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Chapter 3

Synthesis of supported gold catalysts via depositigrecipitation (DP)
method

3.1 Introduction

Deposition precipitation (DP) method is by far theostly recommended method for
synthesizing small sized gold particles [1]. Howewlis method requires careful control,
with pH of the solution being particularly the masiportant factor during synthesis. The pH
at which gold is precipitated is important for gtbwand nucleation of gold particles [2].
Hence it is determined according to the isoeleqmat (IEP) of the metal oxide support
[3].The IEP of the support changes the positionthefactive sites of precipitation and this is
related to the pH of the solution. The pH below igaeletric point of the support will result
in a positively charged surface which facilitateds@ption of negatively charged gold
species. Hence there will be larger gold loading &igh concentration of chloride ions
present on the support that increases mobility ofparticles leading to formation of large
gold particles. At a pH above the isoeletric pdhgre is a rapid decrease of adsorption of

negatively charged Au(OKCl)sx complex resulting in low gold loading [4-5].

The equilibrium constants measured by NechayevNikdlenko (Fig 3.1) shows different
types of species present at a particular pH [6].pAt 3-4 the major species are neutral
AuCl3.H,O, and at pH 7 which is mostly preferred for the BRethod, [AuCI(OH)} is
predominant. At pH 10 and above, the [Au(QH)}nion is the dominant species. The
isoelectric point of P-25 Tigis reported to be in the range of 4.5-6.3, sodhainic species
should adsorb by electrostatic attraction at lowlr neutral species, of course, will not
adsorb in this manner [7-8]. There are three pseEshat occur when pH is varied during
the mixing of the gold solution. During hydrolyss$ [AuCl,]™ neutral species are produced
by displacing Clions (reaction 1-3), loss of protons from the reludépecies( reaction 2 and

4) and Clions are replaced by Okbns during hydrolysis (reaction 5 and 6) [9].
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Figure 3.1. Relative equilibrium concentration ofdycomplexes ([ C] =2.5 x 10°M) as a function

of the pH of the solution, calculated with equiltbn constants reported by Nechayev et al. [5]

[AUCI,] + H0 — AUCIy(H,0) + CI [1]
AUCI5(H,0) < [AUCI5(OH)] + H' [2]
[AUCI5(OH)]" +H;0 > AuCl,(H,0)(OH) + CI 3]
AUCI,(H,0)(OH) < [AuCI,(OH),] +H" (4]
[AUCI,(OH),]” +H,0-[AUCI(OH)]  +CI +H* [5]
[AUCI(OH)3]” +H,0 < [Au(OH),]" +CI +H' [6]

Therefore, there is a narrow range of pH where lssed Au particles can be adsorbed on
the support with minimal chloride in the Au compldéxe and Graviilidis reported that for
Auly -Al,03, increasing the pH of the solution up to pH 7 @ases the concentration of
strongly adsorbing complexes (Au(@H), and AuCI(OH} and therefore the optimum value
of pH is expected where the concentration of thengly adsorbed species is maximized.
Moreau et al reported the optimum pH for highlynaetAu/TiO, catalysts to be 9 [9]. Li et
al. showed that for a series of catalysts prepémedP method, activity increased with
increasing pH but there was a rapid decrease imitgcat pH of 11 [10]. Wolf and Schuth
confirmed the optimum pH of 10 [11].

The precipitating pH is not only the vital parametéhich should be monitored during
synthesis, there are a few other parameters toob&otled. A successful synthesis of
supported gold catalysts via DP will require a fidreontrol of the following parameterg)

the concentration of the HAugLkolution; (ii) the ratio of HAuGI solution volume and
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concentration to the mass of support; (iii) theetypf TiO, (Degussa P-25 is the most
commonly chosen); (iv) the base chosen to neutralilee HAuUC} solution; (v) the
temperature at which this is done; (vi) the pHi)(the time and then temperature allowed for
the deposition to occur; (viii) the method of fittom, washing, and drying; (ix) the
conditions for calcination (if performed). Howevéterature reports an incomplete picture of
the optimum procedure that should be adopted taredugh activity for carbon monoxide
oxidation. This study seeks to investigate effeatspH, calcinations temperature, gold
loadings and aging on particle size in order tearine the optimum synthesis conditions of

AU/TiO; catalysts. The effect of support on particle svilEbe investigated.

3.2 Catalyst synthesis

All the reagents used for synthesis of Au catalys¢se commercially available and used
without further purification. To study the effectd Au weight percentage (wt %), the
following conditions were used as standard preparatonditions: pH 9, calcination
temperature 200 °C and aged for 72 h. The aboveditcmms were chosen as standard
conditions because pH 9 is easier to maintain argD@ °C the Au particles are said to be
fully metallic as reported by Zanella et al. [1Ruring synthesis the support (P25 F)@vas
initially dissolved in de-ionized water and heatgrto 70 °C. The initial pH was raised to 9
prior precipitating the dissolved Au precursor. THessolved Au solution was added
dropwise while maintaining pH with NJ@H solution. The synthesis was carried out for 2 h.
The slurry was then cooled down to room temperdtur@ h while stirred. Furthermore, the
slurry was closed with parafilm and stored in akdeawpboard for 72 h. The material was
recovered by filtration and washed several timed wlistilled water. Thereafter the wet
samples were dried in an oven for 2 h and calcinetdr at the desired temperature for 2 h.
There was a colour change observed upon heating dbite to purple. To investigate the
effects of pH, calcination temperatures, Au wt%ing, and support on the particle size and

activity of Au catalyst the above procedure fronpRalu et al. was adopted [13].
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3.3 Catalyst characterization

3.3.1 The effect of Au content on particle size

The morphology of the prepared catalysts was oksewith TEM. TEM images obtained
(Fig 3.2) show Au metal adsorbed on the suppotlask tiny spots indicated by arrows.
There seem to be hemispherical attached Au pastiodicated by lettea, and spherically
buried Au particles in the support shown by leti¢Fig 3.2). The hemispherical adsorbed Au
species suggests strong metal-support interaclioa.lumpy black particles observed on the
support indicated by lettet, suggest the presence of chlorine contaminantgtireg from
poor control of pH, which favoured adsorption ofatvely charged Au(OHTI,x complex.
ICP analysis indicates that the actual Au loadires ilower than the intended (nominal)
loading (Table 3.1), suggesting that some of thecdwld have been washed off or remained
in the filtrate during filtration process hence iasomplete transport of Au to the support.
This is particularly observed for catalysts wit@%% actual metal loading (Fig 3.2a) where
there are few Au particles visible on the suppartexe. This is in contrast to the findings of
Moreau et al. where a high Au dispersion at 1%ilugaevas attained [12]. It is observed that
as Au loading increases, there is a uniform Auelisipn on the support indicating a strong
metal-support interaction. The average particle slstribution obtained from TEM after
measuring the diameter of more than 100 partidiesvs an increasing trend in particle size
as the Au loading increases. In contrast to thisatalyst with the lowest loading (0.05%)
seems to have large Au particles of 5 nm in siz®m@ing to the obtained size distribution
(Fig 3.2b). This may be attributed to lack of pthtol during synthesis that may have lead
to adsorption of negatively charged species, heaasing large Au particles to form on the
support. The 2.45% catalyst has average partizedfi3.5 nm while 7.79% and 9.89% seem
to have the same mean particle size of 5.5 nm.dBasdhe calculated percentage error from
the BET results (Table 3.1) it can be said that rtieasured patrticle size from the TEM
results of 7.79% catalyst is more accurate thanah@.89% catalyst as the is less % error.

For catalysts with 9.89% loading it could be mddhe hydroxyl ions were consumed during
precipitation, encouraging formation of smallertjzées. Hence there was high dispersion of
small sized Au particles compared to 7.79% whick lav loaded Au content. It can
therefore be concluded that the optimum Au loadimghis study was 3% with a mean
particle size of 3.5 nm. It is evident from thessuits that as more Au is deposited, under
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these conditions, the bigger the particle size. [Einge particles size indicates weak metal-

support interaction that leads to non-uniform disfa of spherically adsorbed particles.
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Figure 3.2a: TEM images and average particlesdiszebution of Au/TiQ catalysts with 1% gold
loading. Good dispersion of small sized particlas be seen. The arrows indicate the dark spots that

correspond to the loaded gold. The particle sig&itution was obtained by counting more than 100

particles and determining their size.
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Figure 3.2b: TEM image and average particle siztridution of Au/TiQ catalyst with 3% gold
loading. Good dispersion of hemispherical and spakparticles can be seen indicated by ledtand
b respectively. The dark tiny spots indicated byeleX corresponds to gold loaded. The particle size

distribution was obtained by counting more than g@fiicles and determining their size.
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Figure 3.2c: TEM image and average particle siggidution of Au/TiQ catalyst 5% (nomial metal
loading) gold loading. Good dispersion of hemisptarand spherical particles can be seen. The gold
loaded is indicated by arrows. The particle siztritiution was obtained by counting more than 100

particles and determining their size.

0. 8% Loading
254
g 21
=
S
o 154
o
- 4
'S
2 104
54
0
10 20 30 L

Diameter (nm)

Figure 3.2d: TEM image and average particle sig&itdution of Au/TiQ catalyst 8% (nomial metal
loading) gold loading. Good dispersion of hemisptarand spherical particles can be seen. The gold
loaded is indicated by arrows. The particle siztritiution was obtained by counting more than 100

particles and determining their size.
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Figure 3.2e: TEM image and average particle sig&idution of Au/TiQ catalyst 10% (nomial metal
loading) gold loading. Good dispersion of hemisptarand spherical particles can be seen. The gold
loaded is indicated by arrows. The particle siztritiution was obtained by counting more than 100

particles and determining their size.

Table 3.1: Properties of prepared catalysts obusriAu wi% showing the experimentally determined
surface areas £gr) and average particle size after DP at pH 9.

Au wt.% Loading

Actual Theoretical Sger (M?gY)  Pore Volume (cni.g?) Particle sizé Particle sizé€

Loading Loading (nm) (nm)
0.05 AU/TIG 1 Au/TiO, 44.29 (3.6§ 0.4153 55 5.3
2.45 AUITIO, 3 AU/TIO, 46.09(7.8¥ 0.4397 35 3.7
4.53 AUITIG 5 AU/TIO, 45.74(7.1F 0.4008 4.5 3.6
7.79 AU/ITIO, 8 AU/TIO, 43.01(0.65 0.3076 55 2.3
9.89 AU/TIO, 10 Au/TIO, 37.73(11f 0.2986 55 2.3

P25(TiQy) - 42.72 0.1526 - -

ATEM® XRD ° % Error

The surface area of the prepared catalysts wasngieetl by measurement of the amount of
N, physically adsorbed as a function of pressure. diitained results (Table 3.1) show that
the P25 degussa TiQ74% anatase and 26% rutile) support had the seideea of 42.7fg*

which changed upon deposition of Au particles. Hswobserved that as the Au content

increases there was a decrease in surface aresas@dms to suggest a high deposition of Au
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particles on the pores. A decrease in pore volunudddoe attributed to pores blocked by Au
particles. It is observed from the Table 3.1 the pore volume of the 0.05% catalysts is
small compared to 5% catalysts. For catalysts wiglh Au loading from 5% to 10% there
was a decrease in pore volume from 0.408.gMmto 0.298 cilg™. This confirms the TEM
results showing that the precipitated Au partidiese large particles size. However, there
was no significant decrease observed in pore voliameatalysts with 7.79% and 9.89% Au

loading, and that is in agreement with the obtapedicle size from TEM.

PXRD technique was also employed to monitor thetatnity of both the support and metal
particles. The diffraction patterns were recordexnf 20 = 40° to 50°. It was observed that
when the scan range was from 10° to G0th2 two major Au peaks reported by Maciejewski
et al. at B = 38.2° and 44.4° due to Au (111) and Au (200peesively were not detectable
[14]. The peak at@= 38.2° overlapped with the Ti (004) peak. In tiisdy particle size was
determined from the Au (200) peak observed at 4204Other observed peaks are to those
from anatase and rutile, characteristic of Degl#&&a [15]. The obtained diffraction pattern
(Fig.3.3) shows a prominent Au peak at 44.4°12is observed that the Au (200) peak grows
broader as the wt% increases indicating a deciegsaticle size. The average crystal size is
summarized in Table 3.1. Catalyst with 10% loadjtigeoretical loading) seems to have a
shoulder at 44.4°@2that may have resulted from a change in lattingcgire occured during
XRD measurements. The average crystal size estinfiae line broadening analysis shows
formation of small Au particles on the support whis consistent with the obtained TEM

results. The obtained average crystallite size maytributed to overlapping peaks [16].
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Figure 3.3: XRD patterns of Au/TiOcatalysts with various Au loading with R and A icating

diffraction peaks for rutile and anatase respebltive

3.3.2 The effect of pH on patrticle

The DP method used was slightly different from dne described by Haruta in the literature
[17]. The described DP procedure by Haruta engaltlition of the support material to the Au
solution. The synthesis carried out involved digswg the support in the deionized water at
70 °C prior to addition of HAuGlsolution. The initial pH was 2.6, and was raiseddrious
values (7.5-10) by adding NBH solution. However, maintaining constant pH wdBcdilt,
particularly for pH 7 that is the most preferred fad the DP method. The observed decrease
in pH during synthesis indicated that there waka sonsumption of OHanions suggesting
that both hydrolysis of the different anions aneithigand exchange are slow, hence
preparation lasted more than 1 h. As a result tha® an insignificant difference observed
between the actual and nominal gold loading (T8¢ indicating significant deposition of
Au particles on the support. The fall in Au conteatild be accounted for by an electrostatic
repulsion of gold-containing anions on the negdyiveharged surface of the support. The
negatively charged surface usually occurs at pHealtee isoeletric point which in this case

is at pH above 6.
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Table 3.2: Properties of prepared catalysts withn38tal loading (theoretical loading) showing

experimentally determined surface areags{Sand average particle size after DP at various pH.

Actual pH Sger (M gY)  Pore Volume (cmi.g?)  Particle sizé Particle sizé
Loading (nm) (nm)

2.45 AUITIG 7.5 38.88(8.9) 0.3570 4.3 3.6
2.89 AUITIG 8 44.07(3.1§ 0.3351 3.7 5.3
2.53 AUITIG 44.10(3.2§ 0.3305 35 4.7
2.93 AU/TIO, 10 36.44(4.7) 0.3236 3.3 4.3

&TEMP XRD % Error

TEM images show that, as the pH increases thetdgis dispersion of small sized Au
particles (Fig.3.4) adsorbed on the support. It alas observed that there was existence of a
mixture of sizes that could be attributed to dmyiforce for Ostwald ripening [18]. This
driving force does not exist when the particleswargormly small [19]. The non-uniform pH
across the solution might have triggered regionth wiore rapid gold deposition (small
particles) and regions with slow gold DP, hencgedaparticles. The average patrticles size is
shown in histograms (Fig.3.4) plotted after meagutihe diameter of more than 100 Au
particles. The graphs show that as pH increasesiteedecreases, with pH 10 showing the
smallest Au particles of 3.3 nm in size. Howevére tobtained curve for particle size
distribution of pH 10 and pH 9 showed frequencyrihstion of mean patrticle size, that does
not follow a bell curve. Therefore it can be sdidttpH 8 is the optimum, since the particle
size distribution curve follows normal distributiorwhich is statically correct for
approximating a sum of large number of random \&hbich cluster around a single mean

value. However, through analysis of the number wfpArticles on the support is required.

According to BET results (Table 3.2) pH 7.5 and p#has the lowest surface area of 38.8
m’g™ and 36.4 iy’ respectively, suggesting the presence of largg@aticles deposited on
the surface of the support. For pH 8 and 9 therg avaincrease in the surface area, showing
good dispersion of uniform Au particles on the sappin contrary to TEM results, pH 10
has the lowest surface area of 36.Z5msuggesting dispersion of large particles onto the

support.

The XRD patterns (Fig.3.5) show a decrease in th€280) peak area indicating a decrease
in particle size. The observed trend on XRD resagdees with the literature showing that at
high pH more and more small sized Au particles dispersed on the support. The small
sized Au particles also suggest less adsorptiochtifrine contaminants on the supports

which is thought to facilitate particle sinterintQ]. Hence the XRD results are in agreement
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with the obtained TEM results, although obtainelli@s are not equal. The large crystal size
obtained from XRD results could be attributed torslscan range which was measured over
a long period of time, as such there is a possgihihiat x-ray radiation might have caused

particle sintering during measurements.
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Figure 3.4a: TEM image and average particle sig&idution of Au/TiQ catalyst of pH 7.5 and 3%
metal loading (theoretical loading). Good dispersd hemispherical and spherical particles can be
seen. The particle size distribution was obtaingddunting more than 100 particles and determining

their size.
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Figure 3.4b: TEM image and average particle siggidution of Au/TiQ catalyst of pH 8 and 3%
metal loading (theoretical loading). Good disparsi hemispherical and spherical particles can be
seen. The particle size distribution was obtaineddunting more than 100 particles and determining
their size.
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Figure 3.4c: TEM image and average particle sigiidution of Au/TiQ catalyst of pH 9 and 3%
metal loading. Good dispersion of hemispherical spiterical particles can be seen. The particle size

distribution was obtained by counting more than g@fiicles and determining their size.
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Figure 3.4d: TEM image and average particle siggitdution of Au/TiQ catalyst of pH 10 and 3%

metal loading (theoretical). Good dispersion of tegmerical and spherical particles can be seen. The

particle size distribution was obtained by countimgre than 100 particles and determining their.size
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Figure 3.5: XRD patterns of Au/Tiratalysts synthesized at various pH. The lettan®A indicates
diffraction peaks for rutile and anatase respebtive
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3.3.3 The effect of calcination temperature on paitle size

Haruta reported that thermal treatment of suppaytdd catalysts after synthesis is necessary
for decomposing oxidic gold species which resultformation of metallic Au species [6]. In
some cases it has been reported that thermal ge&tnconverted the support metal oxide
from an inactive oxidation state to an active ofg For example, for Au/Co oxide and
Au/Fe oxide catalysts prepared by coprecipitatiogthod, calcining the freshly prepared
catalysts at the appropriate temperature convéwsnietal oxide to GO®, and FegO,
respectively which are the most active forms for @@dation [6]. Calcination temperature
provides differential characteristics for a cataly$o study the effect of calcination
temperature, the obtained optimum pH 8 and 3% adilty were the conditions used during

synthesis.

For the uncalcined catalysts there were almostrmallssized Au particles observed on the
TEM image (Fig 3.6a). This is in contrast with firedings of Tanielyan and Augustine who
showed that active Au/EF®; catalysts could be prepared without heat treatr{@fit The
visible black lumpy spots in the TEM images witheege size distribution of 14.7 nm
(Fig.3.6) suggest poor dispersion of Au particled ¢he presence of chlorine residual. The
visible chloride residual could also indicate thatshing catalysts with water was insufficient
as reported by Ivanova et al. [21]. Ivanova etwdgested that additional washing with
ammonium solution may replace the chloride liganfishe Au complex thus reducing
chloride levels to undetectable limits [21]. Botgbhsrical and hemispherical adsorbed Au
particles are visible. In the literature it has rbeeported that calcination leads to the

formation of spherical gold particles being depas$ion a metal support [22].

The large visible Au particles on the support calkb be an indication that the Au ions were
not reduced or there was an inhomogeneous distibuf ammonium across the sample
during synthesis. At 200 °C there are small sizad particles observed indicating full
reduction of Au particles which is consistent wikie results of Zanella et al who reported
full reduction of Au at 200 °C [25]. There is higtu dispersion observed for the catalysts
calcined at 200 °C (Fig.3.6b), 300 °C (Fig.3.6a)d a400 °C (Fig.3.6d). The increasing
calcination temperature resulted in increased @arsize. However, the catalysts calcined at
300 °C showed a decrease in particle size whidh egreement with Daté et al. findings
[26]. However, obtained histograms for catalystiinad at 300 °C does not follow a bell
curve which allows normal approximation of randoalues, whereas a Gaussian curve was

observed for catalysts calcined at 200 °C thusm@gg an optimum calcination temperature.
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It was observed that at 200°C there was a highedssgn of Au nanoparticles adsorbed on

the support as indicated by arrows.

uncalcined
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Figure 3.6a: TEM image and average particle sis&idution of Au/TiQ catalyst of pH 8,

3% metal loading and uncalcined. There are few Atiges that can be seen as indicated by
arrows. The particle size distribution was obtaibgdcounting more than 100 particles and

determining their size.
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Figure 3.6b: TEM image and average particle sisaigution ot Aulﬂﬂgg{é@@% ot pH 8, 3% metal
loading calcined at 200 °C. Good dispersion of tspimérical X) and spherical) particles can be
seen. The gold loaded is seen as tiny black spdis. particle size distribution was obtained by

counting more than 100 particles and determiniiedy size.
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Figure 3.6¢c: TEM image and average patrticle sig&idution of Au/TiQ catalyst of pH 8, 3% metal
loading calcined at 300 °C. Good dispersion of lspmérical and spherical particles can be seen. The
gold loaded is seen as tiny black spots. The parsiee distribution was obtained by counting more

than 100 particles and determining their size.
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Figure 3.6¢c: TEM image and average patrticle sig&idution of Au/TiQ catalyst of pH 8, 3% metal
loading calcined at 400 °C. Good dispersion of lspimérical and spherical particles can be seen. The
gold loaded is seen as tiny black spots. The parsize distribution was obtained by counting more

than 100 particles and determining their size.

BET studies (Table 3.3) showed a decrease in sudaea as the calcination temperature
increased. For catalysts calcined at 300 and 4060’ Gignificant decrease in surface area

was observed compared to the catalyst calcine@@t@. This suggests that there large Au
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particles loaded on the support. It was also olesktkat there is an increase in pore volume
of the catalyst calcined at 400 °C that can mdpelttributed to poor dispersion of particles.
The XRD diffraction patterns (Fig 3.7) confirm tiparticle size increases with increasing
calcination temperature. However, the calculatedtat size in Table 3.3 is in agreement
with TEM results. The obtained crystallite size Icbbe attributed to damage that might have

been caused by x-ray during measurements.

Table 3.3: Properties of prepared catalysts withn38tal loading experimentally determined surface

areas (ge1) and average particle size after DP at pH 8 amidws calcination temperatures.

Actual Calcination Sger (M gY)  Pore Volume (cm.g?) Particle siz& Particle sizé
Loading Temperature (nm) (nm)
°C
2.45 AUITIG Uncalcined 37.36(12) 0.3497 14.7 10.6
2.89 AU/TIG 200 44.07(3.1Y 0.3351 3.7 5.3
2.53 AU/TIG 300 35.87(16) 0.3319 35 4.3
2.93 AU/TIO, 400 35.81(16) 0.3636 4.7 7.1

4TEMP XRD ° % Error
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Figure 3.7: XRD patterns of Au/TiOcatalysts with 3% Au loading synthesized at pH 8
calcined at various temperatures with the lett@n@ A indicating diffraction peaks for rutile

and anatase respectively.
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3.3.4 The effect of aging on particle size

The length of time that the support and the goktprsor are allowed to mix is also reported
to affect catalytic performance, presumably becauBeite time may be required in order to

achieve speciation of the gold [25]. As such prafan time and aging after preparation are
equally important if highly monodispersed Au casidyare to be synthesized. The effect of
aging was studied using the catalysts synthesizabrding to the obtained optimum

parameters. TEM images shows that as aging timeeased particle size decreased. A
decrease in particle size could be attributed ghlli dispersed Au particles and less
adsorption of chlorine contaminants on the suppbhese results are consistent with the
findings of Lin and Wang who showed that the galdding increased with the increased
aging [28]. They ascribed the increase in loadongbre gold being deposited on the exterior

surface of the zeolites [26].

The average particle size obtained from TEM (F&p3and 3.8c) results show that for
catalysts aged for 72 h and 24 h has Au partidiesze 3.7 nm. However, for catalysts aged
for 24 h the histograms shows not normal distrdoutof particle size which makes these
results statistically inconclusive. XRD resultspgim in Fig 3.9, confirm that as maturation

time increases, particle size decreases. Howdwemeasured crystallite sizes from XRD are
inconsistent with TEM results as the large valuesenobtained. This could be due to XRD
measurements taken from a small scan range of 80 8. It is observed that the Au (200)

peak is becoming less broad as aging is increased.

Tran et al concluded that maturation time wouldntyaimpact on the chlorine elimination
and hence too short maturation time would not aléosufficiently high pH [27]. Observed
surface area (Table 3.4) increases as duratiorgiofyancreases indicating adsorption of
small Au particles on the support. This resulhiggreement with the TEM and XRD results.
XRD results shows a decreasing trend in partide as the aging period increases. However,
it is observed that the pore volume decreasesingtieasing maturation time suggesting that
the pores are blocked by Au particles. Howeversghesults shows that increased maturation
time facilitates adsorption of small particles orthie support thus aging for 72 h showed Au

particles with the smallest particle size of 3.7.nm
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Figure 3.8a: TEM micrograph and average partidles distribution of Au/TiQ catalyst of pH 8 with
3 % metal loading, aged for 2 h and calcined at ZD0The black tiny particles seen are the Au

loaded on the support. The particle size distrdyutvas obtained by counting more than 100 particles

and determining their size.
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3.8b: TEM micrograph and average particles siz&idigion of Au/TiO, catalyst of pH 8 with 3 %
metal loading, aged for 24 h and calcined at 200T#& black tiny particles seen are the Au loaded
on the support. The particle size distribution wagined by counting more than 100 particles and

determining their size.
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Figure 3.8c: TEM micrograph and average particies distribution of Au/TiQ catalyst of pH 8 with

3 % metal loading, aged for 72 h and calcined & ZD. The black tiny particles seen are the Au
loaded on the support. The particle size distrdyutvas obtained by counting more than 100 particles

and determining their size.
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Figure 3.9: XRD patterns of Au/TiCcatalysts with 3% Au loading, synthesized at pebRined at

200 °C aged for various hours.
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Table 3.4: Properties of prepared catalysts with @heoretical loading), of pH calcined at 200 °C
while aging period was varied. Surface areg-{)Sand average particle size were determined

experimentally.

Actual Aging Sger (M’ g?)  Pore Volume (cn.g?) Particle siz& Particle sizé€

Loading (nm) (nm)
2.63 AU/TIG 2h 37.36(12f 0.3497 5 8.9
2.89 AUITIG 24 h 40.38(5.4f 0.3400 2.7 5.6
2.94 AUITIG 72 h 44.07(3.19 0.3351 3.7 5.3

ATEM® XRD © % Error

3.3.5 The effect of support on particle size

It has also been reported that one of the critealral issues in gold catalysts used for CO
oxidation is the nature of the support materialval§ as its physical state [29-31]. The typical
metal oxide support used for gold catalysts hawnhbdentified as either reducible or non-
reducible. It has been reported timan-reducible supports such as g&nd ALO; generally
exhibit low activity andthat improved activities with them could only bénigwed with very
small gold particles. In an attempt to study tHeafof the support, Sidvas used as support
material for Au catalyst, while keeping all othgstimum conditions from Ti@the same
except pH. The catalysts were synthesized via fRariethod. The Au was precipitated at pH
7 and pH 9. The Au metal loading of the syntheszagdlysts was 3%.

TEM results (Fig 3.10a) show amorphous S#0d Au particles as black tiny spots indicated
by blue and red arrow respectively. At pH 7 it sserved that there are big lumpy particles
indicated by white arrows. The observed large Adigas could be due to poor control of
pH during synthesis. Synthesis of Au/gi& pH 7 was repeated and there was significant
decrease in pH observed. Wolf and Schigported that Si®@is an unsuitable support
material for catalysts prepared by a depositiomipration method due to its isoeletric point
which is below 2 [31]. Therefore SjQwill not favour adsorption of [Au(OHEIlsn] species
onto the support. Literature reported that to owere the obstacle of adsorbing Au(QH)
species onto the negatively charged S#0rface under basic conditions, introduction of a
high isoelectric point metal oxide onto the Si€urface is important32-33]. However, the

study shows that Au particles that adsorbed oredsik) tend to be spherical.
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It was observed that the obtained average parizke for both pH 7 and 9 was 4.5 nm.
Overbury et al. showed that by developing mesomosupports with mean pore diameters
enable strong adsorption of small sized Au pagiaato the silica support [32]. It was
further reported that functionalizing the silica sopore walls stabilize Au particles thus
prevent particle sintering [34]. Literature indiedtthat variation of the Au patrticle size also
results in variation in Au-support contact area gqudsible electronic modulation by the
support. Post-modification and pre-modificationtloé support are indeed vital for obtaining
improved electronic structure. Other authors aiteld poor Au dispersion to particle size of
the support which has the ability to create moretad between the metal [35]. The
morphology of the support plays a vital role. Yaml @o-workers studied gold nanopatrticles
supported ony-Al,O3 nanofibers and found it was highly active for CQidation as

compared to the gold supported on commerecial O3 [36].

From the XRD pattern (Fig 3.11b) both Au (111) akd (200) reflections are observed at
20= 38 ° and 44° respectively. It was also observed intensity of Si (111) peak increased
suggesting high content of silica. Only the Au (Rp8ak at 8 = 44.4° was used to obtain the
crystallite size. The obtained results show criiggatize of 4.5 nm which corresponds to
TEM results.

It was observed from HRTEM image (Fig 3.11a) for pkhe particles coagulated forming
one big particle. This indicated that sintering urced and there poor particle dispersion as
well as weak support interactions. It was thouglat particle growth could be promoted by
chlorine contaminants that are known to facilitatésorption of large particles on to the
support. It can be said that the lumpy particlegests poor consumption of hydroxyl ions. It
is also known that the Au/support interface enesggn important parameter that determines
the final shape and size of the Au patrticles [36-BIRTEM showed spherical Au particles
anchored weakly onto the support. The absencerofspberical Au particles on the support
indicated that the support helps to determine kiages of the Au particles, in agreement with
literature[38-39]. Formation of lumpy particles can also leilauted to morphology of the
support modification. These findings confirm thia¢ tthoice of support plays a vital role in
determining Au particle size and shape. The,;T$0pport gave small, well bound particles

compared to Si® These results are in agreement with the litegatur
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Figure 3.10a: TEM image and average particles digieibution of Au/SiQ catalyst with 3% metal
loading synthesized at pH 7 calcined at 200 °C and agedZ hours. Si@support is indicated by a
blue arrow. The tiny black spots indicated by redwas shows gold loaded on the support. The black

lumpy particles are suspected to be the chloriméacoinants.
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Figure 3.10b: TEM image and average particles diggibution of Au/SiQ catalyst with 3% metal
loading, synthesized at pH 9 calcined at 200 °Caget! for 72 hours. Si&upport is indicated by a
blue arrow. The tiny black spots indicated by redwas shows gold loaded on the support. The black

lumpy particles are suspected to be the chlorimtaroinants.
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Figure 3.11a: HRTEM image and XRD pattern of Au/Statalyst of pH 7. Different sized gold
particles can be seen. Formation of one largegbait seen as two particles combines.

S (1)

~Intensity

Figure 3.11b: HRTEM image and XRD pattern of Au/Si€atalyst of pH 9. The large particle
aggregates can be seen.

BET results (Table 3.4) revealed that Sif@s a large surface area compared to P25 degussa.
The measured crystal size from XRD and TEM arestrae. There is no significant increase
in surface area suggesting that the ,Sgdrface was not fully covered by Au particles.

Therefore Au particles only occupied just a smailitipn of the support this is indicated by
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change in pore volume. The pore volume of Si@reased with increasing pH suggesting

that most Au species were adsorbed on the pores.

Table 3.5: Properties of the Au/Si@repared catalysts of various pH with surface sa{&r) and

average particle size.

Actual pH Seger (M gY)  Pore Volume (cm.g?)  Particle sizé Particle sizé€
Loading (nm) (nm)

SiO, - 312. 0.7672 -
2.63 Au/SiQ 7 312.25(0.19 0.9762 4.7 4.7
2.89 AU/SIQ 9 312.35(0.19 1.1970 4.7 4.7

&TEMP XRD % Error

3.5 Bimetallic Au-Pd/TiO, catalysts

Compared with the widely used monometallic Au nartples, bimetallic nanoparticles

provide considerably higher tunability of their aofieal and structural properties and
therefore often show superior catalytic properf#&d-45]. Physical and chemical properties
of a bimetallic catalyst often vary from their sieagnetal counterparts hence contributing to
high activity of bimetallic catalysts. The enhana@edivity of bimetallic catalysts is usually

attributed to the synergistic effects. In particuku-Pd systems have been extensively
studied before as the two metals are miscible &odvsa high activity and high resistance to
oxygen poisoning [41, 47-49]. The synergistic effeetween Au and Pd metals is a well
known phenomenon [50]. However, segregation ofigdag or multiple phases have been
reported. The segregation of particles results fppaparation method or thermal treatments
induced after synthesis. The presence of multiplesps poses a difficult task in identifying
particles or species responsible for high activityhigh metal dispersion and good particles
size control of the Au/Pd system on the activataxban synthesized via sol-gel technique

has been reported in the literature [51].

In an attempt to overcome the sintering of goldapeanticles in catalysts a bimetallic catalyst
was synthesized via the deposition-precipitationtho@ Palladium metal (classified as
platinum group metal (PGM)) was incorporated toade the activity and stability of gold

catalyst. Palladium metal is known to have hightmgltemperature 1552 °C [51]. Hence it
was hoped that a combination of gold and palladtooid be a viable solution for to prevent
sintering. Palladium metal is a more economicaliagoTherefore it is anticipated that the

use of Pd metal may introduce structural modifaatof the catalysts and the synergistic
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effects introduced will enhance the catalysts @gtimaking the catalyst operational under

harsh conditions

In this study bimetallic catalysts were synthesiz& DP method without the use of any
stabilizers. The solutions of Au and Pd ions weiigech and precipitated onto the support
while maintaining pH with NEOH solution. The mass ratio of Au:Pd were 90:102%5
50:50 and 25:75 with a total metal loading of 3%RXanalysis was performed to determine
catalyst composition. From the diffraction patt@fng 3.12) it was observed that there were
no additional diffraction peaks assignable to aaaolium compounds such as PdO, metallic
Pd or AuPd despite increase in Pd loading. Theraasef any palladium compounds could
be due to the low loading of Pd used during deposifThere was no evidence from PXRD
of the formation of an AuPd alloy. However, the f00) peak at 2=44.4° was observed.
The observed Au (200) peak may indicate deposibbrPd metal on the specific site
suggesting formation of heterostructured bimetatlatalysts. Wang et al. and Li et al.
indicated that for heterostructure bimetallic comnpas, the characteristic diffraction peaks of
two kinds of metals can be observed together; wfoleintermetallics and alloys, the
characteristic peaks of individual metals disappead new Bragg reflections are observed
[52]. In contrast to XRD results, ICP analysis skdwboth Pd and Au metal loading
indicating that both metals are adsorbed on the@tpThe discrepancy could be explained
by considering PXRD is a bulk technique and heratesansitive to small surface deposition

percentages.
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The bimetallic catalysts were observed by TEM @&it8). The obtained images showed no
distinct Pd and Au particles through colour or niipogy. Only tiny black particles were
observed. However, it was observed for 22Au71Pdlysts there were small and medium
sized patrticles attached onto the support. Thelssizad particles are indicated by letter
and the medium sized by lettgr It was observed that the particle size decreagitl
increasing Pd loading. The obtained particle ssrgged from 2.5-3 nm. Despite the unknown
composition of the visible particles on the surfate¢he support it was observed that there
was high dispersion of small sized particles sugggsgood control of pH. BET results
(Table 3.6) indicate that there is an increasaiifase area as the Pd loading increases except
for the 25Au75Pd catalysts with 42.8G gi* surface area which is equivalent to that of P25
(Degussa). However, there was an increase in polkene observed compared to that of
TiO, suggesting that Au particles were blocking theepoiThere measured pore volumes are
in agreement with the obtained surface area measums as there is significant increase

observed except for that of 25Au75Pd which showsa@aease in pore volume.
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Table 3.6: Properties of the Au-Pd/Gi@repared catalysts of various Au and Pd loadingh w

experimentally determined surface areagfSand average patrticle size.

Theoretical Actual Sger (M gY)  Pore Volume (cmi.gh) Particle siz& (nm)
Loading Loading

TiO, (P25) - 42.79 0.1526 -

90 AulOPd  87AuSPd  40.31(5.8) 0.2893 3.0

75 Au25Pd  69AU20Pd  42.75(0.D) 0.3389 3.0

50 AUSOPd  48Au47Pd  43.75(2.3) 0.3539 25

25 Au75Pd 22Au71Pd 42.80 (Of) 0.3257 2.5

4TEM° % Error

Further analysis on morphology of the synthesizgdlgsts was performed by HRTEM. The
HRTEM images (Fig. 3.14) show particles of diffedremorphologies deposited on the iO
There are small and medium sized particles obsenredhe support despite different
loadings of both metals. The small particles adécated by letteK and the medium sized by
letter Y. The different sized particles indicate lack ofniol of nucleation rate during
synthesis. Furthermore the different sized padicédso suggest that both metals are
separately attached onto the support. The variaes particles could be due to segregation
during synthesis. According to literature segrematir multiple phases have been reported in
multi-metallic catalytic systems [53]. However, sasgation can be influenced by a lot of
factors during synthesis. Wang and Li demonstrdted the potential energy gain upon
collision of Ag nanoparticles is smaller than tldtPt during synthesis of Pt-Ag by co-
reduction method [28]. As such it hinders formatmialloyed particles which ultimately
forms heterostructured bimetallic nanoparticlesweeer, it is difficult to distinguish Au or
Pd metals in the obtained HRTEM images since atig@s on the support have the same
colour and morphology. Hemispherical and sphescattached particles onto the surface of

the support were observed.
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Figure 3.13a: TEM micrograph and particle sizeristion of 90Aul0Pd catalyst. The Au and Pd
metals cannot be distinguished by colour or mominl Only tiny black particles are visible the

support.
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Figure 3.13b: TEM micrograph and particle sizeribstion of 75Au25Pd catalyst. The Au and Pd
metals cannot be distinguished by colour or mormdnl A uniform dispersion of tiny black particles

can be seen.
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Figure 3.13c: TEM micrograph and particle sizeribstion of 50Au50Pd catalyst. The Au and Pd
metals cannot be distinguished by colour or mompdl Only black tiny particles can be seen on the

support.
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Figure 3.13d: TEM micrograph and particle sizeribstion of 25Au75Pd catalyst. The Au and Pd
metals cannot be distinguished by colour or morpdl Only black tiny particles can be seen on the

support.
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Figure 3.14: HRTEM micrographs of a) 69Au20Pd apdt®Au47Pd. The X and Y letters

indicating small and medium sized particles respelst

Figure 3.14c: HRTEM micrograph of 22Au71Pd indiongtismall and medium sized

particles.

Elemental analysis by EDS of the prepared bimetalditalysts is shown below in Figure
3.15. EDS revealed that the synthesized catalyste womposed of Pd and Au metals. The
different ratios of metals can also be clearly seethe spectrum. For an example where
there was more Au metal, the Au peak is clearlyingef than Pd peak and vice versa.
However, for 50AuS0Pd catalysts the Au and Pd pehiksv equivalent intensity implying
the equal amounts of both metals. The EDS restdtsnagood agreement with the obtained
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ICP results. The Ti and O peaks results from thgpseu material TiQ. Copper is detected
from the SPI Cu grid used to load the sample duaimgysis.
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Figure 3.15a: EDS spectrum and HRTEM image of 7R
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Figure 3.15b: EDS spectrum and HRTEM image of 5@Rb
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Counts

Figure 3.15c: EDS spectrum and HRTEM image of 25Rd

Although the EDS results show deposition of bothatseon the support the results are still
inconclusive as to whether the bimetallic systemmfed was heterostructured or an alloy
system. Below in Fig 3.16 and Fig 3.17 there islear evidence of hemispherical and
spherically attached particles onto the support @ifferent morphologies. In Fig 3.16 a top
half truncated octahedron particle is observed. Gbeeral five-fold symmetry twinned

structures is observed in Fig 3.17. The five fojghmetry twinned structures are usually
stable in small size [54]. The different morphokgjiobserved show a lack of control over

crystal structure.

Lim et al. showed that the resultant nanostructacgiire manipulation by reducing agents,
that is by kinetically controlling the growth ratécrystals [55]. The use of reducing agents is
strongly recommended if particular bimetallic pads of specific shape are to be
synthesized. The various shaped patrticle on thpastpould also be an indication that both
metals are separately attached onto the surfatleecupport. Since it is evident from the
EDS analysis that both Pd and Au metals are prebgmheasuring the lattice distance of the
observed particles from the HRTEM images could akube type of bimetallic system
formed. According to literature the interatomictdisce of bulk Au and Pd is 2.9 A and
2.75A respectively [56-57]. Similarly the studiesnducted by Chen et al showed the Pd-Pd
bond distance in Pd/AD; was 2.73 A [42]. In this study the measured irterac distance

of the truncated octahedron shaped particle (Fi§.Bis 3.84 A which is a value close to the
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value observed for significant long interatomic Au-distances, 3.6-5.0 A [58-59]. The
spherically attached particle in Fig 3.17 exhiltits interatomic distance of 2.68 A which is
very close to that of bulk Pd 2.75A. These resalts in good agreement with the EDS

analysis.

The measured interatomic distance suggests themmeof both metals separately attached
on the support. Thus, it can be said that heterostred bimetallic system is formed. It can

also be assumed that the medium sized particlasha&tti spherically onto the support are the
Au nanopatrticles hence XRD was able to show theéaks, and the measured interatomic
distance is close to that of Au bulk.

However, a decrease in the interatomic distancth@fAu metal can be attributed to the

interaction with the support which is in agreemetth the findings of Rodrigues et al and

co-workers. They ascribed the change in bond distémthe presence of impurities [60].

Figure 3.16: HRTEM image showing a top half truedabctahedron particle with the arrow pointing
the zoomed area with lattice spacing of 3.84 A.
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Figure 3.17: HRTEM image showing a different shapadicle spherically attached onto the support.
The arrow shows the zoomed area of the particle /88 A lattice spacing.

The HRTEM also reveals two particles coming togetfig (3.18.) forming one big particle.
However, it is not known whether this could be doecoalescence effect or the lumpy
particle is composed of both Au and Pd metals. difiom, the interatomic distance of this
particle was measured. The measured interatomiantie obtained was 2.89 A. The obtained
atomic distance is very close to that of Au met8l &. This result is in agreement with the
XRD analysis. Therefore formation of big particlesn be attributed to particle sintering
which shows a lack of pH control during synthe3isus separate adsorption of both Au and
Pd metals is confirmed.
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Figure 3.18: HRTEM image showing two particles forgnone big particle. The white arrow

showing the lattice distance of the lumpy partahethe zoomed area.

3.5 Conclusion

The synthesis conditions of Au/Ti@atalysts via the DP method are crucial. Basethen
above findings pH, wt%, aging and calcination terapee are vital factors that affect
deposition of small sized Au particles onto the psup during synthesis. Particle size
increased with increasing Au loading. Increasing pHthe solution during synthesis
favoured deposition of small sized Au particleshwitH 8 being optimum. The optimum
calcination temperature was 200 °C. Particle sizAwparticles decreased with increasing
aging period with 72 h being the optimum aging @@&riAmorphous silica showed an
increase in particle size making i@ better support for Au. The Au particles attachad
the SiQ sintered indicating poor metal-support interaction

Synthesis of Au-Pd catalysts via the DP methodltesgun separately attached metals hence
no alloy or core shell formed. Adsorption of sepamaetals was confirmed by the measured
interatomic distances from the HRTEM images. Howewku or Pd could not be
distinguished by colour or morphology from the TEMages. Pd particles could not be
detected by XRD due to the low loading percentagtesvever, there was no increase in
surface area indicating that the support was nbtegyn covered with the adsorbed metals.
The change in pore volume confirmed that indeedrtatals were adsorbed on the support.
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