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Abstract: Gold nanoparticles of 1024
and 5-8 nm in size were obtained by
chemical citrate reduction and UV
photoreduction, respectively, on acid-
treated multiwalled carbon nanotubes
(MWCNTs) and on ZnO/MWCNT
composites. The shape and size of the
deposited Au nanoparticles were found
to be dependent upon the synthetic
method used. Single-crystalline, hexag-
onal gold particles were produced in
the case of UV photoreduction on
ZnO/MWCNT, whereas spherical Au

when the chemical citrate reduction
method was used. In the UV photore-
duction route, n-doped ZnO serves as
the e~ donor, whereas the solvent is
the hole trap. All materials were fully
characterised by UV/Vis spectroscopy,
scanning electron microscopy, transmis-
sion electron microscopy, X-ray photo-
electron spectroscopy, Raman spectros-
copy and BET surface analysis. The
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catalytic activity of the composites was
studied for the selective hydrogenation
of o,B-unsaturated carbonyl compound
3,7-dimethyl-2,6-octadienal (citral).
The Au/ZnO/MWCNT composite fa-
vours the formation of unsaturated al-
cohols (selectivity =50% at a citral
conversion of 20%) due to the pres-
ence of single-crystalline, hexagonal
gold particles, whereas saturated alde-
hyde formation is favoured in the case
of the Au/MWCNT nanocomposite
that contains spherical gold particles.

particles were deposited on MWCNT

Introduction

Prominent examples of the functional properties of multi-
walled carbon nanotubes (MWCNTs)!! include hydrogen
storage,””! chemical and biomedical sensors,>? storage and
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intercalation of metals such as lithium!* and catalysis.”) The
attachment of groups to their outer surface is often a key
step in the chemical functionalisation of MWCNTs. The co-
valent linkage of functionalities by fluorination, silylation,
lithiation or diazotisation® or by converting native surface
defects of graphitic structures of CNTs into -COOH or -OH
groups by treatment with mineral acids are established tech-
niques of their functionalisation.”) By attaching inorganic
oxides and metal particles to such modified MWCNTs, a
class of nanoparticle (OD)-nanotube (1D) hybrid materials
becomes accessible. They derive their properties from a
combination of the individual properties of the components.
Examples are hybrid materials of CNTs with Au,®* Pt or
Pd;” oxides like TiO,, ZnO or WO;;' or semiconductors
ZnSe, CdS or CdSe." In recent reports, Pt/RuO,xH,0/
CNT and Au,Pt/SiO,/MWCNT have been used as nanocata-
lysts for fuel cell and oxygen reduction applications.'*" We
have recently shown that sensing of CO is better with ZnO-
functionalised MWCNTSs (a ZnO/MWCNT composite) than
with MWCNTs alone.™ When nanoparticle systems are
used for catalysis and related applications, irreversible ag-
gregation of active nanocatalysts can be suppressed by limit-
ing their mobility on the CNT surface by means of chemical
tethering.!"”! This prevents individual nanoparticles from ag-
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glomerating and exposes larger surface areas of the nano-
particle/nanotube interface, thus enhancing the catalytic ac-
tivity of the particles.

With dimensions below 2 nm, nanoscaled gold typically
exhibits quantum-size effects that are attributed to its cata-
Iytic reactivity.l" In addition, the strong interaction of gold
nanoparticles with the support leads to a reactive interface
region as an active site for catalysis. In addition, the individ-
ual shape and morphology of the gold nanoparticles has an
important influence on its catalytic activity and selectivi-
ty.""!1 Au nanoparticles supported on TiO,, ZrO,, ZnO,
Fe,O; and SiO, have been used for low-temperature CO ox-
idation,['® hydrogenation”?! as well as for oxidation of hy-
drocarbons!™® and so forth. Supported nanostructured gold
catalysts show a high selectivity towards hydrogenation of
C=0 bonds in the presence of double bonds during the con-
version of unsaturated aldehyde or ketones to unsaturated
alcohols."”?"! However, studying the direct influence of the
support on Au nanoparticles in binary versus ternary com-
posites has, to the best of our knowledge, not been reported.

Herein we present our studies towards the preparation,
complete characterisation and catalytic performance of an
Au/MWCNT nanoparticle binary composite and an Au/
ZnO/MWCNT ternary composite. We studied the latter for
whether nanoscale ZnO can 1) serve as a photoactive reduc-
tion equivalent to form Au nanoparticles by means of UV
decomposition and reduction of Au™ salt and 2) serve as a
support to these Au nanoparticles. Moreover we studied cat-
alytic hydrogenation test reactions of the a,B-unsaturated al-
dehyde 3,7-dimethyl-2,6-octadienal (citral) on these new
binary and ternary composite nanocatalysts.

Results and Discussion

The generation and deposition of gold nanoparticles on
MWCNTs and on the ZnO/MWCNT composite was per-
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formed by means of UV irradiation of an alcoholic solution
of Au"™.” This method is able to eliminate any high-tem-
perature calcination/H, reduction post-synthesis treatment
that is necessary with conventional reduction methods, such
as, deposition—precipitation, sol-gel, co-precipitation and in-
cipient wetting.'l It relies on the fact that noble metal ions
of Groups 10 and 11 can be reduced by photoelectrons gen-
erated by appropriate semiconductors like ZnO, WO; and
TiO, (see refs. [1-10] in ref. [22]). Herein we study the use
of ZnO as a UV-active photoreductant. The active ZnO
nanoparticles were synthesised from the single-source mo-
lecular precursor [Zn{CH;ONCCH;COO},]-2H,0 (1) by
means of impregnation followed by decomposition on the
carbon nanotube surface. Precursor 1 decomposes cleanly
under moderate conditions via a zinc carbonato intermedi-
ate formed in a Beckmann-type decomposition. The thus
formed ZnO consists of nanoparticles in the narrow range
of 2-10 nm."™ Scheme 1 shows the synthetic procedure for
the synthesis of the Au/ZnO/MWCNT ternary nanocompo-
site. Synthetic procedures for the other composite materials
discussed herein follow a similar route.

The BET surface area of bare MWCNTs, AUMWCNT
and ternary Au/ZnO/MWCNT were determined as 15.76,
23.86 and 19.1 m*g~!, respectively, by means of nitrogen
physisorption. The increase in surface area for the Au/
MWCNT composite can be attributed to the fact that the
MWCNTs were treated with acid before the deposition of
the gold nanoparticles. In the case of the formation of the
AW/ZnO/MWCNT composite, the MWCNTSs were used as
received (no acid treatment). The acid treatment introduces
additional coordination sites and end-cap openings, which is
believed to cause an increase in the surface area of Au/
MWCNT composite.

UV/Vis spectroscopy of the composites: The UV/Vis spec-
troscopic measurements on suspensions of Au/ZnO (see the
Supporting Information), ZnO/MWCNT, Au/MWCNT and
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Scheme 1. Decomposition pathway of 1 and deposition route to ZnO/MWCNT and Au/ZnO/MWCNT nanocomposites.
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Au/ZnO/MWCNT nanocomposites in ethanol are shown in
Figure 1b-e, respectively. The absorption spectrum of gold
nanoparticle colloids in Figure 1a is given for comparison.
For the gold nanoparticles containing composites, the sur-
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Figure 1. UV/Vis spectra of a) gold nanoparticles obtained by the chemi-
cal citrate reduction route; and b) Au/ZnO, c) ZnO/MWCNT, d) Au/
MWCNT and e) Au/ZnO/MWCNT nanocomposites obtained by photore-
duction. Nanoscaled ZnO is always obtained from thermal decomposi-
tion of precursor 1.1

face plasmon resonance absorption band at 527 nm (nor-
mally observed for gold colloids; Figure 1a) is shifted to-
wards a higher wavelength by approximately (21+2)nm.
This redshift in the plasmon band can be attributed to Au
particle interactions, to particle size and shape variations of
the adsorbed Au nanoparticles on the surface of the
MWCNTs or to the formation of ZnO/MWCNT nanocom-
posites, which changes the local refractive index.?! The
band-gap absorption observed for ZnO in the Au/ZnO/
MWCNT composite is shifted towards a higher wavelength
by approximately (6+2) nm in comparison with the binary
composite ZnO/MWCNT.!¥! The ZnO particles in the ZnO/
MWCNT composite show a size distribution of 2-10 nm and
an absorption of 358 nm/¥ (relative to bulk ZnO this a blue-
shift of (1942) nm). Such a redshift is also observed for Au
deposited on nanoscaled ZnO derived from 1 (Figure 1b).
According to theoretical calculations at the quantum me-
chanical/molecular mechanical (QM/MM) level of Au on
ZnO, such results show 1) a reduction of electron density on
Au because of its interaction with the surface and 2) that
Au’ has low adsorption energy on ZnO, which allows Au’ to
be partially oxidised to Au' by transferring electron density
to the ZnO conduction band. This explains the redshift ob-
served in the ZnO absorption after Au deposition.*!

X-ray powder diffraction studies: The structural characteris-
tics of all the composites have been investigated by X-ray
powder diffraction (XRD) (Figure 2). XRD analysis of the
AUMWCNT and Aw/ZnO/MWCNT nanocomposites indi-
cate the presence of gold in its metallic, zero-valent state in
both composites. No signals for other gold species were de-

tected, thus indicating complete reduction of the Au™ pre-
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Figure 2. X-ray powder diffraction pattern (Cug,) of a)binary Au/
MWCNT and b) ternary Au/ZnO/MWCNT nanocomposite nanocatalysts.

cursor to Au’. The remaining peaks can be indexed to either
ZnO or graphitic carbon from the MWCNTs.

Micro-Raman measurements: Figure 3a—d shows the reso-
nant micro-Raman spectra of bare MWCNTs used as sup-
port (trace a), AUMWCNT (trace b), ZnO/MWCNT (trace
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Figure 3. Raman spectra of a) bare MWCNTs, b) AuMWCNT compo-
site, ¢) ZnO/MWCNT nanocomposite and d) Au/ZnO/MWCNT nano-
composite. Inset: Magnified view of the E, region of the Au/ZnO/
MWCNT spectrum.

¢) and the Au-coated ZnO/MWCNT nanocomposite (trace
d). The Raman spectra of the MWCNTs and of the nano-
composites show first-order Raman absorptions for the dis-
ordered band (D) at 1353 cm™ and the graphene band (G)
at 1578 cm ™ and second-order Raman signals at 2685 (D*)
and 2918 cm™ (D+G) all corresponding to the MWCNT
support.” In addition, signals corresponding to the E,
mode at 105 cm™' were observed for the ZnO/MWCNT and
Au/ZnO/MWCNT nanocomposites (see inset) indicating
that vibrational modes of ZnO are not influenced by the
deposition of gold nanoparticles. The shift of the E, mode to
a higher wavelength relative to bulk ZnO (E, resonance
mode at 98 cm™') was assigned to the effect of nanocrystal-
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line ZnO. Similar absorption band shifts have been reported
for ZnO nanobelts compared with bulk ZnO.['"*?"! The broad
absorption at 570-580 cm™' can be assigned to the combined
A,(LO) and E,(LO) modes.” The intensity ratio of Ip/I5 of
bare MWCNTs, AWMWCNT, ZnO/MWCNT and Au/ZnO/
MWCNT was calculated to be 0.98, 0.82, 0.65 and 0.75, re-
spectively. The trend shows that after nanoparticle function-
alisation of MWCNTs with ZnO and Au the intensity of the
defect band decreases. This can be attributed to the fact that
defect sites of the MWCNT support act as preferred nuclea-
tion sites for the growth of ZnO and Au nanoparticles on
the MWCNT surface, thus strongly affecting the defect vi-
brations of the MWCNTs of the nanocomposites.

X-ray photoelectron spectroscopy (XPS) measurements on
Au/MWCNT and AwW/ZnO/MWCNT: XPS spectra of Au/
MWCNT and Auw/ZnO/MWCNT nanocomposites prepared
by using UV-light reduction are shown in Figure 4. An XPS
survey spectrum (not shown) indicated that gold was in the
zero oxidation state. The corresponding binding energies of
Au 4f;, and Au 41, are 87.8 and 84.1 eV, respectively, for
the AuMWCNT and the Au/ZnO/MWCNT nanocompo-
sites, the same as that observed for bulk gold.™ The binding
energies of Zn 3py,, Zn 3ps, and Zn 2p;, are 92.3, 89.6 and
1022.2 eV, respectively, in good accordance with reported
values.?*%

The high-resolution XPS spectra of the C 1s and O 1s ex-
citation of AuMWCNT and Au/ZnO/MWCNT are shown in

Zn2p3;;
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Figure 4. X-ray photoelectron spectra of a) the Au 4f;,/Au 4f;, region of
gold in the AWMWCNT nanocomposite and b) the Zn 3p:,/Zn 3p:, and
Au 4f;,/Au 41, regions of gold and ZnO for the Aw/ZnO/MWCNT nano-
composite. The inset shows the Zn 2p;, trace of the AwWZnO/MWCNT
nanocomposite.
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Figure 5. The MWCNTs were functionalised before the dep-
osition of gold in the case of AuUMWCNT, whereas in the
case of gold deposition on ZnO as-received MWCNTs were
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Figure 5. X-ray photoelectron spectrum of the C 1s region (upper traces)
and O 1s region (lower traces) in a) AUMWCNT and b) Au/ZnO/
MWCNT nanocomposites.

used. The C 1s spectrum of the MWCNTs shows the graph-
itic carbon peak at 284.5eV. A small shoulder, which is
more predominant in the case of C 1s of the AuMWCNT
nanocomposite at 286.7 eV indicates -COOH and/or -OH
groups generated after functionalisation due to an acid
treatment. The O 1s peak has been deconvoluted into two
peaks originating at 531.3 eV and a broader one at 532.7-
533.3 eV. The first one corresponds to oxygen of ZnO as
well as to C=0 groups (ca. 531.1 eV) and the second to C—
OH groups (532.7-5333¢V) on the surface of the
MWCNTs.F3!

Scanning electron microscopy (SEM): SEM analysis of the
Au/MWCNT binary nanocomposite obtained from the
chemical citrate reduction route and of the Au/ZnO/
MWCNT ternary nanocomposite obtained by UV photode-
composition are shown in Figure 6. Au particles with a mean
diameter of 23.1 nm can be seen in the binary nanocompo-
site (Figure 6 top). This value is in agreement with an aver-
age crystallite size of 24 nm determined from XRD by using
the Scherrer equation. The Au particles are present on the
surface of the MWCNT in a very dispersed manner. In the
case of the Au/ZnO/MWCNT nanocomposite (Figure 6
bottom), the Au particles were generated by UV photode-
composition on the ZnO/MWCNT composite. Although this
reduction technique should in principal provide smaller Au
particles, only larger aggregates in the range 24-100 nm
were detected close to one another on the surface of the
MWCNTs. We attribute their size to the formation of Au/
ZnO composite particles on the surface of the MWCNT.
Indeed, the UV-photocatalytic reduction of gold chloride
needs the presence of a photoactive defect-rich oxide like
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Figure 6. SEM images of AuUMWCNT from the citrate reduction route
(top) and Au/ZnO/MWCNT obtained from the UV photoreduction route
(bottom). The insets in both cases show an overview of gold nanoparti-
cles and Au/ZnO distributed on the MWCNTs.

ZnO to generate electron (e”)-hole (h*) pairs. The photo-
generated electrons thus initiate the reduction process of
the Au’* ions to form zero-valent Au’ nanoparticles.”” The
solvent isopropanol serves as the hole trap.”! The Au parti-
cles should thus be in close vicinity, or even tethered to the
ZnO nanoparticles on top of the MWCNTs. To prove the
situation further, we studied their structure by TEM and
high-resolution TEM (HRTEM).

Transmission electron microscopy (TEM): First we carried
out TEM analysis of gold nanoparticles deposited on
MWCNTs by the citrate reduction and UV-light-assisted
photoreduction without the photoreductant ZnO (Figure 7a
and b, respectively). The gold particles were of a larger size,
between 10 and 24 nm, for the citrate reduction route,
whereas a discrete coating with small gold nanoparticles (5—
8nm) was observed in the case of the photoreduction
method. The unbundled MWCNTs have an absorption band
at around 267 nm.'*3? The result that photoreduction of
Au™ can indeed already be achieved in the presence of iso-
propanol as hole scavenger points to the fact that the
defect-rich MWCNTs offer photoactive sites for the genera-
tion of electron-hole pairs, which serve as a reductant for
Au™. However, this effect is much more pronounced when
the ZnO/MWCNT composite is used as photoinitiator for
the Au nanoparticle deposition and is shown in the TEM
analysis of the Au/ZnO/MWCNT nanocomposite (Figure 8).
Gold nanoparticles of 2-5 nm are present on the surface of
the ZnO and those of 8-10 nm are present on regions of the
MWCNT where no ZnO is tethered to the CNT surface
(Figure 8a—d, for a detailed TEM analysis of the ZnO/
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Figure 7. TEM of gold nanoparticles on MWCNTs synthesised by a) the
citrate reduction route (inset: the SAED pattern of the gold particle)
and b) UV photoreduction of gold chloride. The dark regions indicate a
discrete coating of gold particles deposited on the MWCNTs by a UV
photoreduction route (inset: a magnified image of the centre part of the
CNT).

MWCNT composite see ref. [14]). The deposited ZnO com-
prises slightly elongated particles, and depending on the
amount of precursor 1 used, it is possible to load the surface
of the MWCNTs accordingly. During the formation of Au
nanoparticles on the ZnO/MWCNT composite no change in
the morphology of the previously deposited ZnO was ob-
served.

Thus, the noteworthy observations are that 1) the deposi-
tion of Au on ZnO is much denser than that on bare, ZnO-
free regions of the MWCNTs and 2) the particles are much
smaller in the case of Au/ZnO compared with the Au/
MWCNT surface regions of the Au/ZnO/MWCNT compo-
site (compare Figure 8a and c). Au nanoparticles are, how-
ever, in close contact both with the ZnO nanoparticles and
with the MWCNT. This certainly facilitates a larger inter-
face contact, which in turn plays an important role in the
catalysis involving gold nanoparticles. Gold particles on
ZnO have a hexagonal shape, whereas Au particles on bare
MWCNTs are spherical. HRTEM images show [111] facets
of Au (d=0.23 nm) and [102] facets for ZnO (d=0.19 nm)
particles. The selected-area electron diffraction (SAED) pat-

Chem. Eur. J. 2010, 16, 23002308
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Figure 8. TEM and HRTEM of the Au/ZnO/MWCNT nanocomposite obtained from photoreduction. a) Au/
ZnO/MWCNT composite overview; b) as in (a) but at a higher magnification; c) gold nanoparticles deposited
on MWCNTs in the areas in which ZnO is seen; d) HRTEM of the interface of Au/ZnO of the marked section

in (b).

tern (inset of Figure 8b) proves the highly crystalline nature
of the Au/ZnO composite on the surface of the MWCNT.

TEM analysis of the Au/ZnO/MWCNT nanocomposite
obtained by means of the chemical citrate reduction route
(Figure 9a and b) indicated that gold nanoparticles are pref-
erentially reduced and deposited on the ZnO only. In con-
trast to the photoreduction technique, the Au particle size is
distinctly below 8 nm.

Catalytic activity of AwW/MWCNT and Aw/ZnO/MWCNT:
The Au/MWCNT and Auw/ZnO/MWCNT nanocomposites
were tested for their catalytic activity and selectivity during
the hydrogenation of 3,7-dimethyl-2,6-octadienal (citral),
which belongs to a class of o,f-unsaturated aldehydes and
has three unsaturated bonds (a conjugated system com-
prised of C=C and C=0 groups as well as an isolated C=C
bond). Table 1 gives an overview of the catalytic properties
in terms of activity (citral conversion after 360 min) and se-
lectivity to the unsaturated alcohols (geraniol and nerol;
UOL) and the saturated aldehyde (citronellal; CAL) for the
different composite catalysts with respect to its preparation
method, composition and Au particle size and morphology.

Chem. Eur. J. 2010, 16, 23002308
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Note that because of the com-
plex reaction network of citral
hydrogenation consisting of
competitive and consecutive
reactions (e.g., further hydro-
genation of UOL and CAL to
citronellol and 3,7-dimethyloc-
tanol), the selectivities towards
UOL and CAL must be com-
pared at constant conversion.

Table 1 shows that
MWCNTs alone are active for
hydrogenation, which is ac-
counted for by their surface
defect sites producing un-
known compounds during the
catalytic reaction. It can be fur-
ther observed that the selectiv-
ity to the unsaturated alcohol
(UOL) is significantly higher
when using the ZnO-modified
nanocomposite Au/ZnO/
MWCNT, which yields 50 % of
the desired products. This
clearly indicates a correlation
between the catalyst perfor-
mance and the Au nanoparticle
shape (single crystalline, hex-
agonal vs. spherical gold parti-
cles for Au/ZnO/MWCNT and
Au/MWCNT, respectively)
suggesting that control of the
intramolecular selectivity (C=
O vs. C=C hydrogenation) is
structure-sensitive. With regard
to the activity of supported gold catalysts during hydrogena-
tion, it must be kept in mind that, besides the support type,
a co-operative effect of particle size, degree of particle
rounding and portion of multiply twinned particles must be
considered as shown in the selective hydrogenation of the
simplest o,B-unsaturated aldehyde, acrolein.''! In the pres-
ent study the catalyst with the largest gold particles (10—
24 nm, Au/MWCNT), which are spherical, exhibited the
highest activity (Table 1). In the case of oxidic supports, the
higher turnover frequency of an Au/TiO, catalyst compared
with Au/ZrO, has been ascribed to the higher degree of
rounding of the dominating single-crystalline face-centred
cubic (fcc) particles, that is, a higher portion of low-coordi-
nated surface sites.”! The AWMWCNT nanocomposite pre-
pared by UV photoreduction displays lower catalytic activi-
ty than AuUMWCNT prepared by chemical citrate reduction
in accordance with the finding that the nanoparticle mor-
phology of the former is irregular.

Thus, relative to Au/MWCNT, the Au/ZnO interface in
Au/ZnO/MWCNT clearly provides interfacial active sites
adjacent to the gold particles that can activate the C=O
groups of the reactant. This finding indicates that functional-
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Figure 9. TEM of the Auw/ZnO/MWCNT nanocomposite. The Au parti-
cles on the ZnO/MWCNT have been synthesised by using the chemical
citrate reduction route. a) Overview. b) Higher magnification of deposit-
ed Au/ZnO nanoparticle islands.

isation of the MWCNTs with oxides plays a crucial role in
the use of these nanocomposites as catalysts.

Conclusion

The synthesis and characterisation of binary and ternary
nanocatalysts of the type Au/MWCNT and Au/ZnO/
MWCNT has been successfully demonstrated by photore-
duction and conventional citrate reduction. The method of
deposition of gold nanoparticles has a significant impact on

the final size and shape of the gold nanoparticles on the
MWCNTs and on ZnO/MWCNT. It was found that nano-
scaled ZnO can be used as an effective photoreductant for
Au™ on MWCNTs. Nevertheless, MWCNTs also offer pho-
toactive sites able to reduce Au™ by means of photogenerat-
ed electrons. SEM and TEM show that such Au nanoparti-
cles preferentially deposit on ZnO and are 2-5 nm in size,
and those deposited on the MWCNT are between 10 and
24 nm. XRD and XPS data indicate that the deposited gold
is in a metallic zero-valent state with no other oxidation
states of gold present. UV/Vis spectroscopy indicates a red-
shift in the plasmon band of Au as well as that for Au/ZnO
deposited on MWCNT. The results of citral hydrogenation
indicate clearly that the presence of ZnO on the MWCNT
increases the selectivity towards C=0O group hydrogenation
due to the presence of single-crystalline, hexagonal gold par-
ticles. In contrast, the AuWMWCNT composite, irrespective
of the method of synthesis, shows poor selectivity towards
the unsaturated alcohols.

Experimental Section

General: MWCNTs with a diameter of 150 nm were purchased from
Electrovac, Klosterneuburg, Austria. They were further treated with boil-
ing concentrated HNO; for approximately 18 h before the deposition of
gold. HAuCl4 H,0 (99.9 %, Au 48.0 %, Merck), isopropanol (Fluka, GC
grade, >99.5%) and citric acid trisodium salt dihydrate (Acros, 99 %)
were used without any further treatment. The gold chloride solutions
were prepared with triple-distilled water from a Milli-Q water purifica-
tion system (resistance 15 MQ) and stored in the dark to avoid any fur-
ther photoinduced decomposition. The synthesis of the ZnO/MWCNT
composite is described elsewhere in the literature."*

Synthesis of AWMWCNT and Aw/ZnO/MWCNT composites: For the
synthesis of the composite materials, acid-treated and untreated ZnO/
MWCNT composites (400-500 mg) were impregnated overnight in a
2 mMm aqueous solution of gold chloride (200 mL). Au deposition on the
MWCNTs was carried out by two methods: 1) by reduction with sodium
citrate and 2) by UV-light reduction using ZnO nanoparticles as the pho-
toelectron donor and isopropanol as the hole acceptor. In Method 1, the
gold chloride impregnated nanotubes were treated with sodium citrate
(38.8 mmol) at 60°C for approximately 18 h.** In Method 2, gold chlo-
ride was impregnated on MWCNTSs in isopropanol (50 mL).”” The pho-
toreduction to gold was performed by placing the reaction mixture in a
UV chamber (Hoenle UV technology, UVACUBE 2000) at a UV power
of 160 mWcm™ and a wavelength of <350 nm for 10 min. After the reac-
tion, the initially pale yellow solution turned colourless indicating a quan-
titative reaction. The photodeposition of Au on the ZnO/MWCNT com-
posite!"! was carried out in the same way as that used for the preparation
of Au on the MWCNTs. The final products were filtered and washed
with Millipore water until they were chloride free and were then dried at
100°C overnight.

Table 1. Results of citral hydrogenation with AWMWCNT and Au/ZnO/MWCNT composites as catalysts.!?!

. Au shape . Selectivity (20 % conversion)
o, [b] oy 7lel
Samples Reduction method Au content [wt %] d,, [nm] Citral conv. [%] UOL CAL  Others
MWCNT - - - - 33 8 13 79
Au/MWCNT citrate 23 1024 spherical 51 32 55 13
Au/MWCNT UV light 2.8 2-8 irregular 39 15 20 65
Au/ZnO/MWCNT UV light 2.3 3+1.5 single crystalline, hexagonal 28 50 33 17

[a] T=160°C, p(H,)=70 bar, solvent: n-hexane, m =400 mg, V u=10mL, V, =90 ML, Vi agecane=>5 mL (internal standard for GC analysis).
[b] Au particle size. [c] Conversion after 360 min. [d] Citronellol, 3,7-dimethyloctanol, isopulegol, non-identified products.
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Sample characterisation: UV/Vis measurements were performed on sus-
pensions of the products in ethanol against pure ethanol with a UV/Vis/
NIR spectrometer (Lambda 900, Perkin—-Elmer). Each sample was
scanned in the range 280-800 nm. Micro-Raman measurements were car-
ried out on a LabRAM HR high-resolution microscope from Horiba
Jobin Yvon (model HR 800). The excitation wavelength used was
488 nm. The spectrum was recorded in the range of 50-4000 cm™" for all
of the nanocomposite materials. The gold content of the specimens was
analysed by inductively coupled plasma optical emission spectrometry
(ICP OES) using a Perkin—Elmer Optima 3000. The samples were pre-
pared by dissolving a known amount of the nanocomposite in aqua regia.
XRD of the samples was performed using a StadiP instrument (StadiP,
Stoe and Cie GmbH, Darmstadt) in Debye—Scherrer mode (flat speci-
men, transmission mode) with Cug,, radiation with a Ge(111) monochro-
mator. XPS measurements were performed using an ESCA lab 250 in-
strument (thermo VG scientific) with monochromated Alg, radiation in
constant analyser energy mode (CAE) with a pass energy of 50 eV for all
spectra. SEM investigations were performed with a Philips XL 30 FEG
microscope at 20 keV. HRTEM investigations were carried out using a
CM20FEG microscope (Philips) at 200 kV to determine the size and
morphology of the gold particles. Samples were prepared in high purity
ethanol and dripped on lacy-carbon copper grids. BET surface-area
measurements were carried out with a Nova 3000e instrument. Surface
area and sample pore size were analysed by using the nitrogen-sorption
method.

Catalytic testing: Liquid-phase hydrogenation of citral was performed in
a batch autoclave reactor (Parr Co.). The catalyst (400 mg) was mixed
with n-tetradecane (5mL; internal standard for GC analysis), citral
(10 mL) and n-hexane (90 mL; as solvent). The reactor consisted of a
chemically resistant Teflon vessel maintained at 160°C. The hydrogena-
tion was carried out under strict exclusion of oxygen by flushing the reac-
tor with argon at 9 bar before the start of the experiment with at a stir-
ring rate of 1200 rpm. The heating of the reaction mixture was also car-
ried under argon, wherein the pressure increased to 15 bar. After reach-
ing the required temperature, the batch reactor was pressurised with H,
(70 bar) to start the hydrogenation reaction. Samples were taken periodi-
cally and analysed with off-line GC (instrument: HP 6890, DB-WAX).
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