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’ INTRODUCTION

The effect of the particle size on the catalytic performance of
materials is of main scientific and industrial importance.1 The
preparation of particles with nanometer dimensions for catalytic
applications has received intensive attention in recent decades, as
nanoparticles (NPs) not only show high surface to volume ratios
but also different chemical and physical properties compared
with the bulk. For example, it was frequently shown that the
catalytic performance of metal particles, either supported or
unsupported, depend closely on their size and/or shape in
various catalytic reactions.2-6 This is especially true for gold
catalyst, where just gold nanoparticles showed activity for certain
catalytic reactions.7-9 Beside noble metals, also the catalytic
performances of base metal (oxides) have been shown to be
largely dependent on the particle size.10-15 For example, Lee
et al.11 recently reported that the activity of Fischer-Tropsch
reaction depends closely on the particle size of iron oxide, and at
the particle size of ∼6.2 nm the catalyst shows the best activity.

In the case of supported particles, the control of particle size
undoubtedly is closely related to the type of support used. The
application of supports with smaller pores and higher surface
areas and additionally a favorable interaction with the particles is
preferable to prepare smaller NPs directly on the support.
Particles can be well dispersed on higher surface areas and the
leaching of particles decreases if there is a strong affinity between
the support and the particles. In catalysis, beside the size of the
metal particles the properties of the support also need to be
considered, as the support can influence the electronic structure
of the supported NPs and/or interfere in the catalytic reaction by
itself.16-19 As example, for carbon materials, commonly used as
catalyst support, the surface functional groups of the carbon can

act as active site of oxygen activation in catalytic oxidation
reaction.20-23

In this work, formation of cobalt oxide on carbonaceous
materials such as activated carbon (AC) and covalent triazine
frameworks (CTF) was investigated. Cobalt oxide is a good
catalyst for various reactions,19,24-33 such as dehydro-
genation,25,26,28 VOC combustion,19,33 alcohol oxidation,29 CO
oxidation,30,32 and others. AC is a well-known support for various
catalytic NPs, and CTF also was recently proven to be an
attractive catalyst support for various reactions.34-37 Here the
catalytic performance of supported Co3O4 catalysts was tested
for the selective aerobic oxidation of alcohols in liquid phase,
which is an important reaction in organic chemistry for the
synthesis of chemical intermediates, using green and clean
chemicals. Comparing with the normal gold catalysts, carried
out in basic conditions,38 the here reported Co3O4/AC catalyst
show ∼100% alcohol conversion even in the absence of
any promoter (e.g., NaOH), and further can be reused for at
least 4 runs without appreciable loss in activity when an addi-
tional thermal regeneration step is carried out, indicating that
Co3O4/AC is a very promising candidate for aerobic oxidation
of alcohols in liquid phase.

’RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction (XRD) patterns of cobalt
oxide supported on AC and CTF (i.e., Co3O4/AC and Co3O4/
CTF). The intensities of the diffraction peaks of both samples are
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very weak, which imply that the cobalt oxides formed on the
supports are mainly amorphous or that very small particles are
formed, making the attribution of the diffraction peaks to a
distinct cobalt oxide phase, for example, CoO, Co2O3, or Co3O4,
impossible. To verify the possible product formed during the
thermal treatment, the XRD patterns of a bulk sample, prepared
by the same procedure but without support, were also taken,
showing that Co3O4 is the product under these conditions. Thus,
it can be assumed that the cobalt oxides prepared on the support
mainly consist of Co3O4.

XPS measurements were carried out to obtain further insight
into the oxidation state of cobalt in the AC supported catalyst.
Figure 2a shows the peak of Co2p3/2 located at∼780 eV and that
of Co2p1/2 at ∼796 eV. After deconvolution it can be seen that
the peak of Co3þ locates at ∼779.8 eV and that of Co2þ at
∼781.5 eV, which are in good accordance with that observed
from single Co3O4 (∼779.5 eV for Co3þ and ∼780.8 eV for
Co2þ).39-42 The peak location of O1s (Figure 2b) however is
higher than that observed from the reported Co3O4,

39-42 but
could be also attributed to the oxygen in the surface groups of the
carbon support, which usually show high binding energy in
the range of 531-534 eV.43,44 Still, after deconvolution the first
peak is found to be located at ∼530 eV, which is similar to that
observed from Co3O4,

39-42 while the other three peaks located
at∼531,∼533, and 534 eV, according to Figueiredo et al.,43 can
be assigned to carbonyl (or quinine), anhydride (or lactone), and
carboxylic groups on the carbon surface, respectively.

Thermogravimetric analysis (TGA) measurements on the
catalysts (Figure 3) show a significant decrease in the thermal
stability of the supports after loading with Co3O4. This can be
attributed to the catalytic activity of the cobalt oxide NPs for the
oxidation of the supports. CTF is more stable against decom-
position than the AC support, showing higher oxidation stability,
which have been also reported for other nitrogen-rich carbon
materials.45-47 Nevertheless, both catalysts are stable in O2

atmosphere at temperatures below 200 �C, and thus can be used
in liquid phase reactions without concerns about their thermal
stabilities. From the remaining weight after TGA experiments,
it can be calculated that the Co3O4 loading in the catalyst is
∼13 wt %.

To further reveal the structure of the catalysts, TEMmeasure-
ments were carried out on Co3O4/AC and Co3O4/CTF
(Supporting Information, Figure S1). However in this BF-
TEM mode, no metal oxide particles could be observed for both
catalysts, although Co was undoubtedly detected in the EDX
analysis (see Supporting Information, Figure S1c). This suggests
that the supported Co3O4 particles are either very small and/or
poorly crystalline or both, as the contrast are governed by mass
thickness and diffraction. This is in line with the weak intensity
of diffraction peaks and rings observed in XRD and electron
diffraction measurements, respectively. Therefore high-angle
annular dark field-scanning TEM (HAADF-STEM) was per-
formed (Z-contrast), allowing the imaging of the Co3O4 particles
with high atomic numbers in a matrix of light elements, such as

Figure 1. XRD patterns of the supported cobalt oxide catalysts and
Co3O4 as reference.

Figure 2. Co2p (a) and O1s (b) XPS spectra of the Co3O4/AC catalyst.

Figure 3. TGA curves of the supports (AC and CTF) and the
corresponding cobalt oxide catalysts.
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Figure 4. STEM images of samples (a) Co3O4/AC and (b) Co3O4/CTF, and (c) the corresponding Co, C, and O-EDX mapping.

Table 1. Textural Properties and Catalytic Performances of the Investigated Samples

textural properties activity at t = 3 h

sample S.A. (m2/g) a P.V. (cm3/g) b alcohol conv. (%) aldehyde sel. (%) e

AC 875 0.42 18.5 0d

CTF 677 0.38 11.2 0d

HSA_CTF 2849 1.98 15.7 0d

Co3O4 18 32.2 50.3

Co3O4/AC 597 0.32 ∼100c 87.3

Co3O4/CTF 392 0.24 17.8 25.2

Co3O4/HSA_CTF 987 0.52 61.0 51.8
aBET surface area determined by BETmethod (5 points). b Pore volume determined at P/P0 = 0.99.

cTrace amount of reactant was out of the detection
limitation of GC-MS. dThe amount of product being formed is out of the detection limitation of GC-MS e Possible byproduct such as toluene cannot be
excluded in the reaction.
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AC or CTF. As seen from Figure 4, on both supports small
Co3O4 NPs with average particle sizes below 5 nm are homo-
geneously dispersed. This is further supported by EDX mapping
of the Co3O4/CTF catalyst (Figure 4c).

In Table 1 the porous characteristics of the studied catalysts
are listed. N2-sorption measurements show that both AC and
CTF are microporous materials, with a Brunauer-Emmett-
Teller (BET) surface area of 875 and 677m2/g, respectively. The
surface area of both materials decreases after loading with cobalt
oxide catalysts, but still has considerable values of 597 and 392
m2/g, indicating that most of the pores are still accessible.

The structure of the materials, that is, small Co3O4 particles
supported homogeneously on a high surface area support suggest
that they might be effective heterogeneous catalysts. Indeed, it
was found that Co3O4/AC can show ∼100% conversion (see
Table 1) for aerobic oxidation of benzyl alcohol, which is one of
the most used test reactions in liquid phase.48 Also, it was found
that the activity of Co3O4/AC is far higher than that of Co3O4/
CTF, which is different from the trends observed on noble metal
catalyst (e.g., Pd/AC vs Pd/CTF).34 It should be, however,
noted that in the latter study a high surface area CTF (denoted
here as: HSA_CTF) was used, which is prepared at higher
temperatures,49 while in here we first used a periodic CTF,50

to compare materials with similar surface areas. Using a
HSA_CTF as support of Co3O4 show an increased activity
compared to the low-surface area one (CTF), but still the activity
is lower than that of Co3O4/AC (see Table 1).

The difference in the activity of Co3O4/AC and Co3O4/CTF
could be due to the higher oxidation stability of the nitrogen-rich
CTFs compared to AC. Surface oxygen species found on the
termination sites of AC can probably participate in the reaction
and are subsequently regenerated by molecular oxygen,20-23

while for CTFs with higher oxidation stability only few or even
none of such surface oxygen sites are available and hence low
activity is observed. Furthermore, Co3O4 seems to form larger
aggregates of particles on the CTF than on the AC support, as
seen from the STEM images, which might yield a lower active
metal surface area.

The different trends in the catalytic performances observed
from metal oxides and noble metals supported on these two
supports34,37 could be partially due to the different alcohols used
in these two systems. Still the reversal in the trends could also
point to a different reaction mechanism in these two catalytic
systems. Besides, for the supported cobalt oxide catalysts, the

reaction proceeds in a neutral medium, in which both the alcohol
and the oxygen are activated by the catalyst. The reaction
mechanism of alcohol oxidation carried out on metal oxide
catalysts supported on AC is the subject of our current work.

To check the stability of the Co3O4 NPs and verify that the
reaction is predominantly heterogeneous, a leaching experiment
was carried out:51,52 after 1 h of reaction, the catalyst (Co3O4/
AC) was filtered and the reaction was left to continue for another
1 h, the conversions measured before and after filtering were
64.9% and 63.3%, thus practically the same within experimental
error, showing that the reaction is mainly heterogeneous. Cer-
tainly, it can not be excluded that very low levels of cobalt oxide
could leach during the reaction, as it was carried out in liquid
phase, and that cobalt oxide may be active for the reaction with
short lifetime. [We thank Prof. Graham Hutchings in Cardiff
University for discussing with this possibility with us.] For this, a
TGA test onCo3O4/AC before and after reaction was carried out
and shown in the Supporting Information, Figure S5, showing no
significant weight loss of Co3O4. This is in line with what was
reported in previous works,53,54 where cobalt leaching is also not
detectable. Hence, we considered that the Co3O4 NPs are well
embedded on the AC support, and cobalt leaching could be
neglected, that is, the reaction is predominantly heterogeneous.

The stability of Co3O4/AC catalyst for alcohol oxidation was
also investigated by recycling tests. The results in Figure 5 show
that the activity is decreased if the reused catalyst is only dried in
air at 100 �C (denoted as “-1”). However, considerable activity
(∼80%) can still be obtained when the reused catalyst is treated
again in Ar at 350 �C for 2 h (like the treatment of the fresh
catalyst), and no appreciable loss in the activity is observed after
the second run. This indicates that the Co3O4 NPs on AC are
very stable and Co3O4/AC catalyst has good reusability for liquid
phase alcohol oxidation reaction. Also, it was found that the
Co3O4/AC catalyst is not only active for the oxidation of benzyl
alcohols but also for a range of other alcohols yielding the
respective aldehydes and ketones, as listed in the Supporting
Information, Table S1.

’CONCLUSIONS

In summary, we have shown that supported cobalt oxide
particles with diameters below 5 nm can be prepared through a
wetness impregnation method on different supports. Co3O4/AC
is a suitable catalyst for liquid phase alcohol oxidation carried out
in neutral medium and can be recycled well after a thermal
treatment. Results shown here suggest that supported metal
oxide catalyst such as Co3O4/AC can replace noble metals when
used for alcohol oxidation reaction, and hence offers a more
economic way of producing organics in industrial plants.

’EXPERIMENTAL SECTION

Preparation of Catalysts. AC (moisture: 17.98%, ash: 3.41%,
BET surface area: 875 m2/g) was purchased from Degussa and
metal nitrates from Sigma Aldrich. CTF and high surface area
CTF (denoted as HSA_CTF) were prepared according to
references.48,49 The supported cobalt oxide catalysts (Loading:
∼13 wt %) were prepared by wetness impregnation method: 0.5
g of Co(NO3)2 3 6H2O was first dissolved in 5 mL of deionized
water; to this solution 1 g of support (AC, CTF or HSA_CTF)
was added. The resulting slurry was dried in a static-air oven at

Figure 5. Long-term stability of Co3O4/AC catalyst in selective oxida-
tion of benzyl alcohol usingmolecular oxygen; “-1”: The reused catalyst
is dried in air at 100 �C; “0”: Here fresh catalyst is used; “1, 2, and 3”: The
reused catalyst is treated in Ar at 350 �C for 2 h.
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110 �C overnight and then thermally treated in Ar at 350 �C for
2 h (heating rate of 5 �C min-1) in a muffle oven.
Characterization of Catalysts. XRD patterns were collected

in a Bruker D8 Advance X-ray diffractometer using Cu KR1
irradiation (λ = 0.154 nm). BET surface areas were obtained from
the N2 sorption isotherms, determined at liquid nitrogen tem-
perature (-196 �C) with an Autosorb-1 equipment. TGA curves
weremeasured on a PerkinElmer STA 6000 instrument in oxygen
atmosphere. The oxygen flow rate is 20 mL min-1, and the
heating rate of the sample is 10 �C min-1. For the used catalysts,
they were dried in a static-air oven at 110 �C overnight before
performing the TGA experiment. TEM images were obtained
from a FEI Tecnai 20 microscope, using carbon-coated copper
grids. BF TEM was performed on a Zeiss EM Omega 912X at an
acceleration voltage of 120 kV. HAADF-TEM measurements
were performed on a LIBRA 200 (Zeiss) operated at 200 kV and
equipped with an EDX detector from Thermo Fischer operated
with the “System 6” software. XPS analysis was performed with a
VG Scientific ESCALAB 200A spectrometer using non-mono-
chromatized Mg KR radiation (1253.6 eV). The charging effect
was corrected using the C 1s level (285.0 eV) as a reference.
Catalytic Tests. 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 stirrer. A
typical reaction condition was 20 mL of toluene, 20 μL of benzyl
alcohol, 10 μL of decane (internal standard); 0.1 g of catalysts;
oxygen flow rate is 50 mL min-1; purity of oxygen is 99.99%;
reaction temperature is 80 �C and reaction time is 3 h. The
products were analyzed by an Agilent 7890A/5975C GC-MS.
The catalytic activity was calculated as follows:37 % Conv =100�
([C0] - [C1])/[C0]; Selectivity to benzaldehyde =100 �
[C0]/([C0] - [C1]), where [C0] and [C1] are the initial and
final molar concentrations of the benzyl alcohol, and [C0] is the
molar concentration of benzaldehyde formed during the reaction.

’ASSOCIATED CONTENT

bS Supporting Information. Additional characteristic re-
sults, such as TEM images, EDX analysis, TGA curves; alcohol
conversion with reaction time; reaction rate of different catalysts
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