  2019

PICHUGINA et al.

Fig. 4. Energy diagram of the oxidation of CO on Pt12Со. 
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Fig. 5. (Color online) Temperature dependences of the
conversion of CO during the complete oxidation of CO on
(1) Pt and (2) Pt0.5Co0.5 nanopowders.
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CoPt11OOPtCO. It should be noted that all stages of
CO oxidation on Pt12Co have low activation energies
and can proceed at low temperatures. A comparison
of the calculated values for the stages of CO oxidation
on Pt12Co and Pt13 shows how Pt12Co is active. It is
noteworthy that the cobalt atom is not in the active
center of the cluster, and the oxidation of CO on
bimetallic cluster proceeds only on platinum atoms.
Cobalt probably changes the electronic properties of
the cluster, so that an alternative and more advanta-
geous oxidation mechanism takes place.

Catalytic Properties of Monometallic and Bimetallic 
Nanopowders Containing Platinum and Cobalt in the 

Oxidation of CO

The catalytic properties of Pt nanopowder and a
disordered solid solution of Pt0.5Co0.5 were compared.
Figure 5 shows the temperature dependences of the
conversion of CO on Pt and Pt0.5Co0.5 samples. It is
clear that when the temperature was raised, the con-
version of CO grew to 100% and remained unchanged,
due to the absence of side reactions. It should be noted
that oxidation began at 150°C on Pt and full conver-
sion was reached at 194°C, while the oxidation of CO
proceeds on Pt0.5Co0.5 at a lower temperature (25°C)
and full conversion is achieved at 93°C. Pt0.5Co0.5 is
therefore more active in the oxidation of CO than Pt.
The weak activity of monometallic Pt in the oxidation
of CO at low temperatures is usually due to dense coat-
ing of the Pt surface with adsorbed CO molecules,
which prevent the adsorption and activation of oxygen
[23–25]. It is assumed that additional low-tempera-
ture oxidation route of CO appears for bimetallic Pt–
M (M = Cu, Fe, Co, Ni, etc.), which is realized with a
significant surface coverage of metals with the
adsorbed CO molecules [10–14]; a “geometric” effect
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
is also important [23, 24]. Such a low-temperature
route of CO oxidation on Pt12Co confirms this
hypothesis. The quantum-chemical calculations per-
formed in this work show that Pt–Co bimetallic sys-
tems are more active than monometallic Pt one in the
oxidation of CO even if there are weak coatings and
free surface.

CONCLUSIONS
Quantum-chemical simulation of the oxidation of

CO on Pt13 and Pt12Co clusters, including calculations
of the clusters’ structure, the change in energy during
their interaction with O2 and CO, their activation
energy, and the change in energy in the main stages of
CO oxidation shows that bimetallic Pt12Co clusters
have better catalytic properties than Pt13. An increase
in catalytic activity is due not to geometric factors, but
to an electronic effect: the electronic properties of a
platinum cluster change when cobalt is introduced
into its composition. Experimental studies of the oxi-
dation of CO on Pt nanoparticles and bimetallic disor-
dered solid solutions of Pt0.5Co0.5 confirmed that the
last has higher catalytic characteristics and low-tem-
perature activity.
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