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a b s t r a c t

In this paper, the mechanisms of H2 evolution on Pt6, Pt5Sn5, and Pt3Sn6 clusters were

respectively investigated by the B3LYP method of density functional theory (DFT). The

B3LYP functional with non-local dispersion corrections (B3LYP-D3) method were per-

formed to investigate the adsorption of H and Hþ on clusters. The calculation results

indicated that the adsorption energy of H on Pt reduced due to the interaction of Sn and Pt,

which promoted H desorption from Pt to form H2. Meanwhile, Sn atom of Pt5Sn5 and Pt3Sn6

clusters had strong interaction with Hþ due to the existence of Pt, which was benefit for the

reduction of Hþ on Sn atom. As a consequence, Pt5Sn5 and Pt3Sn6 showed lower potential

barrier and higher activities than Pt for H2 evolution. The potential barriers of H2 formation

over Pt3Sn6 clusters was only 11.1% of that over Pt cluster.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The replacement of non-renewable fossil fuel by the clean

renewable energy will be an inevitable trend with the devel-

opment of clean-energy frame technologies. As a clean

renewable energy source, solar energy is inexhaustible that

can be used directly to driven hydrogen evolution reactions

from water splitting over semiconductor photocatalysts.

Therefore, storing solar energy in the form of clean and high-

energy density hydrogen has been pursuing as the most ideal

way to solve the energy and increasing environmental prob-

lems [1e13].

To achieve a high-efficiency hydrogen generation, a co-

catalyst that is active, stable, and cost-efficiency is typically

required in photocatalytic systems. Noble metal Pt has been

identified as the most active hydrogen evolution catalyst due

to its low overpotential for proton reduction and high stability

for long-term utilization [11,14]. However, the scale-up appli-

cation of the Pt cocatalyst is still hard because of their

scarceness and high-cost, and the searching for the potential

substitutes of Pt and the increase of Pt activity became the

main approach to solve this problem [15,16]. Our previous

study displayed that PtSn and PtSn2 alloy co-catalysts had

higher hydrogen evolution activity than Pt. Due to the low

adsorption energy of H and Hþ on Sn, the reduction of Hþ on
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Pt, H transfer from Pt to Sn, and H desorption from Sn to form

H2were considered to be themainH2 formation path on PteSn

co-catalyst [17]. Therefore, the real mechanism of hydrogen

formation on PteSn alloy is still undiscovered. The density

functional theory (DFT) includes exchange-correlation func-

tional showing the high computational accuracy which was

close to that of CCSD (Coupled cluster singles and doubles),

and is often used to study the reaction mechanism and

calculate the adsorption energy [18,19]. In this paper, DFT

method was employed to investigate the mechanism of H2

formation on the surface of Ptn, PtnSnn, PtnSn2n clusters. The

calculation found that H transfer step from Pt to Sn really

existed in the channel of two H atoms desorbing from the

adjacent Pt and Sn for H2 generation over PteSn co-catalyst,

but the formation of H2 by direct desorption of H on the

same Pt atom was the main reaction channel. The adsorption

energy of H on Pt reduced and that of Hþ on Sn increased in

Pt5Sn5 and Pt3Sn6 due to the interaction of Sn and Pt, which

promoted H desorption from Pt and Hþ reduction on Sn. The

potential barriers of the main channel on Pt5Sn5 and Pt3Sn6

were 44.8 and 22.3 kJ/mol, which were respectively 22.4% and

11.1% of that over Pt. Therefore, PteSn co-catalysts showed

higher photocatalytic H2 generation activity than Pt.

Computational methods

All of the calculations were carried out with the DFT using the

B3LYP method. The Los Alamos relativistic effective core po-

tential (RECP) plus DZ basis set (LANL2DZ) was utilized for Pt

and Sn atoms [20,21], and the 6-31G(d,p) basis set was used for

the H atoms [22]. Pt, PtSn, and PtSn2 belonged to the face-

centered cubic, NiAs configuration, and CaF2 configuration,

respectively. According to the configuration of Pt, PtSn, and

PtSn2, atom was added into the optimized cluster structure

one by one as a starting point for obtaining the stable struc-

ture. Considering that the photocatalytic H2 generation re-

actions were taking place in solution, so all the calculations

were coupled with the polarizable continuum model (PCM)

[23]. The harmonic vibration frequencies obtained at the

corresponding level were used to characterize the local

minima and first-order saddle points. The intrinsic reaction

coordinate (IRC) calculation was employed to track minimum

energy paths from transition structures to the local minima

points. Natural bond orbital (NBO) analysis was carried out

with NBO 3.1. All calculations were carried out using the

Gaussian 09 package [24e26]. For gaining the precise adsorp-

tion energies of H atom and Hþ on clusters, the B3LYP func-

tional with non-local dispersion corrections (B3LYP-D3)

methodwere performed to investigate the adsorption of H and

Hþ on clusters [27]. The adsorption energies (Eads) were

calculated according to Equation (1), and the binding energies

per atom (Eb) with Equation (2) [28,29].

Eads ¼
�
EH=Hþ þ Ecluster

�� Ecluster-H=Hþ (1)

Eb ¼ ½nEPt þ nESn=2nESn � EðPtnSnn=PtnSn2nÞ�=ðnþ n=2nÞ (2)

where Ecluster-adsorbate, Ecluster, and EH/H
þ were the energies of the

complex (cluster þ H/Hþ), cluster, and H atom or Hþ, respec-
tively. In Equation (2), E(PtnSnn) and E(PtnSn2n) were the total

energy of bare PtnSnn and PtnSn2n cluster, and EPt and ESn
denoted the energy of Pt and Sn atom, respectively.

Results and discussion

Ptn, Snn, PtnSn, and PtnSn2n cluster structures

The stable geometries of clusters, Ptn (n ¼ 2e8), Snn (n ¼ 1e6),

PtnSn (n ¼ 1e6), and PtnSn2n (n ¼ 1e4) clusters were optimized,

as shown in Figs. S1eS4 (in Supporting Information). The

binding energy per atom (Eb) and its variation tendency with n

value are displayed in Table 1 and Fig. 1, respectively. In Fig. 1,

the increase in Eb became slower when the value of n was

larger than 2 for PtnSnn and PtnSn2n and larger than 3 for Ptn
and Snn clusters, indicating that PtnSnn and PtnSn2n were

relatively stable at n > 2 while Ptn and Snn was stable at n > 3.

For reducing the computational cost and increasing the ve-

racity of results, the relative stable Pt6, Pt5Sn5, and Pt3Sn6

clusters were selected as the co-catalyst models in following

Table 1 e Energies (a.u.) and Eb (kJ/mol) of Ptn, PtnSnn and PtnSn2n clusters.

Clusters E (a.u.) Eb (kJ/mol) Clusters E (a.u.) Eb (kJ/mol)

Pt1 �119.0627959 e Pt2 �238.2543096 169.0

Pt3 �357.4759868 251.7 Pt4 �476.6547887 264.9

Pt5 �595.8196498 265.5 Pt6
1 �715.0202234 281.6

Pt6
2 �714.9791417 263.6 Pt6

3 �714.9933158 269.8

Pt6
4 �715.0120714 278.0 Pt7 �834.2091637 288.7

Pt8 �953.3846312 289.5 Sn �3.2985933 e

Pt1Sn1 �122.5577721 257.8 Pt2Sn2 �245.22235 327.9

Pt3Sn3 �367.8807687 348.6 Pt4Sn4 �490.570675 369.25

Pt5Sn5
1 �613.1738639 358.9 Pt5Sn5

2 �613.167554 357.2

Pt6Sn6 �735.874255 373.2 Pt1Sn2 �125.9424817 247.2

Pt2Sn4 �252.0469861 318.1 Pt3Sn6
1 �378.1164479 331.5

Pt3Sn6
2 �378.1151356 331.2 Pt4Sn8 �504.1926514 339.7

Sn2 �6.6758344 103.3 Sn3 �10.1200077 196.2

Sn4 �13.49247 195.7 Sn5 �16.9510011 240.52

Sn6 �20.3663168 251.5 e e e
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