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Isolated single atom catalysts

• Stable isolated site catalysts could be a bridge between homogeneous 
and heterogeneous catalysis promising well‐defined and highly selective 
active centers.

• Supported single atoms

• Isolated single atoms on another supported nanoparticle
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Schematic of working hypothesis for bimetallic 
catalyst preparation: 

• Simultaneous-SEA will yield highly dispersed, alloyed metal 
particles with low T reductions. 

• Sequential SEA will give rise to highly dispersed, core–shell 
structures at low reduction T, and larger, alloyed particles at high 
reduction T.
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Cho, H.‐R.; Regalbuto, J. R. Catal. Today 2015, 246, 143–153.
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SEA bimetallic adsorption schematic, adsorption density, and temperature‐programmed reduction profiles
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Bimetallic NP size characterization after reduction in 10% H2 balanced in He for 1 hour at 400°C.
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Atomically resolved Z‐contrast images showing NP speckling of alloys.
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Catalyst

Pd
Au

3:1 Pd:Au
1:1 Pd:Au
1:3 Pd:Au
1:5 Pd:Au
1:14 Pd:Au
1:28 Pd:Au
1:53 Pd:Au

• Both the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular 
orbital (LUMO) of the bimetallic clusters are 
located on the Pd atoms, indicating the active 
centers.

Pd‐Au/SiO2 Dilute Limit Alloy Catalysts
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Questions to be answered
1. Are the Pd atoms are on the surface of our bimetallic nano‐structures?

2. Can we find evidence of single atoms of Pd on the surface of our Pd‐Au/SiO2 using in situ FTIR?

3. Are the Pd single atoms on the Au‐Pd/SiO2 or on the support?

S.-L. Peng et al. / Computational and Theoretical Chemistry 977 (2011) 62–68

Approach:

Use FTIR spectroscopy of CO Adsorption
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J. Rebelli et al. / Catalysis Today 160 (2011) 170–178

1.85 %wt Pd/SiO2

Expected frequencies of linear and nonlinear adsorbed CO on Pd 
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Procedure FTIR spectroscopy of CO 
Adsorption

1. In situ sample reduction
2. Flow of CO and collection of 

spectra until the surface is 
saturated

3. Removal of gas phase CO

S.-L. Peng et al. / Computational and Theoretical Chemistry 977 (2011) 62–68
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FTIR spectrum of CO adsorption on different catalysts and deconvolution of 
linear and non‐linear adsorption peaks

0.84Au /SiO2

1.32Pd‐0.49Au/SiO2 (3:1)

0.88Pd‐1.4Au/SiO2 (1:1)

0.43Pd‐2.3Au/SiO2 (1:3)

0.09Pd‐2.4Au/SiO2 (1:14)

0.97Pd/SiO2

0.16Pd‐1.9Au/SiO2 (1:5)
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FTIR spectrum of CO adsorption on different catalysts and deconvolution of 
linear and non‐linear adsorption peaks

0.05Pd‐2.4Au/SiO2 (1:28)

0.09Pd‐2.4Au/SiO2 (1:14)

0.02Pd‐2.3Au/SiO2 (1:53)
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• Evidence for having Single 
atoms on the surface of the 
bimetallic catalysts:

• Increasing the linear/nonlinear 
peak area ratio by decreasing the 
Pd:Au

• Adding Au causes more non‐linear 
bonds relative to linear bonds. It 
may be due to having more Pd
atoms on the surface of bimetallic 
particles. 

Ratio of Linear to nonlinear CO adsorption from FTIR spectrum peak area 
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Evidence for having the Pd particles on the top of the Au‐Pd/SiO2  not on the support

0.09% Pd/SiO2

0.09Pd‐2.4Au/SiO2 (1:14)



15Iwasawa, T.; Tokunaga, M.; Obora, Y.; Tsuji, Y. J. Am. Chem. Soc. 2004, 126 (21), 6554–6555.
Enache, D. I. et al. Science (80‐. ). 2006, 311 (5759), 362–365.

• Pressure has no effect on 
the activity.

• The support has 
considerable effect on the 
activity and selectivity.

• TiO2
• Al2O3
• SiO2
• Fe2O3
• C
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Reactivity of the Dilute Limit Alloy Catalyst

Reaction conditions:

Temperature: 160 ○C Catalyst amount: 106 mg
Pressure: 50 psi Reactant amount: 50 ml
Agitation speed: 400 rpm Solvent: none

Catalyst Pd
(10‐3 mol/L)

Au
(10‐3 mol/L)

TOFtotal‐metal

(h‐1)
TOFPd
(h‐1)

Pd 19.4 0 0.5 0.5
Au 0 24.75 0.4 0.4꙳

1:5 Pd:Au 3.2 20.4 5.2 31
1:14 Pd:Au 1.8 25.8 4.4 68
1:28 Pd:Au 1 25.8 31 833
1:53 Pd:Au 0.4 24.75 74 4654
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Conclusions

• Stabilized single pd sites on the surface Au has been synthesized. 

• We successfully characterized 

• More active and selective catalyst with much less amount of materials.

• Simultaneous SEA is a simple and scalable rational synthesis method.
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• X‐ray crystallography: unit cell edge length for 
gold is 0.408 nanometers

• The volume of a cube = 0.4083 =0.0679
• 4 atoms per unit cell

• 1.2 nm diameter of gold nanoparticle; 
• The sphere’s volume = 4/3 πr3= 0.90432 nm3

• .
.

4 = 53 atoms in each particle

http://sustainable‐nano.com/2016/07/28/how‐many‐atoms‐are‐in‐a‐nanoparticle/
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Metal–carbonyl bond: 

• formation of a sigma metal‐carbon bond 
and of a pi metal‐carbon bond. 

• The other CO molecular orbitals are 
omitted for the sake of clarity; the violet 
orbitals are full, the yellow one is empty.

Alberto Villa et al. Chem. Soc. Rev., 2016, 45, 4953‐‐4994 

Mechanism of CO adsorption on metals
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Uptake surveys of bimetal pairs 



STEM and EDXS of seq‐SEA‐derived catalysts, a) silica b) oxC
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STEM and EDXS of seq‐SEA‐derived catalysts, c) alumina d) C.
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STEM and EDXS of seq‐SEA‐synthesized core–shell 
nanoparticles on 

a) Pd@Pt/silica
b) Pt@Pd/alumina
c) Pd@Pt/alumina
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Z. Hooshmand et al. / Surface Science 655 (2017) 7–11
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• Both the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) of the bimetallic 
clusters are located on the Pd atoms, 
indicating the active centers.

S.-L. Peng et al. / Computational and Theoretical Chemistry 977 (2011) 62–68

Where to expect the active sites in the bimetallic Pd-Au/SiO2 catalyst
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J. Phys. Chem. B, Vol. 107, No. 1, 2003 Yudanov et al.

Different modes of CO adsorbate deposition at (111) 
facets of the cluster Pd146: (a) central hcp position; (b) 
three on-top positions; (c) three hcp hollow sites; (d) three 
bridge positions.
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Center: 2129
FWHM: 31

J. Phys. Chem. B, Vol. 107, No. 1, 2003 Yudanov et al.
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Figure 1. Pd−Au swapping process and rela ve energy of swapping intermediates in clean Pd−Au surfaces: (a) Pd−Au(111), (b) 
Pd−Au(111)−CO, (c) Pd−Au(100), and (d) Pd−Au(100)−CO. The rela ve energy of the intermediates was calculated rela ve to 
the unstable position of the Pd atom. The Pd−Au swapping proceeds from le  to right, stabilizing the system. Au atoms 
involved in the swapping process are colored in light green and pink.
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Kim et al., dx.doi.org/10.1021/cs4006259 | ACS Catal. 2013, 3, 2541−2546

DFT calculated IR frequencies of surface CO species: (a, b) Pd monomer, (c, d) Pd dimer, and (e) Pd cluster consisting of six
Pd atoms.
Values in parentheses show experimental IR data


