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Abstract Gold deposition on Hombikat UV100 was

found to negatively affect the activity of this Anatase

catalyst in selective photo-oxidation of cyclohexane. By

ammonia TPD and DRIFT spectroscopy it was determined

that the Au deposition procedure leads to a significant

decrease in OH-group density (mol m-2
BET) on Hombikat,

suggesting that the amount of surface OH-groups, rather

than the presence or absence of Au, is determining the

catalytic performance. The importance of surface

OH-groups was demonstrated by comparing the perfor-

mance of Hombikat (with and without Au deposition) to

surface propoxylated TiO2, synthesized by a sol–gel

method from titanium (IV) isopropoxide. The effect of the

deposition recipe of noble metals on the surface composi-

tion of TiO2 should thus be taken into account in evaluating

and explaining photocatalytic performance of TiO2 modi-

fied by noble metals (Au), in particular in non-aqueous

phase reactions.

Keywords TiO2 � Titanium (IV) isopropoxide �
Au � OH-group density � Cyclohexane � Oxidation �
Photocatalysis � Sol–gel � DRIFT � NH3

1 Introduction

Liquid phase oxidation of cyclohexane is an important

reaction for the conversion of cyclohexane via cyclohexa-

none in caprolactam, which is the monomer for nylon-6

production. The current commercial process is very ener-

getically intensive, and several studies have focused on the

direct use of photon energy to selectively oxidize cyclo-

hexane at room temperature using a photocatalyst [1–11].

Although a high ketone over alcohol selectivity is obtained

in photocatalytic cyclohexane oxidation, a low conversion

(quantum efficiency) and rapid catalyst deactivation prevent

application in practice. In order to overcome these problems

several improvements can be made in catalyst, reactor [12],

and process design [13]. Of the many options to enhance the

efficiency of TiO2 photocatalyst, noble metal deposition (Pt,

Pd) has been shown to be effective in many occasions.

Various studies show that metal deposition enhances the

photocatalytic activity of TiO2 in photo degradation reac-

tions in the aqueous phase [14–16], as well as in gas phase

applications [17, 18]. Besides modification by Pt or Pd,

modification of Titania by Au has recently been reported to

enhance performance in photocatalytic applications

involving waste water treatment [19–22]. Most of these

studies attribute the enhancement in activity to a decreasing

charge carrier recombination velocity [19–21, 23, 24]: a

result of localization of electrons on the metal particles.

To the best of our knowledge, the effect of Au on the

performance of TiO2 in the selective photocatalytic oxi-

dation of cyclohexane has not been previously investigated.

We will demonstrate that the Au deposition procedure

causes dramatic changes in TiO2 surface composition

(OH-group population), which we evaluate to be dominant

in controlling photocatalyst performance in cyclohexane

oxidation, rather than the presence or absence of Au.
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2 Experimental

2.1 Catalyst Preparation

Hombikat UV100 TiO2 (Sachtleben GmbH), was used as

received. Hombikat is 100% anatase as determined by

XRD, and has a surface area of 337 m2 g-1 with a primary

particle size of 5 nm (determined by Scherrer’s equation),

and a mean agglomerate size in cyclohexane after ultra-

sonification of ±3 lm [4]. Hombikat was used to prepare a

Au–TiO2 photo-catalyst by the deposition precipitation

method described by Yu et al. [25], aiming at a Au loading

of 1 wt%. An excess amount of HAuCl4 was dissolved in

230 mL of deionised water, yielding a concentration of

1.46 9 10-3 M (HAuCl4 3H2O, Merck). The pH of the

gold solution was adjusted to 6 with a 0.1 M NaOH

aqueous solution. Then 2 g Hombikat was added and the

suspension stirred for 1 h, at 80 �C. This was followed by

filtration and washing with 500 mL of deionised water. The

obtained catalyst was dried at 120 �C, and used without

calcination. Throughout the paper Hombikat will be iden-

tified by H, and after Au deposition with Au–H. With the

objective to test the effect of the preparation conditions on

the performance of Hombikat, a reference material (HT

HCl) was prepared using HCl in comparable Cl-amounts to

the HAuCl4 solution. Again the pH of the solution was

adjusted to 6 with a 0.1 M NaOH aqueous solution, fol-

lowed by Hombikat addition, treatment at 80 �C for 1 h,

filtration, washing and drying at 120 �C.

To further evaluate the effect of Au modification and the

importance of surface OH-groups in TiO2 catalyzed photo-

oxidation of cyclohexane, propoxylated TiO2 was synthe-

sized by a sol–gel method. In the preparation procedure,

20 mL of Titanium (IV) isopropoxide was placed in a

beaker and 160 mL of propan-2-ol added. The solution was

placed in an ice bath and vigorously stirred. De-ionized

water (pre-adjusted to pH 3 using dilute nitric acid) was

added to the solution dropwise until complete precipitation

occurred. The gel formed was treated in a water bath at

353 K for 2 h under reflux, allowed to cool, filtered, and

dried at 393 K overnight. The material was then ground,

screened to less than 107 lm diameter and calcined in air

at 673 K for 4 h applying a heating rate of 2K min-1 [26].

A solution of 4 mL HAuCl4 (Au concentration of 50 g/L)

in 130 mL of high purity water was heated to 343 K and its

pH adjusted to 7.5 using a 2 M Na2CO3 solution. 10 g of

support was then added to the solution and aged for 60 min

with continuous stirring at 400 rpm. During the ageing

period the temperature of the slurry was maintained at

343 K and the pH at 7.5, using 2 M Na2CO3 or 0.5 M

HNO3. At the end of the ageing time, the slurry was filtered

and washed five times; each by re-slurrying in 335 mL of

high purity water for 5 min followed by filtration. The

resulting material was dried at 393 K overnight, ground

and screened to less than 107 lm diameter. These two

catalysts are referred to as SG (the bare propoxylated

TiO2), and AuSG after Au deposition. Please note that the

Au deposition pH used for the Au–SG and Au–H catalysts

was in the pH range of 6–8, where Au morphology is

expected to be similar [27].

2.2 Catalyst Characterization

Powder X-Ray diffraction (XRD) analysis was performed

on a Phillips PW 1840 diffractometer equipped with

a graphite monochromator using Cu–Ka radiation (k =

0.1541 nm). The Scherrer equation was used to calculate

the crystal particle size of the samples.

XRF analyses were performed with a Philips PW2400

X-ray fluorescence spectrometer (XRF). The data evalua-

tion was performed with the program Uniquant 5.49.

UV/Vis spectra were recorded on a Perkin–Elmer

Lambda 900 spectrometer equipped with an integrating

sphere (Labsphere) on porous films of the catalysts,

deposited by solvent (water) evaporation under vacuum,

onto a 1 mm thick quartz plate.

Temperature-programmed desorption of ammonia

(NH3–TPD) was carried out on a Micromeritics TPR/TPD

2900 apparatus equipped with a thermal conductivity

detector (TCD). Approximately 25 mg of each sample was

pretreated at 398K and rapidly cooled to 373K followed by

loading with ammonia applying a flow of 30 mL min-1 for

about 1 h. A He flow of 30 mL min-1 was applied to

remove weakly adsorbed NH3. A linear temperature pro-

gram was started (373–873 K at 10K min-1), and the

desorbed amount of ammonia was analyzed by the TCD.

The TPD spectra were used to analyze the amount of acidic

hydroxyl groups present in the catalyst samples.

Nitrogen adsorption and desorption isotherms were

recorded on a QuantaChrome Autosorb-6B at 77 K. Sam-

ples were previously evacuated at 623 K for 16 h (at a

ramp rate of 10K min-1). The BJH model was used to

calculate the inter-particle pore size distribution from the

adsorption branch, and the BET method was used to cal-

culate the surface area (SBET).

Transmission electron microscopy (TEM) was per-

formed using a Philips CM30UT electron microscope with

a FEG (field emission gun) as the source of electrons

operated at 300 kV. Samples were mounted on a Quantifoil

microgrid carbon polymer supported on a copper grid.

IR absorption spectra of the solid samples were recorded

using a Bruker IFS66 spectrometer with a DTGS detector

and equipped with a Spectratech Diffuse Reflectance

Accessory, including a high temperature cell. Water was

removed from the catalyst surface to facilitate the charac-

terization of the OH-group composition by recording the
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spectra at 120 �C after equilibration for 1 h in He flow

(20 mL min-1). All spectra were obtained by collecting

128 scans with 4 cm-1 resolution, against a KBr back-

ground (also measured at 120 �C in flowing He).

2.3 Photo-activity Measurements

To evaluate catalyst performance in the selective oxidation

of cyclohexane, reactions were carried out in a Top Illumi-

nation Reactor [4]. The catalysts were dried for 2 h at 120 �C

to remove adsorbed water and impurities. In a typical

experiment 100 mL of cyclohexane containing 1 g L-1 of

catalyst was used (slurry system). The suspension was illu-

minated from the top of the reactor through a Pyrex window

that cuts off the highly energetic UV radiation [4]. A high

pressure mercury lamp of 50 W was used (HBO50W from

ZEISS). The light intensity of the lamp used in the wave-

length absorption range of TiO2 (275–388 nm) is

5.5 W m-2 entering the suspension. Air, dried over Molsi-

eve 3 A (Acros Organics) and pre-saturated with

cyclohexane, was bubbled through the TiO2 suspension at a

rate of 30 mL min-1. During the reaction, liquid was

withdrawn and analyzed by GC. Organic compounds were

quantatively analyzed twice using a gas chromatograph with

a flame ionization detector (Chrompack, CPwax52CB).

Hexadecane was used as an internal standard.

3 Results

3.1 Catalyst Characterization

Figure 1 shows the NH3–TPD profiles obtained for each

TiO2 sample. The profile of the Hombikat catalyst is in

good agreement with the profile obtained in a previous

study in our laboratory [4]. By integration of the TPD

curves over the whole temperature range (375–775K), the

total amount of surface OH-groups was determined as

indicated in Table 1. The Table also contains the corre-

sponding pH values used in the last step of the preparation

procedure, and the surface area as determined by the

N2-BET method. Since Hombikat (H) is a commercial

catalyst, the pH of preparation is not known. The Au–H

sample contains only half the amount of hydroxyl groups

as compared to commercial Hombikat, while the surface

area did not change significantly. Figure 1 shows that the

decrease in amount of OH-groups was due to a decrease

of both strong and weak acidic sites, suggesting that Au

deposition leads to a non-selective loss of surface

OH-groups. For the SG catalyst, a high surface area was

measured, combined with a relatively small amount of

surface OH-groups. The reason for this observation will be

discussed later by comparing the DRIFT spectra of the

various samples.

Regarding the Au–SG catalyst, the N2-physisorption

results indicate a surface area similar to Au–H, with a

higher amount of surface OH-groups being present as

deduced from NH3–TPD profiles. In the case of the TiO2

prepared by the sol–gel method, Au deposition apparently

leads to an increase of the amount of surface OH-groups, as

shown in Table 1. Summarizing, using the preparation

variables applied here, a diverse set of TiO2 catalysts was

obtained, containing a wide range of OH-group densities

(mmol g-1) and surface areas.

To further analyze the surface composition of the cata-

lysts, we show in Fig. 2a the DRIFT spectra of SG TiO2

before and after Au deposition. In the spectrum of SG,

absorptions at 2,962, 2,934 and 2,872 cm-1 are present,

which correlate well with C–H stretching vibrations of

Titanium (IV) isopropoxide. Absorptions at 1,465 and

1,372 cm-1 are the corresponding C–H bending modes.

Clearly the spectrum reveals that not all the Titanium (IV)

isopropoxide is hydrolyzed in the preparation procedure.

For the Au–SG material the isopropoxide bands are no

longer present. Upon Au deposition, the SG material was

exposed to a pH of 7.5 in a Na2CO3 solution at 70 �C,

which is favorable for the hydrolysis of isopropoxide. By

comparing the intensity of the spectra in the range of
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Fig. 1 NH3–TPD profiles for the four catalysts studied with corre-

sponding illustration of the ammonia coordination: weakly adsorbed

ammonia at low temperatures, and strongly adsorbed at high

temperatures

Table 1 Synthesis pH of the three catalysts prepared, the resulting

amount of acidic OH-groups determined by NH3–TPD, and the N2–

BET surface area of the catalysts studied

Catalyst pH OH (mmol g-1) SBET (m2 g-1)

H – 0.92 337

SG 3 0.11 400

Au–H 6 0.50 329

Au–SG 7.5 0.70 327
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3,300–3,800 cm-1, where OH-groups are expected [28],

clearly the intensity after Au deposition on SG is higher,

confirming the hydrolysis of isopropoxide groups, also in

agreement with the NH3–TPD data (Table 1). Completing

hydrolysis of isopropoxide also makes SG more hydo-

phylic, as is evident from the intensity differences in the

broad stretching modes of adsorbed water (remaining at

120 �C), between 3,600 and 2,500 cm-1, and the corre-

sponding bending modes centered at 1,630 cm-1.

For the H and Au–H materials, the DRIFT spectra are

shown in Fig. 2b. The OH- and water associated bands are

less intense after Au deposition, in agreement with data

presented in Table 1. The lower amount of water and

Ti–OH–groups found after Au deposition, is the result of

the pH of the applied solution, which was at 6: a condition

known to lower the amount of acidic OH sites [29].

TEM pictures of the samples Au–SG and Au–H are

shown in Fig. 3. The dark spots in the micrographs were

confirmed to be gold by means of EDX analysis. Figure 3a

shows some Au particles of large dimensions (20–60 nm),

and a large fraction of about 70% of particles in the size

range of 4–6 nm. For the Au–SG sample, Fig. 3b, big Au

particles as in the case of the Au–H were not observed, and

around 90% of the particle sizes were in the range of 5–

10 nm.

The metal loading of the catalysts was determined by

XRF. Although a loading of 1 wt% was aimed for, for the

Au–SG sample the obtained metal loading was 0.5 wt%

and for Au–H, 2.6 wt%. Apparently the different surface

composition of Hombikat relative to P25, for which the

synthesis procedure was optimized [25], resulted in an

excess of Au to be deposited. The relatively small Au

loading of Au–SG is most likely a consequence of the large

degree of propoxylation of the SG-Anatase, limiting the

initially present number of OH-anchoring sites for the Au

precursor species.

Absorbance spectra for the two Au catalysts are shown

in Fig. 4. The absorbance fraction, FA, is the relative

amount of photons actually attenuated by the catalyst layer.

The absorption edge of Au–H shows a slight blue shift

from 365 to 360 nm. This is related to the crystalline

particle size, which is lower in Hombikat, as compared to

TiO2 prepared by the sol–gel method. This was confirmed

by XRD data, from which by application of the Scherrer

equation, crystal sizes of *8 nm for Au–SG and *6 nm

for Au–H were determined. Around 550 nm an absorption

band can be observed which is due to the plasmon

absorption of metallic Gold. The absorption in this area

showed to be more accentuated in the Au–H catalyst, as

compared to the Au–SG catalyst, in particular considering

the higher loading of the Au–H catalyst. This again indi-

cates a difference in particle size, and possibly also in the

reduction degree of the Au present in the catalytic mate-

rials, which requires further analyses.

3.2 Photocatalytic Oxidation of Cyclohexane

Previous work in our group [4] showed that the main

products of the cyclohexane selective photocatalytic oxi-

dation are cyclohexanone and cyclohexanol, with a ketone

to alcohol selectivity higher than 98%. Cyclohexane con-

version is very low, \2% and CO2 contributions, due to

complete oxidation, are not significant (cyclohexanone and

cyclohexanol are reported to be produced with selectivities

[95% relative to CO2) [4]. While radical chemistry in

solution can provide for other products, in view of the

applied wavelengths ([275 nm) this is not expected to

occur, as confirmed by our GC analyses.

Cyclohexanone formation upon photo-oxidation of

cyclohexane is shown for the 4 applied catalysts in Fig. 5.

The shape of the profiles is the result of catalyst deacti-

vation, induced by carbonate and carboxylate formation on

the catalyst surface [30]. The amount of cyclohexanone

formed over the different catalysts follows the order

H [ Au–SG [ Au–H [ SG. After the Au deposition pro-

cedure, the activity of the SG catalyst is apparently largely
Fig. 2 IR spectra of the samples studied: a SG and Au–SG, b H and

Au–H
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enhanced, whereas an opposite effect is observed for the H

catalyst.

In addition to cyclohexanone, the inset of Fig. 5a shows

the amount of cyclohexanol produced for the materials

under study. Albeit small, a different trend in catalyst

behaviour for cyclohexanol production as compared to

cyclohexanone was found, the production order being

Au–H [ Au–SG [ H [ SG. Cyclohexanol formation was

below the GC detection limit for the SG material.

Figure 5b shows a comparison in cyclohexanone produc-

tion of the H and AuH with the reference catalyst HT HCl,

prepared in the exact same way as Au–H, but substituting

HAuCl4 for HCl. Please note that the time scales of

(Fig. 5a, b) are different. Figure 5b clearly shows that the

preparation conditions largely affect the performance of H,

irrespective of the presence of Au: the performance of

Au–H and HT HCl is comparable. The inset of Fig. 5b

shows the one order of magnitude smaller cyclohexanol

production after 120 min of reaction: in agreement with

Fig. 5a, Au has a positive affect on cyclohexanol

production.

Figure 6 shows a plot of the estimated initial cyco-

hexanone production rate using the amount produced at

t = 40, Fig. 5 as a function of the amount of OH-groups

Fig. 3 TEM pictures of the Au

catalysts used in this study.
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Fig. 4 UV/Vis spectra of the Au samples studied, as measured with
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Fig. 5 a Cyclohexanone production profiles for H, Au–H, Au–SG
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time of reaction, as a result of loss of activity of the catalyst. The inset

shows the final cyclohexanol amounts obtained (at t = 420 min). b
Cylohexanone profiles for H, HT HCl, and Au–H. The inset shows the
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present on the TiO2 surface, as determined by the TPD

experiment. An exponential correlation is obtained.

4 Discussion

4.1 Effect of the Preparation Procedure on Catalyst

Constitution

Various research groups have reported a positive effect on

photocatalytic performance of noble metal (Pt, Pd, Au)

deposition on the surface of TiO2 catalysts. Generally the

enhancement in activity is attributed to an increased rate of

charge separation and/or decreasing charge carrier recom-

bination velocity [19, 21, 23]. The effect of the deposition

of noble metals on the surface chemical properties of the

catalyst (semiconductor oxide) is typically not taken into

consideration. In the present study, it is apparent that the

Au deposition procedure can dramatically affect the

amount of surface OH-groups as is shown in Table 1 and

evident from the DRIFT spectra in Fig. 2. The amount of

Au is not enough to account for the large differences in the

number of hydroxyl groups on the TiO2 surfaces. Alter-

natively, during the Au deposition procedure the TiO2

surface is exposed to conditions which induce the signifi-

cant surface changes. Two surface chemical processes have

been identified in the present study: (a) the hydrolysis of

remaining Ti-isopropoxide groups, explaining the signifi-

cant increase in the amount surface OH-groups for the SG

catalyst upon Au deposition and (b) solution induced

removal of acid sites in the case of the H catalyst. In the

latter case, the control experiments, shown in Fig. 5b,

clearly indicate that the acid treatment of the catalyst upon

Au deposition is the cause of the reduced activity of Au–H

compared to H. The nature of the OH-groups (Acid sites)

on the catalyst surface will be discussed on the basis of the

NH3–TPD spectra (Fig. 1) in the following.

It is believed that desorbed ammonia originates from

ammonium ions (NH4
?) and NH3 species molecularly

coordinated to Lewis acid sites [4, 31]. If the NH3–TPD

profiles shown in Fig. 1 are deconvoluted they consist of

two overlapping peaks which correspond to two types of

adsorption strengths. The low-temperature peak (363–

543K) characterizes desorption states of ammonium ions

and weakly coordinated ammonia (Fig. 1). The high tem-

perature peak (598–793 K) is related to strongly

coordinated ammonia at Lewis acid sites. All sites appear

affected by the Au deposition procedure, leading to a non-

selective change in the amount of acid sites [31].

In the following we will discuss why the hydroxyl

groups are so important in determining the catalyst per-

formance in photo-oxidation of cyclohexane, as is evident

from the trend shown in Fig. 6.

4.2 The Role of OH-groups in Photocatalytic Reactions

in Organic Media

Surface OH-groups (OH�
ads

) have been reported in the lit-

erature as being of great importance for the studied reaction

[32] and in the degradation of pollutants [33, 34]. In Fig. 7,

the initial steps of the selective photo-oxidation of cyclo-

hexane are depicted, including cyclohexyl radical

formation. In the beginning of the photo-process an elec-

tron-hole (e-, h?) pair is formed by light excitation of the

semiconductor, TiO2. Once the electron and hole reach the

surface of the catalyst, the hole is trapped by either a

surface hydroxyl group (OH�
ads

) or adsorbed water (H2Oads),

to form surface hydroxyl radicals. These surface hydroxyl

radicals react with surface adsorbed cyclohexane, yielding

a cyclohexyl radical. The electron interacts with the Ti(IV)

center, that is reduced and further reacts with molecular

oxygen to superoxide anions, O2
-. The cyclohexyl radical

combines with the superoxide anion, forming oxygenated

products (i.e., cyclohexanone) [30]. Reactions involving

free OH radicals are not considered here, since desorption

of OH radicals into the organic solution is unlikely [35].
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The message of Fig. 7 is that an important step in the

formation of cyclohexanone is the reaction of cyclohexane

with a OH-radical originating from a surface OH-group.

Since the reaction is performed in a (dried) cyclohexane

medium, the initial reaction rate is thus a strong function of

the amount of hydroxyl groups initially present on the

catalyst surface. The importance of surface OH-groups is

also illustrated by the rapid deactivation of the catalyst

systems. Products are accumulating on the surface and

interact with surface OH-groups, thus limiting the reaction

rate. It should be mentioned that since the samples are

taken from the liquid, the amount of product measured is a

lower limit of the amount actually formed [12].

4.3 A Role of Gold?

Clearly, for the initial reaction rate in cyclohexane oxidation

the initial concentration of surface OH-groups is much more

important than the presence or absence of Au. However, a

positive effect of gold has been observed in the literature for

aqueous phase reactions. It is thus important to distinguish

photo-catalysis performed in an aqueous medium (e.g.,

wastewater treatment) from that in organic medium (e.g.,

cyclohexane photo-oxidation) in evaluating the role of Au.

Considering a wastewater degradation type reaction, water

and hydroxyl groups are present at high concentration on the

catalyst surface, and less likely to be limiting the reaction.

Photo-generated holes are constantly being trapped by the

abundant presence of surface water and OH-groups, and thus

the amount of photo-generated holes might be limiting the

reaction. Certainly, improving charge separation is needed

in this case for a better catalyst performance. This justifies

changing the opto-electronic properties of the catalyst, and

most likely explains the observed effects of Au on photo-

catalytic performance in water phase reactions.

In the present study, Au deposition enhances the amount

of cyclohexanol formed, the amount being still signifi-

cantly smaller compared to cyclohexanone (see inset in

Fig 5a, b). This phenomenon requires further investigation,

but might indicate that Au affects the decomposition

chemistry of cyclohexyl hydroperoxide, which is often

considered the intermediate in the photon induced forma-

tion of cyclohexanone [12]. The electron trapping effect of

Au might also induce a higher amount of superoxide anion

(O2
-, Fig. 7), leading to the observed selectivity changes.

The opto-electronic changes that Au induces in a semi-

conductor like TiO2 (anatase and/or rutile phase), are

currently further analyzed in our laboratory, to validate the

claims made in the literature and to support the above

hypothesis for enhanced cyclohexanol formation.

In order to improve catalytic performance in selective

oxidation reactions such as the one studied, increasing the

amount of surface OH-groups on the semiconductor

surface should be established. This could be achieved, e.g.,

by pre-treatment of the catalysts by (mild) steaming.

5 Conclusions

Gold deposition on Hombikat negatively affects the

activity of this Anatase catalyst in selective photo-oxida-

tion of cyclohexane, explained by a significant

modification of the surface OH-population of the catalyst

induced by the Au preparation procedure as determined by

ammonia TPD and DRIFT spectroscopy. When a photo-

reaction is performed in an organic medium, the initial

amount of surface hydroxyl groups is apparently largely

affecting the initial rate. This was confirmed by the

experiments performed with a surface propoxylated Sol–

Gel catalyst, before and after Au deposition. Surface

modifications of the TiO2 as a result of the preparation

procedure, and the deposition recipe of noble metals should

thus be taken into account in evaluating and explaining

photocatalytic performance of TiO2, in particular in non-

aqueous phase reactions.
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