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Chapter 4

Catalytic oxidation CO over Au-Pd/TiO,

4.1 Introduction

Though CO is not really classified as greenhouseige produced during the process of
burning coal and is toxic and hence more lethahtkD,. It mainly results from an
incomplete combustion of carbon and carbon-comnigiriompounds [1]. It is a colorless,
odorless, poisonous gas when inhaled it combinesh wiaemoglobin to form
carboxyhaemoglobin, reducing the oxygen-carryingtglof the blood. This gas in not only
harmful to human beings but it also hampers thectfaning of fuel cells. It has been
demonstrated that it inhibits the functioning o&tpium electrode in a fuel cell which is
known to be sensitive to carbon monoxide poisoni¥§]. The selective catalytic carbon
monoxide oxidation has been proposed as the mashiping way of removing carbon
monoxide [4]. The low temperature CO oxidation stz are used in residential and
automotive air cleaning technologies, gas masksnioing applications, CO detectors, and

selective oxidation of CO in reformer gas for faell applications [1].

In heterogenous catalysis CO oxidation is a webvim reaction that can be catalyzed by
various catalysts. Platinum group metals have hesatier reported as catalysts for this
reaction. The frequent use of platinum supportedlysts has been reported in the literature
[5]. However, it was reported that high CO concatidn leads to poisoning of platinum
catalysts which leads to deactivation [6]. Therefibihas been predicted that the Pt-Pd alloys
in three-way catalyst (TWC) for diesel oxidationtatgst (DOC) will experience rapid
deactivation at high temperatures caused by laagéicje aggregates [6]. The hopcalite
catalysts (mixed oxides composed mainly of Mn anjll@ave also been reported but they are
easily deactivated at ambient temperatures [1]. @ibaeering work of Haruta showed that
the supported Au catalysts have high activity fdd ©xidation particularly at ambient
temperature [7]. However, it was later discoverealt these catalysts rapidly deactivate at
high temperatures due to sintering of the gold He lack of thermal stability of these
catalysts hinders its applications particularly iagh temperature systems. Due to the greater
availability and stability of the price of gold cpared to the platinum group metals (PGMs),
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it is important that the activity of gold catalysssoptimized [8]. Therefore manipulation or

modification of these catalysts is required for roy@d activity and stability.

The Au/Pd system has been extensively studied [9¥VRile the two metals are said to be
immiscible, Pd metal has a great thermal stabilithe potential great thermal stability
introduced by Pd metal makes Au/Pd system ideabperating in high temperature systems
and hence desirable to produce. Au-Pd catalystsdaesd for operating in cars that run on
petrol. For example when the car starts the engiweoler, the reactions taking place in the
catalytic converter will occur on the active sitdAu. At high temperatures, the reaction will
occur on both Pd and Au active sites. The Pd nvathprovide thermal stability preventing

particle sintering of gold thus Au will operate @ndguch conditions.

To assess the applicability of the catalysts predugs described in Chapter 3, we report on
CO oxidation over Au/Ti@and Au-Pd/TiQ catalysts. The preliminary results in Chapter 3
showed that the Au-Pd/Tiratalysts synthesized via deposition-precipitatioethod have
both Au and Pd metals individually attached on thgport. Therefore they show a

heterostructred bimetallic system.

4.2 Catalytic measurements

The CO oxidation reactions were carried out in ahdped quartz reactor. Before carrying
out measurements the catalysts (0.1 g) were ptettéa hydrogen for 1 h at 15C.
Thereafter the 10%CO and 5% @Qases balanced by helium were set to flow at 4éniml
and the reaction was left to run for 12 h. A GCippged with a thermal conductivity detector

(TCD) was used to analyze the reaction.

4.3 Results and discussion

4.3.1 Temperature studies of Au/TiO,

The results on the effect of reaction temperaturéghe catalytic activity of CO oxidation
over of Au/TiQ, catalyst are presented in Fig 4.1 below. Prioalgdt measurements the

catalysts were pretreated in hydrogen at 150 °Clfdr to ensure full reduction of gold
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particles to their metallic state. The hydrogentne@ment was necessary for activating the
catalysts as the used catalysts were not freskelygoed. Haruta et al. demonstrated that CO
and Q can easily adsorb on Au surfaces at room temperatfter pretreatment [13]. Other
researchers reported that catalytic activity of MuD; could be restored by hydrogen or
water treatment [15-16]. Ntho also showed that bgdn pretreatment enhanced the activity

of Au/TiO, catalyst compared with oxygen pretreatment [16].

To ensure full adsorption of CO and Onto the active sites, both CO and @§ases were

allowed to flow into the reactor for 1 h at the ided reaction temperature.
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Figure 4.1. CO oxidation activity as a function tohe on stream on Au-Ti©D(3% Au
loading) catalyst at various temperatures.

It is observed in Fig 4.1 that at 200 °C the COversion was almost 100 %. It is also seen
that as the initial CO conversion at 50 min deaeasith increasing reaction temperature. It
is observed that catalysts activity decline rapidith time on stream, especially for 300 and
400 °C. After 600 min the observed conversion 00 3hd 400 °C is 62% and 56%
respectively. The rapid deactivation observed cdddattributed to loss of surface area that
occurs when Au particles agglomerate forming lgrgeicle aggregates [2]. Sintering of Au
particles is attributed to low melting point resudt from reduced dimensions of Au [17].
Formation of bicarbonate species formed from the, @@duced during CO oxidation

reaction has been reported [19]. These bicarborsgiesies have been reported as possible




CHAPTER 4: CO OXIDATION

reaction intermediates during CO oxidation [18]mKand Thompson reported the formation
bicarbonates and formate species that furthersacbmpetitive intermediates for active sites.
The decrease in catalytic activity of CO oxidatian high reaction temperature can be
assigned to blockage of active sites occupied blgoretes and formate species [19]. The
decrease in activity indicates the short term &tglof the catalysts. Daté and co-workers
reported aging and storing conditions as some efdbtors that contribute to the instability

and short lifetime of the Au catalysts [19].

It is also observed that the activity of the catbdlgt 500 °C decreases with CO conversion to
52%. There is no conversion observed for the csttaly 600 °C for the first 50 min, which
could be due to the decreased amount of active. Siteibota et al. reveal that for Au/%iO
catalysts calcined at 300 °C and above there werAui species present [20]. Therefore
metallic Au species are the only available actiitess[20]. There is steady conversion
observed at 600 °C after 50 min which could be tduthe reaction occurring at metallic Au
active sites. It is also observed that activitydtém decrease with increasing time on stream.
The activity dependency of Au catalyst on partidee was reported as early as 1970 by Cha
and Parravano [21]. A large number of studies cotetl suggest that metallic Au is
important, particularly small sized Au metal pddag are necessary [22-23]. Other authors

claimed that activity increases with the amouracifve species available [24].

The CO-TPD profile (Fig 4.3) was obtained by meesgurthe amount of CO desorbed

relative to the temperature.
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Figure 4.2: CO-TPD profile of Au/Ti©catalyst

Figure 4.2 illustrate two prominent peaks of Qf@sorbed at 100 and 200°C. The area under
the peaks is indicative of the amount of CO adsbdrethe active sites and also indicates the
abundance of active sites. The studies conductebriphathi et.al. showed high activity of
Au/Fe,03 which was attributed to CO chemisorbed on small pauticles [25]. The low
coordinated Au atoms are important for high catelgttivity of Au catalysts [23]. It has also
been reported in the literature that the relatigacentration of these low coordinated Au
atoms responsible for catalytic activity is siz@eledent [23]. Hence low coordinated small
sized Au particles are important for achieving hagttalytic activity. It can be assumed that
more CQ desorption observed at low temperatures is dugndgohigh availability of low
coordinated Au atoms on the surface, particulanhals sized Au particles. According to
studies conducted by Ngrskov’s group strongly iaid that CO may only chemisorb on the
low-coordinated Au atoms such as steps and kimidgnat on the regular (111) terraces [26].
Therefore it is not known which active sites arspansible as CO chermisorption studies

were not performed.

There are desorption peaks observed at temperaalyege 300 °C that are not so
pronounced, peaks at 305, 375 and 480 °C. The @imoiof CO on the active site decreases
with increasing temperature, hence we observe iedse in peak area at temperatures above
300 °C. This suggests that as temperature increase®wheoordinated Au atoms on the
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surface decreases. Hereby suggesting that thetd beyparticle sintering occurring at high
temperatures since small gold particles are negessaprovide CO adsorption sites [26].
Other authors reported that very large particleehauch smaller relative concentration of
step-edge sites thus providing low activity [26jodBuzzi et al. observed the rate of CO

oxidation reaction increasing with decreasing dieemef Au particles [27].

The patrticles size of the Au/T¥atalysts after CO oxidation was monitored by THNW
4.3). Figure 4.3a illustrates the particle sizeobetcatalytic measurements were carried out. It
is observed that particle size is 3.7 nm priorlgétaevaluations. There is a slight decrease in
particle size for the catalyst at 300 °C. The messparticle for catalyst at 300 °C is 3.5 nm.
Therefore a decrease in activity observed for 300(Fig 4.1) could be due to surface
reconstruction decreasing the available surfa@s.sit was also observed that the patrticle
size of the catalysts at 400 and 500 °C was 4.5 Tims could explain the conversion
observed for both catalysts at 400 and 500 °C. cetalyst at 600 °C was found to have a
particle size of 4.25 nm, a decrease comparedtabysts at 400 and 500 °C. The particle size
effect may explain the slight difference in actviA decrease in CO conversion could be
attributed to the increasing particle size whickuits from large particle aggregates. A plot
of conversion vs particles size (Fig 4.4) at 30@ shows that as mean particle size increases
CO conversion decreases. However, the 4.5 nm [gstows high conversion than 4.25 nm
suggesting that there are other factors influentmgactivity of the catalyst. Since HAuCI
was utilized as source of Au during synthesis it ba assumed that chlorine contaminants

could be responsible for declining activity of #he/TiO, catalyst.
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Figure 4.3a: TEM image and particle size distrimitiof Au/TiO, catalyst prior catalytic
evaluation.
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Figure 4.3b: TEM image and particle size distribntiof Au/TiO, catalyst after catalytic
evaluation at temperature 300 °C.
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Figure 4.3c: TEM image and particle size distribatiof Au/TiO, catalyst after catalytic
evaluation at temperature 400 °C.
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Figure 4.3d: TEM image and particle size distribntiof Au/TiO, catalyst after catalytic
evaluation at temperature 500 °C.
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Figure 4.3e: TEM image and particle size distribotof Au/TiO, catalyst after catalytic
evaluation at temperature 600 °C.
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Figure 4.4: Graph of % CO Conversion vs particles at 300 min.

101



CHAPTER 4: CO OXIDATION

4.3.2 CO oxidation over Au-Pd/TiO,

The supported Au-Pd metal have catalysts have bset in some important reactions such
as hydrogenation of acetylene, aromatics, directation of hydrogen peroxide, oxidation of
carbon monoxide [30-29]. The use of second metkh@svn to introduce new geometry and
electronic properties of the active sites [28]. lewer, the catalytic performance is dependent
on factors such as catalyst support, preparati@cepiure, composition and morphology.
Guczi et al. revealed the synergistic effect in Rdi-nanoparticles supported on 7iO
compared to monometallic samples [29]. Yang efaand that unsupported bimetallic Au-
Pd, Cu-Pd, and Cu-Pd exhibited excellent activityGO oxidation, indicating the influence
of the support on the catalytic activity for thacgon. In this investigation Pd metal has been
used as a typical promoter for enhancing catalgtority of Au/ TiO, catalyst. The choice of

Pd metal is dictated by its well recognized agyivit this type of reaction [31].

From the preliminary results in Chapter 3 it wasnd that the bimetallic system formed after
incorporating Pd was heterostructured bimetallstays were both Pd and Au metals were
separately attached on the surface of the supplere was no PdO or Au-Pd detected thus

suggests that palladium was in its reduced form.

This section investigate the effect of palladiumQ@D oxidation over Au/TiQ Catalysts with
different palladium to gold ratios were preparedd®position precipitation at pH =8 and

catalytic oxidation of CO was performed at 200

4.3.2.1 CO oxidation over Au-Pd/TiO, with various Au and Pd loading

A CO conversion above 90% was obtained with the anwetallic Au catalyst at 200 °C
shown in Fig 4.1. To investigate the effect of Pdtath on the Au catalysts, all the CO
oxidation measurements were carried at temper&0@°C. The observed conversion of
bimetallic catalysts (Fig 4.5) is low compared tee tmonometallic catalyst (Fig 4.1)
regardless of the various metal ratios This iotaltagreement with the findings of Piednoir
et al. who demonstrated the presence of palladiuimetallic Au catalysts decreases the
CO oxidation activity [32]. Furthermore, additioh Au decreased the activity of Pd, where
high activity was observed for Pd (111) compareBdeAu [32].
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There is low conversion observed for the first hfmurall catalysts except for catalyst with
75Au25Pd composition where there is no conversioraf least the first 2 h on stream. The
0% conversion observed for 75Au25Pd in the firairhcould be due to no CO adsorption
occurring as CO desorption on Pd sites is a ratiitig step [33]. 75Au25Pd seems to be the
only catalyst not showing decline in conversionwiicreasing time on stream. However, the
inconsistency observed for 75Au25Pd catalyst reguihat the CO oxidation measurements
are repeated to verify the results. The increasiaigd is similar for monometallic catalysts
(Fig 4.1). It is also seen that for the catalyshvéiOAul0Pd metal composition showed high
activity for the first 5 h on stream, which is fmed by a decrease in conversion reaching a
minimum of 58%. The catalyst with equal metal cosipon showed 95% conversion after
2h on stream which declines to 65% conversion.|®Wwest conversions were observed at 8 h
for both 50Au50Pd and 25Au75Pd which followed byapid increase in CO conversion.
This increase suggests that there could be phaseyek taking place. Liu et al. demonstrated
a detailed transition process during heating glesyand sizes of Au clusters [36]. He found
that there was structure transition that occuryedhanging orientation [36].

There was a decrease in conversion observed fon BlAd catalyst after 10 h, at which there
was an increase in conversion observed for bothuSORd and 25Au75Pd. The decrease in
conversion could be due to high content of Pd wimfibits the dissociation oxygen on the

gold particles [35]. At high palladium concentratso palladium seems to be blocking gold
active sites from adsorbing oxygen molecules. Témehse in CO conversion with increase
in time on stream can be attributed to the decreastbility. This behavior is only observed

with the palladium containing catalysts. These ltsssuggest that the presence of palladium
is not helping in improving the activity of the dotatalyst. However, there is a measure of

consistency in that all the Pd-containing catalgbisw an induction period.
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Figure 4.5: CO oxidation activity as a functiontmhe on stream on Au-Pd/T®f various

Au and Pd metal loadings at temperature 200 °C.

Fig 4.6 contains CO-TPD profiles of Au-Pd/TiCatalysts with different metal ratios. At low
temperatures there is high CO desorption whiches®es with increasing Pd content. A
decrease in CO desorption was observed with incrgésmperature. This suggests that there
is less number of active sites at high temperaturesre is an intense peak observed for
bimetallic catalysts at approximately 560 °C whigmot observed for Au/Ti©catalyst. This
could suggest that at high temperatures CO adsoRdaoactive sites. There is a similar trend
observed for both 25Au75Pd and 75Au25Pd were thae no peaks observed at
approximately 360 ° and 470 °C suggesting thatAthective sites are only available at low
temperatures and the Pd active sites are only miregehigh temperatures. According to
literature CO oxidation is able to take place &t temperatures on the Au-Pd surface due to
the alloying effect [27]. This is due to the wealD-®d interaction which favours the
adsorption of @ and promotes oxidation of CO [27]. Therefore thtk detive sites at low
temperatures are only available on Pd-Au alloysMT(Eig 4.7) shows small particle size of
2.7 nm for 25Au75Pd catalyst and 4.5 nm particte $or 75Au25Pd catalyst. This indicates
that as Pd loading increases, particles size deesed he superior activity observed for
25Au75Pd catalyst can be attributed to a decrepasditle size. However, it is observed that
for catalyst with 90Au10Pd the peak at 360 °C igenatense than the peak at 470 °C and
vice versa for the 50Au50Pd catalyst. The inters&kmobserved at 470 °C for 50Au50Pd
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catalyst suggests that Pd metal could be the reggenfor CO adsorption at high

temperatures.
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Figure 4.6: CO-TPD profiles of Au/TiCand Au-Pd/TiQ catalysts.
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Figure 4.7a: TEM image and particle size distributof 75Au25Pd catalyst after catalytic
evaluation at temperature 200 °C.
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Figure 4.7b: TEM image and particle size distribntof 25Au75Pd catalyst after catalytic
evaluation at temperature 200 °C.
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4.3.2.2 Temperatur e studies of 25Au75Pd catalyst

Temperature studies (Fig 4.8) were performed wittatalyst that showed high activity at
200°C which is 25Au75Pd. The CO oxidation measurgmevere carried at temperatures
200, 300 and 400 °C. It is observed that as theéeature increases conversion decreases.
However, there is an increase in activity obsermaefiom 8 to 10 h for both 200 and 300°C.
Further increase is observed for 300 °C with 95% ¢@@version. The observed increase
suggest that there be could catalysts restructuakipg place which introduces new active
sites. Liu et al. reported that morphologies of Alusters changes with increasing

temperatures [36].

The TEM studies conducted by Prati et al. on AucdPdatalyst after selective liquid phase
oxidation of glycerol to glycerate indicated thiae tmetal particles were assembled after the
reaction [35]. Moreover, the activity of the cattl/was not compromised. The presence of
Au-Pd phase resulted in increased activity thusthicing strong synergetic effects [35]. On
the other hand catalyst at 400 °C shows a steachgalee in activity. This could be ascribed
to a decrease in active sites resulting from garticowth. It is also observed that the catalyst
stability declines with an increasing time on stmeaxcept for 300 °C which shows high CO
conversion. The inconsistencies observed in thesdts could be due to the absence of PdO
and alloyed Au-Pd phase which are known to acaeletivity of Au-Pd/TiQ catalysts. The
observed results suggest that the optimum operétimperature of the 25Au75Pd catalyst
could be between 200 and 400 °C. Furthermore, dsetk activity observed could be
attributed to the preparation method used as theas no surfactant used to control
morphology and composition of the catalyst. Agdere was no surface analysis performed
during and after catalytic measurements to monibether there is surface restructuring

taking place.
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Figure 4.8: CO oxidation activity as a function tohe on stream on 25Au-75Pd/TiQt

various temperatures

4.4 Conclusion

A simultaneous deposition of Au and Pd metals vR idethod resulted in formation of
separately attached metals on the support insteAdRd alloy or core shell. Therefore DP
method proved to be not an appropriate methodyhathesizing Au-Pd bimetallic. Based on
the findings presented above it can be concluded iticorporating Pd metal resulted in
decreased particle size of Au metal. However, trenaometallic catalysts showed high
activity compared to bimetallic catalysts. High €@nversion for monometallic catalysts is
observed at 200 °C. TPD results confirmed thatoat temperatures there are more CO
adsorption sites for both monometallic and bimetalatalysts. However, the CO adsorption
sites increases with increasing Pd particularlyhigih temperatures. Hence the peak at
approximately 550 °C becomes more intense as Rlinipancreases. The catalysts stability
of both monometallic and bimetallic declines wititrieasing time on stream which could be
due to the decreasing amount of active sites. @bsecof deactivation of Au-Pd catalyst was

not studied further studies are recommended.
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