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Abstract
Au catalysts have been prepared (i) on TiO2, (ii) on carbon nanofibres (CNF) and (iii) on TiO2 deposited onto CNF. Catalysts prepared from

deposition-precipitation (DP) and from colloid solutions have been characterised using XRD, TEM, TGA and XAS and tested in the water–gas

shift (WGS) reaction. DP yields large Au particles (>50 nm) on CNF-containing supports. High Au dispersion on carbon nanofibres requires

preparation via other methods such as colloid formation. Au particle growth is more pronounced during the synthesis steps than during thermal

treatments. This increase is not observed for the Au particles on TiO2 but only when CNF is present, indicating that the surface properties of TiO2

are altered by the CNF. TiO2 XANES analyses show that distortions in the lattice symmetry of TiO2 are introduced when the oxide is deposited on

CNF. The distortion of the TiO2 structure by the CNF may also introduce changes that promote the turnover frequencies. The WGS activity

significantly improves when titania is present. This shows that coexistence of Au and TiO2 is needed to obtain high catalytic activity in the WGS

reaction, indicating that the active sites are either on the Au–TiO2 interface or that the reaction follows a bifunctional mechanism.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nanoparticles of gold supported on metal oxides have been

shown to be very active catalysts for several reactions such as

CO oxidation [1] and the water–gas shift (WGS) reaction [2].

The preparation of finely dispersed gold particles is believed to

be a crucial step in obtaining highly active gold catalysts for the

reactions. Several methods have been applied to prepare

nanoparticles of Au on different supports, such as deposition-

precipitation (DP) with urea or NaOH [3], aqueous impreg-

nation [4], deposition of Au sol [5,6], flame spray pyrolysis [7]

and co-precipitation [8,9]. The preparation route is critical for

the Au–support interaction and for obtaining the required metal

particle dispersion.

DP is the most common method for preparing highly active

Au/TiO2 catalysts, usually by deposition of [AuOx(OH)4 � 2x]
n�
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species on the support [10]. DP is carried out by exposing the

support to an aqueous solution of HAuCl4. The pH is increased

by addition of a base and heating leads to the formation of an

oxidic precursor on the support. Moreau et al. [11] have

investigated the deposition of Au on TiO2, with the initial pH of

the HAuCl4 solution set at different values. They found that a pH

of about 9 was optimal for obtaining high CO oxidation activity.

At this pH the main species in the solution were anionic Au

complexes where most of the chlorine had been removed by

hydrolysis. The amount of Au deposited decreased progressively

as the final pH was raised above 8. A dynamic equilibrium

between the adsorbed species and the solution is established,

which is shifted towards the solution side as the pH is increased.

As a result, changes in the pH will influence the amount of Au

deposited as well as particle sizes and hence catalytic activity. It

is suggested that if the pH is kept below 6–7 during the synthesis,

the support surface and/or the adsorbed complexes can still retain

some chloride ions, which are promoting mobility and

aggregation of the particles. Excessive particle growth can be

avoided by increasing the pH.
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Deposition of highly dispersed gold on carbon is not a trivial

task due to the tendency towards agglomeration of the metal

particles. In addition to metal particle size, the catalyst activity

and stability are also controlled by the structure and

morphology of the support materials. The selection of an

efficient support is thus a decisive factor to provide the desired

contact between the gold particles and the substrate [12].

Controlling the Au particle size before deposition on carbon is

essential. A number of different synthesis methods of Au

colloids are reported in literature. The synthesis methods

employ different reducing agents, which lead to various particle

sizes and size distributions. The use of sodium citrate as a

reducing agent is a common method for preparing Au colloids

[13]. The method yields colloids fairly uniform in size with

diameters in the range of 15–20 nm. The reduction of

chloroauric acid with tetrakis(hydroxymethyl)phosphonium

chloride (THPC) in a partially hydrolysed form gives an

average particle size of about 2 nm [14]. The first reduction step

of Au(III) by THPC is the generation of the active reducing

agent tris(hydroxymethyl)phosphine. The formation of gold

colloids is believed to proceed via gold nucleation centres with

further gold atoms being attached to these centres. The reaction

time required for the formation of the Au sol is depending on

the adding sequence of the reagents. The use of different

volumes of chloroauric acid solution and ageing time of the

reducing mixture (NaOH, THPC) also has a marked impact on

the outcome of the reaction [14,15].

Highly dispersed gold is regarded as a potentially useful

material for various industrial and environmental applications

[16]. A wide range of oxide support materials have been

investigated for the WGS reaction, including TiO2 [17–19],

ZnO [20], ZrO2 [21], CeO2 [2,22,23] and Fe2O3 [24,25]. The

stability of Au supported on Fe2O3 in particular is limited due to

the tendency of agglomeration of gold particles. This is

probably related to a reduction in total surface area by

transforming g-Fe2O3 to a-Fe2O3 and Fe3O4 [24]. Gold

supported on CeO2 doped with La or Ga [2,26,27] and

promoted with various elements [28] have been studied for the

water–gas shift (WGS) reaction in order to improve the activity

and stability of the catalysts.

The WGS reaction is a key step in fuel processing to

generate pure H2 for fuel cell applications. In such applications

a successful catalyst needs to possess high activity as well as

good structural stability at pertinent conditions. Andreeva et al.

[29] reported that Au enhances the catalytic activity of iron

oxide for the WGS reaction and that the activity is comparable

with that of a conventional copper based catalyst. Sakurai et al.

[17] have reported catalytic activity for Au/TiO2 where the

turnover frequency was four times higher at 100 8C than for a

commercial Cu/ZnO/Al2O3 catalyst. Comparable CO conver-

sion rates to commercial catalysts were obtained with Au

loadings in the range of 5–10 at.%. Fu et al. [30] have reported

that the activity is higher for Au/CeO2 compared to Au/TiO2.

Sakurai et al. [31] have also studied the same reaction in a

stream of CO, CO2, H2O, H2 and He. Au/CeO2 had a much

higher activity than Au/TiO2, Pt/CeO2 and a commercial Cu/

ZnO/Al2O3 at temperatures below 250 8C where the CO
conversion was close to equilibrium. The Au/CeO2 catalysts

maintained 100% selectivity to CO2 up to 350 8C.

Carbon nanofibres (CNF) have been used in the present

work to disperse and stabilise the TiO2 support and hence the

Au particles. The use of CNF as support material in

heterogeneous catalysis has attracted growing interest due

to their specific characteristics. The CNF are resistant to acid/

base media and the precious metals can easily be recovered by

burning off the support [32]. The size and morphology of the

CNF provide high surface areas while maintaining macro-

scopic pore sizes and hence good transport properties in the

reactor, and reduced risk of micropore-induced diffusion

limitations. Bulushev et al. [33] showed that gold nanoparticles

of 2–5 nm supported on woven fabrics of activated carbon

fibres were effective for CO oxidation at room temperature.

Gold catalysts on carbon supports are so far most commonly

used for liquid reactions, such as oxidation of alcohols and

sugar [34].

The scope of the present work is to examine how the

physical and chemical properties of the Au particles are

influenced by the choice of support material and synthesis

methods. The catalysts have been studied by various

characterisation techniques and tested in the WGS reaction.

The changes in the structure of Au and TiO2 for different pre-

treatments have been investigated by X-ray absorption

spectroscopy (XAS). The Au catalysts have been prepared

by DP with urea and deposition of Au from colloid solutions on

different supports. The supports used are TiO2, CNF, and TiO2

deposited on CNF. The results show that the properties obtained

from the synthesis methods are highly dependent on the choice

of support material.

2. Experimental

2.1. Catalyst preparation

CNF were synthesized in a fixed-bed reactor at 600 8C using

a Ni–hydrotalcite derived catalyst. The catalyst was reduced at

600 8C for 4 h in H2/N2 (25/75 ml/min) before reaction. CH4/

H2 (160/40 ml/min) was used as the reaction gas mixture [35].

Before deposition of the metals, the CNF were treated in

acid to remove the Ni catalyst from the preparation. This

method also introduces surface functional groups, which act as

anchoring sites for the catalyst precursors. CNF were refluxed

in concentrated nitric acid for 1 h followed by filtration,

washing in distilled water until stable pH (close to 6) and dried

in an oven at 100 8C for 12 h. The acid treatment was performed

twice.

The catalysts supported on CNF have been prepared in two

steps; first deposition of the TiO2 onto the CNF followed by

deposition of gold. The amount of titania deposited is 10 wt.%

of the total catalyst. For both preparation methods, the amount

of gold in the solution corresponds to a gold loading of 2 wt.%

of the total catalyst. The supports were weighed before any

treatment. Since the treatments may lead to weight-loss in the

materials, loadings of more than 2 wt.% were measured for

some of the catalysts.
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TiO2 was prepared by hydrolysis of a TiCl4 solution by

adding polyethylene imine (PEI) to the solution. The mixture

was covered with aluminium foil and kept at 70 8C in an oven.

After 40 min the white precipitate began to appear and the CNF

were added. The mixture was stirred and refluxed at 70 8C for

another 2 h. The suspension was filtrated, washed with ethanol

and dried for 12 h at 100 8C. A more detailed description of this

preparation procedure is given by Sun et al. [36].

DP was performed in excess urea. The support was dispersed

in distilled water and a 43 mM HAuCl4 solution was added

together with urea. The pH was adjusted to 2 by adding 1 M

HNO3 and the solution was heated to 90 8C. The decomposition

of urea led to a gradual rise in pH from 2 to 7. The solution was

filtrated and washed with ethanol until no Cl� was detected in

the filtrate by precipitation with AgNO3.

The Au sol was prepared by reduction of chloroaurate(III)

ions in a partially hydrolysed THPC solution following the

procedure reported by Duff et al. [37]. 0.2 M NaOH and THPC

(1.2 ml of 80 wt.% THPC in water diluted to 100 ml) was added

to the required amount of continuously stirred distilled water.

After 2 min a 43 mM HAuCl4 solution was added. Dispensing

the gold(III) solution into the alkaline THPC mixture yielded a

rapid colour change from yellow to dark orange-brown

indicating formation of the gold sol. The support was dispersed

in 50 ml water and the Au sol was added dropwise. The pH was

adjusted to 2 by adding 0.2 M HNO3 and the solution was

stirred for 1 h. The mixture was filtrated and no colour could be

observed in the filtrate. The same washing procedure as stated

above was performed.

All catalysts were dried in an oven at 100 8C for 12 h and

treated in flowing nitrogen for 2 h at 250 8C.

2.2. Characterisation

Thermogravimetric analysis in oxidising atmosphere (TGA)

was used to study the crystallinity of the CNF [38]. In addition,

TGA gives an indication of the amount of metal residue after

purification and the amount of Au and TiO2 deposited onto the

CNF. TGA analyses were carried out using a Perkin-Elmer

Thermogravimetric Analyzer (TGA7). The samples were

heated to 900 8C at a heating rate of 10 8C/min in air. The

air flow was 80 ml/min.

Elemental analysis (X-ray fluorescence, XRF) was per-

formed on some of the samples to verify the sample

composition.

X-ray powder diffraction (XRD) analyses of the samples

were preformed using a Siemens D5005 with Cu Ka radiation.

The crystal size of Au and TiO2 was calculated from the line

broadening using the Scherrer equation. XRD measurements

were performed after each preparation step.

Nitrogen adsorption measurements were performed in a SA

3100 Surface Area Analyzer from Beckman Coulter. Prior to

N2 adsorption measurements, the samples were degassed at

150 8C for 3 h. The specific surface area was calculated by the

Brunauer–Emmett–Teller (BET) method. The t-plot method

was applied to calculate the micropore volume and micropore

surface area.
Transmission electron microscopy (TEM) and scanning

transmission electron microscope/energy dispersive spectro-

scopy (STEM/EDS) in high angle annular dark field (HAADF)

mode was used to study the sample morphology and to obtain

particle sizes and size distributions. The average particle size

was obtained from TEM images by counting approximately

500 particles per sample. The analyses were performed on a

JEOL 2010F electron microscope with an acceleration voltage

of 200 kV. The sample powder was suspended in chloroform

using an ultrasonic bath. The sample was spread onto a Cu-grid

coated with holey carbon film.

The zeta potential was measured as a function of the pH on a

Malvern 3000HS Zetasizer connected to a titrator (Malvern

instruments). The samples were diluted in a 0.01 M NaCl

solution. The pH was adjusted with 0.5 M NaOH and 0.5 M

HCl. The electrophoretic mobility was measured with a laser

Doppler velocimeter. The zeta potential was determined by the

Smoluchowski approximation [39] in the pH range from 2 to 12

with three repetitions.

UV–vis spectra of the Au sol were recorded by a Shimadzu

UV-240 spectrophotometer in the wavelength range of 900–

190 nm. Two commercial colloid solutions of known particle

sizes (5 nm and 10 nm, from Ted Pella Inc.) were also measured

for comparison.

Au LIII edge (11,919 eV) XAS data were collected at the

Swiss-Norwegian Beamlines (SNBL), European Synchrotron

Radiation Facility (ESRF), France. Spectra were recorded

using a channel-cut Si(1 1 1) monochromator. Higher order

harmonics were rejected by means of a chromium-coated

mirror to give a cut-off energy of approximately 17 keV. The

beam current ranged from 160 mA to 200 mA at 6.0 GeV. The

data were collected in fluorescence mode using a 13 element

solid state detector. A Lytle type environmental cell [40] was

used for various in situ treatments of some of the samples. An

Au foil (thickness 3 mm) was used for energy calibration during

the experiments. The catalysts were heated to 300 8C in flowing

5% O2/He, 5% H2/He or pure He and held for 2 h. Extended X-

ray absorption fine structure (EXAFS) data were collected for

the gold nanoparticles on the two supports at room temperature

prior to and after the thermal treatment. Scans of the edge

profiles of the Au LIII edge were collected during the

treatments.

Ti K edge (4774 eV) XAS data were collected ex situ at

beam line 11.1 at the ELETTRA Laboratory, Italy. Spectra were

collected in transmission mode using a double Si(1 1 1) crystal

monochromator. The beam current ranged from 80 mA to

340 mA at 2.0 GeV. A Ti foil (thickness 4 mm) was used for

energy calibration during the experiments.

The XAS data analysis program WinXAS 3.1 [41] was used

for background subtraction and normalisation of the spectra.

Model fitting was carried out with the EXCURV98 program

using curved-wave theory and ab initio phase shifts [42,43].

During the least squares fitting procedure it is important to

minimise correlation effects between the parameters that

strongly affects the EXAFS oscillations. Therefore, the EXAFS

spectra were least squares fitted in k space using k0 and k2

weighted data. An Au metal foil, HAuCl4 and AuCl were used
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as model compounds to check the validity of the ab initio phase

shifts and establish the general amplitude reduction factor

(AFAC). During the analysis, the spectra were Fourier filtered

(1.5–3.5 Å) to suppress contributions from distant shells. The

model was obtained from the filtered spectra before the final

fitting of the model was checked by comparing the fit to the raw

data as presented in Fig. 1.

The XAS data analysis program WinXAS 3.1 [41] was used

for examining the X-ray absorption near edge structure

(XANES) of the samples. Linear combination of the near

edge profiles from known reference compounds was used to

obtain information about the composition of the samples from

different pre-treatment procedures. In order to establish the

degree of metallic Au in the samples, the edge profiles were

analysed by linear combination of the reference profiles from

the Au foil and AuCl. For comparison, linear combinations of

the reference profiles from the Au foil and the catalyst sample

prior to thermal treatment were also performed.

2.3. WGS activity measurements

The WGS activity measurements were performed in a fixed-

bed reactor at atmospheric pressure. The temperature ranged

from 190 8C to 310 8C and 100 mg of catalyst was used. The

reactor was fed with 50 ml/min CO, 50 ml/min H2O and 50 ml/

min nitrogen. The analytical grade of the gases was 99.999%
Fig. 1. Experimental and fitted EXAFS data (A) and the corresponding Fourier

transform (B) for as-prepared AuCNF_Col.
and no further purification was performed. The product stream

was analyzed with an Agilent 3000 micro gas chromatograph.

The catalytic activity was calculated from the carbon balance

and expressed as the rate of disappearance of CO.

3. Results and discussion

3.1. Characterisation of the CNF

The CNF were of the fishbone type where the graphite sheets

are stacked at an angle with respect to the central axis. The

diameter was found to be approximately 50 nm and the

concentric walls are regularly spaced by 0.34 nm. The narrow

peak observed for the combustion of the CNF in TGA at 630 8C
shows that the amount of amorphous carbon is negligible. X-ray

diffraction and TEM images (not presented) confirm that the

graphite structure is not affected during the acid treatment of

the CNF. The BET surface area was determined to be 75 m2/g.

TGA profiles show that the amount of residue decreased

after each purification step. However, the purification method is

not able to remove all of the synthesis catalyst. The amount of

catalyst in the untreated CNF is approximately 3.6 wt.%. The

amount is reduced to 1.2 wt.% after purification. XRF show that

the amount of nickel in the samples are between 0.12 wt.% and

0.24 wt.%. Since the original Ni/hydrotalcite catalyst contained

77.5 wt.% nickel, the main component in the residue is

alumina. The intensity of the Ni XRD peaks is attenuated for

each purification step and the diffractograms show that nickel is

present in the metallic phase. Since the nickel is not oxidised it

is assumed that nickel is encapsulated in the CNF and will not

give any catalytic contribution.

3.2. TiO2 deposition on CNF

The addition of PEI to TiCl4 has two effects; promotion of

the hydrolysis of TiCl4 and as a surfactant. Protonised PEI

makes the titania particles positively charged and electro-

sterically stabilised. Since the CNF surface is negatively

charged the titania can be bound either by amide linkage or

through electrostatic attraction [36].

The amount of titania supported on CNF was measured by

TGA. The residue after burning of the CNF consists of titania

and the residue from the catalyst after preparation of CNF. The

amount obtained after subtracting the weight contribution of the

derived Ni/hydrotalcite catalyst gave approximately 10 wt.%

titania supported on CNF which is the same as the nominal

loading. TEM images show that the CNF are not completely

covered with oxide (see Fig. 2). The titania particles are

covering the CNF as a coating or as clusters attached to the

surface. The formation of clusters on parts of the surface instead

of an even coating may be because of the insufficient number of

surface groups on the CNF surface and that the interactions

between the titania particles are stronger than the electrostatic

interactions between titania and CNF.

The TiO2 is predominantly present as anatase since the

characteristic XRD diffraction peaks of anatase were evident in

each sample. The average TiO2 crystal size from XRD is



Fig. 2. (A) TEM and (B) STEM images of the samples as-prepared showing Au particles selectively deposited on titania supported on CNF for AuTiO2CNF_Col.

STEM image (C) of the distribution of TiO2 and Au on the CNF.
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approximately 10 nm for both unsupported titania and titania

supported on CNF.

Table 1 shows the surface areas and porosities of the

support materials. TiO2 has a larger surface area and lower

pore volume compared to CNF and also contains a larger

fraction of micropores. The micropores tend to be less stable

during thermal treatment and may cause a more rapid

deactivation of the catalysts. The CNF contain predominantly
Table 1

Surface area and pore volume for the support materials

Sample Surface area (m2/g) Pore volume (cm3/g)

CNF 75 0.20

TiO2 114 0.16

TiO2/CNF 114 0.26
mesopores but also a small fraction of micropores. The

micropores are probably associated with the hollow core of

the CNF. The surface area of CNF increases approximately by

40 m2/g after deposition of titania. The CNF increase the

dispersion of titania and the total pore volume. The amount of

micropores is approximately the same as for CNF, which

confirms that the hollow core of the CNF is not accessible to

the oxide. Since the amount of micropores is unchanged for
Micropore surface area (m2/g) Micropore volume (cm3/g)

10 0.005

70 0.032

10 0.004



Table 2

Comparison of the physical properties of the catalysts

Sample Au

(wt.%)

Cl

(wt.%)

Surface

area (m2/g)

Particle size,

Au (nm)

AuCNF_Col 1.5a N.D. 75 4.7c

AuTiO2CNF_Col 0.9b 0.28 111 5.8c

AuTiO2_Col 3.3b 0.23 110 8.2c

AuCNF_DP 2.9a N.D. 64 29d

AuTiO2CNF_DP 2.3a N.D. 104 42d

AuTiO2_DP 0.5b 0.33 109 7.7c

N.D., not determined.
a Measured by TGA.
b Measured by XRF.
c Measured by TEM.
d Calculated from XRD.
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CNF and TiO2/CNF, the TiO2 deposited on CNF contains

mostly mesopores.

3.3. Deposition from Au colloid solutions

The reduction of chloroauric acid with THPC produced a

dark orange-brown sol within a few seconds after mixing. Au

colloids in the actual size range have characteristic colours that

are highly sensitive to variations in size. The colour of the

solution indicates that the Au colloid size is around 2 nm [5,37]

and no colour changes could be observed after ageing the

solution overnight. This indicates that the solution is stable

without growth of the Au particles as reported by Grunwaldt

et al. [5]. The Au-sol was characterised by UV–vis and the

spectra are presented in Fig. 3. Since their optical properties are

very sensitive to aggregation [44] commercial gold colloids

with known particle size (5 nm and 10 nm) were investigated

for comparison. The colloid solutions of 5 nm and 10 nm

exhibit a strong extinction band around 530 nm. The prepared

colloid solution with THPC shows only a broad feature around

500 nm. The low intensity of this band corresponds to a gold

particle size of about 2 nm [5,14,37].

The deposition of gold colloids was performed at a pH lower

than the isoelectric point (IEP) of titania. The isoelectric point

of titania was measured to be 5.3 whereas CNF have a negative

zeta potential over the entire pH range. The negatively charged

gold colloids could hence be selectively adsorbed on the

positively charged metal oxide surface. The TEM images of the

samples after deposition (Fig. 2) show that the Au particles are

deposited selectively on the titania and not on the surface of the

CNF. For the Au/CNF sample the particles were deposited

directly to the CNF. Since both the Au colloids and CNF are

negatively charged the mechanism for deposition is not

controlled by electrostatic effects alone. The heterogeneous

surface of the carbon, the various surface groups and defects

may act as anchoring sites for the gold particles.

High-resolution TEM and STEM reveal that during the

preparation procedure, the size of the gold particles is increased

compared to the particle size of the original colloid solution.
Fig. 3. UV–vis spectra of gold colloid solutions with particle sizes of 2 nm,

5 nm and 10 nm.
The particle sizes and the amount of Au deposited are reported

in Table 2. The fraction of deposited Au decreases in the order

TiO2, CNF and TiO2/CNF. The difference in loadings is related

to the number of surface sites that is available for adsorption of

Au.

3.4. Preparation by DP

DP is one of the most frequently used methods for preparing

Au based catalysts. TiO2 can provide both anodic and cathodic

sites depending on the pH used in the deposition. Titania is an

amphoteric oxide with IEP close to 6 [45]. Titania can hence be

used for synthesis by cation adsorption when the pH of the

solution is above the IEP and by anion adsorption when the pH

is below the IEP. The gold precursor will form complexes in

aqueous solution depending on the pH and it is proposed that

the first step that occurs during DP of Au on titania is the

formation of surface complexes [46]. At pH 2 titania will have a

positively charged surface where the main surface species is

OH2
+ whereas the CNF surface will be negative. The adsorption

of the negative Au complexes will therefore be selective

towards titania at pH below the IEP. This is also observed in the

TEM images.

From the Au loadings listed in Table 2 it can be seen that the

support materials can retain invariable amounts of Au from the

solution. It is not clear if it is the preparation methods that

influence the final amount of gold deposited or if some of the

gold particles with weak interactions with the support are

removed during washing. Zanella et al. [3] have reported that

all of the (8 wt.%) gold in the solution is deposited on TiO2

when using urea but not in the case of NaOH at a final pH of 7.

Moreau et al. [11] have shown that the gold uptake goes through

a maximum depending on the pH for DP with NaOH. These

results are in agreement with a dynamic equilibrium between

the adsorbed species and the solution, and that a prolonged

preparation time is needed to obtain complete deposition of Au.

The diffractograms of AuTiO2 deposited on CNF prepared

by the two methods are presented in Fig. 4. The diffraction

peaks for Au(0) are expected at 2u values of 38.2 (100%), 44.4

(52%), 64.6 (32%) and 77.4 (36%). These peaks are not visible

in the XRD patterns except for the samples containing CNF



Fig. 4. X-ray diffraction patterns of AuTiO2CNF prepared by DP and from Au

colloid solution. (*) Peaks assigned to Au(0).
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made from DP. The absence of the Au peaks in the patterns is

because of the small particle size, showing that the DP give

significantly larger particle sizes of Au when deposited on CNF

and TiO2/CNF. The average particle size of Au for the samples

is given in Table 2. The Au particle size obtained on the various

supports increases in the order TiO2 < CNF < TiO2/CNF for

DP. The average Au particle size is larger for AuTiO2CNF_DP

than for AuCNF_DP. XRD measurements performed prior to

and after thermal treatments show a slight increase in particle

size for AuTiO2CNF_DP from 36 nm to 42 nm and from 25 nm

to 29 nm for AuCNF_DP. This confirms that the increase in

particle size is more pronounced during the synthesis than

during thermal treatment. This increase is observed for the Au

particles when CNF is present but not on unsupported TiO2.

This distinct difference in DP properties suggests that the

surface properties of TiO2 are altered by the CNF. It has been

suggested that the curvature of the CNF may introduce strain in

nanoparticles deposited on the surface [47]. The low-energy
Fig. 5. Ti XANES spectra in the range 4.965–4.980 keV of unsupported TiO2

and TiO2 supported on CNF. The features are labelled A1, A2, A3 and B.
region close to the Ti absorption edge in TiO2 contains useful

information on the local environment of Ti. Experimental and

theoretical works have identified four peaks (labelled A1, A2,

A3 and B, see Fig. 5) in the pre-edge region of the Ti K-edge

XAS spectrum of anatase [48–50]. The A2 peak requires high-

resolution detection and is observed as a weak shoulder on the

low energy side of the A3 peak. The intensity of the pre-edge

A1 and B peaks is sensitive to the local symmetry of the

surrounding atoms. They are weak in symmetrical environ-

ments and increase in intensity as the environment is distorted

[48].

Inspection of the XANES spectra in Fig. 5 of TiO2 and TiO2

on CNF over a narrow energy range (4.965–4.980) suggests that

four pre-edge peaks are present. The intensity of the A2 and A3

peaks are related to the crystallite size [48]. The intensity of the

peaks in unsupported and supported TiO2 is similar, indicating

that the particle size of TiO2 is unchanged when deposited on

CNF. The peaks A1 and B are more intense in TiO2 supported

on CNF. The increase in intensity is induced by an increased

distortion of the Ti environment. The distortion of the TiO2

structure is a result of the interaction with the CNF interface.

The distorted TiO2 surfaces obviously suppress the nucleation

of Au during DP.

3.5. The valence state of Au in the prepared catalysts

The XRD patterns of the Au based catalysts prepared by DP

and supported on CNF show that Au is identified to be in the

metallic phase as-prepared. The pre-treatment of the CNF

introduce surface functional groups, which can act as anchoring

sites for the metals. The oxygen-containing functional groups

are involved in the deposition of gold [33]. Since carboxylic

and phenolic groups are known to possess redox properties

[51,52] they can change the oxidation state of gold without any

kind of reduction treatment. Bulushev et al. [33] have

demonstrated that the valence state of gold deposited on

woven fabrics of activated carbon fibres depends on the type of

surface groups. The carboxylic surface groups decompose

during interaction with a [Au(en)2]Cl3 solution to form metallic

Au clusters. Interaction of the [Au(en)2]Cl3 solution with less

stable carboxylic groups results in surface decarboxylation and

subsequent reduction of Au(III) to Au(0). The Au complexes

are deposited on the carboxylic groups, which are more acidic

and chemically less stable than the phenolic groups, and hence

contribute to the reduction of Au(III). Reduction of Au is also

observed for the samples where Au is deposited on titania

supported on CNF. Greffiè et al. [53] have identified two forms

of gold species on iron oxide after co-precipitation. The

formation of gold colloids was attributed to oxidation–

reduction reactions between Au(III) and traces of Fe(II). It is

very likely that TiO2 can reduce gold as well since it usually

contains defects of Ti3+ ions. This indicates that the TiO2

supported on CNF contains more defects that can promote the

reduction of Au(III) than unsupported titania. In addition, the

possibility of decomposition of Au(III) during the applied

drying conditions due to the redox properties of the support, or

even photoreduction of Au by TiO2 cannot be ruled out.
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3.6. Au particle shape

Au particles of different shapes can be observed in the TEM

images. Examples of the two shapes are given in Fig. 6. The

majority of the particles are hemispherical but polyhedrally

faceted particles can also be found in all the catalysts having an

average particle size of less than 8 nm (Fig. 6A and B). The

shape of the particles seems to be independent of the support

material. A notable difference is that the hemispherical

particles exhibit a broader size distribution. TEM images of

AuTiO2CNF_Col show that the faceted particles are present

both before and after the thermal treatment in nitrogen at

300 8C. Haruta [12] have reported that different preparation

methods give different Au particle shapes which influence the
Fig. 6. TEM/HAADF STEM images of AuCNF_Col showing (A) a 5 nm

polyhedral faced particle and (B) particles with various shapes supported on

CNF.
turnover frequencies for CO oxidation and that the Au particles

prepared by DP had a hemispherical shape, with their flat

crystallite faces strongly attached to the TiO2. This suggests

that there are variations in the interaction strength between the

support and the Au particles, giving rise to different Au particle

shapes. Lopez et al. [54] have performed density-functional

theory (DFT) calculations for gold on a rutile TiO2(1 1 0)

surface. They claim that the adhesion energy for gold particles

on a perfect TiO2 surface is negligible and that defects are

required to obtain stable gold particles. The final size and shape

of the gold particles is determined by the interface energy

between Au and TiO2. Oxygen defects in the support material

will therefore contribute to determining the shape of gold

particles.

3.7. Pre-treatments

XANES provides information about the oxidation states and

site symmetries of the gold species. An in situ XAS study of the

pre-treatment of the samples was performed. Linear combina-

tion of the edge profiles was performed using Au(0) (Au metal)

and Au(I) (AuCl) as reference compounds to determine the

distribution of valence states in the catalysts. No evidence of

Au(III) could be detected in any of the samples before or during

the different treatments. The fraction of Au(I) decreases for

both AuTiO2/CNF_Col and Au/CNF_Col with increasing

temperature. This is reflected in the results from the linear

combination of XANES presented in Fig. 7 (Au/CNF_Col) and
Fig. 7. Fractions of Au(0) (circle) and Au(1) (triangles) obtained from linear

combination of XANES spectra during different pre-treatments of AuCNF_Col;

(A) treated in 5% O2/He and (B) treated in He. The temperature is plotted as a

dashed line.



Fig. 8. Fractions of Au(0) (circle) and Au(I) (triangles) obtained from linear

combination of XANES spectra during different pre-treatments of

AuTiO2CNF_Col; (A) treated in 5% O2/He followed by (B) reduction in 5%

H2/He. The temperature is plotted as a dashed line.

Table 3

Results from in situ EXAFS analysis for AuTiO2CNF_Col and AuCNF_Col

treated in different gases

Sample Gas Before After

Na Rb (Å) 2s2 c Na Rb (Å) 2s2 c

AuTiO2/CNF_Col 5% O2/He 9.4 2.86 0.015 11.7 2.86 0.017

AuTiO2/CNF_Col 5% H2/He 9.4 2.86 0.015 11.0 2.85 0.017

Au/CNF_Col 5% O2/He 8.3 2.83 0.019 9.6 2.85 0.014

Au/CNF_Col He 8.3 2.83 0.019 9.8 2.85 0.014

a First Au–Au coordination number, N: �20%.
b Interatomic distance, R: �0.02 Å.
c Debye–Waller type factor.
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Fig. 8 (AuTiO2/CNF_Col). The changes in valence states for

Au/CNF_Col are similar in oxygen and helium. Since the

fraction of metallic Au is increasing with the same fraction in

both gases it is likely that the changes observed are because of

structural changes and rearrangements of the cluster-support

induced by the thermal treatment.

Partial oxidation (10%) of small gold particles (<30 Å) have

been reported and identified as Au(III), whereas larger particles

were not noticeably oxidised [55]. Since only Au(0) and Au(I)

can be observed, oxidation of gold particles is not a likely

explanation for the valence shift in the present samples. Tibiletti

et al. [56] have performed EXAFS and XANES experiments

and DFT calculations and are suggesting a model where a

metallic gold cluster containing about 50 atoms is in intimate

contact with the oxide support to the extent that up to 15% of

the gold atoms at the interface with the support may be located

at cation vacancies. Such gold atoms would be expected to

carry a small positive charge. This is in agreement with the

positive charge that is observed in the XANES spectra being a

result of gold–support interactions. However, it is clear that

metallic gold is the main constituent in the samples from both

synthesis methods.

The fraction of Au(I) is larger for AuTiO2/CNF_Col than for

Au/CNF_Col. This is because the average particle size is

smaller for AuTiO2/CNF_Col, where a larger fraction of atoms

is located at the metal–support interface where cationic gold is

stabilised by the support. This indicates that titania has a
stronger interaction with the Au particles than carbon.

However, during heating in oxygen the fraction of metallic

gold in AuTiO2/CNF_Col increases as well and after 2 h the

total fraction of Au(0) is larger than for Au/CNF_Col. Purging

the sample in helium followed by introduction of H2/He

immediately results in changes in the fraction of Au(I). The

fraction of Au(I) increases to approximately 45% and is

relatively constant during the treatment. The relatively large

change in oxidation states for Au can be a combination of

structural changes and adsorption of hydrogen on the surface.

Note that the Au(I) fraction is merely an expression of the

partial positive charge on the Au atoms (Aud+) rather than of a

formal oxidation state. The charge is reflected in the shift of the

LIII absorption edge energy. In situ XAS studies show that the

WGS activity is higher when the fraction of Aud+ is high,

although the positive charge during WGS can arise from CO (or

hydrogen) chemisorption on Au or by dynamic changes in the

metal–support interaction [57]. Bus et al. [58] have demon-

strated that hydrogen adsorbs dissociatively on the gold atoms

of Au/Al2O3 and that the dissociation of H2 is limited to gold

atoms at corner and edge positions. Exposing the Au/Al2O3 to

H2 induced a change in the Au LIII and LII XANES, which were

used to identify hydrogen-binding sites on supported gold

catalysts. Since titania is a partially reducible oxide, hydrogen

may create vacancies in the oxide structure that are able to

promote the interaction with gold particles.

The fitted EXAFS spectrum of AuCNF_Col from the in situ

treatment in oxygen is presented in Fig. 1 together with the

corresponding Fourier transform. The parameters obtained

from the EXAFS analysis are summarised in Table 3. The

coordination number for the first Au–Au shell is lower than for

the fcc structure, which has a coordination number of 12. The

reduced coordination numbers and the contraction of the

interatomic distances are consistent with the presence of small

gold particles. A maximum contraction of about 0.15 Å for the

Au–Au distance has been reported for catalysts with close to

100% dispersion (corresponding to an approximate particle size

of 1 nm) [55].

The Au–Au coordination number increases after thermal

treatment in oxygen and helium. This is in agreement with what

Guzman and Gates [59] have reported for thermal treatment in

helium and hydrogen at different temperatures for Au

supported on MgO. Their results show that the coordination

numbers for the first and second Au–Au shell are systematically
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increasing from 1.1 to 9.4 in the temperature range of 323–

573 K. They used [Au(CH3)2(acac)] as a precursor and the

increase in coordination number can therefore be explained by

migration and aggregation of Au on the MgO surface. The

increase in the Au–Au coordination number in the present work

could also be a result of contaminants such as residual chloride

together with migration and agglomeration of the Au particles.

Oxidation followed by reduction of AuTiO2/CNF_Col causes

no further increase in coordination number and the Au–Au

interatomic distance. This suggests that the oxygen treatment

leads to stronger interaction between the gold particles and the

TiO2 and prevents further particle sintering. Zanella and Louis

[60] claim that the particle growth deceases when the gas flow is

increased, when the amount of sample decreases or when H2 or

Ar is used instead of air. The two first parameters had a stronger

effect on the particle size than the treatment temperature. The

coordination numbers obtained for Au/CNF_Col in the present

work after treatment in oxygen and in He is approximately the

same suggesting that temperature is the decisive factor. Note

that the concentration of oxygen used in this work is lower and

the average particle size larger than in the work reported by

Zanella and Louis [60] making the observations not directly

comparable.

No Au–Cl coordination can be detected in the EXAFS

spectra for any of the samples. This contribution is not expected

to be found in samples prepared by deposition from colloid

solutions since the Au complexes are reduced in the solution.

However, the Au–Cl coordination was not detectable in the

samples prepared by DP. Since XRF results (see Table 2) show

that a significant residue of Cl� is present in the samples it is

most likely located at the support. A minor Au–C or Au–O

contribution could be identified in some of the spectra, but was

too weak to give any reliable information. Miller et al. [55] have

reported that the Au–O peaks are small and are partially

overlapping the larger Au–Au contribution. This makes it

difficult to deconvolute and extract the parameters for the

metal–support interaction.

TEM images have been acquired for AuTiO2/CNF_Col prior

to and after thermal treatment in nitrogen at 300 8C for 2 h. The
Fig. 9. Size distribution of AuTiO2CNF_Col as-prepared (grey) and thermally

treated at 250 8C in nitrogen for 1 h (black).
gold particle size distributions are given in Fig. 9. The Au

particles in the untreated sample are relatively small and the

majority are in the range of 2–5 nm, although there is also a

fraction of larger particles in the range of 10–20 nm. In the

sample subjected to thermal treatment the majority of the

particles are 3–10 nm, with a significant fraction being larger

than 5 nm. The presence of residual Cl� species from the

precursor may initiate agglomeration of gold particles [61]. The

agglomeration of the gold particles after thermal treatment is

independent of preparation method and can be observed for all

the catalysts. Estimating particle size from XRD is difficult

since the diffraction peaks from gold are overlapping with

peaks from the other components in the catalysts. A significant

effect of thermal treatment on the growth of gold particles is

observed. However, the titania particle size remains unchanged,

indicating that the titania particles are more stable during

thermal treatment than the gold particles.

3.8. The water–gas shift reaction

The catalysts are active for the WGS reaction in the

temperature range of 190–300 8C. Fig. 10 shows the reaction

rates as a function of temperature. The AuTiO2/CNF catalyst

prepared by DP was not tested for catalytic activity. TEM

images show that this sample is dominated by gold particles in

the range of 100–200 nm, which are not active. The activity of

Au supported on CNF alone is very low and the presence of

titania significantly increases the catalytic activity. WGS

activity measurements of CNF have been performed and the

material did not show any observable activity at the current

conditions. Bollinger and Vannice [62] argue that the active

sites for CO oxidation are located at the Au–TiO2 interface

creating a synergy effect between TiO2 and Au. The WGS

reaction is proposed to follow a mechanism involving a

partially reducible oxide and metal particles. The role of the

oxide in such systems is proposed to be via an oxide-mediated

redox process where the oxide reducibility (or oxygen storage

capacity) and the metal particles are the active elements [30].

The bifunctional nature of the reaction is reflected in the present

WGS activity measurements, which show that both the Au
Fig. 10. Water–gas shift reaction rates as a function of temperature.



Table 4

Au dispersion and turnover frequencies for the catalyst samples

Sample Au dispersiona TOF (s�1) at 310 8C

AuCNF_Col 19.1 0.04

AuTiO2CNF_Col 15.5 0.4

AuTiO2_Col 11.0 0.2

AuCNF_DP 3.1 –

AuTiO2CNF_DP 2.1 –

AuTiO2_DP 11.7 1.6

a The dispersion is calculated from the average particle size (D = 0.9/dp).
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particles and the oxide have to be present in order to obtain high

activity.

DP gives a higher reaction rate for Au deposited on titania

than the colloid preparation route. The average Au particle size

in the two samples is comparable although AuTiO2_Col has a

higher Au loading. The Au dispersion and the turnover

frequencies (TOF) of the catalysts are presented in Table 4. The

dispersion is estimated from the mean particle size. The

AuTiO2_DP and AuTiO2_Col have similar dispersion. How-

ever, the TOF is eight times higher for the catalyst prepared by

DP. This shows that DP introduces more favourable structural

properties on the Au particles compared to colloids. Moreover,

it indicates that the catalysts prepared from colloids require

different pre-treatment procedures to obtain high activity.

Although AuTiO2CNF_Col and AuTiO2_Col show similar

reaction rate per gram catalyst in Fig. 10, the specific rates are

different. The TOF of AuTiO2CNF_Col is higher than for

AuTiO2_Col, which contains significantly larger particles. This

can be due to the particle size distribution in AuTiO2_Col

where a significant fraction of the gold particles are too large to

contribute to the catalytic activity. The results suggest that the

reaction is structure sensitive and that smaller Au particles lead

to higher turnover frequencies. Since TiO2 contribute to the

activity, the distortion of the TiO2 structure by the CNF may

also introduce changes that promote the TOF.

Recent studies comparing Au on TiO2CNF with Au on a

commercial TiO2 support of lower surface area indicate that the

TiO2 on CNF is relatively amorphous and hence contains more

defects than the crystalline support [57]. The beneficial effect of

the CNF is less evident in the present study when AuTiO2CNF

is compared to Au on TiO2 of comparable surface area.

Furthermore, other factors such as particle size and shape seem

to give a more significant contribution to the catalytic activity.

4. Conclusions

The nature of the Au nanoparticles obtained from DP and

colloid solutions, respectively, is highly depending on the

support material they are deposited on. DP yields large Au

particles (>50 nm) on CNF supports and on titania/CNF. Finely

dispersed Au particles are only obtained when deposited on

unsupported TiO2. To maintain high dispersion on carbon

nanofibres the Au precursor must be converted to the metallic

form as part of the initial preparation, i.e. via colloid formation.

This is due to the redox properties of the CNF which causes
reduction of Au(III) to Au(0) during adsorption, which creates

nucleation points leading to larger particle sizes. Au particles

can be selectively deposited on the oxide surface due to the

reverse polarity of the CNF and TiO2 surfaces at given pH

values.

The increase in particle size is more pronounced during the

DP synthesis steps than in the thermal treatments. This increase

is observed for the Au particles on TiO2 only when CNF is

present. The TiO2 XANES analyses show that distortions in the

lattice symmetry of TiO2 are introduced when the oxide is

deposited on CNF.

The WGS activity significantly improves when titania is

present in the catalytic material compared to deposition of Au

directly on CNF. This shows that high catalytic activity in the

water–gas shift reaction is obtained only when both Au and the

oxide are present, indicating that the active sites are either on

the Au–TiO2 interface or that the reaction follows a

bifunctional mechanism. The TOF is eight times higher for

the Au/TiO2 catalyst prepared by DP. This shows that DP

introduces more favourable structural properties on the Au

particles compared to colloids.

The specific rates of the catalysts prepared from colloids

suggest that the reaction is structure sensitive and that smaller

Au particles lead to higher turnover frequencies. The distortion

of the TiO2 structure by the CNF may also introduce changes

that promote the TOF.
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