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Introduction

* Recent synthesis of supported metal catalyst aims to not only maximize
noble metal utilization but also to exploit the unique intrinsic electronic
differences and binding capacities of catalyst arising from various forms
ranging from single atoms to

clusters and to nanoparticles. tgé $E <

* The addition of another metal to form | ®
bimetallic catalyst have shown improvements %
in catalyst activity and selectivity towards %
a specific type of reactions.

frreees

* In trying to achieve the desired catalyst characteristics, as predicted by
computational techniques, various synthesis methods are being developed
and applied.
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CATALYSIS
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o o o o 08 Selecti\:;t)f/'
Review ol Lilerature — Applications ¢
W 06 |
* High selectivity of phenylacetylene hydrogenation to styrene g Pd, .,Cu,JALO
using Pd, ;3Cu;5/Al, 05 than either monometallic catalystat g " Gr o
comparable conversion. (Boucher, M. B., Zugic, B., Cladaras, G., 5.5 \
Kammert, J., Marcinkowski, M. D., Lawton, T. J., ... Flytzani- ' Conversion
stephanopoulos, M. (2013). Phys.Chem.Chem.Phys., 2013, 15 12187 3
12196) 0 100 200 300 400 500

* Niyo;Cu NPs lowers the barrier of C-H bond activation to Time (min)
improve catalytic activity of Cu for ethanol
dehydrogenation.(Shan, J., Liu, J., Li, M., Lustig, S., Lee, S., &
Flytzani-Stephanopoulos, M. (2018). Applied Catalysis B: 100 —
Environmental, 226, 534-543)
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* Selective partial hydrogenation of 1,3-butadiene using
Pt,,Cu,,/Al,O;) to butene to increase the purity of alkenes
feedstock used in polymerization.(Lucci, F. R., Liu, J.,
Marcinkowski, M. D., Yang, M., Allard, L. F., Flytzani-Stephanopoulos,
M., & Sykes, E. C. H. (2015). Nature Communications, 6, 1-8.)
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Why use Strong Electrostatic Adsorption?

Advantages of SEA:
* Deposition thru adsorption of metal
complex with strong attraction to the

within one monolayer of maximum surface
XRD Plot of Silica-Supported Bimetallic Pd and Cu with varying molar density)

ratios using co-Dry Impregnation and co-SEA Synthesis method 6
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0 —Pd/Cu=0.67 .

4 Co.SEA support prevents the formation of

v —Pd/Cu=0.67 larger particle size during the reduction

I Co-DI process.

U > —zd/gté?ﬂ? * Simple method which could be

x § —P:;Cu=1 02 extended to Charged Enhanced Dry

E % Co-DI Impregnation

2B © —22{251.60 Challenges in using co-SEA

E 2 __pdcu=160 © Stability of metal complex on surface
0.6 Co-D during co-adsorption
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o) 0 el o Cu Peaks complex'stab!l!ty) ' . | .
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Objective & Significance of the work:

e Objective:

To synthesize and characterize supported bimetallic alloy at dilute limit prepared by the
method of simultaneous strong electrostatic adsorption.

To evaluate catalyst activity and selectivity on promising catalytic reactions involving Dilute
Limit Alloy.

e Significance:

A generalizable method of preparing dilute limit alloy of one metal (precious) in another
metal that is simpler without the limitation of reduction potential compatibility.

Question: Can we make a dilute limit alloy via co-SEA method?

* [imitations

Maximum metal loading is dependent on the available surface density of the support for
strong electrostatic adsorption.
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Requires an oppositely charge and stable metal complex precursors from that of the
support
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Methodology:

* Extending the method of co-SEA to dilution limit of one or two atoms in
a crystallite of 30 or 40 atoms. The synthesis of various combinations of
representative metals (Ru, Pd, Pt, Ni, Co, and Cu) on high surface area
amorphous silica were made

 Catalyst characterization includes using high sensitivity powder x-ray
diffraction, aberration-corrected electron microscopy, temperature
programmed reduction, X- ray photoelectron spectroscopy and FTIR
spectroscopy. Catalyst activity will be tested on reactions requiring
enhanced selectivity
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Methgdolggy; Charged metal precursors are strongly adsorbed onto
oppositely charged oxide or carbon surfaces by controlling
the pH relative to the surface point of zero charge (PZC)

(a8
»
O Fumed
o pH > PZC X T2 [PA(NH,),]* Silica M,
V) ,cationic complex PZC=3.6
T oH @ PZC OH [PA(NH,),]** [Ni(NH,)]>
o \ [Pt(NH,),1%* [Cu(NH;)q]*
Co(NH,)]3*
N e [l o< racr Ru(NHy)ze (OS]
T, anionic complex
5 pH=12
E
o)
- )) Pqo
=l (/ reduction treatment ‘ ? &
m J } J \) )) 0 Cu® QQO
i H,0 7 e
<
8 - resulting close packed monolayer of ionic - decreased mobility of metal atoms result
o complex (retaining hydration sheaths) with in smaller catalyst particles (compared to

strong interaction with support simple impregnation) 9




8l Methodology: co-SEA Synthesis (ondition

o

5 High Surface Area Support Amorphous Silica (Aerosil® 300)

8 Support Surface Area ~315 m?/g

U] Surface Loading for SEA 1000 m?/L

I Initial pH 12

v

14 Adsorption time 15 mins

ﬁ Shaking speed 120 rpm

ﬂ Metal Precursors Metal Ammine Complexes

x Metal Complex Total Concentration ~ 1 umole/m?

E Desired Metal Molar Ratios 1:30 (typical)

g Drying Conditions Overnight RT drying + 4 hrs @120°C in muffle
- furnace

< : - :

v Reduction condition 1 hr at 400°C, 5C/min Ramp Rate under
E 20%H,/80%N, Gas
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Results:
As Synthesized Dilute Limit Alloy Catalyst
Molar Total Surface
Metal 1 Metal 2 As Synthesized Catalyst (wt%) Ratio Density

(M2/M1) (umole/m’)

Copper 0.11%Pd2.35%Cu/SiO2 36 1.2

Palladium Cobalt 0.11%Pd1.81%Co/Si02 29 1.0

Nickel 0.09%Pd1.52%Ni/SiO2 29 0.9

Copper 0.16%Pt1.73%Cu/SiO2 34 1.0

Platinum Cobalt 0.17%Pt1.93%Co/Si02 37 1.1

Nickel 0.18%Pt1.60%Ni/SiO2 29 0.9

Copper 0.08%Ru2.30%Cu/Si02 44 1.2

Ruthenium Cobalt 0.08%Rul.75%Co/Si02 36 1.0

Nickel 0.10%Rul.64%Ni/SiO2 29 0.9
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Results:
XRD Pattern for Dilute Limit Alloy Bimetallic Catalyst
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%8 Resulis: STEM Images of Dilute Limit Alloy
Pt-Cu Pd-Cu | Ru-Cu Pd-Ni
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Results: TPR Profile of Dried SEA samples of Pd, Cu, and PdCu
on Amorphous Silica Support
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Uof Results: TPR Profile of Monometallic and Bimetallic at Dilute Limit
Palladium Platinum Ruthenium
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U8 Results:

%)
@

CO-FTIR Spectra of Silica Supported Dilute Limit Alloy A significant
of Palladium on Copper decrease in intensity

a 0.18 .
2 ———0.10%Pd2.10%Cu (1/38) of the brldgEd CO
0 016 —— 0.09%Pd region was observed
x . . .
0 0-14 2.38%Cu with the dilute limit
1 , 012 alloy of Pd on Cu
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lSJ(:f RESH“S: < 0.09%Pd/S10,
0.35
The palladium s 20722044
% wavenumber ﬁ&m
0 corresponding to 5 oa 0.11%Pd2.35%Cu/SiO, (1/36)
o linearly adsorbed CO =
U] on palladium shifted 3
= 02
- from 2044 and 2072 to £
U 2015 and 2052 cm!, 2
N respectively. = 2095 2052
q ,
a The Pd-CO species s ' e =
W with wavenumber of 2.38%Cu/SiO,
e 2094 cm! which 0.05
0 disappeared-in the
[ monometallic Pd 0 ;
- catalyst after N2 2300 2200 2100 2000 1900 1800 1700
E Purglng 1S present at Wavenumber, cm -!
g dilute limit alloy aTEvT o
U 2095 cm! Monometalic | Pedkwavenumber| 1797 | 1871 | 1933 [ 1955 | 2044 [ 2072 [ 2094 [ 1884 [ 1978 | 2012 [ 2052 | 2101 [ 2125 | 2152
Width 102 89 79 44 52 34 26 124 76 39 41 33 23 35
w Dilute Limit All peak wavenumber | 1797 1871 1933 1955 2015 2052 2095 1884 1978 2012 2052 2101 2125 2152
x e M Aoy Width 102 89 79 44 52 34 26 124 76 39 4 33 23 35




U8 Results:

SC

CO-FTIR Spectra of Silica Supported Dilute Limit Alloy
of Palladium on Cobalt
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Uy Results- CO-FTIR Spectra of Silica Supported Dilute Limit Alloy
of Platinum on Copper
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Uof R%ll"St CO-FTIR Spectra of Silica Supported Dilute Limit Alloy
of Ruthenium on Copper
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Conclusions and Future Work:

* co-SEA is a facile method in preparing dilute limit alloy bimetallic catalyst
* Particle size for DLA is comparable with the 1:1 bimetallic catalyst

* Proximity of the two metals in DLA is shown by the decrease in reduction
temperature (interaction).

* co-FTIR analysis is a viable diagnostic tool for single atom sites.

* The chemical shift in linear CO adsorption peak for the dilute bimetallic as
compared with a monometallic suggest a unique environment which strongly
support the presence of single atom sites on another metal.

* The charging on silica support during stem analysis makes the imaging of single
atom sites difficult especially for low Z-contrast sample.

e Catalyst activity and selectivity using a model catalytic reaction will be made to
determine how a dilute limit alloy compares with a monometallic and 1:1 bimetallic
catalyst.
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S8 Resulls: TPR Profile of Dried SEA samples of Pt, Cu, and PtCu

SC .
on Amorphous Silica Support
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Results: Fitted Cu/SiO, Spectra
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U8 Resulls: Fitted Ru/SiO2 Spectra
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Resulls: what co adsorption peaks would fit the Dilute Limit Alloy of RuCu/SiO,?

008 [ 0.07%Ru2.10%Cu/SiO2 (1/50)]| Our Approach:
1. Properly Identify monometallic
] CO adsorption peaks at three
A stages:
0.06 - I

- At the onset of CO Flow

- At the saturated CO

- After Inert gas purging of CO

2. Use the identified peaks from

monometallic and fit the dilute
limit alloy spectra using the same
center and FWHM of the
monometallic
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o
e
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0.02 3. Peaks for linear-CO may imply
single atom sites.
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U8 Resulls: CO-FTIR Spectra Analysis for Silica-Supported Dilute

SC . .
Limit Alloy of Palladium on Gold
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Results: CO-FTIR Spectra Analysis for Silica-Supported Dilute

Absorbance (a.u.)

Limit Alloy of Palladium on Gold
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increases with
dilution
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Resullts:

Linear/Nonlinear Peak Area Ratio
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31



%8 Results: TPR profile of Pd-X Bimetallic up to Dilute Limit
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