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a b s t r a c t
The increasing need for shifting to renewable feedstocks in the chemical industry has driven research
toward using green aerobic, selective oxidation reactions to produce bulk chemicals. Here, we report the
use of a ruthenium mixed oxide/hydroxide (RuOx ) on different support materials for the selective aerobic
oxidation of ethanol to acetic acid. The RuOx was deposited onto different oxide supports using a new
gas-phase reaction, which in all cases resulted in homogeneous nanoparticulate ﬁlms. The RuOx particle
size ranged from 0.3 to 1.5 nm. The catalytic activity was evaluated on TiO2 , Mg6 Al2 (CO3 )(OH)16 · 4(H2 O),
MgAl2 O4 , Na2 Ti6 O13 nanotubes, ZnO, -Al2 O3 , WO3 , CeO2 , and Ce0.5 Zr0.5 O2 supports. The CeO2 supported
RuOx had the highest activity, and selectivity toward acetic acid, of all the materials when normalized
with respect to Ru-loading. This high activity was independent of the surface area of the support and
the loading of RuOx under the tested conditions. This was attributed to the highly uniform size of the
RuOx deposits, demonstrating that the deposition is suitable for producing small nanoparticles at high
loadings. To elucidate the reason for the promotional effect of CeO2 , Ce0.5 Zr0.5 O2 was investigated as a
high oxygen storage capacity support, however, this did not result in higher catalytic activity. The high
activity of CeO2 supports compared to the low activity ZnO appear correlated to the presence of high
valence Ru(VI) species analogous to that observed in literature.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The need for synthesizing bulk chemicals from non-fossil alternative feedstock rather than fossil resources increases as the latter
becomes more scarce. This production of bulk chemicals should
be as benign as possible for the environment, or “green” [1]. One
such bulk chemical is acetic acid, which is produced on the millions
of tonnes scale worldwide from syngas, butane, and naphtha [2].
The production of biomass-derived ethanol or “bio-ethanol” has
increased dramatically since the late 1990s [3]. This bio-ethanol
could ﬁnd use as a versatile, sustainable chemical feedstock for the
green production of “bio-acetic acid” [4].
Selective partial oxidation of organic molecules has attracted
increasing attention over the past decade, especially using molecular oxygen, i.e. aerobic oxidation [5–14]. Aerobic oxidation is
considered to be a “green” process because the only by-product
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is water, unlike the use of classic metal oxide oxidants, which generate stoichiometric amounts of metal waste [15,16]. Furthermore,
aerobic oxidation is also attractive due to the low cost of ubiquitous
oxygen.
RuO2 is perhaps most well known as the archetypical electrocatalyst for the oxygen evolution reaction (OER) [17]. Several
reactions are also reported in literature to be catalyzed by
ruthenium-based catalysts, e.g. ammonia synthesis/decomposition
[18], metathesis reactions [19], dehydrogenation of ethane [20],
and oxidation reactions [21]. The number of reports on heterogeneous ruthenium-based aerobic oxidation catalysts are limited, and
primarily focused on the oxidation of alcohols to oxo compounds
in organic solvents [5,22–25], and in aqueous solution [26–28].
In this work we focus on the green selective aerobic oxidation of
ethanol (CH3 CH2 OH) to acetic acid (CH3 COOH) in aqueous solution.
Recently, we reported a new procedure for the conformal coating of metal oxide supports with a high coverage of ruthenium
oxide (RuOx ) nanoparticles [29]. The RuOx deposited on TiO2 and
WO3 , according to this procedure, showed good results as OER catalysts for electrocatalytic and photoelectrocatalytic water splitting,
respectively. It was demonstrated that the nanoparticles covered
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the support in very thin and homogeneous layers, providing a high
dispersion of the RuOx nanoparticles.
In the present work the catalytic properties of this novel type
of heterogeneous catalyst was investigated for the selective aerobic oxidation of ethanol. To evaluate the support effect on the
catalytic activity, the active RuOx were deposited on a variety of
different supports, utilizing the same manufacturing procedure for
all supports. The reaction was carried out at benign conditions,
i.e. in the absence of catalytic amounts of base, at 10 bar O2 pressure, and at 150 ◦ C, and the acetic acid yield was approximately
100%; analogous to what was observed by Gorbanev et al. [26]
for ruthenium hydroxide supported on Mg6 Al2 (CO3 )(OH)16 · 4H2 O,
MgAl2 O4 , TiO2 , and CeO2 . In this work, a greater variety of different supports are tested for the selective oxidation to elucidate
any trends in activity based on the support properties. We therefore chose support materials with different acid/base, and redox
properties. The gas phase RuOx deposition method allowed the
catalyst nanoparticles to be highly dispersed and relatively homogeneous in size and properties across the variation in supports
without adapting the deposition route. This combination enabled
direct comparison of the catalytic activity between the different
supported catalysts. Furthermore, we attempted to elucidate the
origin of the promotional effect of cerium oxide.
The reaction mechanism of the related reaction oxidative dehydrogenation of methanol (CH3 OH) to formaldehyde (HCHO), or
formic acid (HCOOH) has been studied extensively on RuO2 . Therefore, it serve as an onset to understand CH3 CH2 OH oxidation as
the reaction mechanism and reactivity trends are expected to be
the same. It has been suggested that three factors inﬂuenced the
activity toward selective oxidative dehydrogenation of CH3 OH: the
amount of high valence state Ru(VI) [30], the degree of hydration
(the amount of Ru(OH)4 ) [31], and the particle size [32]. Li et al.
[30] showed that activity could be correlated to the amount of
Ru(VI) using a ZrO2 supported catalyst. The Ru(VI) species were
found to be dominant only at low loadings and were stabilized
by the ZrO2 support. Recently, Huang et al. [33] expanded on the
this work and found indications from a thorough spectroscopic
study, that the highly disperse Ru(VI) formed oxo-compounds
((O)2 Ru(OH)(OZr), (O)2 Ru(OZr)2 , and (O)Ru(OZr)4 ) on the ZrO2 surface. Of these oxo-compounds the (O)2 Ru(OZr)2 —formed between
500 and 900 ◦ C—was the most selective toward methylformate. Yu
et al. [31] showed that the dehydration of RuO2 · xH2 O on carbon
nanotubes resulted in a less active catalyst and an increase in the
oxidation to formic acid instead of methyl formate (no CO2 was
formed). This was due to the reduced activity for oxidative dehydrogenation, which is the rate-determining step (as determined
by Liu et al. [32] from the kinetic isotope effect). Liu et al. [32]
observed that for RuO2 on SnO2 the selectivity for the partial oxidation of CH3 OH to CH2 O decreased with decreasing particle size. The
authors rationalized that small clusters would not easily lose lattice oxygen, which was shown to be a part of the rate-determining
step in the reaction. The optimal loading of Ru was determined
only based on the surface density to be 3.5 Ru surface atoms/nm2
support [32]. The activities of RuO2 on SnO2 , and SiO2 for the oxidative dehydrogenation of CH3 CH2 OH were also brieﬂy investigated
[32]. In this work we have attempted to relate these observations to
the selective oxidation of CH3 CH2 OH over the gas-phase deposited
RuOx on the different supports.

2. Experimental
2.1. Materials
All reagents were used as received. Ethanol (CH3 CH2 OH) (99.9%,
Kemetyl A/S), acetaldehyde (CH3 CHO) (>99.5%, Sigma–Aldrich),

acetic acid (CH3 COOH) (99.8%, Riedel-de Haën AG) and O2 (99.5%,
Air Liquide Denmark), RuCl3 · xH2 O (99% ReagentPlus, 40–49 wt%
Ru, Sigma–Aldrich), KMnO4 (analysis pure, Merck), Dopamine
Chloride (Sigma–Aldrich), Degussa P25 TiO2 (Degussa), hydrotalcite (HT, Mg6 Al2 (CO3 )(OH)16 · 4H2 O, courtesy of Haldor Topsøe),
MgAl2 O4 (spinel, courtesy of Haldor Topsøe), sodium titanate nanotubes (Na2 Ti6 O13 -NTs) were synthesized as described in literature
[34], ZnO (Sigma–Aldrich), -Al2 O3 (Puralox TH100/150, Sasol),
WO3 (Sigma–Aldrich), and CeO2 (nanopowder – Sigma–Aldrich),
CeO2 (AMR), and Ce0.5 Zr0.5 O2 (AMR). Millipore water was obtained
from a Milli-Q® water system with a water resistivity of
18.2 M cm.
2.2. Catalyst preparation
General details of the catalyst preparation have been reported
previously [29] and are described below:
Step 1, functionalization of supports: 1 g of a support (TiO2 ,
HT, MgAl2 O4 , Na2 Ti6 O13 -NTs, ZnO, -Al2 O3 , WO3 , CeO2 , or
Ce0.5 Zr0.5 O2 ) was suspended in a 20 mM dopamine chloride solution in 30 vol.% MeOH/Millipore water by sonication for 30 min. The
powder was recovered by centrifugation at 20,000 rpm for 60 min
and decanting the liquid. The powder was washed by re-suspension
in Millipore water, centrifugation and decanting the liquid anew;
the washing procedure was repeated 4 times. The resulting powder
was ﬁnally dried overnight in air at 95 ◦ C. Around 90% of the total
mass of the functionalized support were recovered.
Step 2, RuOx coating: 0.5 g of functionalized support was placed
in a glass tube (4 mm in diameter by 30 cm in length) between two
pyrex wool plugs in both ends of the tube. The tube was placed,
through a septum, in a three-neck ﬂask. A fritted glass tube was
also ﬁtted, through a septum, in the three-neck ﬂask and then connected to nitrogen gas with a needle valve to adjust the nitrogen
ﬂow (further setup details are given in [29]). 40 mg RuCl3 · xH2 O
was transferred to the ﬂask with 10 ml Millipore water, and the
solution was then stirred for ca. 5 min. Then 80 mg KMnO4 was
transferred to the ﬂask with another 10 ml Millipore water and the
ﬂask sealed. As the formed RuO4 (g) is toxic this was carried out in a
fumehood. A ﬂow of N2 was then introduced through the reaction
mixture and the ﬂow adjusted so that the functionalized support
was gently ﬂowing in the tube. The ﬂask was continuously stirred
at 400 rpm throughout the deposition. Every hour the tube with the
catalyst was rotated allowing for a homogeneous coating. After 4 h
the deposition was considered ﬁnished and the powder collected
and used without further preparation. Around 84% of the total mass
of the support could be recovered, the rest was lost through the
two pyrex wool plugs during the deposition, optimizing these could
increase the yield signiﬁcantly.
For samples with lower ruthenium loading, the amount of
RuCl3 · xH2 O and KMnO4 were halved and for higher loading the
amounts were doubled compared to the procedure described
above. For the study of heat-treatment effects three samples of
0.3 g of the 1.8 wt% RuOx /CeO2 catalyst were heated to 170, 200
and 450 ◦ C, in air for 18 h. All other catalysts were tested without
any heat-treatment.
The RuOx deposited on TiO2 was previously investigated by
X-ray powder diffraction (XRPD) and X-ray photoelectron spectroscopy [29]. From the XRPD analysis it was determined that the
RuOx nanoparticles were amorphous. The valence state of the RuOx
was determined by XPS to be a mixture of Ru(VI) and Ru(III) or
Ru(OH)4 [29]. Whether the catalyst contained Ru(III) or Ru(OH)4 ,
and the level of hydration could not be determined by XPS, hence,
we use the notation “RuOx ” to describe the mixed oxide/hydroxide.
The effect of heat-treatment on the RuOx /TiO2 catalyst was also
investigated by XPS. Calcination at 250 ◦ C resulted in a dehydration of the RuOx into a mixed oxide/hydroxide consisting of RuO2
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and Ru3+ or hydrated RuO2 [29]. Furthermore, it was shown that
the functionalization of the support with the dopamine chloride
played a key role in the deposition of RuOx , as it did not occur on
the pure supports [29].
2.3. Catalyst characterization
Surface areas were determined by nitrogen physisorption measurements at liquid nitrogen temperature on a Micrometrics ASAP
2020. The samples were out-gassed in vacuum at 150 ◦ C for 6 h prior
to measurements. The total surface areas were calculated according
to the BET method.
X-ray ﬂuorescent (XRF) measurements were used to determine
the elemental composition using a PAN’alytical MiniPal 4. The MiniPal software (V. 0.6.B) used the built-in “standardless” peak ﬁt
program to evaluate the peak areas. The measurements were calibrated to a series of samples of RuCl3 · xH2 O impregnated onto CeO2
powder in the concentration interval of interest.
Scanning Electron Microscopy (SEM, FEI Quanta 200 F) was
performed on the uncoated samples dropcast from CH3 CH2 OH suspension directly onto the sample holder. Images were obtained at
5 kV acceleration with the secondary electron emission detector.
Scanning Transmission Electron Microscopy (STEM) images
were obtained using a probe-corrected FEI Titan 80-300ST TEM.
TEM images were acquired using a FEI Tecnai T20 TEM. The Titan
microscope was operated in STEM mode at 300 kV accelerating
voltage with 70.8 mrad inner detector angle. The powdered samples were dispersed on TEM copper grids coated with a holey carbon
ﬁlm. STEM High Angle Annular Dark Field (HAADF) and Bright
Field (BF) images were acquired simultaneously during every scan,
thereby providing complementary data for efﬁcient image analysis. STEM HAADF imaging is a technique sensitive to Z contrast
and, therefore, particularly suitable for Ru deposition analysis on a
variety of substrates. Energy Dispersive X-ray (EDX) spectra were
recorded in STEM mode to study the spatial distribution of the
catalyst material and the compositional topography of the deposits.
X-ray Photoelectron Spectroscopy (XPS) was applied to determine the surface composition using a Thermo Scientiﬁc Theta
Probe instrument. The X-ray source is monochromatized Al K˛
(1486.7 eV) and the analyzer entrance accepts electrons emitted
between 20◦ and 80◦ to the surface normal. An X-ray beam size
of 400 m was used and the energy resolution corresponds to Ag
3d5/2 full width half maximum (FWHM) of better than 1.0 eV. The
energy calibration is estimated to ±0.1 eV, based on the variation of
the C 1s binding energy (BE) around 285.0 eV. The analysis chamber
base pressure was 5 × 10−10 mbar, but up to 1 × 10−8 mbar due to
sample degassing was accepted for XPS analysis.
The elements present at the sample surfaces were identiﬁed
by XPS survey spectra. Quantiﬁcation and evidence for chemical
shifts is provided by more detailed spectra of selected lines, which
were analyzed using the Avantage software. Spectrum shifts due
to charging were determined and corrected by sputtering Au(0)
onto the sample for internal reference, which gives an uncertainty of less than 0.3 eV. Deconvolution of the XPS spectra was
accomplished using Gaussian–Lorentzian product functions superimposed on a Shirley background. The spin–orbit intensity ratios
were ﬁxed according to electron occupancy (p1/2 : p3/2 =0.5 and
d3/2 : d5/2 =0.66) corrected for spectrometer contributions. Due to
feature overlap between Ru 3d, Ce 4s, and C 1s, the Ru 3p3/2 was
used to identify the amounts of Ru valence states. The Ru 3p1/2
could not be ﬁtted due to overlap with Sn 3d lines.
2.4. Catalytic testing
Oxidations were carried out in stirred Parr autoclaves equipped
with internal thermocontrol (T316 steel) and a Teﬂon® beaker

245

insert, 100 ml. In each reaction an autoclave was ﬁlled with 10 g
of a 5 wt% aqueous CH3 CH2 OH solution. Subsequently, one of the
supported 0.9–4.9 wt% RuOx catalysts (weight percentage given on
Ru metal basis) was added (0.06–0.33 g for the different loadings,
the amount was chosen to give ca. 0.03 mmol Ru in each run).
The autoclave was then pressurized with O2 (10 bar, ca. 16 mmol)
and maintained at 150 ◦ C for a given period of time under stirring
(500 rpm). After the reaction, the autoclave was rapidly cooled to
room temperature, the reaction mixture ﬁltered immediately and
analyzed using High-Performance Liquid Chromatography (HPLC,
Agilent Technologies 1200 series, Aminex HPX-87H column from
Bio-Rad, 300 mm×7.8 mm×9 m, ﬂow 0.6 ml/min, solvent 5 mM
H2 SO4 , temperature 60 ◦ C). The time-resolved measurements were
preformed in batch mode, i.e. each data point corresponds to
one experimental run. The HPLC was calibrated for CH3 CH2 OH,
CH3 CHO, and CH3 COOH from which the carbon balance was calculated.
2.5. Data processing
The concentrations (mol/L) of CH3 CH2 OH, CH3 CHO, and
CH3 COOH from the GC measurements are used to obtain the conversion, yield and selectivity on a carbon basis according to the
following equations:
Conversion(C) =
=

Yield(Y ) =

c(ethanol)0 − c(ethanol)
× 100%
c(ethanol)0



1−

c(ethanol)
c(ethanol)0



× 100%

c(product)
× 100%
c(ethanol)0 − c(ethanol)

Selectivity(S) =

Y
× 100%
C

(1)

(2)
(3)

As the CH3 CHO is a reaction intermediate when going from
CH3 CH2 OH to CH3 COOH it may be a little misleading to put too
much emphasis on the selectivity between these product as the
ratio may be shifted signiﬁcantly by changing reaction times. The
results presented here are not optimized for the best possible
selectivity toward CH3 COOH but to reﬂect the relative difference
between catalyst supports.
3. Results and discussion
A recent study has shown that Ru(OH)x on CeO2 , prepared by
impregnation, showed a product yield close to 100% for the aerobic oxidation of ethanol (CH3 CH2 OH) to acetic acid (CH3 COOH) at
150 ◦ C, and 10 bar O2 after 3 h [26]. In this study we use these experimental conditions to test the catalytic activity of RuOx deposited
on a variety of metal oxide supports. These catalysts were prepared using our recently published gas-phase synthesis [29]. As
this synthesis allows for the deposition of similarly sized nanoparticles across the different supports, it enables a direct comparison
of the supports’ effect on the catalyst activity.
All catalysts were examined by SEM and STEM in order to investigate the morphology of the support and active particles. Fig. 1
shows the morphology of the 1.8 wt% RuOx /CeO2 catalyst, which is
representative of the samples. The support morphology was determined from the SEM image (Fig. 1(a)) to be nanoparticulate with
rounded particles clustered together in larger particle agglomerates. The individual support particles were approximately 100 nm
large on average with a broad size distribution, and the agglomerates were on the micrometer length scale.
From the BF and HAADF STEM images the deposited RuOx could
be identiﬁed. RuOx appeared as bright spots or patches in the
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Fig. 1. SEM image (a) and STEM images, in BF (b) and HAADF (c) modes, of the 1.8 wt% RuOx /CeO2 . (d) The STEM BF and HAADF images showing the EDX linescan position.
(e) The EDX linescan of Ru and Ce. The RuOx particles could be clearly identiﬁed from the EDX linescan. The scale bar in (a) corresponds to 500 nm and in (b)–(d) the scale
bar corresponds to 10 nm.

HAADF images and dark in the corresponding BF due to its higher
atomic number (Z) and indicated by the arrows (Fig. 1(b) and (c))
(on Ce-oxide supports where Ce has a higher Z than Ru, Ru identiﬁed
by comparing contrast differences in BF and HAADF images). The
deposits on the supports surface was conﬁrmed to contain Ru by
performing an EDX line scan with a sub-nanometer sized electron
probe (Fig. 1(d), line scans for the other samples are not shown).
The deposited RuOx may be seen to consists of individual particles
ranging from 0.5 to 1.2 nm in size (estimated from representative
STEM images).
From SEM and TEM investigations (see supplementary
information), it could be determined that all the catalyst samples
contained RuOx nanoparticles around 0.3–1.5 nm in size, well dispersed on the supporting oxide. As the samples were produced
using exactly the same procedure regardless of the supports this
was expected. However, this fact also allows for the direct comparison of the supports effect on activity of the RuOx nanoparticles
with only negligible effects of particle size. Table 1 summarizes
the observed particle sizes, loading, and the measured BET surface areas. The surface area was seen to vary signiﬁcantly with the
support but seemingly not effecting the catalyst particle size.
The loading of each sample, as measured locally by EDX and
in the bulk by XRF, differs signiﬁcantly (see Table 1), indicating
that the supports were inhomogeneously coated with RuOx . Some
smaller variation in the concentration measured by EDX in different
areas was observed as is normally the case, hence, a complete agreement between EDX and XRF was not expected, but the observed
variations were signiﬁcantly larger. The inhomogeneity was

speculated to be due to either (i) that RuO4 (g) reacts fast with
surface dopamine groups resulting in less deposition on particles
inside agglomerates, or (ii) to a difference in the surface coverage of
dopamine, but most likely a combination of the two. The dopamine
molecule was previously shown to be a key participant in the RuOx
deposition mechanism [29]. In the present work it was chosen to
adjust the Ru to CH3 CH2 OH ratio to 0.3 on molar basis (mol%, based
on the XRF measurements, see Table 1) for all catalysts in the catalytic activity tests to take the variation in loading into account and
allow for the direct comparison of the different supports.
In Fig. 2, the various catalysts from Table 1 are compared on
the basis of the CH3 COOH yield after 3 h of reaction. The catalyst
materials indicated by ∗ in Table 1 showed a carbon mass balance
of less than one (measured by HPLC) indicating the full oxidation of
CH3 CH2 OH to CO2 [26,35]. The carbon mass balance varied between
60 and 70% for the indicated samples. The full oxidation to CO2
could not be veriﬁed by the conducted HPLC analysis, but has previously been observed by Imamura et al. [35] for the oxidation of
CH3 COOH over a RuO2 /CeO2 catalyst. In contrast to the work of
Imamura et al. [35], the yield of CH3 COOH was close to 100% after
17 h (as seen in Fig. 3). Coke formation, or other insoluble products, that could also have contributed to the deviation in the carbon
mass balance, were not detected as the reaction mixtures were
ﬁltered before analysis. Most of the catalysts were stable under
the employed conditions, with the exception of RuOx /ZnO, which
formed an unidentiﬁed foam during the reaction. We expect that
this by-product was formed by reaction of amphoteric ZnO with
the CH3 COOH, as indicated by the carbon balance being lower than

Table 1
Physical properties of the catalysts compared in this work. Catalysts marked with an ∗ in the table, showed a carbon mass balance of less than one, indicating some complete
oxidation to CO2 .
Name/support

Ru loading ([wt.%] XRF)

Ru loading ([wt.%] EDXa )

BET surface area (m2 /g)

RuOx /TiO2 ∗
RuOx /HTc
RuOx /MgAl2 O4 ∗
RuOx /Na2 Ti6 O13 -NTs ∗
RuOx /ZnO ∗
RuOx /-Al2 O3
RuOx /WO3 ∗
RuOx /CeO2
RuOx /CeO2
RuOx /CeO2
RuOx /hisuCeO2
RuOx /Ce0.5 Zr0.5 O2

4.9
1.5
1.5
1.5
1.3
1.6
1.3
0.9
1.8
3.4
2.3
0.9

5.3
0.6
3.2
1.9
1.1
0.4
1.9
3.3
1.9
3.8
3.8
5.2

54
5
89
214
9
151
2
62
58
60
122
127

a
b
c

Metallic Ru content based on known metal oxide composition, averaged over 2–3 EDX spectra.
The particle size was estimated from representative HRTEM images.
The use of this catalyst material resulted in an unidentiﬁed peak in HPLC.

Ru particle size b (nm)
0.3–1.0
0.5–1.5
0.5–1.0
∼ 0.8
0.8–1.2
0.6–1.5
0.8–1.0
∼ 0.5
0.5–1.2
0.6–0.8
0.8–1.5
1.0–1.5
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Fig. 2. Conversion, yields, and selectivity for the aerobic oxidation of CH3 CH2 OH
with supported RuOx catalysts (5 wt% aqueous CH3 CH2 OH solution, 10 bar O2 ,
150 ◦ C, ca. 0.3 mol% Ru to CH3 CH2 OH, and 3 h of reaction time). Other products
are products not detected by the HPLC analysis, i.e. an unknown mixture likely
consisting of CO2 and/or insoluble products.

one. However, it could not be ruled out that the discrepancy of the
carbon balance was, at least in part, due to the full oxidation to CO2 .
Generally, it may be seen from Fig. 2 that the TiO2 , MgAl2 O4 , and
CeO2 catalysts showed the best performance. The performance of
CeO2 was in line with that observed in literature [27,26] for similar
conditions; hence, the rest of this work focuses on the origin of the
high activity and selectivity toward CH3 COOH of the RuOx /CeO2
catalyst.
The time-resolved reactant, product, and intermediate yields
plot is shown in Fig. 3 for the catalytic reaction of the RuOx /CeO2
catalyst. This ﬁgure shows that, as the CH3 CH2 OH was converted,
the amount of CH3 CHO increased together with the CH3 COOH yield.
This was expected since it was previously demonstrated that the
oxidation of alcohols was more difﬁcult than the oxidation of aldehydes, as is the case for Au on TiO2 [36,10,37]. Hence, as the CH3 CHO
is produced, it is rapidly converted to CH3 COOH. After approximately 2.5 h the yield of CH3 CHO remained almost constant in
time, resembling a steady state-like situation. After 12 h, when all
the CH3 CH2 OH was converted, the amount of CH3 CHO decreased
gradually as the conversion from CH3 CH2 OH to CH3 COOH was com-

Fig. 3. Conversion of CH3 CH2 OH, and the yields of CH3 CHO, CH3 COOH, and other
products as a function of reaction time for the aerobic oxidation of CH3 CH2 OH with
1.8 wt% RuOx /CeO2 catalyst in water (5 wt% aqueous CH3 CH2 OH solution, 10 bar O2 ,
150 ◦ C, ca. 0.3 mol% Ru to CH3 CH2 OH). Other products are products not detected by
the HPCL analysis, i.e. an unknown mixture likely consisting of CO2 and/or insoluble
products.
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pleted after about 18 h. This is in contrast to what was observed
previously for RuO2 on SiO2 and SnO2 supports [32], where the conversion to CH3 COOH did not occur. It is likely that the difference in
reaction conditions were at least partly responsible for this difference, i.e. 0.02–0.5 bar and 100 ◦ C versus 10 bar and 150 ◦ C. Other
factors that could affect the selectivity include the particle size, the
valence state, the level of hydration, and the crystallinity of RuOx
— these factors were investigated in the following experiments.
Liu et al. [32] demonstrated that an optimum in particle size
must exist (which they determine as a surface density of 3.5 Ru
surface atoms/nm2 support). To investigate the effect of particle
size in the RuOx /CeO2 system, the RuOx loading was increased,
which would normally lead to an increase in particle size. This was
achieved by varying the amount of Ru-precursor reacted with the
support, and loadings of 0.9, 1.8, and 3.4 wt% Ru, were obtained. In
Fig. 4 the CH3 CH2 OH conversion and yield of CH3 COOH are shown
for the three different loadings.
From Fig. 4 it is seen that, within the experimental uncertainty,
there was no difference in catalytic activity with the variation in
loading. As the experiments were normalized to the Ru content
(ca. 0.3 mol% Ru to CH3 CH2 OH), the similar efﬁciency was interpreted as an indication of the RuOx particles having the same size
and morphology. In fact, from the STEM images (see supplementary
information) and the results summarized in Table 1, it was clearly
seen that the particle size did not vary signiﬁcantly with the loading.
This was in contrast to what is usually been observed for catalysts prepared by impregnation, where particle size most often
increases with loading. Thus, this deposition method does not show
the normal loading-size dependence. Meaning that the gas-phase
deposition synthesis allows for preparing high loadings, while
maintaining a small nanoparticle size, without using high surface
area supports. This property is a desired feature for a potential
industrial process, where a higher loading means a more compact
catalyst bed and, correspondingly, smaller equipment. Furthermore, the absence of loading dependence also excludes that the
CeO2 support has an intrinsic activity, in contrast to what was
observed by Gorbanev et al. [26]. We attribute this to the dopamine
functionalization covering the support or the high dispersion of
the RuOx deposits reacting more efﬁcient than the support. To
test further whether the deposited RuOx activity was not correlated with the loading, a catalyst sample was prepared on high
surface area CeO2 (RuOx /hisuCeO2 ). The surface area of the support was 122 m2 /g compared to 60 m2 /g for the regular CeO2 ,
and the obtained loading of the catalyst was 2.3 wt%. In Fig. 4
the CH3 CH2 OH conversion and CH3 COOH yield obtained using the
RuOx /hisuCeO2 are compared to those catalysts prepared with the
regular CeO2 ; however, no signiﬁcant difference in catalytic activity was observed. Note that no difference should be observed if the
active catalyst particles are similar, as the amount of catalyst used
was normalized to the amount of RuOx . The slightly higher yield of
CH3 COOH after 1 and 3 h with the high surface area supported RuOx
compared to the regular CeO2 supported catalyst may be ascribed
to the difference in dispersion of the catalyst in the solution, i.e. differences in mass transport to the catalyst or simply measurement
uncertainties.
It should be noted that the time to reach full conversion for all
catalysts described here was slightly longer than that observed in
literature for catalysts made by incipient wetness impregnation
with 1.2 wt% loading — but slightly faster than that with 2.4 wt%
loading (normalized to the amount of Ru) [26]. This was likely due
to either the difference in particle size, in valence state (which
was determined to be mainly Ru(IV) with small amounts of Ru(III)
for the incipient wetness impregnated catalysts), or the level of
hydration, which is unknown in both cases [26]; all of which could
contribute signiﬁcantly to the activity.

248

A.B. Laursen et al. / Applied Catalysis A: General 433–434 (2012) 243–250

Fig. 4. (a) The conversion of CH3 CH2 OH, (b) the yield of CH3 COOH, and (c) the
selectivity toward CH3 COOH in the aerobic oxidation reaction of CH3 CH2 OH with
supported RuOx catalysts (5 wt% aqueous CH3 CH2 OH solution, 10 bar O2 , 150 ◦ C, ca.
0.3 mol% Ru to CH3 CH2 OH).

The particle size observed for the incipient wetness impregnation was around 0.5–2 nm for the most active samples and
0.8–3.5 nm for the sample with comparable activity to that
observed in this work [26]. As the particle size range in this study
was 0.5–1.5 nm it was not possible to determine an optimal size
range from this data. Further studies with well-controlled narrow
size-distributions, and valence state are needed to determine how
these parameters affect the catalyst activity and to what extent.

Based on literature we speculate that there might two reasons
for CeO2 ’s superior activity: Either because of support effects of the
CeO2 support due to the easy reduction of Ce(IV) oxide or two due
to a stabilizing effect of CeO2 on Ru(VI) species as was suggested
by Li et al. [30] for RuOx on ZrO2 .
It is known from investigations of the automotive three-way
catalysts that CeO2 mixed with ZrO2 supports have improved
oxygen storage properties [38,39], i.e. facilitates the reduction of
Ce(IV) to Ce(III) at lower temperatures. It was speculated that
the Ce(III)/Ce(IV) redox properties of CeO2 could be responsible
for the increased activity of CeO2 observed here for the oxidation of CH3 CH2 OH. To elucidate this, RuOx was loaded onto a
mixed ZrO2 /CeO2 support, Ce0.5 Zr0.5 O2 . This support composition
is known from literature to allow the reversible reduction of CeO2
at the lowest reaction temperature [38,39]. Fig. 4 shows the catalytic results for the RuOx /Ce0.5 Zr0.5 O2 catalyst compared to the
other CeO2 supported catalysts. No positive effect was achieved by
using the mixed oxide support. Hence, we must tentatively conclude that the reduced temperature for oxidation/reduction was
not the right descriptor to explain the increased activity of CeO2 .
In situ spectroscopy techniques are needed to rule out the involvement of Ce(III)/Ce(IV) in the reaction mechanism or more relevantly
its involvement in the rate-determining step.
Our second hypothesis, that the activity of CeO2 was due to the
abundant presence of high valence Ru was based on the work by
Li et al. [30] on CH3 OH. In this study Li et al. demonstrated that on
ZrO2 and at low loadings a high fraction of Ru(VI) was present and
that these catalysts showed higher catalytic activity. We suggest
that CeO2 could have similar properties, and we thus investigated
the samples with the highest and lowest catalytic activity for the
presence of these high valence Ru-species by using XPS. As ZrO2
was suggested by Li et al. [30] as an efﬁcient support to stabilize
Ru(VI) species, we also investigated the Ce0.5 Zr0.5 O2 .
From Fig. 2 it is seen that the ZnO has the lowest activity and
from the XPS measurements (see Fig. 5, also see supplementary
information for all XPS spectra and ﬁts) it is seen that this sample
has a 0.10 fraction of Ru(VI) to Ru(IV) compared to 0.17 for the
RuOx on CeO2 . We ascribe the XPS peak at 464.7 eV to Ru(VI) 3p3/2
[41] and the peak at 462.5 eV to RuO2 [40], the peak at 459.4 eV
is ascribed to a low intensity ZnO auger line. This suggests that
the high relative amount of Ru(VI) has a promotional effect on the
catalytic activity of toward the selective oxidation of CH3 CH2 OH to
CH3 COOH, similar to what Li et al. [30] demonstrated for CH3 OH
oxidation. Similarly, the Ce0.5 Zr0.5 O2 show a similar amount (0.18)
of Ru(VI) to that of the CeO2 sample. As these samples also show
an equal activity, on Ru metal basis, this agrees very well with the
hypothesis that the promotional effect of the CeO2 support was due
to the presence of a larger amount of Ru(VI) compared to the poorly
performing ZnO supported RuOx .
Finally the effect of a heat-treatment on the RuOx /CeO2 catalyst
was investigated. In Fig. 6 the effect of the catalyst by heattreatments (at 170, 200, and 450 ◦ C) on the activity is compared
to the untreated sample. As the temperature was increased the
yield of CH3 COOH and CH3 CHO dropped signiﬁcantly, compared
to the untreated sample. This drop in activity we attributed to
the reduction of the active Ru(VI) species. In our previous study
[29] of the heat-treatment effect on RuOx /TiO2 it was shown that
above 250 ◦ C the treatment led to the reduction of Ru from a mixed
oxide of Ru(VI) and Ru(III) or hydrated Ru(IV) into a mixed oxide
of dehydrated Ru(IV) and Ru(III) or hydrated Ru(IV) (XPS data did
not allow for the distinction between Ru(III) and hydrated Ru(IV)).
Thus the deactivation of the catalyst toward the formation of
CH3 COOH by the heat-treatment at low temperatures occurs simultaneously with the conversion of Ru(VI) species to Ru(IV). However,
our previous work [29] it was observed that the heat-treatment
also resulted in sintering of the RuOx into larger particles, as

A.B. Laursen et al. / Applied Catalysis A: General 433–434 (2012) 243–250

249

oxidation of CH3 CH2 OH to CH3 CHO, however, this trend was not
observed in the present work.
4. Conclusions
In summary, we have demonstrated that the novel gas-phase
synthesis for coating Ru-oxide nanoparticles onto various metal
oxides produced active catalysts for the selective aerobic oxidation of CH3 CH2 OH to CH3 COOH. Particles were deposited
on P25 TiO2 , Mg6 Al2 (CO3 )(OH)16 · 4H2 O(hydrotalcite), MgAl2 O4 ,
Na2 Ti6 O13 nanotubes, ZnO, -Al2 O3 , WO3 , CeO2 and Ce0.5 Zr0.5 O2
mixed oxide supports. Of these supports, the CeO2 proved to be the
most active catalyst, followed by the MgAl2 O4 , TiO2 , Na2 Ti6 O13 NTs, -.Al2 O3 , WO3 , HT, and ZnO. To gain insight into the role of
the support, we investigated the effect of a CeO2 /ZrO2 mixed oxide
support. As compared to CeO2 , this mixed oxide is known to have
increased redox activity in three-way catalysts, but no promotion
was observed in the present reaction. On this basis, it was concluded
that the activity of CeO2 supported RuOx was not inﬂuenced by the
increased redox activity of Ce0.5 Zr0.5 O2 . From XPS investigations
we determined that the most active catalysts stabilized a higher
relative abundance of Ru(VI) species as compared to the much less
active ZnO supported RuOx . Furthermore, we have demonstrated
that the loading of RuOx , when deposited by this gas phase reaction, did not effect the catalytic activity when normalized to the
RuOx content. This showed that the nanoparticles deposited by the
synthesis are equally active on CeO2 supports irrespective of the
support porosity and catalyst loading. Hence, this type of catalyst
may be produced with a very high loading allowing for the use of
lesser amounts of catalyst material in a potential industrial process.
This could substantially decrease the overall size of an industrial
reactor—an important feature for large scale processes.
Fig. 5. XPS spectra of the Ru 3p3/2 lines for (a) 1.3 wt% RuOx /ZnO, (b) 1.8 wt%
RuOx /CeO2 catalysts, and (c) 0.9 wt% RuOx /Ce0.5 Zr0.5 O2 . Two lines are observed in
both spectra one at 462.5 eV (dashed black line) and one at 464.7 eV (dotted black
line), ascribed to Ru(IV) [40] and Ru(VI) [41], respectively. The line at 259.4 eV
(dash-dot gray line) in (a) is ascribed to a low intensity ZnO auger line.

determined by TEM (see [29]). This means that from the heattreatment study alone it was not possible to de-couple the effects
of sintering from the change in electronic state, hence, we cannot
make any clear conclusions on the relative effect of sintering vs. the
reduction/dehydration of Ru(VI). In the study by Liu et al. [32] crystalline RuO2 on SnO2 was observed to be more selective toward
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