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Abstract

A spray flame reactor was developed for the production of supported gold catalysts on metal oxide supports for room temperature oxidation of CO. Nano-scale gold catalysts were produced on titania, silica, alumina and iron oxide supports.  We attempted to study the mechanism of formation of these supported catalysts in the flame using in situ anomalous x-ray scattering (ASAXS) at the Advanced Photon Source of Argonne National Laboratory as well as at the NSF funded CAMD synchrotron facility at LSU.  The reactivity of the supported catalysts were studied using a quartz reactor coupled with a mass spectrometer for monitoring the exhaust gasses.  For comparison, Au/ TiO2 catalyst was also synthesized using deposition precipitation (DP) method. For the CO oxidation reaction it was observed that the activity of catalyst prepared by deposition precipitation DP method is higher then those prepared by spray flame pyrolysis (SFP) for the same weight loading of gold.  SFP has the advantage that it is a continuous process and can produced these supported catalysts at a much higher rate and at a lower cost.  While the SFP gold particles are larger and have a broader size distribution, the lower activity of SFP catalysts seems to be primarily associated with the shape of the particles that differ between the two preparation methods.  Gold particles from the DP method seem to be two dimensional with a height of less than two atomic-layers. In contrast, the SFP gold particles are three dimensional nano-crystals embedded on the TiO2 surface.  There are also differences in the morphology of the titania support phase between pyrolytically formed catalysts and those produced by DP using commercial TiO2.  The effects of catalyst support structure in the DP method were studied using TiO2 produced in SFP of variable morphology.  The activity of catalysts prepared using the flame made TiO2 is even higher then the catalysts made using commercial TiO2.  The project has also involved independent projects by REU, RET, IREE students and scientists involving other nanoparticulate aerosols such as carbon soot from diesel engines, iron oxide nanoparticles, carbon coated titania and platinum catalysts supported on alumina.

Introduction
Flames offer a unique environment for nano-particle growth since they contain high degrees of super-saturation, extremely high temperatures and rapid quench conditions; locking in kinetic structures.  Spray jet flames offer the most versatile and controllable of pyrolytic conditions for nano-particle formation.  A jet of organometallic liquid spray can be ignited to produce copious quantities of nano-materials with surprisingly controlled morphologies.  This spray flame pyrolysis (SFP) is of great potential for mass production of nano-materials, especially oxides and supported metals.  Observation of the growth of such nano-materials is difficult due to light emission, high temperature (> 2000 ºC), flow rates approaching the speed of sound with the total growth spanning a few milliseconds.  The study of the dynamics of particle growth under such rapid growth conditions requires in situ techniques capable of rapid detection and being insensitive to extremely high temperatures, and brilliant optical emission.

This project seeks to design SFP synthesis of supported gold nano-catalysts by understanding the basis of structural nucleation and growth in a complex "co-precipitation"-like reaction.  Such design can now be made due to recent advances in characterization of nano-particle nucleation, growth and aggregation in flames using in situ x-ray scattering.  The work has involved the use of anomalous scattering (ASAXS) to isolate the contribution due to gold from that of the support through contrast matching.  This is similar to dark field imaging in TEM except that ASAXS has elemental resolution rather than crystallographic resolution.  This is the first in situ use of ASAXS for multiphase aerosol nano-powders.

This project has three research goals, 1) To augment existing facilities for diffusion and premixed flames at UC by building SFP capability.  2) To develop SFP supported Au catalysts characterized at ETHZ for catalytic activity through collaboration with Jeroen van Bokhoven in an IREE student exchange project and 3) To adapt ASAXS to the in situ study of particle growth in spray flames in order to simultaneously observe the kinetics of formation of gold and titania particles in situ in the spray flame.  The three goals are complimentary since knowledge of the particle formation mechanisms in the spray augment development of the SFP for these powders.  The project has supported a PhD candidate (US permanent resident), three female undergraduate students (one minority) and a minority high school teacher in this effort.  Interaction has continued with the Pratsinis Particle Technology Laboratory and with the supported catalysis group of van Bokhoven (formerly with Prins) both at ETH in Zurich, Switzerland as well as with Lutz Maedler formerly at UCLA as an assistant to Sheldon Friedlander and currently a professor at the University of Bremen in Germany.

The project includes continued development of a web course on Nano-powders at UC. The web course has been an effective means to disseminate information to the community with over 230,000 independent IP hits to the course suite since 2000 (~74/day).  http://www.eng.uc.edu/~gbeaucag/BeaucageResearchGroup.html.  The project also included three REU students all of whom were female and one a minority as well as a minority RET high school teacher for two summers.  The project involved an international research and education in engineering (IREE) supplemental that allowed the graduate student and one undergraduate to spend close to one year in Zurich Switzerland working in the labs of Jeroen van Bokhoven and Sotiris Pratsinis at ETHZ.  This allowed the graduate student to develop characterization techniques for the supported gold catalysts and for the undergraduate student to work on a project involving the production of catalysts for NOx conversion in engine exhaust.  
Research and Educational Acitivities:  

A spray flame burner was developed at Cincinnati and supported gold catalysts were produced using this facility.  The burner has also been used for production of carbon coated titania by the undergraduate REU students and magnetic maghemite nanoparticles by a High School Teacher in the RET program and by REU students.  Figure 1 shows the spray flame burner developed at UC for this project in the production of titania nanopowders in the lab at UC and at the Advanced Photon Source, BESSRC beamline at Argonne National Laboratory where the ASAXS measurements are conducted.  
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Figure 1.  UC Spray flame burner.  a) at Cincinnati, b) and c) at APS BESSRC beamline.

Graduate Student Research Progress:

Sachit Chopra is expected to graduate with a PhD in the spring of 2010.  He spent about one year at ETHZ in Zurich analyzing and synthesizing supported gold catalysts as well as learning the use of synchrotron radiation to measure XAFS spectroscopy.  He has applied these techniques to his research.  The following summarizes his progress.

Introduction

Gold is considered as the least reactive or most noble of all metals. Gold has historically been used as a monetary and ornate metal because of its inert nature. Its application as a catalyst has been unheard of a few decades ago. The knowledge of gold chemistry had been based largely on the surface chemistry of smooth gold surfaces or on the bulk gold. But with the discovery by Haruta et al. in 19873, that finely distributed gold (< 5nm) on reducible supports (such as titania) can act as a good catalyst for CO oxidation, gold catalysis has attracted attention. The three important parameters that determine the activity of the catalyst are the gold particle size, particle shape and the nature of the support. Finely distributed gold exhibits unique electronic and chemical properties compared to bulk gold4,5. The Au-adsorbate bond strength is a critical factor in the activity of the catalyst, which is in-turn dependent on the nature of the electron orbital’s in these complexes.  Particularly, the shape and position of the electron d-band with respect to the Fermi level is of importance. In the case of nanoparticles of gold, the d-band is closer to the Fermi level and is narrower than in bulk gold, resulting in stronger interactions with the adsorbate6,7. This leads to oxygen being able to bond to the gold nanoparticle surface8, whereas it does not bond to the bulk gold9. 
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Figure 2.  Project team.  a)  Gregory Beaucage, Stephanie Berger and Edwin Segbefia, b) Edwin Segbefia, c)  Stephanie Berger, d)  Sachit Chopra.  

Supported gold islands, two atomic layers in thickness are found to be most active for CO oxidation4. The gold cluster bi-layers are found to be electron rich as a result of electron transfer from the TiO2 support4.  The electron rich gold particles are predicted to absorb O2 more strongly and activate the O-O bond via charge transfer from the gold clusters as well as activate CO better5. These properties are associated with the dependence of catalytic activity on the gold nano-particle shape as well as the observed increase in activity with decrease in size below 10 nm.  In fact, gold is the only metal whose specific catalytic activity increases with decreasing particle size10. 


The traditional methods to synthesize supported catalysts are deposition precipitation (DP), impregnation (IMP) (dipping of porous support pellets in a catalyst solution) and photo-deposition (FD) (use of photochemical activity of supports such as titania to reduce metal ions). For gold based supported catalysts, DP gives the most active catalyst11. This is attributed to the flatter shape of gold particles obtained by DP12. The flat shape enhances contact between the gold and the support surface. Spray flame pyrolysis (SFP) is a relatively new technique used for making supported gold catalysts. A major difference in this process is that the support is also synthesized in the flame. The metal oxide support particles nucleate and grow very quickly in the gas phase flame reactor. After that the gold particles nucleate and grow on the surface of the already formed support particles. 


Unlike the CO oxidation reaction on platinum where the CO + O2 reaction takes place on the platinum surface, the proposed mechanisms for CO oxidation on supported gold catalysts indicate that the CO adsorbed on the gold surface reacts with the oxygen species that is transported from the perimeter interface between the gold and support13. Thus, the interface area and contact angle are thought to play a very significant role in the CO oxidation reaction over gold based catalysts. This makes the activity of the gold based catalysts extremely structure sensitive, unlike the more conventional catalysts based on platinum11. Deposition-precipitation produces hemispherical particles with their flat surfaces in contact with the support, hence increasing the interfacial area between gold and the metal oxide support12. 


The crystalline phase of the support (anatase, rutile or brookite) can play a very important role in determining the activity of the Au/TiO2 catalyst. Yan et al. found that rutile TiO2 was very inactive for CO oxidation reaction at 2.9% (wt.) loading of gold. Compared to that, the anatase TiO2 was a very active catalyst at 2.8 % (wt.) of gold14. In their experiments the as-synthesized Au/TiO2 on Degusa P25 titania showed a slightly higher activity than Au/TiO2 on anatase TiO2. However after O2 pretreatment, brookite was the most active phase followed by anatase and then P25 and rutile 14. Akita et al. found that gold clusters were preferentially deposited with higher density on rutile phase during the DP synthesis using P2515.  
Spray Flame Reactor: Construction

A spray flame reactor was constructed in the laboratory, the schematic and a picture of which are shown in Fig. 3 a and b respectively. An externally mixed, very fine atomization spray nozzle was used. The nozzle is fed with the precursor and solvent mixture using an infusion syringe pump that holds a 50 ml glass syringe. The atomization gas used is oxygen and is fed to the reactor through a mass flow controller. The fine spray is ignited using a small hydrogen or methane flamelet at the tip of the nozzle. Typical flow rates used are 4 ml/min. for the precursor solution, 8 l/min. for the atomizing oxygen and 0.5 l/min for the supporting hydrogen flamelet. The whole apparatus is setup inside a laboratory fume hood in order to avoid exposure to potentially dangerous aerosols. 

The particles produced by the spray flame are collected using a filtration (Φ=15cm) assembly, 40 cm above the tip of the nozzle. A glass fiber filter is supported on a steel mesh and vacuum is applied to the filter.  The temperature of the gasses hitting the filter surface and those entering the vacuum system are monitored using wire thermocouples. The hot gasses are cooled to 50 ºC by suctioning excess air in to the filtration system. The gold precursor bis(triphenylphosphine) gold (I) nitrate was synthesized from bis(triphenylphosphine) gold (I) chloride and AgNO3 based on the method described by Mueting et al.16.
Spray Flame Reactor: Operation

Titania Support


The spray flame reactor is fed a batch of 50 ml precursor solution at a flow rate of 4 ml/min per run. 10ml of Titanium(IV)-isopropoxide (TTIP; Aldrich, 97%) in 30ml 4:1, Isooctane :THF and 10 ml acetone are used. The gold precursor Au(PPh3)NO3 is dissolved in the 10 ml of acetone stoichiometrically according to the weight percent loadings of 1%, 2%, 4%, 8%. The precursor is fed into the reactor to achieve a titania production rate of 0.208g/min or 2.6 × 10−3 mol/min. The oxygen flow rate of 7 to 8 l/min and H2 flow of 0.5ml/min is used.

Silica Support


In the case of silica, tetraethyl-orthosilicate (TEOS; Aldrich; 98%) was used as precursor.  The weight production rate of silica is kept same as titania and so 10 ml TEOS is dissolved in 30 ml 4:1, Isooctane :THF and 10 ml acetone. The precursor is fed into the reactor to achieve a silica production rate of 0.208g/min or 3.46 × 10−3 mol/min.  Once again the gold precursor is dissolved in acetone. The oxygen flow rate of 7 to 8 l/min and H2 flow of 0.5ml/min is used.

 [image: image7.jpg]Vacuum Pump

Bumer Chamber

with

Glassfiber Filter
Spray Flame
Suj in

® @

to

=

Precursor Injection



  [image: image8.jpg]


 

a






b

[image: image9.png]


 [image: image10.png]T








c






d

Figure 3: a) Schematic of the experimental assembly. b) The spray flame is operated in the BESSERC beam-line at APS, ANL. c) The gas phase oxidation reactor setup for the catalytic activity measurements of CO conversion d) In-situ ASAXS measurement of the catalyst in the CO oxidation reaction conditions at ESRF ID02 beam-line in Grenoble France. 

Alumina Support

Aluminum tributoxide, Al(OBu)3(Aldrich, 95%) was used as the precursor. 9.0gm of precursor was dissolved in 35ml 4:1, isooctane: THF and the gold precursor was dissolved in 10 ml of acetone and added to the solution. The oxygen flow rate of 7 to 8 l/min and H2 flow of 0.5ml/min is used. The precursor is fed into the reactor to achieve a alumina production rate of 0.136g/min or 1.34 × 10−3 mol/min.

Iron Oxide Support

Ferrocene Fe(C5H5)2 was used as the precursor for iron support. 1.3% wt/vol. in ethanol was used for this purpose. At 4 ml/min this translates in to a Fe3O4 production rate of only 0.045gm/min. The limiting factor in this case is the low solubility of ferrocene in ethanol. The gold precursor was dissolved in 10 ml of acetone and added to the solution.

Gold Precursor Synthesis 

One of the shortcomings of the previous attempts at making catalytically active supported gold based catalysts by Madler et al. 17 was that they used chlorinated gold precursors. Chloride is widely considered as a poisoning agent for the catalysis by gold bases catalysts10. In our work we are using Nitrato(triphenylphosphine)gold(I), Au(PPh3)NO3 as the precursor. The precursor is synthesized by using a method described by Malatesta et al.18.  In this method we start with Au(PPh3)Cl and the chloride group is replaced by the nitrate group by reaction with AgNO3. 




Au(PPh3)Cl  + AgNO3  ( Au(PPh3)NO3 + AgCl

Au(PPh3)NO3 was found to be only partially soluble in the solvents used for dissolving other precursors i.e. isooctane and THF. Acetone was determined to be a good solvent for the gold precursor.  Thus the stochiometric amounts of the precursor was dissolved in 10 ml of acetone and added to the solvent mixture.

Deposition Precipitation Synthesis

The deposition precipitation samples were prepared by dissolving HAuCl4 (0.0392gm) in DI water (20ml). The PH of this solution was adjusted to between 7 and 8 by slowly adding 1M NaOH solution. TiO2 (1 gm) was then added to the solution and it was constantly stirred at 70°C for 2 hours. The PH of the solution was actively maintained between 7 and 8 during this time. The solution was finally filtered and the collected paste was washed with 80°C DI water (1L). The paste was dried in a vacuum desiccator at room temperature and under darkness. The dried catalyst was grinded and used as such.

Catalyst Activity measurements

The CO oxidation reaction was carried out in a plug flow quartz reactor, where in the catalyst was supported on a porous bed and the gases were flown from the top. All gases were ultrapure and mixed to give the desired ratio of oxygen and carbon monoxide by means of four mass-flow controllers and a four-port valve, all of which were controlled by a computer. The outlet gasses were analyzed using a QIC-20 mass spectrometer (Hiden Analytical). The amount of catalyst used for each run was approximately 20 mg. The reactions were carried out at a constant total flux of 30 ml/min with 1 % CO and 1 % O2 in helium.   

The structure of the TiO2 support was analyses using Ultra small angle X-ray scattering (USAXS).

Electron Microscopy

For scanning transmission electron microscopy imaging the samples were dispersed in ethanol and placed on a carbon foil supported on a copper grid. After the evaporation of ethanol the measurements were performed using a Tecnai F30 microscope operating with the field-emission cathode at 300 KV using a high-angle annular dark-field (HAADF) detector. Energy-dispersive X-ray spectroscopy (EDX) with a detector attached to the Tecnai F30 microscope shows that the bright spots in the images are gold particles. 

ASAXS Characterization of the Flame

We performed in-situ anomalous small angle x-ray scattering ASAXS experiments on the flame at APS BESSERC beam-line at Argonne National Lab in July 2007 with an aim of observing the growth of Au nanoparticles in the flame by scanning along the length and width of the flame. This was building on the previous experiments by our group in which the growth of TiO2 nanoparticles was successfully studied using SAXS in a diffusion flame19. This experiment posed a few additional challenges, like the ASAXS technique requires a more consistent sampling and better signal in order to de-convolute the scattering signal from Au nanoparticles in a two-phase system. The experiment was unsuccessful however because of the following reasons:

1) The concentration of nanoparticles in a spray flame is very low. Further we were trying to observe the dilute phase, i.e. Au in a Au-TiO2 two phase system. The maximum Au loading that we used was around 8 wt %. This made it harder to get an easily observable and separable signal from Au. 

2) To decrease the background the path that the x-ray beam travels through air had to be minimized. This required the placement of instrument windows as close to the flame as possible. The mica windows of the instrument got coated with the nanoparticles from the spray flame by thermophoresis and contaminated the data.

3) Finally compared to the diffusion flame it was harder to sustain a uniform spray flame for extended periods of time.

Results

Observations from TEM

Figure 4 a & b show the HRTEM images of Au/TiO2 sample synthesized by the SFP method. For these samples the gold particles can be clearly seen as, three-dimensional, single crystal particles embedded on the surface of TiO2 particles. For Au/TiO2 synthesized using DP method and shown in 2c & d, the gold particles are hardly visible in HRTEM images. This indicates that gold is deposited in the form of just a few atomic layer thick two dimensional (2D:height below two atomic-layers) clusters. This is consistent with the findings by Bamwenda et al. that DP produces hemispherical particles with the flat surface attached to the support, resulting in the highest interfacial area when compared to other techniques such as impregnation and photo-deposition 12.

Figure 5 a, b shows the HAADF-STEM micrographs of deposition precipitation synthesized 2 % Au on P25 Titania. It shows a fairly uniform distribution of finely distributed gold particles. The number average gold particle size determined from STEM images and by counting over 200 particles is 1.2 nm. Figure 5 b shows the HAADF-STEM micrographs of flame synthesized 2% Au/TiO2. The gold particle size in this case is very clearly larger then the 2 % Au on P25 TiO2 sample. The number average gold particle size determined from HAADF-STEM in a similar fashion is 2 nm. It is also clear from the micrographs that the TiO2 support produced by the spray flame method has a different morphology then the P25 TiO2. Most of the support particles in the spray flame sample appear to have a spherical shape where as the particles in P25 Titania have all nondescript shapes.
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Figure 4: a), b) TEM images of 2 % Au/TiO2 sample made by SFP. The Au clusters seen as dark spots 3D spherical particles with gold clusters partially embedded in the TiO2 particles. c) TEM micrograph for 2 % Au/TiO2 sample prepared by DP on T7. The gold particles are not visible in TEM images indicating a very thin surface layer of gold. d) TEM micrograph for 2 % Au/TiO2 sample prepared by DP on T20 e) the diagram illustrates a 3D and a 2D Au Particle.
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Figure 5:  a), b) 2 % Au/P25 synthesized using DP method shows 2D gold particles ~ 1.3 nm in size. c), d) 2% Au/TiO2 synthesized by SFP show 3D particles ~2.3 nm in size. e) 2 % DP-Au/T7. f) 2 % DP-Au/T20.
Figure 6 shows the particle size distribution of gold particles on TiO2 measured by counting particles from HAADF-STEM images of the samples. The gold particle size distribution for the catalyst synthesized by the deposition precipitation is significantly narrower and number average particle size is smaller compared to the catalyst synthesized by the spray flame method. 
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Figure 6: Au particle size distribution as measured by manually measuring over 200 particles each: a) DP-Au/T20. b) DP-Au/T7. c) DP-Au/P25. d) SFP-Au/TiO2. The particle size and size distribution are much bigger for SFP-Au/TiO2 sample.
Catalytic activity

Figure 6 shows the mass spectrometer signal from the exhaust gasses from the reactor as a function of reaction bed temperature for DP made catalyst with flame made T7 as the support. As soon as the gasses are flown over the catalyst bed at the room temperature we get the maximum CO conversion. This is observed for all three DP made catalysts but not for the SFP made catalyst. For DP catalysts, starting at room temperature the catalyst bed is first cooled down to about -80°C and then heated to 25°C at a constant rate of 2°C/min. Table 1 gives the T1/2 or the temperature at 50 % of maximum conversion for all the catalyst samples. The T1/2 for SPF Au/TiO2 is much higher then the T1/2 for the DP catalyst made with P25. Therefore for the same weight loading of gold the catalytic activity of the catalyst synthesized by DP is found to be significantly higher then the catalyst synthesized by SFP.
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Figure 7: The ion current signal from mass spectrometer which corresponds to the concentrations for O2, CO and CO2 in the exhaust gas stream from the quartz reactor with DP-Au/T7 catalyst a function of reactor bed temperature. a) cooling from 25 °C to -80°C at 2°C/min. b) Heating from -80 to 25 °C at 2°C/min.

Valden et al. found that the activity of Au/TiO2 catalyst increases with decreasing gold particle size and peaks at about 3 nm after which it falls again with decreasing particle size4. These results were based on the catalysts that were synthesized by DP. Even though the gold particle size for our catalyst synthesized by SPF is almost twice as much from the DP made catalyst it is small enough at ~ 2nm to warrant good catalytic activity if not better then the smaller gold particle size DP made catalysts. Therefore the relative inactivity of SFP catalyst may not be entirely due to bigger gold particles. The difference in the gold particle shape, the difference in P25 and the support produced in the flame or the different in the surface chemistry resulting from the different synthesis conditions can be the reason for lower activity of SFP catalyst.

To better understand the reason for relative inactivity of SFP catalyst we synthesized Au/TiO2 catalyst using DP method while using flame made TiO2 as the support. The T1/2 for the CO oxidation reaction over Au/TiO2 catalyst decreases in the order SFP-Au/TiO2 >> DP-P25 > Dp-T7 > DP-T20. It is interesting to note that the Au/TiO2 catalyst synthesized by DP method and flame made TiO2 as support is more active then the catalyst with P25 as the TiO2 support. Of the two sizes of flame made TiO2 used the catalyst with larger size TiO2 (T20) shows more activity then the smaller size TiO2 (T7). This can be explained in terms of the difference in accessibility of active sites by the reactants gasses as the support particle size decreases. With the decreasing support particle size, the support surface area increases tremendously but this new surface are can be increasingly treacherous to reach, specially by fast moving reactant gas molecules.  For identical gold dispersion (identical gold particle size and loading) and smaller support size the average amount of gases reaching and exiting the gold islands may decrease. This may explain the decreased activity of DP-Au/T7 sample. The enormous surface area of the smaller particle size TiO2 can potentially be better used if more gold is loaded on the support without increasing the gold particle size. Also if smaller gold particle size can be achieved for the same gold loading the gold dispersion can be increased potentially leading to higher activity.

Table1: Table shows the Au particle size as measured by manually measuring over 200 Au clusters from STEM images. The T1/2 which is a measure of catalyst activity is the temperature where 50% of CO is converted to CO2.

	Catalyst
	Average 

Size (Size Weighted)
	Number Average 

Size 
	Standard Deviation 
	T1/2 (K)
	TIgniation(K)
	TExtinction(K)

	SFP-Au/TiO2
	2.30
	2 
	0.70
	428.9
	405
	453

	DP-Au/P25
	1.29
	1.2 
	0.31
	266.9
	247.5
	284.3

	DP-Au/T7
	1.38
	1.32 
	0.28
	257.5
	246.5
	267.8

	DP-Au/T20
	1.20
	1.12 
	0.32
	245.2
	234.8
	254.8
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Figure 8: The rate of CO oxidation for the catalysts samples DP-Au/P25 and SFP-Au/TiO2 as a function of temperature.
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Figure 9: Rate of oxidation of CO over 2 wt% Au/TiO2 for P25 commercial TiO2 (green), T7 (red) and T20 (blue) flame made TiO2. Heating is at a rate of 2 °Cmin-1 and oxygen/carbon monoxide rate of 1:1.

Gold Cluster Size and Shape

From STEM and TEM images we see that there is marked different in the size and the shape of gold clusters obtained by SFP and DP methods. This difference manifests itself in a difference in number of gold clusters formed per unit area on the TiO2 surface for a constant gold loading, as can be seen in Fig.  4 a and b. Also gold dispersion, defined as the fraction of gold atoms on the surface to the total number of atoms in a cluster can be expected to be much higher in 2D compared to a 3D cluster. Although there is still debate over the nature of active sites in Au/TiO2 catalyst, including the gold atoms at the gold-support interface20, 21, the surface steps and strain defects22 or the small Au cluster that possess non-metallic properties due to quantum size effect4 as the active sites. It can be safely assumed that the CO oxidation reaction takes place on the gold surface and only the surface atoms contribute towards the activity of the catalyst.
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  Surface atoms

Figure 10: A) A spherical gold cluster with diameter ~23 Å. B) The hemispherical portion of the cluster that is assumed to be above the TiO2 surface with the surface layer atoms shown in green. The lattice plane [111] is shown in gray.

To get a quantitative measure of the differences between 2D and 3D clusters we use models of a gold clusters based on the synthesis method with the size equivalent to the particle size obtained by STEM images. Since during SFP both TiO2 and Au particles are grown in the gas phase it is assumed that half of the gold cluster is embedded in the TiO2 particle and the other half is above surface. This seems to be the case as seen by the lack of hemispherical particles in the TEM images of the sample in Fig. 3 a and b For the SFP catalyst we assume that we have a 3D, spherical particle of cluster size ~ 23 Å with one half of the particle above the TiO2 surface and the rest embedded in the TiO2 particle. Further a FCC gold crystal and F m -3 m space group with a = 4.0786 Å and inter-atomic distance of 2.884 Å is assumed. Any expansion or contraction of the Au-Au bonds is assumed to be absent. Total number of Au atoms in a 23 Å spherical cluster as shown in Fig. 10 a comes out to be is 369. Out of these 93 atoms are surface atoms and 18 of these are at the Au-support interface as shown in Fig. 10 b. This means a gold particle dispersion of 0.25 and the fraction of Au-support interface surface atoms is 0.048.

For the catalyst synthesized using the DP method the gold clusters ~ 13 Å in size and completely above the TiO2 surface is assumed. It is a 2D particles with a gold bi-layer structure containing a total of 30 atoms as shown in Fig. 11 a. The number of atoms that are at the surface is 24 and 12 out of these are part of Au-support interface. Thus the dispersion for this system is 0.8 and the fraction of Au-support interface surface atoms is 0.4. Also since we have same gold loading from the two synthesis methods the ratio of number of gold clusters in DP catalyst to those in SFP is 12.3 (369/30). This implies that ratio of total surface atoms in DP catalyst to the SFP catalyst is 3.2 (0.8/0.25) while the ratio of Au-support interface surface atoms is 8.2 (0.4/0.48). Thus depending on what the active site for the reaction is (interface or the whole gold surface) the number of active sites can be up to 8.2 times higher in the DP catalyst compared to the SFP catalyst for the same weight loading of 2 wt% Au. This can explain the extremely high activity of DP catalyst compared to SFP catalyst.  
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Figure 11: A) A 2D bi-layer gold cluster with a size of ~13 Å. B) A view normal to lattice plane [111].
XRD


Figure 12 a shows the shows XRD patterns of simulated anatase and gold compared with SFP synthesized Au/TiO2 with different gold loadings. It is clear from these patterns that the anatase phase is the predominant phase in SFP synthesized TiO2, although very small amount of rutile is also present. The gold peaks are not easily distinguishable for weight loading of 2% Au, but can be seen very clearly for weight loading of 8% Au. Figure 12 b shows the XRD patterns of simulated anatase, rutile and gold compared with DP made Au/TiO2 with different TiO2 supports. The P25 sample shows significant rutile peaks in addition to the anatase peaks indicating the presence of about 25% rutile and 75% anatase as mentioned in the literature1. The gold peaks are not detectable in this case as well. Another important observation is that the peaks for TiO2 in case of T7 are broadened due to the smaller crystallite size.
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Figure 12: a) Simulated XRD patterns for anatase TiO2 and gold compared with experimental XRD for SFP made TiO2, 2% Au/TiO2, 8% Au/TiO2. b) Simulated XRD patterns for anatase, Rutile and gold compared with experimental XRD for DP made 2% Au/TiO2 with P25, T20 and T7.

USAXS:

The metal oxide nano-particles made in flame tend to often aggregate and form branched structure depending upon the flame conditions such as the liquid flow rate, gas flow rate as well as the choice of solvent and the organo-metallic precursor concentrations. These characteristics of the support material can have profound effect on the properties of the catalyst. Such as in case of a dense aggregate it can make the chemical reaction on the catalyst surface diffusion limited thus making the catalyst less active or in the case of more open aggregates with lower degree of aggregation it can increase the number of defects on the support surface thereby enhancing the catalytic activity. The characterization of such structures is difficult using conventional techniques because they typically consist of a disordered and irregular three dimensional structures. 

The branched aggregates show two limiting size scales: at the primary particle level, R1 and at the aggregate level, R2. The mass-fractal model relates the mass,
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. Here df is the mass fractal dimension which varies from 1, for a rod like structure to 3, for a spherical structure and can take all intermediate values for semi-packed aggregates.  The value of df indicates how tightly packed the aggregate structure is and can be obtained directly from the x-ray scattering data by the relationship,  
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 23. Scattering data can also tell us if the aggregate is a linear aggregate or it constitutes branched structure. More insight in to the branched aggregate structure can be obtained by determining how much material forms the backbone of the aggregate and how much is present in the branches. The minimum path or the percolation length p through an aggregate can be related to the aggregate size through the relationship
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, where dm is called the minimum dimension for the aggregate. Beaucage et. al.23 have devised a technique to determine the branch content 
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and the minimum dimension dm of a fractal aggregate.  

The scattering data is fitted using the Unified-fit model developed by Beaucage et. al.24 which describe the small-angle scattering pattern of multiple structural levels observed in an aggregate. The Unified-fit model gives us the primary particle surface to volume ratio, from which the diameter of the primary particle is derived25. The primary particle polydispersity index and the degree of aggregation are also obtained from the fit parameters25.
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Figure 13: The USAXS data for catalyst samples is fitted using the unified fit model24.
Discussion

When catalyst is synthesized using the DP method even though the TiO2 support produced by SFP method performs better then the most commonly used Degussa P25 TiO2 support, the SFP made catalyst is far less active compared to the catalyst produced using DP method. For comparing the SFP to the DP methods the loading of gold was kept constant at 2 wt. %. Since the shape of gold particles obtained by the two synthesis methods is different, the low catalytic activity observed in case of the SFP is due to the bigger particle size and three dimensional shapes of the gold clusters obtained during SFP. With advances in the spray flame technology it is conceivable that the method can be improved so as to yield smaller and flatter gold particles. The difference in catalytic properties between SFP and DP Au/TiO2 catalyst samples can be   We have compared the catalyst produced by SFP to those prepared by DP in terms of structure and found that the catalyst 

Table 2: The information about the TiO2 support structure obtained from the USAXS data.

	Sample
	Primary 

Particle Size (dp) nm
	PDI
	Structure
	Fractal

Dim. (Df)
	Primary

Particles per aggregate
	dmin
	c

	SFP-Au/TiO2
	26.2
	7.6
	Non-aggregated
	-
	-
	-
	-

	DP-Au/P25
	21.9
	9.6
	Fractal aggregate
	1.83
	5
	1.77  


	1.03

	DP-Au/T7
	6.5
	2.8
	Fractal aggregate
	2.40
	198
	2.1
	1.13

	DP-Au/T20
	20.5
	3.5
	Non-aggregated
	-
	-
	-
	-


Conclusion

The results can be sumarized as follows:

1. The gold particle thickness and not the diameter seem to the prominent determining factor for the enhanced activity of the Au/TiO2 catalyst. Flat two-dimensional gold particles produce catalysts that are orders of magnitude more active then the catalyst containing spherical three dimensional particles. 

2. The crystalline phase of the TiO2 support affects the activity of the catalyst. The lower activity of catalyst on P25 support is due to the presence of significant amount of rutile phase.

3. The fractal dimension, df, of 2.4 in case of T7 catalyst sample implies a closely packed aggregate structure.  Highly degree of aggregated of the TiO2 support decreases the activity of the catalyst by restricting the penetration of the reactants to all the active sites there by making the reaction diffusion limited. 
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Research Experience for Teachers:

The project has involved a high school physics teacher from Princeton High School in Cincinnati who worked for one month two summers on the development of flame spray pyrolysis and diffusion flames for production of iron oxide.  This project involved the development of a simple nanoparticle production technique that could be adapted to the high school setting with some demonstrable nano-scale properties, that is the ability to produce a ferrofluid.  Figure 14 shows an oil lamp that was used with an ethanol solution of ferrocene to produce nanomaterials.  We also producted nano-maghemite using the spray flame burner and collecting on a ceramic filter as shown in Figure 14 c.
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Figure 14.  b) Nanostructured maghemite production using an oil lamp and a a) magnetic collection device composed of a coffee can filled with water and magnets.  c) Shows magnetic nano-powder collected on a ceramic filter using a vacuum system.

Edwin has also assisted in anomalous SAXS measurements on gold catalyst flames and in situ catalytic reactions at the Advanced Photon Source at Argonne National Laboratories and with neutron scattering measurements at the National Institute of Standards and Technology.  

A high school course module with a web page component was developed that Edwin implemented in 2008 in his Advance Physics course at Princeton High School with the assistance of the PI and Sachit Chopra.  The work on ferrocene is being developed into a manuscript for the Journal of Chemical Education by an undergraduate REU student this summer.  

Undergraduate Participation in Research: 

The project has supported three female REU students, Stephanie Berger (2007), Robin Holland (2008) and Mesa Indries (2009).  Robin is also an African American.  These students have worked with Sachit Chopra and Edwin Segbefia in the synthesis of supported gold catalysts, iron oxide nanoparticles, in studies of soot nanoparticles from diesel engine exhaust, production of supported platinum catalysts systems, production of carbon coated titania and in the production of graphene nanoparticles.  Stephanie spent 6 months in Zurich Switzerland on an IREE supplemental grant working in the laboratory of Sotoris Pratsinis along with Sachit Chopra.  

Presentations:

G. Beaucage, 7th International Aerosol Conference in St. Paul, MN September 10-15, 2006, Aggregate growth and branching kinetics in flame synthesis of nanometer-scale ceramics. 
American Institute of Chemical Engineers Annual Meeting (AIChE), San Francisco. November, 12-17 2006. 

G. Beaucage, In situ Observation of Nucleation, Growth and Aggregation in Flame Made Nanoparticles.  

A. Kulkarni, Correlating Branch Content Information from Rheological Studies and Small Angle Neutron Scattering
G. Beaucage, The Evolution of Branching during Flame Growth of Silica Aggregates
G. Beaucage chair of session Characterization of Engineered Particles and Nano-Structured Particles
G. Beaucage, Society of Plastics Engineers May 6-11, 2007.  Cincinnati OH.
G. Beaucage Small-Angle X-ray Scattering from Nanomaterials, as part of the Spring Short Course: Semi-conducting Nanoparticles: Synthesis and Structure. May, 9-13 2007, Duisburg Germany (Universitat Duisburg-Essen).

G. Beaucage, National Institute of Standards and Technology, Reactor Division, June 14, 2007.

G. Beaucage, Gordon Conference on Elastomers, July 15-20, 2007.

G. Beaucage, The 41’st Course in the International School of Solid State Physics and 52’nd IUVSTA Workshop:  Structure and Dynamics of Free and Supported Nanoparticles using Short Wavelength Radiation, Erice, Sicily July 22-26, 2007.  
G. Beaucage, American Chemical Society Meeting, Boston MA, August 21, 2007.
G. Beaucage, Louisiana State University, Departments of Chemistry and of Chemical Engineering, October 28, 2007.

American Institute of Chemical Engineers Annual Meeting (AIChE), Salt Lake City. November, 4-7, 2007. 

S. Chopra, Spray Flame Pyrolysis For Synthesis Of Supported Gold Nano-Catalysts
G. Beaucage, Topology Characterization: A Universal Approach
G. Beaucage, Ohio State University, Department of Chemical Engineering January 31, 2008.

G. Beaucage, Polyolefin Conference, SPE, Houston TX.  February 27, 2008.

G. Beaucage, American Physical Society Meeting New Orleans March 10-14, 2008.

G. Beaucage, American Chemical Society Meeting New Orleans April 6-10, 2008.

G. Beaucage, American Crystallographic Association Meeting, Knoxville, TN, May 31- June 5, 2008.

G. Beaucage, Combustion Aerosols Meeting, Zurich Switzerland June 21-26, 2008

G. Beaucage, Particle Technology Laboratory 10’th Anniversary, Zurich Switzerland, July 4-6, 2008.  

G. Beaucage, Oak Ridge National Laboratory, HFIR October 7, 2008.

AIChE 2008 Philadelphia

G. Beaucage, A Structural Model for Aggregation and Its Application to Small-Angle Scattering
S. Chopra, Catalysis by Flame Synthesized Supported Gold Nano-Particles
G. Beaucage Chair of Session Aggregate and Agglomerate Formation Dynamics

S. Chopra Supported Gold Nano-Catalysts by Spray Synthesis and Solution Route. A Comparative Study
G. Beaucage, Exxon Chemical Corporation, Central Research Laboratory, Annandale NJ.  September 9, 2008.
G. Beaucage, American Physical Society Meeting, Philadelphia PA March 16-21, 2009.

G. Beaucage, Stanford University, SLAC, Palo Alto, CA, April 8-10  Conference on Small-angle scattering. Small-angle scattering from nanomaterials.
S. Chopra, American Crystallographic Association, Toronto July 25-30 2009 A Novel Approach to the Anomalous Small Angle Scattering (ASAXS) on Au/TiO2 Catalyst.  

G. Beaucage, American Chemical Society Meeting, Washington DC. August 16-20, 2009.

AIChE 2009 Nashville TN

G. Beaucage Session Chair Comminution - Experiments, Theory & Modeling
G. Beaucage Quantification of Molecular Topology Using SANS
G. Beaucage Structure of Equilibrium-Swollen Gels
S. Chopra Spray Flame Synthesis as a Possible Rout to High Activity Au/TiO2 Catalyst for CO Oxidation
S. Chopra Spray Flame Pyrolysis Verses Deposition Precipitation as Synthesis Routes for Au/TiO2 Catalyst for CO Oxidation
Publications:

1)  Investigating the activity of spray flame synthesized Au/TiO2 catalyst for CO oxidation.  Submission expected 8/2009.

Sachit Chopra, Jeroen A. van Bokhoven, Gregory Beaucage
2)  Spray flame pyrolysis versus deposition precipitation for Au/TiO2 catalyst for CO oxidation.  Submission expected 9/2009.
Sachit Chopra, Wendelin J. Stark, Jeroen A. van Bokhoven, Gregory Beaucage
3) A Novel Approach to the Anomalous Small Angle Scattering (ASAXS) on Au/TiO2 Catalyst.  Submission expected 9/2009.
Sachit Chopra, Gregory Beaucage, Ramanth Ramachandran

4) Shape affects in gold catalysis. Submission expected 12/2009.
Sachit Chopra, Gregory Beaucage, Ramanth Ramachandran
5) Nanomaterial growth dynamics in jet flames.  Submission expected 8/2009.
Jossen Rainer, Gregory Beaucage, Sortiris Pratsinis, Sachit Chopra

6)  PhD dissertation Nature of Branching in Disordered Materials. University of Cincinnati 9/2007
Amit Kulkarni

7)  PhD dissertation Supported gold catalysts.  University of Cincinnati (expected 4/2010).

Sachit Chopra

8)  Synthesis of magnetic nanoparticles in flames and the production of ferrofluids.  Submission expected 8/2009  Journal of Chemical Education  Maesa Indries (REU undergraduate student), S. Berger (REU undergraduate), R. Holland (REU undergraduate), Edwin Segbefia (RET summer researcher), S Chopra, G. Beaucage.

9)  Topology of graphene.  G. Beaucage, M. Indries (REU undergraduate), R. Ramachandran, S. Chopra  Submission expected 11/2009.

We plan to request a no cost extension for the project to support publication of papers related to this project.  Two papers are in final stage of review prior to submission and six other papers are planed from this project. 

Quartz Reactor with heating and cooling





Mass Spec.





b





a





d





c





a





b





d





c





e





f





b





a








PAGE  
1

_1296380409.unknown

_1296386132.unknown

_1296387371.unknown

_1296387847.unknown

_1296380499.unknown

_1296380385.unknown

