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Gold  nanoparticles  (AuNP)  supported  on hydrotalcite,  �-Al2O3 and  TiO2 P25  have  been  prepared
photochemically  under  mild  conditions  using  ketyl  radicals  as  the  primary  reducing  agent;  these
nanocomposites  were  prepared  directly  in  the  solid  phase.  Such  dry,  solventless  methods  are  attrac-
tive  from  an  environmental  perspective.  The  composite  materials  were  successfully  characterized  using
diffuse  reflectance  UV–visible  spectroscopy,  SEM,  TEM,  X-ray  diffraction  spectroscopy  (XRD)  and  X-ray
photoelectron  spectroscopy  (XPS).  The  supported  AuNP  were  predominantly  spherical  and  ranged  in size
from  20–140  nm  depending  on the  support  and the  percent  Au  loading,  indicating  the  potential  appli-
old nanoparticles
ydrotalcite
l2O3

iO2

atalysis

cations  of these  particles  as  photocatalysts.  The  catalytic  activity  of  the  supported  AuNP  was  evaluated
using  the  well-studied  reduction  of  4-nitrophenol.  UV–visible  spectroscopy  was  used  to monitor  the
reaction  and illustrated  the  ability  of  these  easily  prepared  AuNP  composites  to  act has  heterogeneous
catalysts.  The  role  of percent  Au  loading  and  type  of  support  on the  catalytic  activity  of  supported  AuNP
was  also  investigated.  Composites  with  relatively  large  AuNP  may  hold  promise  as  efficient  catalysts  in

drive
plasmon-mediated  light-

. Introduction

Considerable attention has been placed on the generation of
iverse noble metal nanoparticles due to the prospective applica-
ions in areas of bioscience, diagnostic imaging [1],  and in organic
hemistry [2,3], particularly in the field of catalysis [4–6]. Metal-
ic gold had long been considered to be catalytically inert, until
anoscale preparations of colloidal gold exploited the catalytic
otential of these materials, leading to a resurgence of research on
old catalysts [4,7,8].  Current interests concentrate on supported
oble metal nanoparticles due to their potential as heterogeneous
atalysts [5]. The use of gold nanoparticle (AuNP) composites in
atalysis presents several advantages. The first focuses on the abil-
ty of the solid support to stabilize small AuNP and, thus, minimize
anoparticle aggregation, crucial towards conserving the catalytic

roperties of the nanomaterial composites [5].  Further, the sup-
ort is believed to participate in the reaction by contributing to
atalytic cycling [5,9]. Strong interactions between the support and
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the AuNP are believed to account for changes in catalytic activity
of AuNP on various solid supports. The support can be an inte-
gral part of the reaction pathway, allowing for different outcomes
depending on the irradiation wavelength [10]. In addition, sup-
ported nanoparticles can be readily separated from reagents and
products (in contrast with colloidal suspensions).

Supported AuNP have also gained recognition as potentially
environmentally friendly catalysts [11], which can be developed
at minimal cost and have been shown to cleanly catalyze various
organic reactions, such as CO oxidation [4,7,12], alcohol oxidation
[13–17] and olefin epoxidation [16], as effectively as harsh chemi-
cals frequently employed for these reactions.

Supported AuNP have been prepared using a variety of tech-
niques, with most focusing on the direct adsorption of the gold
precursor onto the support followed by thermal or chemical reduc-
tion [5,6,16,18].  Recent reports from our laboratory have shown
that aqueous AuNP can be prepared photochemically from HAuCl4
and the benzoin Irgacure 2959 (I-2959) under mild conditions
[19–22]. Following UVA irradiation of I-2959, 2-hydroxy-2-propyl
(ketyl) radicals are generated via rapid Norrish Type I �-cleavage
and reduce Au3+ to Au0 (Scheme 1). The implementation of

photochemical methods allows for spatial and temporal con-
trol throughout the growth process by varying the intensity and
duration of UVA irradiation [20]. The photochemical synthesis of
supported AuNP presents several distinct advantages as a green

dx.doi.org/10.1016/j.jphotochem.2011.08.013
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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mailto:titoscaiano@mac.com
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Scheme 1. Generation of AuNP via Norrish Type

lternative [23] by employing light as an initiator. Primarily, the
se of toxic chemicals and/or high temperatures can be mini-
ized, thus providing a more environmentally friendly route for

he preparation of these materials. Further, the absence of co-added
tabilizing agents coupled with the use of Soxhlet extraction allows
or the removal of secondary photochemical byproducts from the
anoparticle surface, exposing a larger surface area for catalysis.
hough such a method cannot be termed as strictly solventless,
he minimal amounts of acetonitrile used in both the preparation
nd washing stages of these composites could be easily recycled, a
avourable alterative [24] to the large amounts of water required to
ash similar catalysts prepared via chemical reduction. Moreover,

he ease of catalyst removal following reaction is a desireable and
n attractive advantage.

In this work we have applied a dry photochemical approach to
ake supported AuNP. Initial adsorption of the HAuCl4 and the free

adical precursor, I-2959, onto the support, followed by UVA irra-
iation of the material led to the efficient generation of supported
uNP.

. Experimental

.1. Reagents

All materials were used as received, unless otherwise indicated.
old (III) tetrachloroauric acid hydrate (HAuCl4·3H2O), hydrotal-
ite (HT), 4-nitrophenol, 4-aminophenol and sodium borohydride
NaBH4) were purchased from Sigma–Aldrich. �-Aluminum oxide
�-Al2O3) was  purchased from BDH Chemicals. TiO2 P25 was  a
ift from Evonik Degussa. Irgacure-2959 (I-2959) was  a gift from
iba Specialty Chemicals and was recrystallized twice from ethyl
cetate. Optima grade CH3CN was purchased from Fisher Chemi-
als and was used in all cases. Millipore H2O (resistivity 18.2 M� at
5 ◦C) was deionized in house and was used for all catalyst screen-

ng experiments.

.2. Instruments

Solid state irradiation to induce NP formation was  performed
sing 5 UVA bulbs and a Luzchem EXPO panel (see set up
hotograph in Supplementary Information). The intensity in the
VA region was determined to be 65 W/m2 using a Luzchem SPR-
001 spectroradiometer. Diffuse reflectance spectra were recorded
sing a Cary 1 spectrometer using a diffuse reflectance accessory.
he dimensions of the supported AuNP were determined using

 JSM-7500F field emission scanning electron microscope (SEM)
rom JEOL Ltd. The use of solid samples limited the ability of
he electron beam to efficiently penetrate the sample, therefore

 backscattering detector was used that allowed for easier visual
etection of the nanoparticles. Using the backscattering detec-
or, metallic elements are brighter on the image than those of

on-metallic nature (i.e., supports). For the size distribution his-
ograms and average AuNP size, 150–200 particle measurements
ere taken. Transmission electron microphotographs (TEM) were

ollected using a field emission JEM-2100F FTEM. X-ray diffraction
tocleavage of the I-2959 ketyl radical precursor.

(XRD) was recorded using a Siemens D5000 XRD diffractometer
with Cu K� X-rays (� = 1.5418 Å). X-ray photoelectron spectroscopy
(XPS) was recorded using Kratos analytical model Axis Ultra DLD,
using monochromatic aluminum K� X-rays at a power of 140 W.

UV–visible absorption spectra and kinetics for the AuNP cat-
alyzed reduction of 4-nitrophenol were recorded on a Cary 50
spectrometer using the scanning kinetic function. UV–visible spec-
tra were collected as a function of time to allow for a kinetic
overview of the reaction system. Spectra were recorded between
250 nm and 500 nm and the time delay between spectra was  depen-
dant upon the support used, however was extended until the
reaction had reached completion (between 15 and 60 min).

2.3. Synthesis of supported Au nanoparticles

0.1 mmol  of HAuCl4 and 0.3 mmol  of I-2959 were dissolved in
60 mL  HPLC grade CH3CN followed by the addition of 1 g of the
solid support. The slurry was  stirred for 2–3 h to allow for Au source
and I-2959 adsorption onto the support surface. The mixture was
then treated under high vacuum and the remaining solid placed in
glass vials and irradiated using an exposure panel from Luzchem
Research equipped with 5 UVA bulbs (65 W/m2). The exposure
panel was fitted above a modified hotdog cooker with the heating
element disabled (Waring PRO Professional Hotdog Griller, Model
HDG100C). This simple setup was  used to continuously rotate the
powder samples during irradiation to ensure the homogeneous
irradiation of the samples. Irradiation times varied with the sup-
port used. Au supported on HT was  irradiated for 12 h and Au
supported on �-Al2O3 and TiO2 P25 for 8 h. The AuNP composites
were thoroughly washed by Soxhlet extraction for 48–72 h using
CH3CN as the extraction solvent to remove any unreacted HAuCl4,
organic photoproducts or unsupported AuNP. The solvent from the
synthesis and extraction could be readily recovered.

2.4. Supported AuNP catalysis of 4-nitrophenolate reduction

Catalyst testing was  performed in a 3 mL quartz cuvette
(1 cm × 1 cm). 1–2 mg  of catalyst was  added to 2.8 mL of MilliQ
water and sonicated of 10–15 s; 100 �L of a 1.1 M NaBH4 solu-
tion was  added to the catalyst/water suspension followed by the
rapid addition of 100 �L of an aqueous 4-nitrophenol solution
(3.76 × 10−3 M),  immediately before monitoring the reaction via
UV–visible spectroscopy.

3. Results and discussion

3.1. Photochemical generation and characterization of supported
AuNP

The generation of Au nanoparticles on hydrotalcite (HT), �-
Al2O3 and TiO2 P25 was  adapted from our previous work in solution

[19,20]. In all cases, a 1% or 5% nominal Au loading by weight of
the solid support and a molar ratio of I-2959 to Au(III) of 3:1 was
used. A detailed description of the synthesis procedure can be found
in Section 2. Briefly, solid, dry samples (following liquid phase
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Fig. 1. Diffuse reflectance spectra of 1% Au on HT (�), on �-Al2O3 (©) and on TiO2

P25 (�); the spectra for the support blanks have been subtracted.
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sis (Table 1) are in good agreement with the diffuse reflectance
spectra.

Table 1
Average size and polydispersity (PDI) of the supported AuNP prepared in this work.

Support % Au loading (nominal) Ave. NP size (nm) PDI

HT
1 21 1.24
5 47 1.31

�-
Al2O3

1 30 1.14
5 112 1.22

TiO2 1 33 1.20
eposition of the reagents on the support) were irradiated from
he top, while the horizontal sample tubes were rotated (3 rpm)
n a modified hot dog cooker. This inexpensive arrangement (see
upplementary Data) proved a remarkably efficient way  of ensur-
ng that all surfaces of the solid powder were exposed. In fact, it
s rather remarkable that this process works so well, considering
hat it requires diffusion of the reagents on the surface, as well as

igration of gold atoms or small clusters to form the AuNP (see
cheme 1).

Typically, AuNP formation is confirmed by a visible change in
olour, with the colour of spherical AuNP varying from pink to blue,
epending on the degree of nanoparticle aggregation [1,19,22,25].
urthermore, UV–visible spectroscopy of the surface plasmon band
SPB) can be used as a reporter for the formation and size of
he nanoparticles as described by Mie  [26] (�max = 520 nm for
uNP ∼ 15 nm in size) [19,25]. The absorption maximum of the SPB
an be modified by NP size, with the overall absorption of larger or
ore aggregated particles being red-shifted [19,22,25].  However,

he SPB can also be largely influenced by the dielectric constant
f the supporting matrix, where supports with higher dielectric
onstants have red shifted SPB absorptions [27,28].  AuNP genera-
ion was identified by the formation of a violet solid throughout the
ourse of irradiation, attributed to the surface plasmon resonance of
he AuNP composite. Diffuse reflectance spectra of AuNP on HT, �-
l2O3 and TiO2 P25 are presented in Fig. 1. Specifically, the SPB �max

re observed at 533 nm for 1% Au/HT, 537 nm for 1% Au/�-Al2O3 and
42 nm for 1% Au/TiO2 P25. All three absorptions are comparable to
he absorption of aqueous AuNP prepared using our photochemical
ynthesis and indicate that ketyl radical are sufficiently mobile on
olid supports to reduce Au3+ [19,20].

As expected, the SPB absorptions varied depending upon the
ype of solid support and were considerably broader than those in
olution [29]. The red-shift in the �max values on going from HT
o �-Al2O3 to TiO2 P25 can be used to initially access the average
ize of the AuNP adsorbed onto the surface of these solids. AuNP
dsorbed onto HT have the more blue-shifted SPB, indicating the
mallest AuNP of the three supports presented here [19]. However,
he evident bathochromic shifting of the SPB absorptions on going
rom HT to TiO2 P25 may  also be a reflection of the dielectric con-
tants of the supporting medium with these values varying from
8.6 for HT, to 9 for Al2O3 and 86 for TiO2 [30]. Therefore, both
P size and the dielectric constants of the inorganic supports may
lay integral roles in the increasing �max of the SPB on varying the

upport from HT to TiO2.
Fig. 2. SEM image for 1% Au on HT (top) and the size distribution histogram (bottom)
used to access the average particle size of this AuNP composite.

3.2. SEM and TEM imaging

Particle size and morphology was  further characterized through
the use of SEM and TEM imaging techniques. SEM was used to
determine the average size of the supported AuNP prepared with
1% loading. In all cases, the AuNP were predominantly spherical,
but showed larger polydispersity than typically observed in solu-
tion [19,20,22].  The average size of the supported AuNP (1% wt)
was  21 nm for HT, 30 nm for �-Al2O3 and 33 nm for TiO2 P25. Fig. 2
presents the SEM image of 1% Au/HT accompanied by the size distri-
bution histogram. In the presented SEM images, the grey areas are
indicative of support surface and bright, circular areas are represen-
tative of metallic species. The size and morphology of the particles
on less dense regions of the supports was further validated using
higher resolution TEM, as shown in Fig. 3. The observed particle size
and polydispersity detailed from the electron microscopy analy-
P25 5 142 1.26
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Fig. 3. TEM image for 1% Au supported on HT.

From the imaging techniques employed in this work, HT tends
o be the better support for small AuNP formation, followed by �-
l2O3 and TiO2 P25. The polydispersity of the AuNP size is also
ependent on the supporting structure. A comparison between 1%
u loaded composites shows that though the generated nanoparti-
les on HT have an overall smaller average size, the polydispersity
s greater than that calculated for the larger AuNP generated on �-
l2O3 and TiO2 P25, respectively. It is important to note that the
etection of AuNP on TiO2 P25 is difficult due to low contrast and
verlap in the NP and support particle size [31].

The supported NP generated using the photochemical method
re slightly larger than those formed using the more conven-
ional methods; however there is a distinct difference in controlling
arameters between catalytic and photocatalytic processes, with
mall NP diameter being more important in typical catalytic reac-
ions than in light-activated mechanisms [10]. Recently, light
riven synthesis of silver nanoparticles on AgCl illustrated simi-

ar size distributions to the supported AuNP presented in this work,
ith the NP size being on the order of 30–150 nm [32]. Interestingly,

hese larger particles were shown to be efficient photocatalysts,
xidizing methylic orange dyes in the presence of visible light. In
nother report, AuNP supported on TiO2 with average sizes larger
han 50 nm have also been employed as efficient photocatalysts for
lcohol oxidations [33] and phenol degradation [34]. Further, the
se of larger supported AuNP has been proposed to be more useful
or pollution control and low temperature combustion as compared
o similar marterials of smaller diameter [34]. A recent report by
tamplecoskie et al. also illustrates the applications of larger AgNP,
ith larger SERS optimal enhancement being observed for particles

round 50 nm in diameter [35].

.3. Effect of % Au loading on particle size

The effects of % wt Au loading on the size of the resultant sup-
orted AuNP were also considered. SEM images of a nominal Au

oading of 1 wt% and 5 wt% on the three supports of interest were
aken to determine the influence of higher gold concentration on
he properties of the AuNP composites. Table 1 presents the aver-
ge size of the AuNP (as determined by SEM) and the nominal
u loadings on HT, �-Al2O3 and TiO2 P25. The average size of the
anoparticles increases with increasing Au loading, as well as the
olydispersity of the nanomaterials. This trend was noted by Gal-
agno et al. for a series of supported AuNP on metal oxides [36].

ecently, similar results have been noted for AuNP supported on
eO2 nanopowder [13]. The polydispersity increase on going from
% to 5% Au loading is well represented by the polydispersity index
PDI) values presented in Table 1. These exploratory results suggest
nd Photobiology A: Chemistry 224 (2011) 8– 15 11

that the concentration of the gold precursor can be employed to
control the size of supported AuNP using photochemical nanopar-
ticle synthesis.

3.4. X-ray diffraction spectroscopy

To confirm the presence of metallic gold adsorbed onto the solid
supports, samples consisting of a higher loading of 5 wt% Au were
prepared. Samples loaded with 1% Au did not display sufficient sig-
nal, in agreement with similar studies on clays, where no XRD signal
could be observed when the Au loading was ≤2 wt% [37]. The cor-
responding XRD patterns of 5% Au on HT and 5% Au on �-Al2O3
are presented in Fig. 4. These spectra present the diffraction peaks
characteristic for the supports and four additional peaks assigned
to Au(1 1 1), Au(2 0 0), Au(2 2 0) and Au(3 1 1) at 38.2◦, 44.5◦, 64.6◦

and 77.6◦, respectively. Similarly, diffraction peaks due to the four
aforementioned Au lattice planes were also observed for 5% Au on
TiO2 P25. These XRD results indicate that metallic gold was readily
supported on HT, �-Al2O3 and TiO2 P25.

3.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was also used to char-
acterize the oxidation state of the Au species adsorbed on the solid
supports (5% Au loading) and, therefore, the gold species responsi-
ble for their catalytic activity. Several reports have shown that not
only are AuNP effective catalysts for a number of organic reactions,
but also ionic gold (i.e., Au+, Au3+) at the Au-support interface (in
the form of metal oxides) [6,38] may  also play a major role in the
catalytic activity of these materials [5,16,39].

The supported AuNP were thoroughly washed via Soxhlet
extraction to ensure the removal of Au3+ precursor from the sup-
port surface prior to use. XPS spectra of 5% Au on �-Al2O3 taken both
before and after washing are presented in Fig. 5. A small amount of
Au3+ was  observed prior to washing of the solid, where broaden-
ing of the Au0 peaks was observed at 88.6 eV and 85 eV. Following
extensive extraction of the supported materials, no evidence of
Au3+ was found, indicating that following Soxhlet extraction only
metallic gold species remain on the supports. The Au 4f5/2 peak for
Au0 was readily observed at ∼87 eV for the Au on HT nanocompos-
ite, but the corresponding Au 4f7/2 peak at ∼84 eV was unable to
be detected due to overlap with the peaks of Mg  from the alumino-
magnesium solid support used in this system [40]. The Au 4f7/2 and
4f5/2 binding energies for Au0 were observed at 87.5 eV and 83.9 eV,
respectively, for both the 5% Au on TiO2 P25 and �-Al2O3 samples.

4. Exploratory catalytic testing: the reduction of
4-nitrophenolate

Over the past decade, significant effort has been placed on the
study of supported AuNP as catalysts in various organic reactions,
such as oxidations [5,12,15,17,40,41] and reductions [42–57].  In the
case of AuNP, their high surface-to-volume ratio adds to the interest
in these nanomaterials as potential catalysts [4].  Supported AuNP
from 1–50 nm in size have been shown to be catalytically active, in
particular as photocatalysts, towards a variety of organic reactions
[10,33,34,55]. The supported AuNP presented in this work fit within
this “active” size range, making them good candidates for catalytic
testing.

The reduction of nitroarenes has been extensively utilized in
the literature for supported Pd [49–51],  Ag [42,49,54,56,57] and
Au [3,42,43,45–48,52,53,55,56] composites, making this system

an attractive reaction for exploratory tests of the catalytic capa-
bilities of supported AuNP. Further, this reaction can be easily
followed by UV–visible spectroscopy. In particular, the reduction of
4-nitrophenol to 4-aminophenol in the presence of excess NaBH4
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Fig. 4. XRD spectra of 5% Au/HT (left) and 5% Au/�-Al2O3 (right). In these spectra the black trace corresponds to the XRD pattern of the support and the red one to the support
plus  AuNP.

Fig. 5. XPS spectra of 5% Au on �-Al2O3 before (left) and after (right) Soxhlet extraction for 48 h with CH3CN. The red fits correspond to the deconvoluted binding energies
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the aqueous solution, where NaBH4 reacts faster with the excess
oxygen than with the 4-NO2 precursor [42,55] and can also act as a
catalyst poison through adsorption onto the NP surface [57]. Purg-
ing of the sample with N2 prior to NaBH4 addition eliminates the
f  Au0 and the blue fits to the deconvoluted binding energies of Au3+. (For interpre
ersion of this article.)

as been widely employed to test the catalytic activity of noble
etal nanoparticles. The development of novel, greener synthesis

f 4-aminophenol is necessary due to its importance in pharma-
eutical, industrial and automotive applications [42]. Thus, this
ystem was of preferred choice to examine the performance of our
upported AuNP on HT, �-Al2O3 and TiO2 P25 as potential hetero-
eneous catalysts.

Upon addition of NaBH4 to a 4-nitrophenol solution, the colour
apidly changed from light to deep yellow. UV–visible spectroscopy
llustrated a red-shift in the absorption maximum from 315 nm
or the 4-nitrophenol (solution pH = 5) starting material to 400 nm
ue to the generation of 4-nitrophenolate (4-NO2) (solution pH = 7)
Fig. 6) [42]. Addition of supported AuNP resulted in a gradual
isappearance of the 400 nm band as monitored by UV–visible
pectroscopy. The reduction of 4-NO2 is shown in Fig. 7 with the
00 nm 4-NO2 absorption band decreasing and giving way to a new
pecies at 290 nm,  assigned to 4-aminophenolate (4-NH2) (solu-
ion pH = 8)[42,49,53,55].  No substantial decrease at 400 nm was
bserved for the three supports studied when control experiments
ere carried out in the absence of AuNP. These results show that

he supported AuNP are catalytically active and that Au is required
or this reaction to occur.

The rate constants for the consumption (kdecay) of 4-NO2 at
00 nm were also used to determine the efficiency of the 1% and

% Au on HT, �-Al2O3 and TiO2 P25 catalysts in the reduction reac-
ion (Table 2). These values indicate that the % Au loading and the
upport play an important role in the catalytic ability of these het-
rogeneous materials. Interestingly, the kinetic decay profile for
 of the references to colour in this figure legend, the reader is referred to the web

the 5% Au on TiO2 P25 revealed a unique induction time for the
first 2–3 min  of the reaction. This trend has been previously noted
in the literature and has been attributed to the presence of O2 in
Fig. 6. UV–visible absorption spectra for 4-nitrophenol (red) and 4-nitrophenolate
(blue). (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web  version of this article.)
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ig. 7. UV–visible absorption spectra for the reduction of 4-NO2 catalyzed by: (a)
%  Au on HT, (b) 1% Au on �-Al2O3 and (c) 1% Au on TiO2 P25.

nduction time when using 5% TiO2 P25 composite, consistent with

2 inhibition of the catalytic process. The reasoning for the pres-
nce of an induction time prior to reduction of 4-NO2 using 5% Au on
iO2 P25 is purely speculative and may  be related to the large AuNP

able 2
ate constants for the decay of 4-nitrophenolate using supported AuNP as catalysts.a

Support Au Loading
(%)

Ave. NP
size (nm)

kdecay at 390 nm
(min−1)

kdecay/% Au

HT 1 21 0.6 ± 0.01 0.6
5  47 2.2 ± 0.2 0.44

�-Al2O3 1 30 0.45 ± 0.01 0.45
5  112 1.9 ± 0.2 0.38

TiO2 P25 1 33 0.12 ± 0.05 0.12
5  142 0.30 ± 0.05 0.06

a Values taken at room temperature (23 ◦C) under air.
nd Photobiology A: Chemistry 224 (2011) 8– 15 13

size increase on varying the composite support from 5% �-Al2O3 to
TiO2. The Au surface area decreases with increasing NP size [55]. As
the amount of O2 in the system can be assumed to remain constant
in each trial, the likelihood of adsorption of oxygen onto the low
number of catalytically active areas of the 5% TiO2 P25 composite
is increased, resulting in a higher probability of catalyst poisoning.
Such an event would require that H2 first to displace the excess O2
from the AuNP surface (induction period) to allow for adsorption
of the hydrogen and 4-NO2 precursors and the reduction reaction
to proceed.

4.1. Influence of gold loading

The data in Table 2 show that the % Au loading has a consider-
able effect on the catalytic activity of supported AuNP and, thus, on
the rate of reduction of 4-NO2. Specifically, on increasing the % Au
loading from 1% to 5%, the rate of 4-NO2 reduction increased for all
supports. These results seemed puzzling, as the catalytic activity
of AuNP has shown to decrease with increasing AuNP size and NP
polydispersity [4–6,55]. The faster consumption of 4-NO2 when in
the presence of the 5% supported Au catalysts may  be attributed to
the change in the 4-NO2/mol Au ratio. On varying the Au loading
from 1 to 5%, the ratio between the moles of 4-NO2 and moles of Au
was  not held constant. Previous studies have shown that the reduc-
tion of 4-NO2 is largely dependant on the amount of catalyst in the
solution [55]. Closer examination of the corresponding UV–visible
spectra monitored against time for the composites comprising of
5% Au loading (Fig. S12, Supplementary Data) shows that the actual
turnover numbers (mol 4-NH2/% Au loading) as estimated from the
top absorption in the UV–visible spectra, are similar or less than
that observed for the 1% Au loadings (Fig. 7). For example, �max at
290 nm is approximately 0.95 for the 1% HT sample and 0.76 for the
5% loading. Furthermore, closer examination of the kdecay/% Au val-
ues presented in Table 2 reveals that when the amount of adsorbed
Au is accounted for, the turnover frequency for the reduction of
4-nitrophenolate is slightly less for the 5% Au composites, as com-
pared to those with 1% Au loading. From these results, it is evident
that though the reaction proceeds faster in the presence of the 5%
Au loadings, the generation of the product 4-NH2 is clearly less
favourable with these composites.

4.2. Influence of support

The nature of the supports employed in the synthesis of 1% and
5% heterogeneous Au catalysts influences both the catalytic activity
of the resultant supported AuNP, but also the ability of the support
to chemisorb the 4-nitrophenolate precursor. The support in these
solid state materials is known to be an integral participant in cat-
alytic reactions [5,6,16]. One role of the support is to reduce the
diffusional mobility of the adsorbed AuNP [5].  However, the support
may  also be crucial to facilitate adsorption of the 4-nitrophenolate
precursor. When considering the point of zero charge (PZC) of the
solids chosen for this study, HT has the highest PZC (≈10) [40], fol-
lowed by �-Al2O3 (PZC = 8) [58] and TiO2 P25 (PZC ≈ 6)[58].  The PZC
of 10 for HT indicates that anions are more favourably adsorbed
onto the surface of this support, consistent with this material as
an anion exchanged clay. Similarly, the ability of the solid sup-
port to effectively bind anionic precursors gradually decreases with
increasing PZC. Thus, for the series of supports chosen for this study,
HT would bind most favourably the anionic 4-nitrophenolate pre-
cursor and TiO2 P25 the least. The reduced catalytic activity of the
1% and 5% supported AuNP on varying the support from HT, to �-

Al2O3 and TiO2 P25 can also be attributed to reduced affinity for
the 4-NO2 precursor, thereby decreasing the proximity between
the starting material and the AuNP catalyst and the rate of 4-NO2
reduction.
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.3. Catalytic cycling

In order to test the ability of our supported AuNP to cycle in
atalysis and also to characterize the AuNP following the reduction
f 4-NO2, the reaction was carried out using the 5% �-Al2O3 AuNP
omposite due to the ability to image this support with a wide range
f techniques. First, the heterogeneous catalyst was  analyzed via
EM, TEM, XRD and XPS (see Supplementary Data) following use
n the reduction of 4-nitrophenolate. SEM analysis showed a fairly
onsistent particle size of 157 nm average, about 40 nm larger than
he value reported prior to catalysis in Table 1. XRD analysis still
howed the characteristic diffraction peaks attributed to Au0 and
PS detected little formation of Au3+ during catalysis.

To test the ability of our supported AuNP to cycle, a portion
f the 5% �-Al2O3 was cleaned via Soxhlet extraction for 48 h to
emove any by-products of the reduction reaction that may  have
een adsorbed onto the AuNP surface. The support was  then dried
nd the reduction of 4-NO2 carried out as previously described.
he resulting kdecay of the 4-NO2 band at 400 nm (presented in
ig. S17) was calculated to be 0.12 ± 0.07 min−1. These results are
pproximately 16 fold slower than initial catalytic testing, suggest-
ng that while these supported AuNP may  be appropriate for many
ycles of catalysis, some fatigue in the catalytic efficiency should be
xpected.

. Conclusions

Supported AuNP were successfully prepared on HT, �-Al2O3 and
iO2 P25 using a solvent-free photochemical method employing
etyl radicals as reducing agents; this method involves the irradi-
tion of solid samples under ambient conditions in an inexpensive
ome-built setup. The % Au loading was varied from 1% to 5%,
ith the 5% Au loadings forming larger AuNP. The heterogeneous
uNP composites were characterized through various techniques,

ncluding diffuse reflectance spectroscopy, SEM and TEM imaging,
RD and XPS and all show the presence of AuNP on the surface of

he supports. Further, XPS was used to verify the oxidation state
f the adsorbed Au species and concluded that, following Soxhlet
xtraction, only Au0 remained on the support surface. The catalytic
ctivity of the series of 1% and 5% Au supports were screened using
he reduction of 4-nitrophenolate due to ability to easily monitor
he reaction by UV–visible spectroscopy. The results of the screen-
ng showed that 4-NO2 was readily reduced in all cases where the
upported AuNP were present. Further, the rate constants for the
ecay of the 4-NO2 at 400 nm showed that both the % Au loading and
upport play an integral role in the efficiency of the AuNP catalyzed
eduction reaction. Noteably, this method of generating supported
uNP is environmentally benign by using light as one of the major
eagents and by reducing solvent use. These nanomaterials may
lso prove useful in the field of photocatalysis, where nanoparticle
ize is not as dominant a factor in dictating the catalytic activity of
hese particles.
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