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The influence of the concentration and nature of weakly bound capping agents on the catalytic activity
and selectivity of gold nanoparticles is explored in the selective liquid phase oxidation of benzyl alcohol
with oxygen and complemented with a detailed XPS analysis. Two nitrogen-based capping agents, dode-
cylamine (DDA) and poly(vinyl-pyrrolidone) (PVP) and different gold catalysts (supported and unsup-
ported gold nanoparticles, a reference gold catalyst with and without exposure to capping agents)
have been used. The colloid nanoparticle-based catalyst exhibits a high activity at mild conditions
(TOF = �104 h�1 at 353 K in air). The interaction of alumina support–nanoparticle induces the presence
of cationic gold and more surface gold atoms and, hence, catalytic activity although capping agent is still
present. The activity is the highest for the largest gold particles (�6.4 nm), correlating with sites in larger
surface planes.

Weakly bound capping agents lower the accessibility to the active sites and may act as catalyst surface
poison. Selecting the appropriate capping agent for the nanoparticles synthesis (weakly adsorbing on the
particle and promoting polycrystallinity), nanoparticles with twinning defects and enhanced catalyst
activity are produced, compensating the negative effect of diffusional hindrance. On the other hand,
the selectivity to benzaldehyde at higher conversions is dominated by gold particle size, increasing with
decreasing size, and independent of the presence of capping agents and twinning defects.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction adsorbed on the nanoparticles, usually in low concentration,
Capping agents, protective agents or stabilizers are molecules
(i.e. dendrimers, polymers and surfactants) employed in the prep-
aration of metallic nanocrystals by wet chemistry [1–4]. Their
functions are to avoid the aggregation of the nanoparticles in solu-
tion and to control the size and shape at the crystallographic level
(growth is limited at the crystal plane where the capping agent is
binding and promoted at the crystal plane where binding is weak)
[5–9]. When these metallic nanocrystals are used as high-tech cat-
alysts, the major challenge is to obtain ‘‘clean” nanoparticles before
or after their deposition on a support without altering the precise
nanoparticle structure responsible for their catalytic function.

An elegant method for the removal of the excess of the capping
agent, which clearly affects the catalytic action of the particles in
gas–solid [10–14] and liquid–gas–solid reactions [15–19], consists
of the introduction of a large excess of a solvent in the colloidal
suspension such as acetone or methanol that provokes the extrac-
tion of the capping agent and the flocculation of the nanoparticles.
Then, precipitated nanoparticles are separated and re-dispersed in
a selected solvent [20–24]. However, capping agents still remain
ll rights reserved.
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depending on the affinity between the metal and the functional
group of the capping agent [22,23]. Therefore, capping agents could
still compete with reactants and products for the adsorption sites
or hamper their accessibility, thereby altering the catalytic action
of the particle. As an example, the activity of gold catalysts is det-
rimentally affected when (strong) covalent binding capping agents
(i.e. alkanethiol molecules and phosphine complexes) are present
in minute amounts [12,13,25]. Furthermore, the capping agent–
support affinity is an additional parameter to be considered. The
capping agent can affect the particle location on the support mod-
ifying the gold shielding caused by the support which will have
consequences on the reactivity, as studied with gold-on-carbon
catalysts and two different capping agents, N-dodecil-N,N-di-
methyl-3-amino-1-propan sulphonate and polyvinyl alcohol [18].

Herein, we analyse the influence of the concentration and nat-
ure of weakly bound capping agents on the catalytic activity and
selectivity of gold nanoparticles used in a selective oxidation reac-
tion, viz. the oxidation of benzyl alcohol. Catalytic data are comple-
mented with a thorough TEM and XPS analyses. The selected
capping agents are dodecylamine (DDA), a novel surfactant [26],
and poly(vinyl-pyrrolidone) (PVP), a commonly used polymer in
the preparation of metallic nanoparticles [27–31]. The choice for
these nitrogen-based capping agents was made to enable eventual
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complete oxidative removal, unlike sulphur- or phosphorous-
based capping agents. The latter bind stronger and may produce
smaller particles but leave undesired residues on the catalyst after
oxidation. The effect of the used capping agents is compared in
three ways, by using supported and unsupported gold nanoparti-
cles, using bare supported gold particles in a reference catalyst
and using the latter after exposure to capping agents. In the latter
approach, we study the effect of the presence of residual amounts
of a weakly bound capping agent on particles of exactly the same
size, morphology and crystalline structure. Also, their effect on
the performance of a reference gold catalyst is evaluated.
2. Experimental

2.1. Catalyst preparation

2.1.1. Preparation of gold colloids
Metallic gold nanoparticles with dodecylamine (DDA) were pre-

pared following the methodology described by Chen and Wang
[26] which is based on a novel water–cyclohexane two-phase sys-
tem at room conditions. In 25 mL of cyclohexane, 0.75 g of DDA
(Sigma–Aldrich) was dissolved (J.T. Baker), then 6 mL aqueous
formaldehyde (37 wt.% in water, Sigma–Aldrich) was added and
DDA could react with formaldehyde to yield the reductive interme-
diate, dodecylaminomethanol (DDAM):

CH3ðCH2Þ10CH2NH2 þHCHO ! CH3ðCH2Þ10CH2NHCH2OH ð1Þ

After vigorously stirring for 10 min at 298 K, the cyclohexane
phase containing the reductive intermediate was separated out.
Ten millilitre aqueous 4 g/L HAuCl4 (Sigma–Aldrich) solution was
added into the separated cyclohexane solution under vigorous stir-
ring, and the amine–methanol group –NHCH2OH is oxidized to –
NHCOOH by Au3+ which is as the same time reduced to Au0. The
–NHCOOH group is not stable and decomposes into –NH2 and for-
mic acid. Thus, DDA is released and adsorbs and assembles on the
nanoparticle surface. At this moment, the colour of the organic
phase turned deep ruby red:

CH3ðCH2Þ10CH2NHCH2OHþ Au3þ !O2
CH3ðCH2Þ10CH2NH2 � Au0

þHCOOHþH2O ð2Þ

Metallic gold nanoparticles with poly(vinyl-pyrrolidone) (PVP)
were prepared following a methodology similar to that described
by Domínguez-Domínguez et al. [21] which involves the reduction
of 24 mg of HAuCl4 by 120 mL anhydrous ethylene glycol (Sigma–
Aldrich) in the presence of PVP (PVP40T, Sigma–Aldrich) at 353 K
for 3 h:

HO� CH2 � CH2 � OH !T CH3 � CHOþH2O ð3Þ
6ðCH3 � CHOÞ þ 2ðHAuCl4Þ !
T

3ðCH3 � CO� CO� CH3Þ
þ 2Au0 þ 8HCl ð4Þ

The solution had also a deep red colour.
The operating conditions for the preparation of both gold col-

loid solutions are summarized in Table 1.
Table 1
Summary of the experimental conditions for the preparation of gold colloid solutions.

Precursor Reducing agent Capping agent Reducing agent/Au (m

HAuCl4 DDAM DDA 34.5
HAuCl4 EGa PVP 18 � 103

a EG is also the solvent.
2.1.2. Preparation of solid catalysts
The reference catalyst 0.8%Au/Al2O3 (2.5-nm gold particle size,

BC17) supplied by World Gold Council (WGC), with the gold nano-
particles already in immobilized form after their preparation by
deposition–precipitation, was coated with DDA and PVP (indicated
by WGC-DDA and WGC-PVP catalysts, respectively) by the follow-
ing procedure: 2 g of WGC catalyst (dp = 50–70 lm) was stirred
overnight with the corresponding capping agent solution, 0.75 g
of DDA in 25 mL of toluene, for WGC-DDA, and 0.75 g of PVP in
25 mL of distilled water, for WGC-PVP. After coating, catalysts
were filtered and washed with acetone and then ethanol under vig-
orous stirring for 1 h.

Other batches of catalyst were prepared by immobilization of
the preformed gold nanoparticles on commercial c-Al2O3 (Akzo
Chemie, ref. 31814) by adsorption. The appropriate volume of (i)
the ‘as-prepared’ colloid (CAT-DDA) or (ii) the colloid after first
washing the excess of capping agents with acetone and subsequent
re-dispersion of the nanoparticles in cyclohexane (CAT-DDA (w))
or water (CAT-PVP (w)) was stirred overnight with the correspond-
ing mass of c-Al2O3 (dp = 50–70 lm) in order to prepare the 1% wt.
Au/Al2O3 catalysts. The red colour of the colloid solution faded
overnight. The resulting catalysts had a pink colour, more intense
for the DDA-coated nanoparticles. Subsequently, the catalysts were
filtered and dried at room temperature under a flow of
100 mL(STP)/min N2 for 24 h.

After reaction, the catalyst was separated from the reaction
mixture by centrifugation and regenerated by washing with dis-
tilled water for 1 h. The regenerated catalyst is filtered and reused
in a next run, not always under the same conditions.

2.2. Catalyst characterization

The gold particle size distribution was obtained from TEM (Phi-
lips CM30UT) analysis, by counting at least 500 particles. The bulk
content of gold was measured by a graphite furnace AAS (Perkin–
Elmer 4100ZL).

The XPS measurements were performed with a PHI 5400 ESCA
provided with a dual Mg/Mg anode X-ray source, a hemispherical
capacitor analyser and a 5 keV Ar+ ion-gun. The electron input lens
to the analyser was set at a take-off angle of 45� with respect to the
sample surface normal. The aperture of the electron input lens was
such that an area of 3.5 � 1.4 mm was analysed. All spectra were
recorded using non-monochromatic Mg Ka (1253.6 eV) radiation.
The energy scale of the electron analyser was calibrated with a
standard procedure [32] implying that Au0 appears at 84.00 eV.
The X-ray source was operated at an acceleration voltage of
13 kV and power of 200 W in all instances. During the spectrum
acquisition, the background pressure of the ultra-high vacuum sys-
tem was 5 � 10�8 mbar or better. The spectra of the C 1s, N 1s, O 1s
and combined Al 2p – Au 4f photoelectron regions were recorded
with a pass energy of 35.75 eV and a step size of 0.2 eV, see Table
2. Usually, the presence of adventitious or aliphatic carbon on sam-
ples investigated using XPS provides a ready to use and stable ref-
erence to correct for static charging of the sample [33]. Then, the C
1s line is set at 284.8 eV and 285.0 eV for adventitious and aliphatic
carbon, respectively. However, the complex structure of C 1s spec-
tra measured of the catalysts studied here rendered the C 1s line
ol) Capping agent/Au (mol) CAu (mM) T (K) t (h)

34.5 3.4 298 1
10 0.6 353 3



Table 2
Acquisition region and area sensitivity factors for the photoelectron lines analysed.

Spectral lines
of C

Region (eV) Acquisition time
per point (s)

Sensitivity factor

C 1s 280–300 25 0.314
N 1s 395–415 25 0.499
O 1s 520–550 10 0.677
Al 2p 65–100 30 0.254
Au 4f 65–100 30 6.805
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not suitable for static charge correction, due to the presence of
other carbonaceous species than adventitious or aliphatic carbon.
Therefore, in this work, the alumina support is taken as a reference.
As an average value for Al 2p, a binding energy of 74.3 ± 0.2 eV was
adopted implying 531.3 ± 0.2 eV for O 1s [34]. The spectra were
evaluated with Multipak 8.0 software (Physical Electronics). The
photoelectron spectra recorded were corrected for the satellites
generated due to the non-monochromatic character of the Mg Ka
X-ray source. Further, the static charge correction was applied
(see above). A Shirley-type background was then subtracted from
the spectra. Next, the area of the photoelectron spectral lines was
determined and using the sensitivity factor presented in Table 2
[35], the atomic fraction of the elements present at the surface
(C, O, Al, N, Au) was determined. The deconvolution of the Au 4f
photoelectrons was performed with the following: (i) a full width
half maximum (FWHM) of 1.12 eV as obtained from pure metal
gold with pseudo-Voigt functions possessing 40% Gaussian charac-
ter, (ii) the 4f7/2 and 4f5/2 doublet separation of 3.66 eV and (iii)
using an area ratio of 0.75 for the 4f5/2 peak relative to the 4f7/2

peak.
The efficiency of the removal of capping agent was determined

by TG Analysis (TGA/SDTA851e thermobalance, Mettler-Toledo),
heating the sample in air from 298 to 1173 K at 10 K/min.
2.3. Selective oxidation

The reactions were performed in 20 mL of toluene (Merck) with
K2CO3 (Alfa Aesar) (K2CO3:BOL = 1:1 mol). Benzyl alcohol
(5.5 mmol) (Sigma–Aldrich) and 0.2 g of catalysts (BOL:Au = 550–
679 mol, for a gold loading of 0.8–1 wt.%) were charged to the reac-
tor, a magnetically stirred three-necked flask with a reflux. The
mixture was then heated to 353 K at atmospheric pressure. When
this temperature was reached, an air flow of 100 mL(STP)/min bub-
bled through the mixture and the stirring at 1200 rpm started. The
reaction hardly proceeds in the absence of catalyst (6% conversion
of benzyl alcohol and total selectivity to benzaldehyde were
achieved after 1.5 h of reaction). A previous work confirmed that
no conversion of benzyl alcohol occurred over the alumina alone
[36]. In addition, some experiments were performed at a lower
stirring rate (1000 rpm) to confirm the absence of external mass
transfer limitations. The c-Al2O3 particle size employed (dp = 50–
70 lm) also assures the absence of internal mass limitations
(Wheeler–Weisz modulus <0.15, based on the observed initial rate
of the CAT-PVP (w)catalyst).
OH

Benzyl alcohol (BOL) Benzylalde

Scheme 1. Reaction pathway in the oxidation
Liquid samples (100 lL) were collected at different reaction
times during 1.5 h and analysed with a Chrompack gas chromato-
graph (CP9001 autosampler), equipped with a CP Sil 8 CB column
(50 m � 0.25 mm), under the following conditions: FID tempera-
ture, 523 K; injector temperature, 523 K; and column temperature
ramped uniformly from 423 to 523 K at 6.7 K/min. The identified
intermediates were benzaldehyde and benzoic acid which are ob-
tained according to the following consecutive reaction Scheme 1.
3. Results

3.1. Catalyst characterization

Figs. 1 and 2 show TEM micrographs and particle size distribu-
tion of the prepared colloids. The resulting DDA-capped gold nano-
particles are spherical and monocrystalline with the particle size
centring at 3.9 ± 0.5 nm (Fig. 1). The PVP-capped gold nanoparti-
cles are also spherical though the larger particles can show facets
and steps/edges due to polycrystallinity (Fig. 2). In contrast to
DDA-capped gold nanoparticles, the PVP-capped particles are lar-
ger (4.8 ± 1.7 nm), polydisperse and polycrystalline. Once immobi-
lized on commercial c-Al2O3, the particle size and distribution
increase only when PVP is the capping agent (4.4 ± 0.6, 4.0 ± 0.9
and 6.4 ± 3.2 nm for CAT-DDA, CAT-DDA (w) and CAT-PVP (w),
respectively) (Fig. 3).

The gold content measured by AAS and the amount of the cap-
ping agent measured as the percentage weight loss by TGA for all
the samples are summarized in Table 3. The content of gold in all
supported catalysts is around the targeted 1 wt.%. The percentage
weight loss is similar for both classes of catalysts, i.e. those pre-
pared by coating of the reference catalyst (WGC-DDA and WGC-
PVP) and those prepared by immobilization of the presynthesized
coated and washed nanoparticles (CAT-DDA (w) and CAT-PVP
(w)). Only for CAT-DDA, prepared with the non-washed nanoparti-
cles, an excess of DDA is clearly also adsorbed on the alumina (see
differential thermogravimetric and SDTA profiles in Supplemen-
tary material).

The gold speciation and elemental composition in atom per cent
(at.%) present at the surface of the investigated catalysts, as follows
from the XPS analyses, are also reported in Table 3.

The Au 4f7/2 region is deconvoluted with three curves as shown
in Fig. 4 (see, for references on BE values assignment, Section 4 and
Refs. [34,45,53,54]). The left and central curves are identified as the
neutral atoms of the gold nanoparticles with Au 4f7/2(1) associated
with the surface atoms and Au 4f7/2(2) with the interior atoms; see
Table 4. The right curve of Au 4f7/2(3) is assigned to monovalent
cationic gold, i.e. Au+. The binding energy of this cationic gold line
is 1.0 eV higher than that of the neutral gold species corresponding
to the central curve. The binding energies derived are presented in
Table 4 for all CAT-DDA and the CAT-PVP (w) catalysts. The decon-
volution of the WGC specimens were left out because the intensity
of the Au 4f region of the WGC samples was too small to obtain an
accurate result (see Supplementary material).

All catalysts contain Au0 and Au+ species. The coating of gold
with capping agents in the WGC catalyst does not change the
Benzoic acid (BC)

O

OH

hyde (BAL)

O

of benzyl alcohol with Au/Al2O3 catalysts.
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Fig. 1. TEM micrographs (a,b) and particle size distribution histogram corresponding to the colloid prepared with DDA as capping agent. The inset of (b) shows the
monocrystallinity of the particles.
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Au+ surface concentration. The amount of nitrogen measured is
less for PVP than for DDA-capped nanoparticles (cf. WGC-DDA
and WGC-PVP in Table 3). PVP is introduced to the system in poly-
mer chains of about 400 monomers whereas DDA is admitted per
molecule. It is therefore conceivable that the coverage of the gold
nanoparticles with DDA is more effective than the coverage with
the long chains of PVP. The lower affinity of PVP for gold is in line
with the larger gold particle size in CAT-PVP (w) than in CAT-DDA
and CAT-DDA (w).

3.2. Activity and selectivity

Experimentally it is verified that the ‘as-prepared’ DDA-capped
gold sol (3.9 ± 0.5 nm) is not catalytically active for the oxidation of
benzyl alcohol at a substrate/gold ratio of 679 (2.4 mL colloid was
diluted in 20 mL of reaction media). Once immobilized on the alu-
mina, the sol is slightly active (CAT-DDA catalyst). The results ob-
tained by all the solid catalysts are summarized in Figs. 5–7. High
Turn-Over Frequencies, TOFs, (mol benzyl alcohol/mol surface
gold/h), up to 104 h�1, and selectivities to benzaldehyde (mol benz-
aldehyde formed per converted mol benzyl alcohol) between 75%
and 90% were obtained at a benzyl alcohol conversion of 80%
(Fig. 5). Fig. 6 shows the benzyl alcohol conversion-time profiles
for the ‘as-received’ WGC catalyst (0.8 wt.% Au/Al2O3) and
coated-WGC catalyst exposed to capping agents DDA and PVP.
Fig. 7 shows the overall selectivity to benzaldehyde as a function
of benzyl alcohol conversion.

The coating of gold with capping agents in the WGC catalyst
considerably decreases the TOF values (Fig. 5); a reduction by
70% is observed when a capping agent is present (see the WGC-
DDA and WGC-PVP catalysts after the second use, when the excess
of capping agent has been removed from the surface). Gradual
desorption of the capping agent into the reaction mixture (percent-
age of nitrogen decreases after the first use of the capped catalysts,
Table 3) yields an increase in the activity during the first run,
resulting in the S-shaped conversion-time profile (Fig. 6). We refer
to trace amounts of both capping agents, since their presence in
the solution was not detected by GC.

CAT-DDA catalyst clearly confirms the detrimental effect on the
activity by the presence of the capping agent. The initial TOF value
increases from 200 h�1, in the fresh CAT-DDA catalyst, to 8500 h�1

in the regenerated one. The desorption of DDA from the catalyst
surface into the reaction mixture during reaction accounts for this
activity increase. DDA in solution could be detected by GC only for
the reaction with fresh CAT-DDA that still contained an excess of
DDA.

CAT-PVP (w) catalyst has the highest TOF value (Fig. 5), even
higher than the WGC catalyst without any capping agent, and in
spite of having the largest particle size and a slightly lower concen-
tration of Au+ species (Table 3).
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Fig. 2. TEM micrographs (a,b) and particle size distribution histogram corresponding to the colloid prepared with PVP as capping agent. The white lines of (b) indicate the
boundaries of the different particle facets, showing the polycrystallinity of the particle.
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With regard to selectivity, complete selectivity is achieved at
low benzyl alcohol conversions of around 20%, after which it grad-
ually decreases (Fig. 7). CAT-PVP (w) catalyst shows the lowest
selectivity whereas WGC the highest (Figs. 5 and 7). The selectivity
increases with decreasing gold particle size independent of the
presence of a capping agent, namely WGC, WGC-DDA and WGC-
PVP catalysts with the same particle size show the same selectivity
at equal conversion.

4. Discussion

DDA shows more affinity for gold than PVP. DDA forms a self-
assembled layer on the gold particle by a weak covalent bond be-
tween the amine group and gold [37]. On the other hand, PVP is a
cross-linked polymer wound around the gold particle, and the exis-
tence of steric hindrance results in a gold core-porous PVP shell
architecture with a coordination of the nitrogen atom and (pre-
dominantly) the carbonyl group of the pyrrolidone ring with the
particle [38,39]. A schematic illustration with the different config-
urations is shown in Fig. 8. This difference in assembling around
the gold particle probably results in the smaller and better defined
particle size for the DDA sample than for PVP. It is worth noting the
inactivity of the DDA-capped gold sol. Taking into account the
work of Comotti et al. [40], in which ‘naked’ gold particles are re-
vealed as highly active catalysts in the aerobic oxidation of glucose,
it is sensible to consider that the presence of DDA interferes in the
gold activity. Due to the excess of DDA reagent used in the prepa-
ration of the colloid (DDA/gold molar ratio is one hundred times
higher than that expected for the maximum coverage of the gold
nanoparticle with DDA, calculations done with dNH2 in
DDA = 0.32 nm and dAu particle = 3.9 nm), we can confirm that DDA
molecules are not only attached to the gold nanoparticles but also
dissolved in the reaction media. The molecules shielding the gold
nanoparticle (Fig. 8) can occupy the active sites or interfere in their
accessibility [41] and DDA in solution can act as a poison, selec-
tively blocking the active sites, as occurs when thiol-based surfac-
tants are introduced along with benzyl alcohol in the reaction
media [25]. Likely, by using lower DDA/gold ratios in the colloid
preparation, some activity could be expected as observed with
PVA-capped gold sols in the oxidation of ethylene glycol [42] and
1,2-diols [41]. In these works, an optimum PVA/gold ratio (around
0.3 wt./wt.) is obtained (in contrast to the 32 wt./wt. used in this
work). It was suggested that the values out of the optimum lead
to deactivation of the gold sol due to the presence of the capping
agent (ratio > 0.3) or to the aggregation of the nanoparticles (ra-
tio < 0.3). Furthermore, it is striking that the activity of the catalyst
samples prepared from the washed nanoparticles is equal to that of
the bare reference WGC catalyst with smaller gold particles, and at
least a factor 10 higher than reported for this reaction at 373 K in
pure oxygen [43]. To relate the high activities with the character-
istics of the gold particles on the alumina, first the XPS results
are thoroughly analysed.
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Fig. 3. TEM micrographs and particle size distribution histograms corresponding to the catalysts prepared by immobilization of preformed gold nanoparticles: (a) CAT-DDA,
(b) CAT-DDA (w) and (c) CAT-PVP (w).
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In the XPS, spectra required for the quantification of the cationic
gold species given in Table 3, the deconvolution of the Au 4f pho-
toelectron region is often fitted using two broad peaks, one repre-
senting the Au 4f7/2 and the other the Au 4f5/2 line [44–49].
However, the gold nanoparticles formed from gold salt complexes
will generate photoelectrons from various gold species present,
each of which possessing their specific binding energy. The central
peak, Au 4f7/2(2), is shifted 0.5–0.8 eV towards lower binding ener-
gies with respect to the binding energy of bulk gold at 84.00 eV;
see Table 4. This shift is due to the gold atoms in the interior of
the nanoparticles. The second component in the measured spec-
trum, Au 4f7/2(1), is assigned to the atoms present at the surface
which exhibit a lower coordination than those in the interior. This
peak has a lower binding energy (0.6–1.0 eV) when compared with



Table 3
Gold loading (AAS analysis), % weight loss in air (TGA), gold speciation in per cent and elemental composition in atom per cent present at the surface of the investigated catalyst
samples (XPS analysis with take-off angle of 45�).

Sample [Au]total (wt.%) % wt. lossa Au0 fraction (%) Au+ fraction (%) Atomic fraction (%)

C 1s N 1s O 1s Al 2p Au 4f

WGC 0.8 3b 80 20 1.5 0.1 64.8 33.5 0.1
WGC-DDA 0.8 11 80 20 5.9 1.0 59.9 33.1 0.1
Reg. WGC-DDA (2nd use) 0.8 ndc 90 10 3.6 0.1 63.6 32.6 0.1
WGC-PVP 0.8 9.4 80 20 0.7 0.2 64.8 34.2 0.1
Reg. WGC-PVP (2nd use) 0.8 ndc 70 30 3.1 <0.1 63.2 33.6 0.1
CAT-DDA 0.95 40 97 3 68.5 7.4 16.0 7.6 0.5
Reg. CAT-DDA (2nd use) 0.95 ndc 95 5 6.3 0.4 62.2 24.9 0.8
CAT-DDA (w) 1.0 10 74 26 2.4 ndc 64.2 33.0 0.5
CAT-PVP (w) 0.82 8 85 15 2.2 0.4 65.1 32.1 0.2

a From T = 696 K to discard the physisorbed water.
b This value can be taken as an approximation of the theoretical mass loss expected in the immobilized gold nanoparticle catalysts after total capping agent removal.
c Not determined.

Fig. 4. The deconvolution of the Au 4f photoelectron region is shown for the
supported gold nanoparticles. The catalysts show a three component deconvolu-
tion. Two components are assigned to Au0 species and the third is assigned to Au+.

Table 4
The binding energies of the ionic species identified in the Au 4f photoelectrons for
immobilized gold nanoparticles.

Sample CAT-DDA Reg.
CAT-DDA

CAT-DDA
(w)

CAT-PVP
(w)

ID

Au 4f7/2 (1) 82.65 82.55 82.22 82.43 Au0

Au 4f7/2 (2) 83.24 83.31 83.18 83.35 Au0

Au 4f7/2 (3) 84.21 84.20 84.16 84.36 Au+

Au 4f5/2 (1) 86.31 86.21 85.88 86.09 Au0

Au 4f5/2 (2) 86.90 86.97 86.84 87.01 Au0

Au 4f5/2 (3) 87.87 87.86 87.82 88.02 Au+

Note: used background is Shirley method.
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Au 4f7/2(2). Finally, the third component, Au 4f7/2(3), is identified as
monovalent cationic gold Au+. The binding energy of this Au+ line is
1.0 eV higher than that of the neutral gold Au0 of Au 4f7/2(2), which
is in agreement with values reported earlier [34,50].

The approach to deconvolute the Au 4f region using the mea-
sured FWHM is in line with the results of extensive studies
[37,51] concluding that the gold and platinum nanoparticles
encapsulated act as a metal. Cationic species are formed when
the nanoparticle attaches to the alumina support. This effect of
the surface active species is shown in Fig. 9 where the specimen
CAT-DDA (w) and CAT-PVP (w) exhibit a larger FWHM of the Au
4f peaks than the freshly prepared CAT-DDA and first time regen-
erated CAT-DDA. In our model, this broadening is attributed to
an increase in both surface species of Au0 and Au+ due to an in-
creased interaction with the alumina surface.

The observed binding energy shifts due to a lower coordination
of the gold atoms when compared with bulk gold is known as the
surface core level shift (SCLS) [52,53]. This initial state effect re-
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sults from the reduction in the binding energy caused by surface
atoms lacking neighbouring atoms. This effect is opposed by the
electron-core hole generation in XPS in small metallic particles.
This final state effect produces a higher binding energy to the pho-
toelectron due to the diminished screening of the core hole. For
gold, it results into a reduction of the binding energy.

Han et al. [44] on the other hand explained the negative shift as
a result of charge transfer taking place from the c-Al2O3 to the gold
nanoparticle, which then becomes negatively charged. In view of
the Au+ species present on the nanoparticle, this is only possible
when the electrons transferred have a long enough lifetime thus
averting recombination with the cations present.

A special group of catalyst supports concerns reducible oxide
materials like CeO2 as studied by Abad et al. [50] or TiO2 as studied
by Ozkawa et al. [54]. Abad et al. [50] reported values of the Au 4f7/

2 binding energy close to the value of 84.0 eV for bulk gold. This
suggests that the mobility of electrons in the support material par-
tially or completely neutralizes or compensates the Au+ species
present. On the other hand, the presence of Au+ is necessary to ex-
plain the catalytic activity of the Au/CeO2 system. In contrast, Ozk-
awa et al. [54] showed SCLS to lower binding energy values
depending on the coverage of the various TiO2-supports.

The surface neutral gold species and the monovalent cationic
gold add up to constitute 30–50% of the total amount of Au 4f pho-
toelectrons recorded (cf. Table 5). This is consistent with the spher-
ical shape and average diameter of 4 nm of the gold nanoparticles
and the inelastic mean free path (IMFP) of 1.3 ± 0.2 nm [55]. In this
case the outer edge constitutes about 35% of all gold atoms. The
outer species will mainly consist of neutral gold species prone to
the surface core level shift and induced Au+ cations. The analysis
AuAuAu

(b)

nd PVP (b) coated gold nanoparticles.



Table 5
Gold speciation for the immobilized gold nanoparticles given as a percentage of each component.

Sample CAT-DDA Reg. CAT-DDA CAT-DDA (w) CAT-PVP (w) ID

Au 4f (1) 16 19 26 34 Au0 surface
Au 4f (2) 82 76 48 51 Au0 bulk
Au 4f (3) 3 5 26 15 Au+

Au 4f (1 + 3) 19 24 52 49 Au0 surface + Au+
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depth covers about 70% of the entire volume of the nanoparticle.
The interior of the nanoparticle is thought to contain only neutral
gold atoms.

The activity of the supported gold catalysts is often attributed to
cationic gold species in the catalysts [55–57]. Since the DDA-
capped gold nanoparticles in the colloid are not catalytically active
whereas, after immobilization, a low at.% of cationic gold species
(CAT-DDA in Table 5) appears as long as a slight activity (see
Fig. 5 for initial activity, also 24% conversion is achieved after
1.5 h of reaction), it is indeed tempting to attribute the activity
for the oxidation of benzyl alcohol to the Au+ species, in line with
the widely accepted reaction mechanism for the selective oxida-
tion of primary alcohols to aldehydes [55–57]:

(1) Metal-alcoholate is first formed in equilibrium with the free
alcohol and the cationic species;

(2) The metal-alcoholate reacts to the aldehyde product and the
metal-hydride;

(3) Oxygen only regenerates the cationic sites from the metal-
hydride.

However, the activity does not correlate well with the present
cationic species (Table 3). A better correlation is found with the
amount of surface sites exhibiting the surface core level shift or
the sum of these with the cationic species (cf. Table 5 and Fig. 5).
This is better in line with the poisoning experiments of Haider
et al. [25] using a thiol-based surfactant which preferably adsorbs
at the more extended surface planes of small gold particles and
effectively deactivates the catalyst for the benzyl alcohol oxidation.

When the capping agent is present in such excess that the alu-
mina is also covered (see differential thermogravimetric and SDTA
profiles in Supplementary material), capping agent molecules can
suppress the interaction between the support and the preformed
metallic gold nanoparticles resulting in a weak induction of cat-
ionic gold species (CAT-DDA of Table 5), located in the interface
support–nanoparticle [58,59], as indicated by the small peak
widths in Fig. 9. This phenomenon will not only result in a low cat-
alyst activity but also in a low stability. The weak alumina–gold
interaction in CAT-DDA is evident by the leaching out of gold.
The reaction mixture turned into a reddish colour after reaction
though changes in the catalyst content of gold were under the
detection limit of the AAS equipment. This did not occur for the
catalysts based on the washed nanoparticles.

The support–nanoparticle interaction slightly increased after
washing out the capping agent (nitrogen atomic fraction is reduced
from 7.4 to 0.4; Table 3), and the activity is re-established in a sec-
ond use (Fig. 5). The better accessibility of the active sites could ex-
plain these results, so the accessibility seems as important for
activity as the amount of active sites.

Because the alumina support induces the appearance of the cat-
ionic gold and more surface gold atoms after impregnation of the
preformed metallic gold nanoparticles; the oxidation of benzyl
alcohol is a support-dependent reaction as deduced by comparison
of the gold catalytic activity in different studies [25,43,50,60,61].

The results provided by WGC and coated-WGC catalysts (Figs. 5
and 6) confirm that the presence of the capping agents clearly low-
ers the accessibility of the active sites independently of the concen-
tration of Au+ species (cf. fresh and regenerated CAT-DDA catalysts
in Table 2 and Fig. 6). The presence of capping agents may (i) in-
duce diffusion limitations by hindering the approach to the active
site due to the formation of a stagnant film, (ii) compete with the
benzyl alcohol for the adsorption on the active site, as is known for
thiol [25] or (iii) even both. Our results do not allow a further dis-
tinction between these two possibilities.

When capping agents participate in the synthesis of the nano-
particles, the use of a capping agent, such as PVP in this study, that
promotes polycrystallinity in the particle, can increase the activity
to values that compensate the negative effect of a diffusional hin-
drance. The better accessibility of the active sites by the easier dif-
fusion of the reactants through the porous shell of PVP instead of
through a coating layer of the stronger binding DDA (Fig. 8) can
positively contribute to the activity (cf. CAT-DDA (w) and CAT-
PVP (w) in Fig. 5).

In addition, the main difference we observed in the gold parti-
cles of CAT-PVP (w) catalyst compared with those of the other cat-
alysts is, apart from their size, related to their crystal structure. PVP
promotes the formation of polycrystalline particles which expose
more facets and, therefore, more steps/edges. The atoms at the
boundaries between multiple crystalline phases are high-energy
sites affecting the properties of the nanoparticles such as their
reactivity [62,63]. Recent works show that well-defined multiple
crystalline nanoparticles of palladium, known as multiple twinned
particles, can adsorb a larger quantity of hydrogen [64] or oxygen
[65] than their single-crystal analogues. Tang and Ouyang [62]
proved, with metal atoms instead of hydrogen or oxygen, that this
is a consequence of the faster diffusion rate of the metal atoms
along the boundaries of the twinning. Therefore, we propose that
the presence of the high-energy atoms in the surface (steps/edges)
of the polycrystalline gold particles synthesized in the presence of
PVP enhance the diffusion rate of oxygen on the particle to the
regenerate the active sites in the catalytic cycle, which may explain
the higher activity of CAT-PVP (w) compared with that of WGC and
CAT-DDA (w) catalysts with smaller gold particles. Literature indi-
cates an optimum size for supported gold particles in alcohol oxi-
dation [43,66]. The size of the gold particles in the PVP catalyst is
around that optimum and can be correlated with the optimum in
concentration of surface sites with higher coordination numbers
(CN = 8, 9) [67].

This also correlates with the much higher activity of the washed
or reused samples of catalysts prepared by impregnation of alu-
mina with the coated gold particles (CAT-DDA (w), CAT-PVP (w)
and 2 used CAT-DDA in Fig. 5) than the WGC sample coated with
capping agent (WGC-DDA and WGC-PVP). In spite of the smaller
gold particles, the activities of the latter are lower.

It is further emphasized that the activities reported here are at
least a factor of 10 higher than those reported for TiO2 and CeO2

catalysts [43] even when the reaction in our study is conducted
at milder conditions (lower temperature and with air instead of
using pure oxygen). The reason is unclear but, in the current work,
weakly binding capping agents have been used in the preparation
of the colloidal nanoparticles in contrast to the phosphorus con-
taining reagent (tetrakis(hydroxymethyl)phosphonium chloride)
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used in Ref. [43]. Hutchings et al. extensively studied the solvent-
free benzyl alcohol oxidation over supported Au and Au–Pd nano-
crystals [68–71]. However, their applied conditions are harsher
than those used here, temperatures between 100 and 160 �C and
pressures between 2 and 10 bar O2. The TOFs of the pure gold cat-
alysts are still lower than in the current study [68], although the
addition of Pd increases the activity, but also lowers the selectivity
[69]. Toluene was an important by-product observed. Due to its
use as solvent in the current study, this formation could not be
here quantified, but considering their work at the mildest condi-
tions [68] this compound is hardly expected.

Catalytic selectivity depends on factors such as the oxide–metal
interface, particle size, surface structure and selective blocking of
surface sites [72]. There is always a major dominating factor for
each reactant-catalyst system. By experimentation with catalysts
prepared using the nanotechnology methods, an independent anal-
ysis of the factors has become available and also the elucidation of
the dominating one for a particular catalytic reaction [25,73]. In
the oxidation of cinnamyl alcohol to cinnalmaldehyde on Au/TiO2

catalysts, the selectivity is independent of gold particle size [50],
like for the oxidation of benzyl alcohol on Au/TiO2 and Au/CeO2

catalysts [43]. All these reactions were performed in liquid phase.
In our study, this selectivity seems to increase with decreasing gold
particle size, independent of the presence of a capping agent and
the twinning defects in the gold particles, at least at 353 K
(Fig. 5). The support may dominate this effect as TiO2 gave a higher
selectivity than CeO2 [43]. The use of a non-polar solvent can con-
tribute to the high selectivity values [43,60]. We observed 100%
selectivities up to 20% conversion, after which the selectivity grad-
ually decreased (Fig. 7), as is expected in a consecutive reaction
scheme, to 75–90% values. The larger particles clearly exhibited a
lower selectivity than the smaller gold particles, irrespective of
their origin.
5. Conclusions

Gold on alumina catalysts prepared via a colloidal route using
nitrogen-based capping agents DDA and PVP have a high activity
in the liquid phase oxidation of benzyl alcohol. Supported gold par-
ticles with the same size, shape, crystallinity and similar number of
active sites show significantly higher initial TOF values in the ab-
sence of capping agents. The capping agents may induce diffusion
limitations by hindering the approach to the active site due to the
formation of a stagnant film, may compete with the reactant for
the adsorption on the active site or even both. We could not distin-
guish unequivocally between these phenomena.

The gold nanoparticles in colloidal solution with capping agent
are metallic and show no activity in selective oxidation reactions.
When brought on a support, three different gold species, viz. sur-
face and interior metallic gold and monovalent gold (Au+) are iden-
tified from photoelectron spectra. The interaction of support–
nanoparticle induces the presence of cationic gold and increased
surface gold atoms. Their concentration correlates with the cata-
lytic activity, even if capping agent is present, and suggests that ac-
tive surface sites have higher coordination numbers (CN = �8, 9).

Capping agent PVP that weakly adsorb on the particle creates a
porous layer around the particle during synthesis and promotes
polycrystallinity, resulting in nanoparticles with twinning defects
and with enhanced activity even compensating the negative effect
of diffusional hindrance. The larger PVP-based polycrystalline
nanoparticles are more catalytically active than the smaller DDA-
based single-crystal nanoparticles. On the contrary, selectivity at
high conversions is dominated by the gold particle size on alumina
and increases with the decreasing size independent of the presence
of capping agents and twinning defects.
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