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Abstract
Density functional theory (DFT) is used to investigate the N2O decomposition over 
Pd4

−/0/+ clusters. The Eley–Rideal (ER) mechanism and the Langmuir–Hinshel-
wood (LH) mechanism are well established. The average binding energies show 
that the most stable structure of Pd4

−/0/+ clusters is the tetrahedral configuration. For 
the Pd4

− cluster, the activation energies indicate that the rate-limiting step in two 
mechanisms is the formation of O2, and the ER mechanism occurs more easily than 
the LH mechanism. While for the Pd4

0 and Pd4
+ clusters, the rate-limiting step in 

two mechanisms is the N2O decomposition to N2, and the LH mechanism is more 
likely to process. Among all clusters, the Pd4

− cluster exhibits better catalytic activ-
ity compared with the Pd4

0 and Pd4
+ clusters.

Keywords  DFT · Pd cluster · N2O decomposition · Charge-state clusters

Introduction

N2O, as a greenhouse gas, not only severely damages the ozone layer in the atmos-
phere, but also has a higher warming potential than CO2 and CH4 [1–3]. Recently, 
Shakoor et al. reported that the emission of N2O is increasing due to anthropogenic 
activities [4]. Therefore, the elimination of N2O has become one of the measures to 
mitigate atmospheric pollution. Among the N2O treatment technologies, the direct 
catalytic decomposition of N2O into N2 and O2 is regarded as the most promising 
method. There are mainly three main steps for the N2O decomposition [5, 6]:

(1)[Cat] + N2O → N2 + [Cat]O∗
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The ER mechanism consists of the decomposition of two N2O molecules. The 
first N2O adsorbs on the catalyst and furtherly decomposes to N2 and residual O*. 
Then, the residual O* binds to another N2O to transform into N2 and O2. However, 
some researchers find that the residual O* may react with another remaining O* to 
further form O2, which is known as the LH mechanism.

Small clusters are considered to be intermediates between the single atom and 
condensed matter. Many investigations have revealed that the reactivity of a cluster 
is dependent on the charge state. Francisco et al. [7] studied the charge effect on the 
N2O reduction by the Rh6

− and Rh6
+ clusters, they found that the N2O reduction 

process is influenced by the chosen charge of Rh particles. The Rh6
− cluster has 

better catalytic activity compared with the Rh6
+ cluster according to the activation 

energy results. Wu et al. [8] investigated the reaction mechanism of N2O decompo-
sition on Au3

+/0/− clusters, they point out that the Au3 neutral cluster exhibited the 
highest catalytic activity, which just needs an energy barrier of 11.60 kcal/mol in the 
decomposition of N2O. Lian et al. [9] explored the dissociation of water on neutral 
and charge-state Ni3M (M = Ni, Cr, Mn, Fe, and Co) clusters. The results indicate 
that the dissociation barriers of anionic clusters are relatively low, and the bimetallic 
Ni3Fe cluster exhibits the best performance.

Palladium catalysts have exhibited superior catalytic activity in many fields, 
especially in the control of automobile exhaust gas emissions [10, 11]. Its atoms, 
clusters, and compounds have been proven to be effective catalysts for N2O decom-
position [12–16]. However, the charge state influence of Pd nanoparticles on the 
catalytic activity is uncertain, and there is lack of theoretical study for the catalytic 
mechanism in the dissociation of N2O on the charged Pd cluster.

Hence, in this work, the decomposition of N2O on the Pd4
+/0/−cluster has been 

investigated by DFT calculation. Two reaction mechanisms for N2O decomposition 
on the Pd4

+/0/− cluster have been well established. For two mechanisms, the effects 
of the charge state on catalytic activity are elaborated. The results obtained can pro-
vide some theoretical guidance for solving the N2O pollutant problem.

Computational methods

All DFT calculations were performed by Gaussian09 package [17]. The 
exchange–correlation interactions were treated by generalized gradient approxima-
tion (GGA) with Perdew-Burke-Ernzerhof (PBE) functional [18, 19]. The initial 
cluster structure optimization was performed at PBE/SDD level and the single point 
energy was calculated at PBE0/SDD level. The 6-311 + G(d,p) basis set was used 
for N and O atoms [20] and the SDD basis set was used for Pd atom [21]. The fre-
quency analysis was supplemented by the same theoretical level to ensure that each 
TS has only one imaginary frequency.

(2)N2O + [Cat]O∗
→ [Cat] + N2 + O2 (ER)

(3)2[Cat]O∗
→ [Cat] + O2 (LH)
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The adsorption energy between cluster and molecules was calculated by Eq. 4:

Here the Esystem was the energy of the molecule adsorbed on the cluster, the 
Ecluster was the energy of the cluster and the Emolecule was the energy of the molecule.

Results and discussions

Adsorption of N2O over the Pd4
−/0/+ clusters

The overall possible configurations of Pd4
−/0/+ clusters are optimized in various spin 

multiplicities, and the optimized structures are shown in Table S1. In all configu-
rations of Pd4

−/0/+ clusters, the tetrahedral structure is more stable and has higher 
binding energy than other configurations. Fig. S1 shows the most stable tetrahedral 
configuration of Pd4

−/0/+ clusters. The Pd4
+ cluster is a regular tetrahedral configura-

tion with an average bonding length of 2.59 Å and binding angle of 60°, the Pd4
0 

and Pd4
− clusters are slightly distorted tetrahedral structures with average binding 

lengths of 2.61 Å and 2.66 Å. This is consistent with the theoretical data of 2.66 Å 
for the Pd4

0 cluster reported by Camacho [22].
Then the N-terminal and O-terminal adsorption of N2O at each possible site of 

Pd4
−/0/+ clusters with various spin multiplicities are investigated, the full data are 

listed in Table S2. The adsorption energy is little affected by the different adsorption 
sites while it can be influenced availably by the adsorption pathway of N2O. The 
adsorption energy, bond lengths between the Pd4

−/0/+ clusters and N2O in the N- and 
O-terminal adsorption are shown in Table 1. The adsorption energy of N2O on the 
Pd4

− cluster in N-terminal adsorption mode is the highest among the three clusters. 
Generally, the adsorption energy in the N-terminal adsorption pathway of N2O is 
larger than that of the O-terminal, which suggests that the N2O prefers to adsorb on 
the cluster through the N-terminal.

Mechanisms of N2O decomposition on the Pd4
−/0/+ clusters

Considering the potential energy profiles and the structures along the dissociation 
pathways are very similar, the reaction pathways of the N-terminal adsorption over 

(4)Eads = Esystem − Ecluster − Emolecule

Table 1   The adsorption energy 
and the binding length between 
Pd4

−/0/+ clusters and N2O

Pd4
−/0/+ + N2O

Pd4
−/0/+−N2O Pd4

−/0/+−ON2

Eads (eV) dPd–N(Å) dN–O(Å) Eads (eV) dPd–O(Å) dN–O(Å)

Pd4
0 − 0.55 2.07 1.18 − 0.28 2.42 1.18

Pd4
+ − 0.60 2.17 1.16 − 0.41 2.34 1.19

Pd4
− − 1.03 1.94 1.21 − 0.24 2.31 1.18
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Pd4
−/0/+ clusters are mainly described in detail as shown in Figs. 1, 2, 3. The poten-

tial energy profiles in the O-terminal adsorption are shown in Figs. S2–S4.
For the N2O reduction reaction, the initial step is the first N2O decomposition. 

Fig. 1 shows the potential energy profiles of the first N2O decomposition. For the 
Pd4

− cluster, the first decomposition of N2O needs two reaction processes to real-
ize, while Pd4

0 and Pd4
+ clusters need just one step. For Pd4

0 and Pd4
+ clusters, 

the N2O is slantly attached to the metal clusters with an ∠N–N–O angle of 180°, 
the energy of IM1* and IM** is − 0.52 eV and − 0.60 eV, respectively. Then, the 

Fig. 1   The potential energy profile of the first N2O decomposition on Pd4
−/0/+ clusters of the N-terminal 

pathway a N2O → N2 + O*, and b corresponding optimized intermediates and transition states involved in 
N2O decomposition
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IM1* and IM1** convert to the IM2* and IM2** through transition states of TS1* 
and TS1**. The angle of ∠N–N–O is bent from the original 180–118° and 115°. 
The Pd–O bond with lengths of 1.98 Å and 1.88 Å. Subsequently, the O–N2 bond is 
broken to form the N2 molecule, and the dissociated O atom locates at the two adja-
cent Pd atoms of Pd4

0 and Pd4
+ clusters. The activation energies of this process are 

1.32 eV and 2.24 eV.
For the Pd4

− cluster, the N2O molecule is vertically adsorbed on the metal cluster 
to form IM1*** with an adsorption energy of − 1.03 eV. Then, the IM1*** transfers 
to IM2*** through a transition state of TS1*** with an activation energy of 0.27 eV. 

Fig. 2   The potential energy profile of ER mechanism in the N-terminal pathway a O* + N2O → N2 + O2, 
and b corresponding optimized intermediates and transition states involved in ER mechanism
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The ∠N–N–O angle of N2O is bent from 180 to 131° and the N and O atoms of 
N2O are connected to neighboring Pd atoms. The N–O bond lengthens from 1.29 to 
1.67 Å and finally breaks. The activation energy of this process is 0.52 eV.

The potential energy profiles of ER mechanism are shown in Fig. 2, the Pd4O0, 
Pd4O+, and Pd4O− clusters combine with another N2O to further form IM1+, IM1++, 
and IM1+++ with energies of − 0.79 eV, − 0.94 eV, and − 0.81 eV. Then, IM1+, 
IM1++, and IM1+++ convert to IM2+, IM2++, and IM2+++ through transition states 
of TS1+, TS1++, TS1+++ with activation energies of 1.65 eV, 2.33 eV, and 0.68 eV. 
At this time, the N–O bond is broken and remains an O atom connecting to the 
Pd4O−/0/+ clusters. Finally, the two O atoms move close to each other by the length-
ening of the Pd–O bond and generate the O2 (IM3+, IM3++, and IM3+++). The acti-
vation energies for this process are 0.22 eV, 0.01 eV, and 0.87 eV. Therefore, for the 
Pd4O0 and Pd4O+ clusters, the activation energy for the N2O decomposition to N2 is 

Fig. 3   The potential energy profile of LH mechanism in the N-terminal pathway a 2O* → O2, and b cor-
responding optimized intermediates and transition states involved in LH mechanism
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higher than the O2 formation, which indicates that the N2O decomposition to N2 is 
the rate-limiting step for the Pd4O0 and Pd4O+ clusters in the ER mechanism. How-
ever, for the Pd4O− cluster, the activation energy in the formation of O2 is higher 
than the N2O decomposition to N2, implying that the formation of O2 is the rate-
limiting step.

The potential energy profiles of the LH mechanism are shown in Fig. 3. Differ-
ent from the ER mechanism, the formation of O2 in the LH mechanism is mainly 
from the recombination of two residual O atoms. As shown in Fig.  3, the Pd4O0, 
Pd4O+, and Pd4O− clusters combine with another O atom to form IM1^, IM1^^, 
and IM1^^^ with energies of −  2.33  eV, −  1.99  eV, and −  3.24  eV. Then, the 
IM1^, IM1^^, IM1^^^ to further form IM2^, IM2^^, IM2^^^ through transition 
states TS1^, TS1^^, TS1^^^. The activation energies of this process are 0.58  eV, 
− 0.04 eV, and 1.45 eV, which indicates that the Pd4

+ cluster has the best catalytic 
activity for the formation of O2 in LH mechanism. By comparing the ER mechanism 
and LH mechanism, it can be concluded that in the ER mechanism, the Pd4

0 cluster 
and the Pd4

+ cluster tend to form O2, while the Pd4
− cluster prefers to generate N2.

To further understand the effect of the charge state for the Pd4 clusters on the 
catalytic activity, we summarized all reaction energy barriers in Fig. 4. It is found 
that the charge state has significant effect on the catalytic activity. Among all investi-
gated clusters, the Pd4

− cluster exhibits superior catalytic activity for N2O decompo-
sition, just needing 0.52 eV (the first N2O decomposition) and 0.68 eV (the second 
N2O decomposition) of the N-terminal pathway. It is much lower than the reported 
data of Au19Pd (1.12 eV) [23] and PdC23 (1.45 eV, 2.97 eV) [24] clusters. The Pd4

+ 
cluster shows excellent catalytic activity for the O2 formation, which does not even 
need activation energy in the N-terminal pathway. As for the two mechanisms, it is 
noted that most of reactions are thermodynamically favorable. Furthermore, for the 
Pd4

− cluster, the rate-limiting step is the formation of O2, while the decomposition 
of N2O to N2 is the rate-limiting step for the Pd4

0 and the Pd4
+ clusters. Additionally, 

the energy barrier for the rate-limiting step in the LH mechanism is lower than the 
ER mechanism, which indicates the LH mechanism is more favorable.

Mulliken atomic charge analysis

The reactivity of the metal clusters derives from their electronic structure, thus 
we use the Mulliken atomic charge analysis to make a detailed investigation of the 
charge distribution between Pd4

−/0/+ clusters and N2O. The Mulliken charges of N- 
and O-terminal for N2O molecule adsorbs on Pd4

−/0/+ clusters as shown in Table 2. 
Electrons transfer from Pd4

−/0/+ clusters to N2O, suggesting that the Pd4
−/0/+ clusters 

donate electrons to the N2O as a Lewis base. Additionally, the Pd4
− has the maxi-

mum amount of charge (1.425 e) transferred to the adsorbed N2O, indicating the 
Pd4

− cluster has strong attraction for N2O molecule. This phenomenon is consistent 
with the results of the adsorption energies. By comparing the N2O decomposition 
barriers with the amounts of charge transfer from clusters to N2O, it is found that 
the more charge transfer, the lower dissociation barrier. This is due to the large num-
ber of electrons that accumulate on the N2O molecule, making it easy to activate. 
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Therefore, of three different charged Pd clusters, Pd4
− shows the best activity for 

N2O decomposition.

Molecular orbital analysis

The reaction activity can be determined by the energy values of the HOMO and 
LUMO of a molecule, as well as their energy difference ΔE. The HOMO repre-
sents the highest energy level of occupied electrons in a molecule and exhibits a 
high electron-donating capability. The LUMO represents the lowest energy level 

Fig. 4   The activation energy for the decomposition of N2O on the Pd4
−/0/+ clusters a the N- terminal 

pathway, and b the O- terminal pathway

Table 2   The amounts of 
Mulliken charge transferred 
from the metal clusters to the 
adsorbed N2O

Cluster Pd4
0 Pd4

+ Pd4
−

–N2O –ON2 –N2O –ON2 –N2O –ON2

Electron (e) − 0.761 0.093 − 0.633 0.148 − 1.425 − 0.055
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of unoccupied electrons in a molecule and possesses an electron-accepting abil-
ity. Thus, the smaller ΔE indicates that the electrons on the HOMO level are more 
likely to transfer to the LUMO level. The value of HOMO, LUMO and ΔE of 
Pd4

−/0/+clusters are presented in Fig. 5. It can be observed that the HOMO value of 
Pd4

− cluster is higher than Pd4
+ and Pd4

0 clusters, suggesting that Pd4
− cluster has 

a better electron donation ability. The value of LUMO is Pd4
+  < Pd4

0 < Pd4
−, which 

means that the Pd4
+ cluster is prone to accepting electrons. The Pd4

− cluster has the 
smallest difference (ΔE) of 2.18 eV. The small energy difference makes Pd4

− easy 
to dissociate N2O, which is consistent with results of the N2O decomposition energy 
barrier.

Conclusion

The decomposition of N2O on Pd4
−/0/+ clusters has been investigated by DFT calcu-

lation. The adsorption energies show that the N2O prefers to adsorb on Pd clusters 
through N-terminal than the O-terminal. The potential energy profiles show that the 
N- or O-terminal adsorption of N2O has little influence on the decomposition barri-
ers of N2O. The Pd4

− cluster exhibits excellent catalytic activity in the N2O decom-
position to N2, which just needs 0.52 eV (the first N2O decomposition) and 0.68 eV 
(the ER mechanism) in the N- terminal pathway. The Pd4

+ cluster shows the best 
catalytic activity in the formation of O2, and no activation energy is even required in 
the N-terminal pathway. Molecular orbital analysis indicates that the excellent cata-
lytic activity of Pd4

− cluster is due to the relatively small energy difference between 
the HOMO and LUMO. Besides, the Mulliken atomic charge analysis shows that 
the electron accumulation on the N2O can increase the interaction between the N2O 
molecule and Pd4

−/0/+ clusters, and reduce the N2O decomposition activation energy. 
These conclusions provide theoretical support for designing potential catalytic mate-
rials by regulating charge states.

Fig. 5   HOMO and LUMO orbital energies of Pd4
−/0/+ clusters, and the value of band gap (ΔE)
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