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Abstract
Based on the density functional theory (DFT), the geometric for the reactants, intermediates, transition
states and dehydrogenation products have been optimized. The energy diagrams are drawn out along
both the O-adsorption path and H-adsorption path, and the C-H bond scission pathway is energetically
more favorable than the O-H bond scission pathway. By calculation, the Pt is the active site in the whole
reaction processes, and the barrier energy of the rate-determining step is 11.09 kcal/mol by Pt: Cu=2: 1
which is lower than that of Pt 3 and PtCu 2 . Importantly, it is shown that the complete dehydrogenation
product of methanol, CO, can more easily dissociate from PtCu 2 cluster than from Pt 3 cluster. Therefore,
Cu doping can promote the catalytic activity of Pt in a certain extent.

Introduction
At present, PtCu binary metal catalyst has attracted great attention of scientists due to its good oxidation
activity, stability and anti-poisoning performance for methanol of direct methanol fuel cells (DMFCs), and
many research groups have achieved excellent results [1-14]. Chen et al. [10] have found that hollow PtCu
octahedral nanoalloys are e�cient bifunctional electrocatalysts towards oxygen reduction reaction and
methanol oxidation reaction by regulating near-surface composition. Baronia group [6] has revealed that
the electro-catalytic activity of the synthesized PtCu/N-rGO catalyst is much higher to that of Pt/N-rGO
and Pt/C catalyst by cyclic voltammetry, electrochemical impedance spectroscopy and electron transfer
measurements. The maximum activity per unit mass of Pt32Cu68 NWs prepared by Liao et al. [11] is two
times higher than that of Pt nanowires, and it shows very high stability and tolerance to CO poisoning.
The enhanced activity and stability are attributed to the bifunctional mechanism. It is considered that the
alloy copper atoms in Pt lattice provide common manipulation sites to reduce the poisoning effect of CO
intermediate species on NWs active surface sites. The optimal alloy ratio of PtCu nanoparticles prepared
by Khan et al. [12] is 20 wt%, and the activity per unit mass is 0.043 mA/μgPt. The results show that the
electronic structure of Pt in PtCu alloy is modi�ed due to the shift of d-band center of Pt, which can
reduce CO poisoning and improve the catalytic activity of methanol oxidation and oxygen reduction
reaction. Wei et al [14] have reported by theoretical research that the catalyst of Pt3Cu4 cluster has good
catalytic effect for methanol decomposition and it is selective toward CO2 over CO. In this paper, we
choose PtnCum (n+m=3, m≠3) clusters as catalysts to study the dehydrogenation behavior of methanol
on PtCu alloy.

The study on the mechanism of methanol electro-oxidation over Pt-based catalysts is helpful for us to
understand the catalytic activity of anode Pt-based catalyst in DMFCs, and to design and develop high-
e�ciency catalyst based on bifunctional mechanism and ligand (electron) effect. To develop DMFCs and
provide comprehensive mechanistic insights, a large number of studies have been devoted to understand
the methanol oxidation reaction processes on Pt electrodes. Two possible reaction paths for
dehydrogenation of methanol to CO are proposed, one is methyl-adsorption (H-adsorption) initiated C-H
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bond cleavage [15-17], and the other is oxygen-adsorption (O-adsorption) initiated O-H bond cleavage [17-
22].

In this paper, we have studied the catalytic mechanism of methanol over PtnCum (n+m=3, m≠3) by
density functional theory (DFT), and found that when the ratio of platinum and copper is different, the
catalytic performance is quite different. 

Computational Details And Models
In the present study, the calculations have been performed using the Gaussian 09 code [23]. As for the
optimized structures and vibration frequencies of all the stationary points, density functional theory
(DFT) with hybrid B3LYP functional is employed [24-26]. In order to include the Van der Waals interaction
between the catalyst and methanol, Grimme’s dispersion correction (DFT-D3 (BJ)) is applied [27, 28]. The
Los Alamos LANL2DZ effective core pseudopotentials (ECP) is employed for Pt and Cu, while the C, H
and O atoms are treated with 6-311++G(d, p) basis set [29, 30]. During geometrical optimizations,
symmetric constraints are not imposed, and the optimized minima and transition states are con�rmed by
vibration frequency calculations. Intrinsic reaction coordinates (IRC) calculations [31] are used to connect
reactants and products, and the zero points energy (ZPE) corrections are performed at the same level.

It is generally believed that gas-phase clusters can be used as a model system to illustrate the complex
catalytic mechanisms in the realistic nano-catalytic reaction [32, 33]. The simplest Pt3, Pt2Cu and PtCu2

clusters to simulate the catalytic mechanism of methanol dehydrogenation reaction. Considering that the
ground states of the three clusters are singlet states, we calculated the methanol dehydrogenation over
Pt3, Pt2Cu and PtCu2 clusters on the singlet potential energy surface.   

Results And Discussion
In this paper, the mechanism of methanol dehydrogenation reaction initiated by O-adsorption and H-
adsorption over Pt3, Pt2Cu and PtCu2 clusters are described, respectively. The dehydrogenation path of
methanol initiated by O-adsorption on PtnCum (n+m=3, m≠3) cluster (O-adsorption path) is divided into
four continuous dehydrogenation steps: CH3OH→CH3O→CH2O→CHO→CO. There are three possible
dehydrogenation pathways initiating by H-adsorption (H-adsorption path): (1) CH3OH → CH2OH → CH2O
→ CHO → CO; (2) CH3OH → CH2OH → CHOH → CHO → CO; (3) CH3OH → CH2OH → CHOH → COH →
CO.

By comparing the reactions of CH3OH+ PtnCum (n+m=3, m≠3), it is explained the reasons why PtCu
binary metal nanomaterials show superior catalytic activity for methanol oxidation.

CH3OH+Pt3
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In Fig. 1 and Fig. 2, methanol is adsorbed on the top of Pt atom by O atom, and the adsorption energy is
17.45kcal/mol, which is very close to the calculation result of Pang (-16.87 kcal/ mol) [16]. Compared
with the free methanol molecule, the O-H bond is slightly elongated, which indicates that the O-H bond of
methanol is not activated well. Therefore, the energy barrier of a1→a2 is very high by 24.90kcal/mol,
which indicate that the dehydrogenation of hydroxyl group is di�cult in kinetics. The energy barrier of the
next three dehydrogenation reactions is much lower than that of the �rst step of O-H bond breaking.
Therefore, the �rst step of O-H bond breaking is the speed-determining step of the whole path, which is
consistent with Kandoi’s [34] conclusion. Finally, in the product complex a5, four H atoms in methanol
have been transferred to Pt3 cluster, and the product1 and CO are formed by Pt-C bond breaking with the
dissociated energy of 30.26 kcal/mol. It shows that the dissociation of CO is very di�cult, which is also
the reason why Pt catalyzes methanol reaction is easy to be poisoned.

In Fig. 3 and 4, the intermediated a6 is initial adsorption con�guration with the adsorption energy of -6.62
kcal/mol, which is lower than that of a1. Karp et al [35] experimentally determined that the adsorption
energy of methanol on Pt(111) surface at 100K is -14.5±0.2 kcal /mol. Once a6 is formed, the C-H bond
activated by Pt is easy to break, that is, only the transition state of a6-7 with the energy barrier of 3.56
kcal/mol needs to be �ipped to form the intermediate a7, which is close to the energy barrier of 4.84
kcal/mol calculated by Hartnig et al. [15]. The O-H bond of intermediated a7 is broken through the
transition state of a7-8. In this process, the distance of O-H bond is obviously elongated. It should be
noted that this step is completed by the interaction of two Pt atoms with the barrier of the reaction of
8.05kcal/mol. With the break of the second and third C-H bonds, the �nal product complex a10 is formed,
which has mirror symmetry with a5. The energy barriers of these two steps are 12.89kcal/mol and
11.69kcal/mol, respectively. For H-adsorption path, the energy of intermediates and transition states in
path (1) are below the reactants, and the reaction energy barrier of the whole dehydrogenation process is
very low, which is the most likely to occur in the three paths. For path (2) and (3), the energy barriers are
26.95kcal/mol and 48.54kcal/mol, respectively, so path (2) and (3) is di�cult to compete with path (1).
Compared with H-adsorption and O-adsorption path, path (1) initiated in H-adsorption path is most likely
to occur.

In the process of methanol dehydrogenation, Pt catalyst makes the O-H bond and C-H bond of methanol
to stretch continuously and activated until breaks. The intermediates CH3O, CH2O, CHO and the
dehydrogenation product CO in the pathway have good adsorption stability, which lead to Pt catalyst
poisoning. It can be seen from Fig. 1 and 3, the activation of O-H and C-H bond in methanol mainly
occurs one Pt atom, which indicates that the catalytic behavior of small Pt cluster is different from that
on Pt crystal plane, and the catalytic reaction of methanol on Pt crystal plane involves the interaction of
2-4 adjacent Pt atoms [35]. Neurock et al. considered that the clusters composed of 1-4 Pt atoms all play
an important role in the electro-catalytic oxidation of methanol, and single Pt atom, Pt dimer and Pt trimer
supported on graphene are observed under scanning tunneling microscope [36].

CH3OH+Pt2Cu
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The dehydrogenation of methanol initiated by O-adsorption on Pt2Cu cluster can be divided into two
types: O-adsorption occurs at Pt site and Cu site respectively. By calculation, the adsorption energy of O
atom at Cu site is 1.51kcal/mol lower than that at Pt site. Although there is a strong interaction between
O and Cu, the hydroxyl hydrogen gradually approaches Pt, resulting in O-H bond breaking and formation
of Pt-H bond. The next dehydrogenation reaction takes place at Pt sites. The energy barrier of this step
(CH3OH→CH3O) is the highest in the whole path, which is the speed-determining step with the energy
barrier of 51.09 kcal /mol. Such a high energy barrier makes the reaction almost impossible, which is
nearly two times higher than that of Pt3 (24.90 kcal / mol). At the same time, we also calculated the
energy barrier of O-H bond breaking at Pt site (32.89 kcal /mol), which is higher than that of Pt3. It shows
that the addition of Cu has little effect on the O-adsorption path.

The adsorption energy of H-adsorption on Pt site is 2.82 kcal/mol lower than that at Cu site, which
indicates that methyl hydrogen is more likely to attack Pt site in Pt2Cu. Fig. 5 depicts the geometries of all
transition states and intermediates in the dehydrogenation reaction initiated by H-adsorption on Pt2Cu
cluster. The potential energy surface pro�le of the reaction path is given in Fig. 6. In path (1), the methyl
hydrogen in methanol attacks the Pt site of Pt2Cu cluster to form the initial reaction complex b6. Then,
starting from b6, the �rst C-H bond is broken through a lower energy barrier to form a stable intermediate
b7 (Fig. 5 and 6). b7 is a very important intermediate for the H-adsorption path, and the subsequent
dehydrogenation reactions start from b7. For the next O-H bond breaking (b7→b7-8→b8) of path (1), the
hydroxyl hydrogen in methanol gradually approaches to another Pt atom, resulting in O-H cleavage, and
the energy barrier of this step is 11.09 kcal / mol. After the transition states of b8-9 and b9-10, the next
two C-H bonds are broken, and the corresponding energy barriers are 9.44 kcal/mol and 10.38kcal/mol,
respectively, in which Cu participates in the second C-H bond breaking process (Fig. 5). The energy barrier
of the whole dehydrogenation process is low. The synergistic effect of Cu leads to the dehydrogenation
reaction more easily. In the �nal product compound b10, the dissociation energy of dissociating CO from
b10 is 31.37 kcal/mol, which is similar to that of dissociating CO from a10 (30.27 kcal/mol).

In Fig. 6, the relatively high energy barrier of O-H bond breaking (28.64kcal/mol) is the rate-determining
step of path (2), and the energy barrier of rate-determining step of path (3) is 35.72kcal/mol, which is
higher that of path (2) and (1) . Therefore, it is di�cult for path (2) and path (3) to compete with path (1).
In addition to CO, Pt2Cu has good poison resistance to other carbon-containing intermediates.

CH3OH+PtCu2

The reaction pathway of methanol dehydrogenation initiated by O-adsorption on PtCu2 cluster is similar
to that of Pt2Cu. The oxygen atom of methanol is more easily to adsorb on the Cu site, and the
corresponding adsorption energy is 4.65kcal/mol, which is lower than that of Pt site. By calculation, the
energy barrier of O-H bond breaking of methanol at Cu and Pt site are 47.14kcal/mol and 42.88 kcal /mol,
respectively, which is the rate-determining step of the O-adsorption path. The addition of Cu is not
conducive to the �rst O-adsorption path.
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The same as the calculation result of the reaction between methanol and Pt2Cu, methyl hydrogen in
methanol is more likely to attack Pt sites in PtCu2. In Fig. 7 and 8, the adsorption energy of c6 (4.84
kcal/mol) is higher than that of b6 and a6. For path (1) and (2) of H-adsorption path, the breaking of O-H
bond becomes the rate-determining step of these paths, and the corresponding energy barrier is
29.41kcal/mol and 29.14kcal/mol, respectively. Therefore, path (1) and path (2) of H-adsorption path are
two competing reactions. The rate-determining step of path (3) is the third C-H bond breaking, and the
corresponding energy barrier is 50.68kcal/mol. Such a high energy barrier means that this path is di�cult
to react. This is mainly because the CHOH structure in c11 is stable, making the C-H bond di�cult to
break. Liao and Baronia et al reported [6, 11] that when Pt:Cu=1:2, the catalytic activity is signi�cantly
improved. For PtCu2, although the dehydrogenation energy barrier of methanol is slightly higher than that
of Pt2Cu and Pt3, it is signi�cantly easier to remove CO and reactivate the Pt sites of the catalyst. This
may be one of the reasons for the higher catalytic activity of PtCu2 than pure Pt.

Comparative analysis

The rate-determining step of O-adsorption path on Pt3, Pt2Cu and PtCu2 clusters is the �rst
dehydrogenation reaction, that is, the breaking process of O-H bond. The di�culty of dehydrogenation
prevents the subsequent reaction from taking place, which indicates that Cu doping has little effect on O-
adsorption path.

In path (1) of H-adsorption path, the energy barrier of methanol dehydrogenation over Pt2Cu is
1.8kcal/mol lower than that on Pt3. For the Pt sites of H-adsorption path, both adsorption and
dehydrogenation are easier, which indicates that doping Cu in Pt catalyst can improve the catalytic
activity of the catalyst and reduce the cost of the catalyst. As for a6, b6 and c6, the stability of b6 is
higher than that of a6, while that of c6 is lower than that of a6. The change law of adsorption energy is
consistent with the intrinsic activity law of the catalyst, that is, Pt2Cu has the highest catalytic activity.
The rate-determining step of path (3) occurs in the third C-H bond breaking process, i.e. CHOH→COH.
Compared with the other two paths, the energy barrier of this path is highest. In Fig. 4, 6 and 8, the
structures of a11, b11 and c11 are similar, and the C-O bond (rC-O=1.3 Å) is shorter than that of methanol,
which shows that the interaction between CHOH is strengthened and the C-H bond is di�cult to break.
PtCu2 has better resistance to CO poisoning, which maybe the reason why it has better catalytic activity
than pure Pt. The results are consistent with the experimental results of Li et al [37].

As shown in Fig. 9, although Pt has both the ability to accept and donate electrons, Pt has a stronger
ability to accept electrons. Therefore, the lone pair of electrons on O atom in methanol is easier to transfer
to the d-orbital of Pt in the catalyst, that is, the electrons transfer from the HOMO of methanol to the
LUMO of the catalyst, resulting in a stronger interaction. Thus, the O-adsorption stability of methanol on
the PtnCum (n+m=3, m≠3) clusters is stronger than that of H-adsorption. In Pt2Cu, Cu atom has a positive
charge of +0.390e and Pt atom has a negative charge of -0.195e. The O atom of methanol is more easily
adsorbed on the Cu site due the negative charge, while the methyl hydrogen is more likely to be adsorbed
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on the Pt site because of its positive charge. Because of Cu doping, the interaction between methyl
hydrogen and Pt2Cu is stronger than that of Pt3. For PtCu2, when methyl hydrogen interacts with Pt,
because Pt has more negative charges, the repelling ability between Pt and O in methanol is also the
largest, which makes the whole methanol molecule far away from Pt, resulting in the decrease of H-
adsorption ability. From the frontier molecular orbital, there is almost no interaction between methanol
and PtCu2. As shown in Fig. 9, the matching of LUMO of Pt2Cu and PtCu2 with HOMO of methanol is not
as good as that of Pt3, which is also the reason why the adsorption stability of O-adsorption of the two
catalysts is not as good as that of Pt3.

It should be noted that the salvation effect of the system is ignored in our calculations. However, the
generally accepted view is that the salvation effect is expected to have similar effects on the three
clusters, so that he main conclusions we get in the gas phase calculations are valid [32]. A study of the
reactions of free clusters can provide useful information for understanding the mechanisms involved in
the realistic and complicated catalytic systems.

Conclusions
In this paper, we have performed a comparative theoretical study the dehydrogenation process of
methanol on PtnCum (n+m=3, m≠3) clusters. The conclusions are as follow:

(1) By comparing the dehydrogenation of methanol on PtnCum (n+m=3, m≠3) clusters, the whole process
from methanol dehydrogenation to CO is exothermic.

(2) The rate-determining step of O-adsorption path on Cu and Pt sites of PtnCum (n+m=3, m≠3) clusters
is the �rst step, i.e. the breaking of O-H bond. Cu doping did not promote the O-adsorption path.

(3) There are three dehydrogenation pathways of H-adsorption path on Pt site of PtnCum (n+m=3, m≠3)
clusters. For Pt3 and Pt2Cu clusters, the optimal pathway is path (1), and for PtCu2, path (1) and path (2)
are competitive. Although the energy barrier of the rate-determining step of H-adsorption path on PtCu2 is
higher than that on Pt3 and Pt2Cu, PtCu2 catalyst is more bene�cial to improve the anti-CO poisoning
performance.

(4) Difference electrons carried by Pt and Cu sites in binary metal alloys lead to different adsorption sites.
Compared with each reaction path, Cu doping can promote the catalytic activity of Pt in a certain extent.
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Figure 1

The intermediates and transition states optimized in the dehydrogenation of O-adsorption path on Pt3
(The blue, gray, red and white spheres represent Pt,C,H and O atoms, respectively. The unit of length is Å,
the same as below)
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Figure 2

The potential energy pro�le of O-adsorption path on Pt3
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Figure 3

The intermediates and transition states optimized in the dehydrogenation of H-adsorption path on Pt3
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Figure 4

The potential energy pro�le of H-adsorption path on Pt3
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Figure 5

The intermediates and transition states optimized in the dehydrogenation of H-adsorption path on Pt2Cu
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Figure 6

The potential energy pro�le of H-adsorption path on Pt2Cu
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Figure 7

The intermediates and transition states optimized in the dehydrogenation of H-adsorption path on PtCu2
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Figure 8

The potential energy pro�le of H-adsorption path on PtCu2
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Figure 9

The NBO charge and frontline molecular orbital diagram before and after methanol adsorption by Pt3,
Pt2Cu and PtCu2


