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A B S T R A C T

Aiming at probing into the effects of cluster size and Pd ensemble as active center on H2 dissociation over Pd-
doped Cu bimetallic cluster, density functional theory calculations are employed to investigate H2 adsorption
and dissociation over the Cu and Pd-doped Cu clusters with different sizes. The results show that compared to Cu
cluster, the doped Pd atom and its ensemble composed of outermost layer and its connected sub-layer Pd atoms
as active center greatly enhance catalytic activity of H2 dissociation at the same size of Pd-doped Cu clusters,
which is attributed to the interaction enhancement between H2 and the clusters since d-band centers gradually
approach the Fermi level and the electron-rich regions are formed around Pd ensemble. Moreover, among the
Pd-doped Cu clusters with different sizes, the Bader charge indicate that when the number of doped-Pd atoms is
same, the amount of charge on Pd ensemble increases with the size increasing of Pd-doped Cu catalysts, the
cluster with larger size is beneficial for promoting the activity of H2 dissociation; thus, the size effect of Pd-doped
Cu cluster on H2 dissociation is dominantly attributed to the electronic effect. This work not only provides a
valuable clue for evaluating catalytic activity of other promoter metal-doped Cu catalysts for H2 dissociation, but
also gives out the ways that adjusting the cluster size and the promoter ensemble can facilitate the dissociation of
H2 atoms as an initially key step in the heterogeneous hydrogenation.

1. Introduction

In the heterogeneous catalytic reactions, the bimetallic catalysts
composed of the precious metal alloyed with inert metal have attracted
more attention and play a key role, in which a limited number of noble
metal atoms usually form the ensemble to perform as the active centers
[1–4]. Thus, in order to illustrate and improve the catalytic ability of
active centers, it is necessary to identify the configurations and prop-
erties of the ensemble performed as catalytic active centers [5–10].
Nowadays, the inexpensive Pd-doped Cu catalysts were widely used in
catalytic hydrogenation, such as CO2 hydrogenation [11–13], syngas
conversion [14–16], C2H2 selective hydrogenation [17–19], and so on.
Among these reactions, H2 dissociation as the initial step can provide
enough hydrogen sources for the hydrogenation reactions.

Up to now, extensive studies have theoretically and experimentally
indicated that Cu(111) surface doped with noble metal Pd atoms is able
to promote H2 dissociation with better catalytic activity [20–25].
Meanwhile, the experiments have observed that in the preparation
process of Pd-doped Cu catalyst, part of Pd deposited into the sub-layer

of Cu catalyst [26–28], namely, Pd atoms exist at the outermost layer
and sub-layer of Pd-doped Cu catalysts. Further, density functional
theory (DFT) calculations by Fu et al. [3] also found that the Pd en-
semble as active centers formed by the outermost layer and connected
sub-layer Pd atoms obviously improve catalytic activity of H2 dis-
sociation over the Cu(111) surface doped with Pd atoms.

On the other hand, Nano-metal clusters have been widely used be-
cause of their large specific surface area and high surface atomic un-
saturation, and so on. Extensive studies [29–31] indicated experimen-
tally and theoretically that the catalytic performance can be changed by
the geometric size of nano-metal cluster. Zhao et al. [32] proved that
the activity of Cu cluster is closely related to its size for C2H2 selective
hydrogenation, Cu cluster with the large size exhibits high selectivity
towards gaseous C2H4 formation. Zhang et al. [33] found that the
cluster size of Cu catalyst affects the optimal path of CHx formation in
syngas conversion. Wörz et al. [34] investigated the CO+NO reaction
on Pdn(n< 30) clusters, indicating that both molecularly bonded and
dissociated NO co-exist on the larger Pd clusters, while NO is dis-
sociated on the smaller Pd clusters. Kunz et al. [35] observed that
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oxygen activation occurs easily and CO adsorption is weakened over the
smaller Pd clusters. Further, H2 dissociation easily occurs on Pt13
cluster compared to other Pdn(n= 4, 6, 19, 55) clusters [36]. However,
up to now, as far as we know, except for the reported studies by Fu et al.
[3] about H2 dissociation over the Pd-doped periodic Cu(111) surface
representing the much larger size cluster, few studies over the Pd-doped
Cu cluster catalysts are carried out to explore the size effects on H2

dissociation, and therefore little information was known for the effects
of cluster size and Pd ensemble as active center on the activity of H2

dissociation. In consequence, it is worth to further understand the in-
trinsic electronic and geometric properties for the Pd-doped Cu cluster
with different sizes, and the activity of H2 dissociation.

The present DFT study is designed to investigate H2 adsorption and
dissociation over Pd-doped Cu nano-cluster with different sizes com-
pared to the corresponding Cu catalysts. Pd-doped Cun(n=13, 38, 55)
clusters and Pd-doped Cu(111) surface are employed to present the Pd-
doped Cu nano-cluster catalysts with different sizes. Different forms of
Pd ensemble are presented using the structures of single Pd atom doped
into the outermost layer and those of Pd ensemble formed by the out-
ermost layer and its connected sub-layer Pd atoms. The comparisons
between the Cu and Pd-doped Cu clusters with different sizes are car-
ried out to obtain the effects of cluster size and Pd ensemble as active
center on H2 dissociation. This work is hoped to provide an effective
way for improving catalytic performance of Pd-doped Cu nano-clusters
in H2 dissociation by controlling cluster size and Pd ensemble.

2. Computational details

2.1. Computational method

DFT calculations were performed using Dmol3 code [37,38]. GGA
functional treated by PBE functional were selected to describe the
electron interactions [39,40]. The DNP polarization function was used
as a basis set for valence electron function of all computational atoms.
An effective core potential (ECP) is performed for the inner electrons of
metal atoms; while the all electron basis set is used for the H atoms and
H2 molecule. The surface Brillouin zone is selected as 2× 2×1 k-points
and 0.005 Ha is set for smearing value.

The transition states (TS) were identified by the method of complete
LST/QST [39,41] for H2 dissociation. In order to validate the accuracy
of transition state, TS confirmation and frequency analysis were cal-
culated, the transition state with the single imaginary frequency is

directly connected to the reactant and product. The zero-point energy
[42] can be also obtained.

The adsorption free energies of H atoms and H2 molecule (Gads)
including zero-point energy correction are defined according to the Eq.
(1):

Gads=E(T)−E(catalyst)−E(species)+G(T)−G(catalyst)−G(species) (1)

Where E(catalyst) is the energy of the catalyst, E(species) represents the
energy of H atoms or H2 species in the gas phase, and E(T) is the total
energies of the adsorbed system. G(catalyst), G(species) and G(T) are the
corresponding Gibbs free energies at a finite temperature.

The activation barrier (ΔGa) and reaction energy (ΔG) considered at
a finite temperature are calculated according to the Eqs. (2) and (3):

ΔGa=ETS−ER+GTS−GR (2)

ΔG=EP−ER+GP−GR (3)

Where ER, ETS and EP correspond to the total energies of the slab along
with adsorbed H2, the transition state and the dissociated H atoms,
respectively. GR, GTS and Gp are the corresponding value of Gibbs free
energies at a finite temperature.

In order to better simulate the realistic hydrogenation reaction
temperature, we set the temperature to 475 K according to the reaction
temperature range for three types of typical reactions involved in CO2

hydrogenation (380–523 K) [11–13], syngas conversion (473–583 K)
[14,16] and C2H2 selective hydrogenation (373–530 K) [17–19,43,44].

2.2. Surface model

In this study, as shown in Fig. 1, different sizes of Cu catalysts are
modeled using the Cu13, Cu38 and Cu55 nanoclusters with high sym-
metry, the corresponding diameter size are 4.95, 7.60 and 9.77 Å, re-
spectively. Meanwhile, the much larger size of Cu catalysts are re-
presented using the Cu(111) periodic surface.

Cu catalysts doped with Pd are constructed by substituting the
outermost layer or sub-layer Cu atoms with Pd atoms, they are stable
energetically [45,46]. Moreover, the outermost layer and sub-layer
replacement affect the catalytic performance. Hence, in this study, for
the Pd-doped Cu cluster with different sizes, the structures of individual
Pd atom at the outermost layer and that formed by Pd atoms at the
outermost layer and its connected sub-layer are considered, the stable
configurations of these structures are shown in Fig. 2.

Fig. 1. The optimized structures and adsorption sites for the Cu13, Cu38, Cu55 clusters and the Cu(111) surface. The blue, yellow and green atoms correspond to 6-, 8-
and 9-coordination Cu atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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For the Cu13 and Pd-doped Cu13 clusters, the icosahedral structure
of Cu13 cluster is the most stable with the outmost layer corresponding
to twenty (111) facets of 12 atoms and an inner core of an atom
[47–50]. Meanwhile, the shell of Cu13 cluster has only 6-coordination

Cu atoms. Thus, when the single Pd atom is doped into the outermost
layer of Cu13 cluster, only one type of structure exists, which is named
as PdsCu12. Accordingly, there is one type of Pd ensemble formed by an
outermost layer and a core Pd atoms, denoted as PdsPdsubCu11. Top,

Fig. 2. The optimized structures for different sizes of the pure Cu and Pd-doped Cu clusters. The blue and orange atoms correspond to Pd and Cu atoms, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Bridge and Hcp sites exist.
For the Cu38 and Pd-doped Cu38 clusters, Cu38 is the truncated oc-

tahedron including Cu(111) and Cu(100) planes [51–53]. Unlike Cu13,
the Cu38 inner core consists of an octahedron with 6 atoms and the shell
consists of 32 atoms. Among the shell Cu atoms, there are 6-coordina-
tion and 9-coordination Cu atoms. Fig. 1 shows seven adsorption sites
of Cu38 cluster. Since Top I and Top II have different coordination
numbers of 6 and 9 in Cu38 cluster, respectively, two types of re-
placement for the shell Cu atoms exist, one is to replace 6-coordination
Cu atom to form PdsCu37-I, and the other is to replace 9-coordination
Cu atom to form PdsCu37-II. Further, for PdsCu37-I, the inner core Pd
atom replacement model is PdsPdsubCu36-I. For PdsCu37-II, up to three
inner layer Pd atoms can be replaced to connect with the shell Pd atom,
which are named as PdsPdsubCu36-II, Pds2PdsubCu35-II and
Pds3PdsubCu34-II, respectively.

For the Cu55 and Pd-doped Cu55 clusters, Cu55 cluster with the
icosahedron structure has been experimentally confirmed to be the
most stable and high symmetry [54,55]. Cu55 cluster has a two-shell
centered structure and the shell, the sub-layer and the inner core con-
tain 42, 12 and one Cu atoms, respectively. Obviously, there are two
kinds of shell Cu atoms, 6-coordination and 8-coordination. Accord-
ingly, there are two ways to dope the single Pd atom into the outermost
layer of Cu55; both are named as PdsCu54-I and PdsCu54-II corre-
sponding to the coordination numbers of 6 and 8, respectively. Further,
for the PdsCu54-I, there is only one pattern (PdsPdsubCu53-I) with Pd
atoms doped into the sub-layer; for the PdsCu54-II, one and two sub-
layer Cu atoms can be replaced by Pd atoms, both are donated as
PdsPdsubCu53-II and Pds2PdsubCu52-II, respectively, in which the sub-
layer Pd atoms are connected to the individual shell Pd atom.

Cu nano-clusters with much larger size were modeled by a four-
layers Cu(111) surface with 3×3 supercell because (111) surface is the
most stable of close-packed Cu, and all Cu atoms have the coordination
number of 9, just like Cu147 nano-cluster. Cu(111) surface has been
widely used to represent the larger size [32]. In order to simulate the
bulk environment of the catalyst under the actual conditions, the
bottom two layers of Cu(111) were fixed, the other layers with ad-
sorbed species were relaxed. A 15 Å vacuum was chosen to ensure that
the interactions between periodic slabs are negligible. Replacing a
surface Cu atom of Cu(111) with a Pd atom can obtain PdsCu(111),
then, one, two and three Pd atoms are doped into the sub-layer of PdsCu
(111) to obtain PdsPdsubCu(111), Pds2PdsubCu(111) and Pds3PdsubCu
(111), respectively.

3. Results and discussion

Firstly, H2 adsorption and dissociation over the Cu and Pd-doped Cu
clusters with different sizes were systematically investigated to explore
the relationship of catalytic activity with cluster sizes and Pd ensemble.
The adsorption of one H atom on all catalysts is calculated to achieve
the most stable adsorption site, as listed in Table S1. The structures of
reactants, transition states and products in H2 dissociation over these
catalyst surfaces were presented in Fig. S1. Table 1 lists the distances of
H-Pd or H-Cu, the length of HeH bond, the adsorption free energy of
H2, as well as activation barrier and reaction energy for H2 dissociation
on the Cu and Pd-doped Cu clusters.

3.1. H2 adsorption and dissociation on the pure and Pd-doped Cu13 clusters

For the Cu13 and Pd-doped Cu13 clusters, the preferred adsorption
site for H2 is the top Cu or Pd atoms with a parallel adsorption mode,
which have the adsorption free energies of 38.3, 66.0 and
86.5 kJmol−1 over the Cu13, PdsCu12 and PdsPdsubCu11 clusters, re-
spectively; the bond lengths of adsorbed H2 is obviously increased to
0.815, 0.847 and 0.876 Å compared to 0.748 Å in gaseous H2, in-
dicating that the HeH bond of H2 is activated upon its adsorption.
Moreover, the activation barriers of H2 dissociation are 49.0, 41.4 and

23.0 kJmol−1 over the Cu13, PdsCu12 and PdsPdsubCu11, respectively;
the reaction energies are −72.9, −63.1 and −48.3 kJmol−1, respec-
tively.

Fig. 3(a) shows the relationship for the HeH bond length of ad-
sorbed H2 and the activity of H2 dissociation as a function of H2 ad-
sorption free energy over the pure and Pd-doped Cu13 cluster, sug-
gesting that with the increasing of doped Pd atom number, the
adsorption free energy of H2 also increases to facilitate H2 activation,
accordingly, the length of HeH bond increases, which decreases the
activation barriers of H2 dissociation.

3.2. H2 adsorption and dissociation on the pure and Pd-doped Cu38 clusters

On the Cu38 cluster, H2 has two types of adsorption sites, one is 6-
coordination Cu site (Cu38-I), the other is 9-coordination Cu site (Cu38-
II). For the Cu38 and Pd-doped Cu38 clusters, H2 also prefers to be ad-
sorbed at the top Cu or Pd sites in a parallel configuration, respectively.

As presented in Fig. 3(c) and (d), with the increasing of doped Pd
atoms, the adsorption free energies of H2 (26.6, 50.3 and 51.5 kJmol−1

on Cu38-I, PdsCu37-I, PdsPdsubCu36-I, respectively; 26.3, 29.0, 33.9, 35.3
and 37.7 kJ·mol−1 on Cu38-II, PdsCu37-II, PdsPdsubCu36-II,
Pds2PdsubCu35-II and Pds3PdsubCu34-II, respectively) and the HeH bond
lengths of adsorbed H2 (0.778, 0.821 and 0.827 Å on Cu38-I, PdsCu37-I,
PdsPdsubCu36-I; 0.777, 0.821, 0.828, 0.833 and 0.836 Å on Cu38-II,
PdsCu37-II, PdsPdsubCu36-II, Pds2PdsubCu35-II and Pds3PdsubCu34-II) in-
crease, namely, the increasing of doped Pd atoms is beneficial for H2

activation, which decrease its dissociation barriers (75.3, 62.9 and
42.3 kJmol−1 on Cu38-I, PdsCu37-I, PdsPdsubCu36-I; 70.2, 31.9, 24.3,
23.8 and 19.8 kJ·mol−1 on Cu38-II, PdsCu37-II, PdsPdsubCu36-II,
Pds2PdsubCu35-II and Pds3PdsubCu34-II).

On the other hand, H2 dissociation on the 9-coordination Pd-doped
Cu38 cluster has lower catalytic activity than that on the 6-coordination
Pd-doped Cu38 cluster, namely, the shell Cu atom replacement by Pd
atom should focus on the 9-coordination Cu, which exhibits higher
catalytic activity towards H2 dissociation.

Table 1
The distances (in Å) of H-Pd or H-Cu, the length of HeH bond, adsorption free
energy (Gads/kJmol−1), activation barrier (ΔGa/kJmol−1) and reaction energy
(ΔG/kJmol−1) in the adsorption-dissociation processes of H2 on different sizes
of the Cu and Pd-doped Cu catalysts.

Pd-doped Cu catalysts dH-Pd(Cu) dH-H Gads ΔGa ΔG

Cu13 Cu13 1.702 0.815 38.3 49.0 −72.9
PdsCu12 1.767 0.847 66.0 41.4 −63.1
PdsPdsubCu11 1.733 0.876 86.5 23.0 −48.3

Cu38 Cu38-I 1.860 0.778 26.6 75.3 −38.0
PdsCu37-I 1.826 0.821 50.3 62.9 1.3
PdsPdsubCu36-I 1.799 0.827 51.5 42.3 −4.6
Cu38-II 1.952 0.777 26.3 70.2 −54.3
PdsCu37-II 1.845 0.821 29.0 31.9 −24.0
PdsPdsubCu36-II 1.819 0.828 33.9 24.3 −28.5
Pds2PdsubCu35-II 1.810 0.833 35.3 23.8 −19.4
Pds3PdsubCu34-II 1.802 0.836 37.7 19.8 −15.6

Cu55 Cu55-I 1.855 0.782 23.3 96.4 −21.9
PdsCu54-I 1.862 0.810 38.9 82.3 −42.3
PdsPdsubCu53-I 1.817 0.822 45.9 51.2 −33.6
Cu55-II 1.873 0.788 18.5 69.6 −16.6
PdsCu54-II 1.821 0.829 39.1 26.7 −23.9
PdsPdsubCu53-II 1.786 0.843 47.6 23.3 −22.0
Pds2PdsubCu52-II 1.767 0.854 53.2 16.4 −25.2

Cu(111) Cu(111) 2.789 0.753 20.9 73.9 −25.5
PdsCu(111) 1.832 0.824 22.8 23.1 −30.7
PdsPdsubCu(111) 1.807 0.834 32.4 18.7 −26.7
Pds2PdsubCu(111) 1.780 0.842 35.2 10.3 −28.9
Pds3PdsubCu(111) 1.769 0.851 43.2 16.2 −26.9
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3.3. H2 adsorption and dissociation on the pure and Pd-doped Cu55 clusters

Similarly, on the Cu55 and Pd-doped Cu55 clusters, H2 has also two
types of adsorption site, one is the Top I with the 6-coordination
number, the other is the Top II with the 8-coordination number; at both
cases, H2 is inclined to adsorb at the top Cu or Pd atoms in a parallel
configuration. As shown in Fig. 3(e) and (f), with the increasing of
doped Pd atoms, the adsorption free energies and the HeH bond
lengths of H2 increase, H2 activation and dissociation becomes easier.
Then, in order to achieve higher activity towards H2 dissociation, the
replacement of shell Cu atom by Pd atom should focus on the 8-co-
ordination Cu instead of the 6-coordination Cu. First-principle work by

Cao et al. [56] also confirmed that the Pd atom doped at high-co-
ordination site of Cu55 nanoparticle promotes H2 dissociation re-
markably.

3.4. H2 adsorption and dissociation on the pure and Pd-doped Cu(111)
surface

For the Cu(111) periodic surface, the adsorption of H2 has a weaker
interaction (20.9 kJmol−1) to keep away from Cu(111) surface, which
is a typical physisorption. The HeH bond length of 0.753 Å is close to
that in gaseous H2 (0.748 Å). Experimental observations by Tierney
et al. [24] also confirmed that the dissociation barrier of H2 is high on

Fig. 3. The relationship for the activation barrier of H2 dissociation (ΔGa) and the HeH bond length of adsorbed H2 (dH-H) as a function of H2 adsorption free energy
(Gads) on different sizes of the Cu and Pd-doped Cu catalysts. (a) Cu13 cluster, (b) Cu(111) surface, (c) Cu38-I cluster, (d) Cu38-II cluster, (e) Cu55-I cluster, (f) Cu55-II
cluster.
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Cu(111) surface, and its dissociation is not observed.
For the Pd-doped Cu(111), H2 is more likely to adsorb at the top Pd

atom with a parallel mode. See Fig. 3(b), the adsorption free energies of
H2 (22.8, 32.4, 35.2, 43.2 kJ·mol−1) and the HeH bond lengths of
adsorbed H2 (0.824, 0.834, 0.842, 0.851 Å) increase with the increasing
of Pd number on PdsCu(111), PdsPdsubCu(111), Pds2PdsubCu(111) and
Pds3PdsubCu(111), accordingly, the activation barriers of H2 dissocia-
tion decrease (23.1, 18.7, 10.3, 16.2 kJmol−1), this decreasing trend
agrees with previous studies [3]; moreover, the Pd-doped Cu(111)
surface exhibit stronger catalytic activity towards H2 dissociation
[20,23–25].

3.5. General discussions

3.5.1. The effect of Pd ensemble on the activity
Fig. 4 shows the change trend of H2 dissociation barrier with the

change of Pd number. Compared to Cu catalyst, Pds-doped Cu catalyst
with one Pd atom at the outermost dramatically reduces H2 dissociation
barrier and increase H2 dissociation activity. Subsequently, compared
to Pds-doped Cu catalyst, PdsnPdsub-doped Cu catalyst with nPd atoms
doped into the sub-layer to form Pd ensemble further promote H2 ac-
tivation and dissociation. Thus, Pd ensemble as active center formed by
the outermost layer and its connected sub-layer Pd atoms exhibits
better catalytic activity of H2 dissociation, which agree with the pre-
vious studies [57] that the Pd ensemble formed by surface Pd atom
connected with several subsurface Pd atoms of Cu(111) improves the
catalytic performance for acetylene hydrogenation to ethylene.

Aiming at further illustrating the microscopic reasons, the d-band
center for the Cu and Pd-doped Cu catalysts were calculated (Fig. 5). As
we all know, upshifting d-band center would enhance the ability of
adsorbed species with the catalyst [3,56]. As a result, the upshift of d-
band center towards the Fermi level will enhance the ability H2 ad-
sorption. On the Cu13 cluster (Fig. 5(a)), the adsorption free energy of
H2 is 38.3 kJ·mol−1 with the d-band center at -2.02 eV. When the Pd
atoms are doped into the Cu13 cluster, the adsorption free energy of H2

increases with the upshifting of d-band center towards the Fermi level,
which favored the activation and dissociation of H2. For the Cu38 and
Pd-doped Cu38 clusters (Fig. 5(b) and (c)), the d-band centers (-2.42,
-2.05, -2.03 eV on the Cu38-I, PdsCu37-I, PdsPdsubCu36-I; -2.62, -2.42,
-2.39, -2.37 and -1.54 eV on the Cu38-II, PdsCu37-II, PdsPdsubCu36-II,
Pds2PdsubCu35-II and Pds3PdsubCu34-II) gradually approach the Fermi
level with the increasing of doped Pd atoms, the adsorption energies of
H2 increase. Similarly, on the Cu55 and Pd-doped Cu55 clusters
(Fig. 5(d) and (e)), as well as on the periodic Cu(111) and Pd-doped Cu
(111) surfaces (Fig. 5(f)), with the increasing of doped Pd atom num-
bers, the d-band center gradually upshifts towards the Fermi level.

As mentioned above, when Pd-doped Cu clusters is at the same size,

the increasing of doped Pd atom number makes the d-band center of
outermost layer Pd atom gradually approach the Fermi level, the ad-
sorption ability of H2 also increases to facilitate H2 activation, and H2

dissociation becomes easier.
Therefore, Pd ensemble consisted of the outermost layer and its

connected sub-layer Pd atoms over the Pd-doped Cu catalysts enhance
the catalytic activity of H2 dissociation. It would be highly valuable to
synthesize Pd ensemble over the Pd-doped Cu catalysts. Although Pd
ensemble is more active, Pd ensemble possibly does not exist due to its
higher energy. Interestingly, up to now, for PdCu catalysts, previous
experiments [24,25,28] have observed that during the deposition pro-
cess, a part of Pd atoms goes into the sublayers of Cu(111). Tierney
et al. [24,25] found Pd atoms were selectively placed in the surface,
subsurface, and bulk of Cu by controlling the temperature. Aaen et al.
[28] studied the growth mode of sub-monolayer amounts of Pd on Cu
(111) and found an attractive interaction between surface Pd and
subsurface Pd. Thus, one to three Pd atoms doped into Cu catalysts are
feasible, namely, Pd ensemble can be experimentally realized by a Cu
catalyst doped with a very small quantity of Pd into the surface and
sublayer to join together thanks to the advances in the process of ma-
terial synthesis.

3.5.2. The effect of cluster size on the activity
For the Cu38 and Cu55 clusters, the shell-layer Cu atoms have dif-

ferent coordination numbers to form Pd-doped Cu-I and Pd-doped Cu-II;
however, both Cu-II and Pd-doped Cu-II cluster with high coordination
number have higher catalytic activity towards H2 dissociation than Cu-I
and Pd-doped Cu-I cluster. Thus, different sizes of Cu13, Cu38-II, Cu55-II,
Cu(111), as well as the corresponding Pd-doped Cu were further ana-
lyzed to obtain the size effect of nano-cluster on H2 dissociation.

Fig. 6 reveals the change trend of H2 dissociation barriers along with
the cluster size increasing when the doped Pd atoms have the same
number. For the Cu cluster, when the cluster size increases, H2 dis-
sociation barrier increase generally, thus, the large size Cu cluster is not
in favor of H2 dissociation, whereas the small-sized Cu clusters is more
suitable for the dissociation of H2. Previous theoretical studies by Gu-
velioglu et al. [58] showed that the small-sized nanoparticles among Cu
clusters (n<15) have better catalytic activity for H2 dissociative che-
misorption. However, for the Pd-doped Cu cluster, when the number of
doped-Pd atoms is same, overall, H2 dissociation barrier decrease as the
sizes of Cu cluster increase, namely, in the preparation of Pd-doped Cu
bimetallic catalysts, the particles size should be kept in a relatively
large range, which greatly improves catalytic activity of H2 dissocia-
tion.

Therefore, the size decreasing of Cu clusters and the size increasing
of Pd-doped Cu clusters contributes to H2 dissociation, indicating that
the change trend of H2 dissociation activation barrier is opposite be-
tween pure Cu and Pd-doped Cu. To understand the microscopic rea-
sons, we further investigate the geometric and electronic effects of Cu
and Pd-doped Cu clusters. The results of Bader charge show that the
charge of shell Cu are −0.014, −0.016, −0.018 and −0.017 e on the
Cu13, Cu38, Cu55 and Cu(111), respectively, thus, the charge of shell Cu
are essentially the same among the studies clusters, which means that
the size effect of pure Cu cluster on H2 dissociation may be dominantly
attributed to the geometric effect. More importantly, in terms of the
coordination number of Cu atom, the number of Cu13 is 6, while it is 9,
8 and 9 of Cu38-II, Cu55-II and Cu(111), respectively, thus, compared to
Cu38-II, Cu55-II cluster and Cu(111) surface, the shell Cu of Cu13 cluster
has the minimum coordination number with the highest unsaturation
leading to the strongest adsorption ability of H2 and the lowest dis-
sociation barrier of H2. In addition, experimental and theoretical stu-
dies [59,60] have also proved that the size effect of Cu clusters is indeed
related to the coordination number of shell Cu atoms and the larger
coordination number, the smaller adsorption energy of adsorbed spe-
cies.

On the other hand, for the Pd-doped Cu catalysts, the charge

Fig. 4. The change trend for the activation barriers of H2 dissociation with the
number increasing of doped-Pd atoms over different sizes of Cu catalysts. (a)
Cu13 cluster, (b) Cu38 cluster, (c) Cu55 cluster, (d) Cu(111) surface.
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transferred from Cu to Pd gradually increases on the Pds-doped Cu
(-0.184, -0.319, -0.324 and -0.356 e on the PdsCu12, PdsCu37-II,
PdsCu54-II and PdsCu(111), respectively), PdsPdsub-doped Cu (-0.444,
-0.539, -0.558 and -0.615 e on the PdsPdsubCu11, PdsPdsubCu36-II,
PdsPdsubCu53-II and PdsPdsubCu(111), respectively), Pds2Pdsub-doped
Cu (-0.685. -0.735 and -0.843 e on the Pds2PdsubCu35-II, Pds2PdsubCu52-
II and Pds2PdsubCu(111), respectively) and Pds3Pdsub-doped Cu (-0.819
and -1.043 e on the Pds3PdsubCu34-II and Pds3PdsubCu(111), respec-
tively), respectively. The results of charge transfer indicate that when
the number of doped-Pd atoms is same, the amount of charge on Pd
ensemble increases with the size increasing of Pd-doped Cu catalysts,

which can promote H2 dissociation easily. Thus, the size effect of Pd-
doped Cu cluster on H2 dissociation is dominantly attributed to the
electronic effect.

3.5.3. The analysis of electronic properties
Table 2 lists the Bader charge to further clarify the charge dis-

tribution for the Pd-doped Cu catalysts. For the PdsCu12 cluster, the
charge of the shell Pd atom is −0.184 e. For the PdsPdsubCu11 cluster,
the total charge of the shell and inner core Pd atoms are −0.444 e.
Thus, the doping of Pd atoms causes charge-transfer from Cu to Pd
atoms, and the amount of obtained charge is more with the increasing

Fig. 5. Projected density of states (pDOS) plots of the d-orbitals for the pure Cu catalysts and the Pd-doped Cu catalysts. pDOS belongs to Cu atoms on the pure Cu
catalysts, while that belongs to Pd atoms on the Pd-doped Cu catalysts. (a) Cu13 cluster, (b) Cu38-I cluster, (c) Cu38-II cluster, (d) Cu55-I cluster, (e) Cu55-II cluster, (f)
Cu(111) surface. The vertical dashed lines represent the location of d-band center, and the vertical solid lines indicate Fermi energy level.

R. Zhang, et al. Molecular Catalysis 475 (2019) 110457

7



of Pd atoms. Similar results are observed on the Pd-doped Cu38-II, Pd-
doped Cu55-II and Pd-doped Cu(111), namely, the electron densities of
Cu atoms are reduced, whereas Pd atoms form the electron-rich regions,
which is beneficial to H2 activation and the subsequent dissociation.
This result is consistent with the order of electronegativity that Pd
(2.20) is stronger than that of Cu (1.90) [61]. Plenty of researches have
experimentally and theoretically shown that Cu transfer electrons to Pd
atoms in PdCu bimetallic catalysts [19,44,62,63]. For example, in the
work of Venezia et al. [62], the negative electrons were observed on Pd
atoms in pumice-supported Cu-Pd catalysts. Zhang et al. [63] found
that surface Pd atoms are the electron aggregation regions, which is the
catalytic active center over Pd-Cu alloy catalysts in HCOOH oxidation.
Pei et al. [44] demonstrated that charge transfer to Pd from Cu and the
electron-rich Pd atoms could enhance ethylene selectivity in the semi-
hydrogenation of acetylene. Liu et al. [19] found that the increased
electrons of Pd atoms from Cu could promote desorption of ethylene
and improve the selectivity in partial hydrogenation of acetylene.

The electron density difference is further examined to illustrate the
effect of Pd atoms on the electron distribution of Cu clusters. There are
up to three sub-layer Pd atoms are connected with the outmost layer Pd
atom on the Pd-doped Cu38-II cluster. Thus, the plot of electron density
difference on the Cu38-II and Pd-doped Cu38-II clusters are displayed as
an example in Fig. 7, which shows a 2D slice from calculated electron
density difference data of catalysts. The electron density difference was
calculated with a linear combination of the atomic densities. The value
of isosurface was set to be 0.1 electrons /Ǻ3. Compared to the single
Cu38-II, the doped Pd atoms into Cu38-II make the charge distribution
uneven of Cu38 cluster, in which the electron enrichment is near the Pd
ensemble. Thus, H2 molecule is more easily absorbed at the Pd atoms,
which can donate electrons to H2; the Pd ensemble formed by the

outermost layer and its connected sub-layer Pd atoms is the actually
active center, which presents higher activity for catalyzing H2 dis-
sociation.

As mentioned above, when Cu cluster is doped by Pd atoms, the
charge distribution of Cu cluster becomes uneven because of the charge
transfer to Pd from Cu atoms, the doped Pd atoms are negatively
charged in the Pd-doped Cu clusters, the more the charge of Pd atoms
is, the stronger the catalytic activity of H2 dissociation is. Thus, al-
though the charge transfer is just the results of doping, it is not directly
related to or governs the activation ability; the charge density of doped
Pd atoms can be only used to simply reflect the catalytic activity of Pd-
doped Cu clusters towards H2 dissociation.

4. Conclusions

DFT calculations are employed to probe into the effects of cluster
size and Pd ensemble as active center on H2 dissociation over Pd-doped
Cu bimetallic cluster, in which H2 adsorption and dissociation was
systematically examined over the Cu and Pd-doped Cu catalysts, in-
cluding Cu13, Cu38, Cu55 cluster and the periodic Cu(111) surface. This
study reveals that for the single Cu cluster, the larger the cluster size of
the Cu is, the lower the catalytic activity of H2 dissociation is. However,
for the promoter Pd atoms doped into Cu cluster, the larger cluster size
has the higher catalytic activity towards H2 dissociation; namely, when
the Pd-doped Cu bimetallic catalysts are prepared, the catalyst particles
should be controlled within a relatively large particle size, which sig-
nificantly improve catalytic activity of H2 dissociation. On the other
hand, the promoter Pd ensemble formed by the outermost layer and its
connected sub-layer as active center promote the adsorption, activation
and dissociation of H2, which is attributed to that the d-band centers
gradually approach the Fermi level and the doped Pd atoms make the
charge distribution uneven of Cu cluster due to the charge transfer from
Cu to Pd. The more the charge of Pd atoms is, the stronger the activity
of H2 dissociation is. Thus, controlling the catalyst particle size and the
promoter Pd ensemble in heterogeneous hydrogenation are useful ways
to enhance the catalytic activity of H2 dissociation over the Pd-doped
Cu catalysts.
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Fig. 6. The change trend of the activation barriers of H2 dis-
sociation with the increasing of doped Pd atoms when the number
of doped Pd atoms is the same. The black, red, blue, pink and
green lines correspond to the Cu, Pds-doped Cu, PdsPdsub-doped
Cu, Pds2Pdsub-doped Cu and Pds3Pdsub-doped Cu catalysts on the
different size of the clusters, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 2
Bader charge (e) transferred from Cu atoms to Pd atoms on the different sizes of
Pd-doped Cu catalysts.

Pd-doped Cu catalyst Bader Charge Pd-doped Cu catalyst Bader Charge

PdsCu12 −0.184 PdsPdsubCu11 −0.444
PdsCu37-I −0.268 PdsPdsubCu36-I −0.474
PdsCu37-II −0.319 PdsPdsubCu36-II −0.539
Pds2PdsubCu35-II −0.685 Pds3PdsubCu34-II −0.819
PdsCu54-I −0.338 PdsPdsubCu53-I −0.566
PdsCu54-II −0.324 PdsPdsubCu53-II −0.558
Pds2PdsubCu52-II −0.735 PdsCu(111) −0.356
PdsPdsubCu(111) −0.615 Pds2PdsubCu(111) −0.843
Pds3PdsubCu(111) −1.043
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Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.mcat.2019.110457.
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