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The pathway of oxygen activation in oxidation reactions catalyzed either by transition metal or by gold
catalysts has been extensively studied; however, this topic is still under discussion, and no consistent
conclusion has been achieved up to date. One possible reason for this can be related to the fact that it
is hard to find out whether the activated oxygen species come from the metal or the oxygen site. In an
attempt to solve this problem, catalysts without oxygen (i.e. Fe–C3N4), or with controllable oxygen con-
tent (i.e. Au/AC), were tested in the oxidation of carbon monoxide in the gas phase and the oxidation of
benzyl alcohol in the liquid phase. The results indicate that the metal site (i.e. Fe3+, Au) alone is not able to
activate molecular oxygen and that the activity of the catalyst depends intimately on the amount of oxy-
gen-containing species (e.g. surface groups of AC) that are used for oxygen activation. As a result, a
scheme for the oxidation reaction is proposed, where the metal and oxygen sites of the catalyst are
accounted for the adsorption and activation of substrate and molecular oxygen, respectively.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Catalytic oxidations can be classified into two types [1]: (1)
complete oxidation, which is used for the abatement of various
toxic compounds in catalytic purification systems, such as the oxi-
dation of carbon monoxide (CO); (2) selective oxidation, which is
used for the synthesis of desired chemical products, such as the
selective oxidation of benzyl alcohol to benzaldehyde or benzoic
acid.

Gold, as well as transition metals, can be used as catalysts for
oxidation reactions and have been extensively investigated in the
oxidation of CO [2–7], benzyl alcohol [8–11], and other intermedi-
ate products [12]. However, their reactivity toward oxygen is lar-
gely different: transition metals (e.g. Fe) readily react with
molecular oxygen to form metal oxides, while gold shows strong
resistance to attack by molecular oxygen.

The mechanism of oxidation reactions must include a step of
oxygen activation, since in most cases molecular oxygen cannot di-
rectly oxidize the substrates (e.g. CO, CH4) [1]. With oxide cata-
lysts, it is generally accepted that the activation of molecular
oxygen takes place on the defects or oxygen vacancies, as shown
by 18O isotope experiments [13–16]. However, the behavior of
ll rights reserved.
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the metal is still not clear: could it show activity for the oxidation
reaction? That is, could oxygen activation proceed also on the me-
tal site of the catalyst (e.g. Fe3+ of Fe2O3)?

For gold catalysts, two pathways for oxygen activation were
proposed in the literature: one takes place directly on the gold sur-
face [17,18], and the other on the defects of the oxide support
[6,19]. The results reported in the literature have been interpreted
in different ways. For example, for CO oxidation on a Au/MgO cat-
alyst, Schubert et al. [20] claimed that MgO is an ‘‘inert” support
and that the activity depends mainly on the gold particle size,
while Yan et al. [21] showed that MgO is an ‘‘active” support, as
the activity is proportional to the amount of ‘‘F centers” in the
oxide support. In spite of many characterization studies, no defin-
itive conclusion has been reached up to date, although the number
of articles which tend to support the view that adsorption and acti-
vation of molecular oxygen takes place on the oxide carrier (not on
gold) is increasing [22–26].

Although some earlier papers of Haruta report on the activity of
unsupported gold (powders with mean particle size of �100 nm)
for CO oxidation [27,28], a more recent study carried out by this
group showed that the activity of the gold powder had a strong
correlation with the surface concentration of Ag impurities [29].
The authors concluded that the activity of the Au powder observed
could only be ascribed to the so-called contact interface effect, due
to the existence of Ag, which was probably partly oxidized and
present on the surface of the Au powder [29]. Bäumer’s group
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also reported that the unexpectedly high catalytic activity of
nanoporous gold foams for CO oxidation, in the temperature range
of 0–50 �C, was related with the presence of residual silver [30].
Quinet et al. studied the preferential oxidation of CO in the pres-
ence of hydrogen over a silver-free-unsupported gold powder
(mean particle size �20 nm), but in this case, the initially weakly
active unsupported gold powder could be activated or regenerated
by the presence of H2 in the reaction feed [31].

Surface science studies carried out on gold single crystal surfaces
also showed that the rate of CO oxidation was higher when the sin-
gle crystal surfaces were precovered with atomic oxygen, as high-
lighted in a recent review [32]. This was shown for Au(1 1 0) [33],
Au(1 1 1) [34–37], and Au(2 2 1) surfaces [38]. Moreover, DFT
results obtained on Au(3 2 1) surface showed that the reaction of
CO oxidation by atomic oxygen occurs almost without any activa-
tion energy on a reconstructed surface, whereas a moderate barrier
of 58 kJ mol�1 was computed for the direct reaction with molecular
oxygen occurring at the surface steps [39].

More recently, Rodriguez et al. studied the interaction and dis-
sociation of O2 on Au nanoparticles supported on TiC(0 0 1), an
oxygen-free support [40]. They found that the dissociation of O2

at room temperature was enhanced by the presence of the TiC, in
comparison with oxide supports. The results suggest that chemi-
sorbed O2 is the active species involved in the low temperature
(<200 K) oxidation of CO, as in the case of Au/oxide supports.

The difficulty in identifying the site for oxygen activation may
be due to the fact that catalysts used for oxidation reactions con-
tain oxygen themselves. This is true not only for oxides and
oxide-supported gold catalysts, but also for carbon-supported gold
catalysts (Au/C), since the oxygen functional groups of the carbon
support have to be accounted for [41,42]. Therefore, it is hard to
find out whether oxygen is activated directly on the metal sites,
Fig. 1. Some characterization results of the investigated samples: (A) TGA curve of pure
in situ synthesized; ‘‘Au/C3N4” means that the gold catalyst was prepared by the immob
images of Au/C3N4.
or transferred from the oxygen sites (or oxygen vacancies) of the
oxide supports. This might be in part the reason why different
authors suggest several activated oxygen species (e.g. Au–O2�

[43,44] and Au–O�2 [23,45]) on different gold catalysts, the pres-
ence of O2� and O�2 species being commonly observed in oxides
[46]. Conventional techniques, such as FTIR and XPS, cannot differ-
entiate whether the oxygen species originate from gold or from the
oxide support.

Motivated by the earlier questions, a catalyst without oxygen
was chosen for the present work in order to clarify these ques-
tions. A recent work by Wang et al. [47] indicates that the prep-
aration of a metal catalyst without oxygen is possible, the matrix
C3N4 being inert to oxygen in air at temperatures as high as
550 �C (see Fig. 1A). This offers an opportunity to try to clarify
whether the metal site alone could be used for oxygen activation.
On the other hand, it is known from past literature that carbon is
a promising support for gold catalysts used in selective oxidation
[10] and that the amount of surface oxygen functional groups of
the carbon support can be controlled easily by thermal treat-
ments under inert atmosphere (e.g. N2) [41]. This also allows
for the opportunity to investigate the relationship between activ-
ity and the oxygen content, in an attempt to clarify the role of
oxygen species in the reaction. Gas phase oxidation of CO and
liquid phase selective oxidation of benzyl alcohol were used as
model reactions.

2. Experimental

2.1. Preparation of catalysts

Synthesis of Fe–C3N4 [47]: One gram dicyandiamide was mixed
with 5 mL deionized water, heated and stirred at 80 �C with 0.1 g
C3N4; (B) XRD patterns of the catalysts (‘‘Au–C3N4” means that the gold catalyst was
ilization method); (C) XPS spectrum of Fe–C3N4 (adapted from Ref. [47]); (D) TEM
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FeCl3 added (�10 wt.% Fe–C3N4). The solution was continually
heated at 80 �C to evaporate water. The resulting reddish mixture
was heated at 2 �C/min to 600 �C and maintained there for 4 h un-
der flow nitrogen (99.99%, 100 mL/min), followed by naturally
cooling to room temperature under the same atmosphere.

Synthesis of Au–C3N4: Cyanamide of 9.8 g was first dissolved in
20 mL deionized water with stirring and 1–3 mL 0.01522 M HAuCl4

solution was added. The mixture was heated up to 90 �C until all
the water was evaporated. The obtained white solid was dried at
110 �C for 5 h and heated at 2 �C/min to 550 �C in static air and
maintained there for 4 h.

Synthesis of Au/C3N4: Mesoporous C3N4 was synthesized accord-
ing to the literature [48]. Then, the ‘‘gold colloidal” method [10]
was used to prepare the Au/C3N4 catalyst. The procedure is similar
to that used for Au/AC described below in detail.

Modification of the carbon support: Activated Carbon Aerosorb
LR4 from Degussa was first treated in 5% O2/N2 (20 mL/min) at
400 �C for 10 h (hereafter denoted as AC5), and subsequently
heated at 1 �C/min in inert atmosphere (20 mL/min) to 650, 735,
820, and 910 �C, and maintained there for 1 h. The obtained carbon
supports were, accordingly, denoted as AC5_T (with T = 650, 735,
820 and 910, respectively).

Synthesis of Au/AC: Gold catalysts supported on activated carbon
(loading: 1wt. %) were prepared by the ‘‘gold colloidal” method,
similar to that reported by Onal et al. [49]. Briefly, 1 mL of HAuCl4

solution (0.02 g Au per mL) and 1.6 mL of PVA solution (1 wt%)
were poured into 250 mL of water, and ca. 5 min. later, 4 mL of
fresh NaBH4 solution (0.1 M) was slowly added. The gold sol was
formed immediately. After that (�10 min.), 2 g activated carbon
was added to the mixture for gold immobilization. The whole pro-
cess lasted about 3–4 h with strong stirring. The adsorbed support
was then filtered and washed with water (the filtrated water was
clear for all samples, indicating that gold was completely deposited
on the support) until the filtrate was chloride-free (AgNO3 was
used for testing) and dried at 110 �C overnight. The dry catalyst
was treated in flowing N2 (40 mL/min) at 350 �C (heating rate of
1 �C/min.) for 3 h, in order to remove the organic scaffold, and
immediately activated in flowing H2 (40 mL/min) at 350 �C for
3 h. The obtained gold catalysts were named according to the ori-
ginal carbon supports as Cat5 and Cat5_T (T = 650, 735, 820 and
910).
2.2. Characterization

TGA of C3N4 was carried out on a PerkinElmer STA 6000 in oxy-
gen atmosphere (20 mL/min) with a heating rate of 10 �C/min.

XRD patterns were performed on a Bruker D8 Advance diffrac-
tometer with Cu Ka radiation (k = 0.154 nm) at room temperature
(25 �C). The scan step was 0.1� and the step time 1 s.

XPS spectra were recorded on a VG ESXALB MK-II XPS system
with a monochromatized Mg Ka X-ray source (35 W). All binding
energies were referenced to the C 1s peak at 288.2 eV, which cor-
responds to the C–N–C coordination in C3N4 [47].

TEM images were performed on a Philips CM12 instrument
(120 keV), using carbon-coated copper grids (the specimens were
loaded directly on the copper grids; no solvent dispersion was
used).

TPD profiles of CO and CO2 were obtained in a fully automated
AMI-200 Catalyst Characterization Instrument (Altamira Instru-
ments). In a typical TPR experiment, �50 mg of sample was placed
in a U-shaped quartz tube located inside an electrical furnace and
subjected to a 5 �C/min heating rate up to 1100 �C, under a He flow
of 25 cm3/min. The amounts of CO and CO2 desorbed from
the carbon samples were monitored with a quadrupole mass
spectrometer.
2.3. Catalytic reaction

Oxidation of CO: The reaction was performed in a continuous-
flow reactor as described in a previous work [50]. The powder cat-
alyst (200 mg, <80 mesh) was placed on a quartz (silica) wool bed
in a silica tube, which was inserted into a vertical furnace equipped
with a temperature controller. Reactant gases (5% CO, 10% O2 in
Helium, 50 mL/min) were dried by passing through silica gel and
4 Å molecular sieves before flowing through the catalytic bed.
The composition of the outgoing gas stream was determined at
the exit of the tube using a GC equipped with a thermal
conductivity detector (TCD). The CO conversion was calculated
with the following equation: % CO conversion = {[CO]in � [CO]out}/
[CO]in � 100, where [CO]in and [CO]out are the initial and end CO
concentrations.

Oxidation of benzyl alcohol: The reaction was carried out at
atmospheric pressure, in a 50-ml, three-necked batch reactor fitted
with a reflux condenser, oil bath, thermocouple, and magnetic stir-
rer. Typical reaction conditions were the following: 20 ml toluene,
40 ll NaOH (5 M), 20 ll benzyl alcohol, 10 ll decane (internal
standard), 0.05 g catalysts (<80 mesh), oxygen (99.99%) flow rate:
50 mL/min, reaction temperature: 80 �C and reaction time: 3 h.
The products were analyzed by GC (DANI 1000) with a flame ion-
ization detector, using a CP-Sil 8 CB column and N2 as carrier gas.
The catalytic activity was calculated by the way as indicated in our
previous work [11].
3. Results and discussion

The new matrix (C3N4) used in this work plays a crucial role in
clarifying the mechanism of oxygen activation. Covalently poly-
meric carbon nitride (C3N4) has several allotropes, and the gra-
phitic one (g-C3N4) is considered to be the most stable in
ambient conditions. The g-C3N4 allotrope has a tri-s-triazine-based
framework, and it can be synthesized simply by thermal condensa-
tion of cyanamide or dicyandiamide at 550 �C for 4 h in air atmo-
sphere [48,51]. Elemental analysis and XPS measurements show
that g-C3N4 consists of carbon, nitrogen, and a small amount of
hydrogen (�1.54% wt., according to the C:N:H molar ratio obtained
by elemental analysis, which is 3:4.5:1.5), no oxygen being in-
volved [47,52], indicating that g-C3N4 is inert to oxygen even at
temperature as high as 550 �C. This is confirmed by the TGA exper-
iment shown in Fig. 1A. Thus, it could be an adequate material in
order to clarify the pathway of oxygen activation in catalytic oxida-
tion. For example, if the catalyst ‘‘M + C3N4” (‘‘M” = metal) shows
no activity in the oxidation reaction, then it may be inferred that
‘‘M” is ineffective for oxygen activation.

Two non-oxygen-containing catalysts, Fe–C3N4 (�10 wt.% Fe)
and Au/C3N4 (�1 wt.% Au) were synthesized as described in the
experimental section. Sample Au/C3N4 was prepared by a conven-
tional ‘‘colloidal gold” method [10], while sample Fe–C3N4 was
synthesized in situ [47], since it is not possible to deposit Fe3+ ions
on a C3N4 support (i.e., to produce Fe/C3N4) without introducing
oxygen by a conventional method. XRD results shown in Fig. 1B
indicate that no diffraction peak that can be assigned to Fe oxides
(e.g. FeO, Fe2O3) was observed in Fe–C3N4, confirming the success-
ful synthesis of a sample without oxygen. To detect the oxidation
state of Fe in Fe–C3N4, XPS measurements were carried out and
are shown in Fig. 1C, indicating that Fe is not in the metallic state
(Fe0) in Fe–C3N4, but still in the Fe3+ oxidation state [47]. This al-
lows for comparison with oxide catalysts, like Fe3+ in Fe2O3.
According to the results reported by Wang et al. [47], the Fe3+ ions
entered into the matrix structure of C3N4 and formed a metal–
organic hybrid material (i.e. Fe–C3N4). The surface Cl/Fe molar ratio
determined for this catalyst by the XPS spectra was 0.21 [47],
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which is much lower than the ratio of 3:1 present in the starting
FeCl3 precursor, indicating that only a minor amount of chloride re-
mains in the sample. As for the gold catalyst, diffraction peaks that
indexed both to C3N4 and to Au were observed. A comparison of
the gold diffraction peaks with those reported in the literature
[53] suggests the formation of Au crystals in Au/C3N4. The gold par-
ticle size evaluated by the Scherrer equation (i.e. D = kk/bcos h,
where k = 0.89, k = 0.154056 nm, b = 1.39p/180, h = 13.8�) is
�8.4 nm, which is similar to that determined by TEM
(d = �8.8 nm, see Fig. 1D), showing that these gold particles, if
deposited on an oxide support (e.g. Al2O3), should be active for
CO oxidation [54].

Fig. 2 displays the catalytic behavior of samples in CO oxidation.
Very low activities are observed for Fe–C3N4 at T 6 300 �C and for
Au/C3N4 up to 500 �C. It has been largely reported, however, that
metal oxides (such as Fe2O3) and supported gold (e.g. Au/Fe2O3)
catalysts can show very high activity (�100%) for CO oxidation
even at T < 300 �C [55,56]. Thus, the low activity observed here
indicates that the metal sites of the catalyst are ineffective for oxy-
gen activation and that Au nanoparticles up to 500 �C are also inef-
fective, since the C3N4 support is inert to oxygen. One might argue
that the low activity could also be the reason why CO was not acti-
vated, but this can be excluded since gaseous CO is also reactive to-
ward activated oxygen (a Rideal–Eley mechanism taking place)
[15]. Also, the effect of chloride on the activity could be excluded,
since the chloride-free catalyst (Au/C3N4 prepared by ‘‘gold colloi-
dal” method, being the absence of chloride checked by the AgNO3

method [49]) also shows negligible activity for CO oxidation (see
Fig. 2). Thus, the low activity observed must be ascribed to the fact
that molecular oxygen was not activated. As a result, it could be
deduced that the activation of molecular oxygen in gas phase oxi-
dation reactions does not take place on the metal sites of the cat-
alyst, even for supported gold materials. Otherwise, if oxygen
activation could proceed on the metal site, activated oxygen would
be able to react with the activated/gaseous CO to give high CO con-
versions, which is obviously not supported by the results shown in
Fig. 2.

It was, however, proposed that CO oxidation activity is closely
related to the structure of gold catalysts [57–60]. To exclude that
the low activity observed here is due to a structure effect, Au–
C3N4 catalysts were prepared by an ‘‘in situ” method (similar to
the synthesis of Fe–C3N4) and with different gold contents (by add-
ing 1–3 mL of Au precursor). Results in Fig. 2 (insert picture) show
0

10

20

30

40

50

60

0

20

40

60

C
O

 c
on

ve
rs

io
n 

/ %

Temperature / oC

 Au/C
3
N

4

 Au--C
3
N

4

 Fe--C
3
N 4

 with 1 mL Au precursor
 with 2 mL Au precursor
 with 3 mL Au precursor

Temperature / oC

C
O

 c
on

ve
rs

io
n 

/ %

100 200 300 400 500

100 200 300 400 500

Fig. 2. CO oxidation activity measured with Fe–C3N4 and Au–C3N4 samples
synthesized in situ, and with Au/C3N4 prepared by immobilization method, in the
temperature range of 100–500 �C; the insert picture shows the CO oxidation
activity measured with Au–C3N4 samples synthesized in situ with different
amounts of Au precursor being added.
that all of them exhibit negligible activity for CO oxidation (5–8%
CO conversion at 500 �C). This indicates that, whatever the prepa-
ration method used and the amount of gold added (which could
lead to different gold structure), the gold containing C3N4 catalyst
is not able to catalyze CO oxidation. Considering that the C3N4 ma-
trix is inert to oxygen and that CO can participate in the reaction
either in the gaseous or in the adsorbed state, it can therefore be
inferred that the low activity is due to the fact that molecular oxy-
gen is not activated, that is, gold is not able to activate molecular
oxygen.

Based on theoretical calculations or experimental evidence,
some authors propose that oxygen activation can proceed at the
interface between gold particles and the support [20,25,61].
Although this possibility cannot be excluded, the low activity ob-
served suggests that this is not the case in the present study.

In order to explain the behavior observed for sample Fe–C3N4 at
300 �C, where an abrupt increase in CO conversion was observed
(see Fig. 2), XRD experiments were performed for this material, cal-
cined in air at 300 and 400 �C, as shown in Fig. 3. The C3N4 matrix
largely disappeared, and diffraction peaks indexed to Fe2O3 were
found after calcination in air at 400 �C, while no change occurred
at 300 �C. Thus, the increase in activity of Fe–C3N4 for CO oxidation
at T > 300 �C, shown in Fig. 2, may be explained by the destruction
of the C3N4 matrix (a TGA test showed �60% weight loss after cal-
cination in air at 400 �C) and the formation of Fe2O3, which is active
for CO oxidation [55,56]. Recalling that Fe3+ is not able to activate
molecular oxygen, the high activity observed suggests that molec-
ular oxygen must be activated on the defect or lattice oxygen site
of Fe2O3. This is expected, since a Mars van Krevelen mechanism
could be operative in CO oxidation on Fe2O3 [3]. Namely, CO first
reacts with the lattice oxygen of Fe2O3, yielding an oxygen vacancy,
which then acts as the site for molecular oxygen adsorption and
activation. In other words, the high activity observed at
T > 300 �C is due to the presence of oxygen in Fe2O3, which acti-
vates molecular oxygen. However, it should be noted that this
behavior does not occur with the Au–C3N4 catalyst, which was pre-
pared by calcination in air at 550 �C for 4 h; thus, no change in
activity was observed for the gold catalysts in the entire tempera-
ture range studied.

Therefore, it can be concluded that either gold or the transition
metal ion of the catalyst is not able to activate molecular oxygen in
oxidation reactions; and thus, the step of oxygen activation must
occur on other sites, such as the defects or oxygen vacancies of
the catalyst. The role of the oxygen (vacancies) site on the oxygen
activation process, and thus on the activity for CO oxidation, has
been discussed in the literature. For example, Fierro et al. [62]
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investigated the catalytic performance of LaCuO3�d for CO oxida-
tion and found that the activity at high temperatures depends on
the amount of oxygen vacancies created in the samples. CO oxida-
tion was also investigated on La2�xSrxCuO4�d [63], similar trends
being found. Corma et al. [6] recently investigated CO oxidation
on gold catalysts supported on Fe-doped TiO2 and clearly pointed
out that the high activity was due to the presence of defects that
activate oxygen. Overall, these results indicate that the oxygen
vacancies of the catalyst are the sites for oxygen activation.

Liquid phase selective oxidation using molecular oxygen as the
oxidant was also investigated. In these experiments, Fe–C3N4 and
Au/C3N4 catalysts showed negligible activity for oxidation of ben-
zene to phenol or for oxidation of benzyl alcohol to benzaldehyde
(conversion <6%), as expected. That is, the metal site of the catalyst
is also not able to activate oxygen in the liquid phase oxidation
reaction, and the activity observed in oxygen-containing catalysts
[11] should be due to the presence of defects or oxygen sites,
where oxygen activation occurs.

In order to make a more detailed investigation into the activa-
tion process in liquid phase oxidation, a carbon-supported gold
catalyst (Au/AC), which is a promising candidate for this type of
reaction [10], was used for the selective oxidation of benzyl alcohol
to benzaldehyde. One advantage of using carbon as support is that
the oxygen content (i.e. the amount of surface oxygen functional
groups of the carbon support) can be easily controlled by thermal
treatment under inert atmosphere (e.g. N2) at different tempera-
tures [41].

It should be pointed out that gas phase oxidation of carbon
materials changes both their texture and surface chemistry, while
thermal treatments under inert atmosphere do not produce signif-
icant textural changes with respect to the parent materials [41].
Therefore, the carbon support used in this work was first treated
in 5% O2/N2 and then thermally treated in N2 atmosphere at differ-
ent temperatures. Thus, the influence of textural changes on
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catalyst activity could be neglected, and only the influence of sur-
face chemistry (e.g. the amounts of surface oxygen functional
groups) needs to be taken into account.

Fig. 4A and B shows the TPD profiles of the carbon supports
treated in N2 at different temperatures. Obviously, the amounts
of CO and CO2 released from the carbon supports decrease as the
treatment temperature increases, in the sequence of AC5 > A-
C5_650 > AC5_735 > AC5_820 > AC5_910, indicating the decrease
in surface groups. Detailed CO and CO2 data are listed in Table 1.
The small amounts of CO2 released by some samples below
400 �C are due to re-oxidation, when the samples were exposed
to the atmosphere. Besides, in order to check if the catalysts would
have the same trend as the supports, that is, the sequence of sur-
face groups would not change after the preparation process, TPD
experiments of two catalysts, Cat5 and Cat5_910, were carried
out. Results in Fig. 4C and D clearly show that the amount of sur-
face groups of sample Cat5 is much larger than that of Cat5_910,
indicating a similar trend as that observed for the carbon support.

Fig. 5 shows the results of the conversion of benzyl alcohol over
a series of Au/AC catalysts, in which the carbon support was ther-
mally treated in N2 at different temperatures. For example,
Cat5_650 means that the carbon support was first treated in 5%
O2/N2 (i.e. AC5), followed by a thermal treatment in N2 at 650 �C
(AC5_650), then the gold particles were deposited on the support
AC5_650 to obtain catalyst Cat5_650. The conversion decreased
as the treatment temperature of the carbon support increased, that
is, Cat5 > Cat5_735 > Cat5_820 > Cat5_910, which is in the same
sequence as the amount of surface oxygen functional groups of car-
bon support (see Fig. 4 and Table 1). This suggests that the amount
of oxygen-containing species has a strong effect on the reaction.

It is known that the adsorption and activation of the substrate
takes place on the gold site [11,18,64,65], thus the activity pattern
observed must be related to the steps of oxygen adsorption and
activation. It should be mentioned that, although the gold particle
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Table 1
Amounts of CO and CO2 released from the carbon supports AC5 and AC5_T.

Samples CO2 (lmol/g) CO (lmol/g)

AC5 29 248
AC5_650 13 157
AC5_735 4.6 98
AC5_820 – 14
AC5_910 – 5.6
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Fig. 5. Conversion of benzyl alcohol obtained with the catalysts Cat5_T, versus the
amount of surface oxygen functional groups (SOFG) of the corresponding carbon
supports (AC5_T).
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size of Cat5_910 (daver. = �6.4 nm) is a little larger than that of Cat5
(daver. = �5.6 nm, see Fig. 6), this impact could be neglected. Actu-
ally, it was reported that the optimum gold particle size of Au/AC
Fig. 6. TEM images and the corresponding gold pa
catalyst for liquid phase oxidation is at �7.5 nm [66], which means
that Cat5_910 should be more active for this reaction. Therefore,
the decreasing activity observed in Fig. 5 should not be ascribed
to the different gold particle sizes of the samples. Considering that
the major difference in the materials is the amount of surface oxy-
gen functional groups, it can be concluded that adsorption and
activation of molecular oxygen indeed takes place on these surface
groups. That is, the oxygenated surface groups of the activated car-
bon are responsible for the activation of molecular oxygen. This is
in agreement with the results reported by Pigamo et al. [67], who
suggested that in liquid phase oxidation reaction, AC can exhibit
strong interaction with oxygen through the surface groups: e.g.
(1) molecular oxygen can be activated on the surface groups of car-
bon; (2) oxygen consumed from the surface groups can be contin-
uously regenerated during the reaction.

To further confirm that the gold particles are not able to activate
molecular oxygen, a leaching experiment was carried out, using a
similar process as described by Sheldon et al. [68]: after the reac-
tion proceeded for 1 h, the catalyst was filtered, and the reaction
was left to continue for another 1 h. The conversions determined
before and after filtering were �64% and �65%, respectively, indi-
cating that the reaction is heterogeneous. That is, the leached gold
cannot activate molecular oxygen. This is in accordance with the
results reported in the literature, such as those of Suib and
coworkers [9] and Baiker and coworkers [69], which concluded
that leaching of the active species (i.e. Mn or Ru) does not lead to
homogeneous catalysis in the aerobic oxidation of alcohols.

However, it is known that the presence of basicity (e.g. NaOH) is
essential for gold catalyzed liquid phase alcohol oxidation by
molecular oxygen [11,65,70,71]. A detailed investigation, previ-
ously carried out [11], showed that the role of basicity is not to
activate molecular oxygen, but to promote the adsorption and
rticle size distributions of Cat5 and Cat5_910.
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Scheme 1. Proposed mechanism for the activation of substrate and oxygen in the oxidation reaction.
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activation of the substrate on the gold surface (as shown below in
reactions (1)–(4)). Therefore, it is proposed that the activation of
oxygen on Au/AC catalysts indeed occurs through the surface oxy-
gen functional groups of the carbon support:

Au=ACþ ðOH�Þbulk ¢ ½Au—OH��=AC ð1Þ
ðPhCH2OHÞbulk þ ½Au—OH��=AC ¢ ½PhCH2OH—Au—OH��=AC ð2Þ
½PhCH2OH—Au—OH��=ACþ O2 ! ½PhCHO—Au�=ACþH2O
þ ðOH�Þbulk ð3Þ

½PhCHO—Au�=AC ¢ ðPhCHOÞbulk þ Au=AC ð4Þ
4. Conclusions

The following conclusions can be drawn from the results pre-
sented earlier:

1. Catalysts without oxygen have negligible activity for CO oxida-
tion, as observed with Fe–C3N4 and Au/C3N4 catalysts at
T < 300 �C (see Fig. 2).

2. The oxidation activity increased abruptly when oxygen was
present on the catalyst, as observed with ‘‘Fe–C3N4” at
T > 300 �C, when Fe2O3 oxide was present, as illustrated in Figs.
2 and 3.

3. As a result of 1 and 2, it can be inferred that gold or transition
metal alone is not able to activate molecular oxygen; therefore,
oxygen activation must proceed on the other sites of the cata-
lyst, such as defects or oxygen vacancies.

4. For liquid phase oxidation reactions with molecular oxygen as
oxidant, the conversion of substrate closely depends on the
amount of oxygen species of the catalyst. The activity of Au/
AC for benzyl alcohol oxidation followed the order: Cat5 > -
Cat5_735 > Cat5_820 > Cat5_910, which is in the same
sequence as the amount of surface oxygen functional groups
of the carbon supports, as shown in Fig. 5.

Therefore, adsorption and activation of oxygen in oxidation
reactions occur on the defects or oxygen vacancies of the catalyst,
while that of the substrate takes place on the metal sites of the cat-
alyst, as illustrated in Scheme 1.
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