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Abstract

Cobalt-based catalysts supported on TiO2 and ZrO2 were studied for the oxidation of NO to NO2 in excess oxygen. NO oxidation was studied
as the first step in a two-step catalytic scheme where NO is oxidized to NO2 and in turn NO2 is reduced with CH4 to N2 under lean conditions.
Catalysts were prepared by sol–gel (SG) and incipient-wetness impregnation (IWI) techniques and characterized by temperature-programmed
reduction (TPR), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), laser Raman spectroscopy (LRS), and diffuse reflectance
Fourier transform infrared spectroscopy (DRIFTS). It was found the nature of the support, the synthesis technique, and the pretreatment conditions
affect the catalytic activity. 10% Co/ZrO2 catalysts prepared by IWI were found to be most active among the catalysts tested, giving the highest
NO uptake capacity and the highest turnover frequency (TOF) based on NO adsorption sites. Tests with bulk Co3O4 also showed significant NO
oxidation activity.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Nitrogen oxides are known to be associated with several en-
vironmental and health hazards, including smog, acid rain, and
ground-level ozone formation. Due to the increasingly strin-
gent regulations on nitrogen oxide emissions, development of
methods to decrease NOx emissions has been an active re-
search area [1]. Currently, ammonia selective catalytic reduc-
tion (SCR) is a popular choice for NOx reduction for stationary
applications [2]. This technology can be used in both lean and
rich conditions. Because of the cost and safety hazards associ-
ated with ammonia SCR installations, and due to the presence
of unburned hydrocarbons in the exhaust of lean-burning en-
gines, the use of hydrocarbons as a NOx reduction agent is
an attractive alternative. Thus, SCR of NOx using methane
and other hydrocarbons has received much research attention
[3–19]. Lean-burning natural gas and diesel engines are be-
coming increasingly popular choices for stationary power gen-
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eration and mobile applications due to their high operating ef-
ficiencies and relatively low emissions. A challenge to these
lean-burning engines, however, is the development of a catalyst
that can reduce NOx species in the highly oxidizing conditions
by avoiding the undesired reactions between the hydrocarbons
and molecular oxygen [2].

For the SCR of NO with hydrocarbons, ion-exchanged ze-
olites, such as Cu-, Fe-, Pt-, Co-, Ga-, Ce-, and H-exchanged
zeolites, have been shown to be active [7–14]. Supported no-
ble metals also have been researched. Cu-ZSM-5 and Pt/Al2O3

are among the most widely studied metal-exchanged zeolite and
supported noble metal catalysts for the NO SCR with hydrocar-
bons [7]. Although there is debate regarding the mechanisms
involved in NO SCR with hydrocarbons, it is often proposed
that NO is first oxidized to NO2, which subsequently reacts
with the hydrocarbon and is reduced [20–22]. A study by Meu-
nier and Ross [23] compared conversions of NO and NO2 over
silver-based catalysts with propane and found superior activity
for NO2 reduction with hydrocarbons compared with that for
NO, supporting the idea that NO2 is a key reaction intermediate
[23–29]. Because NO2 is more “oxidized” than NO, it can be
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reduced more readily, making it able to more favorably compete
with O2 for reaction with the reducing agent.

Oxygen reportedly shows a promotional effect on the rate
of NO reduction with hydrocarbons, purportedly due to a bi-
functional catalytic mechanism on Cu-ZSM-5 [7]. Other stud-
ies have also proposed bifunctional catalysts for the NO SCR
with hydrocarbons, with some sites responsible for NO oxida-
tion and other sites responsible for the reduction of NO2, and
observed superior N2 yields when NO2 rather than NO was
reduced [7,20,21,29–31]. A study on Co-mordenite catalysts
suggested that high metal loadings promote the oxidation of NO
to NO2, which can enhance the overall N2 formation [21]. Be-
cause NO2 has been proposed as a reaction intermediate, the
study of NO oxidation can be found in the NO SCR literature
as well as in some direct studies of NO oxidation [25–28]. Stud-
ies on Ag, Co, and Pt catalysts have shown that they can exhibit
significant oxidation activity [5,32–35]. A study by Despres et
al. examined direct NO oxidation on Pt/SiO2 and found that
the NO conversion was heavily dependent upon reaction con-
ditions and that the oxidizing conditions and exposure to NO2
led to formation of a thin layer of platinum oxide that caused a
strong and persistent decrease in activity. A similar observation
was also reported for Pt/Al2O3 and Pt/ZrO2 [22]. To avoid the
potential problem of activity losses in strongly oxidizing en-
vironments, inexpensive alternatives to Pt, such as cobalt, are
under investigation. A study of NO2 reduction with methane
over Co-ZSM-5 proposed that the support contained the ac-
tive sites for NO2 reduction, while the Co sites reoxidized NO
formed from high-temperature decomposition of NO2 [32]. In
addition to NOx catalysis, cobalt catalysts on oxide supports,
especially TiO2, have been studied for a various reactions, in-
cluding Fischer–Tropsch synthesis [36–39], oxidation reactions
[40–42], and oxidative dehydrogenation [43,44]. These studies
found the presence of Co3O4 has been observed and noted its
high activity for oxidation reactions.

We have previously discussed the development of a two-
step catalytic system for the reduction of NO with CH4 under
lean conditions and reported on the NO2 reduction with CH4
over Pd-based catalysts [45–48]. The two-step approach aims
to develop separate catalytic systems for the oxidation of NO
to NO2, as well as for the reduction of NO2 with CH4, to take
advantage of the stronger oxidizing potential of NO2. In the
proposed scheme, unburned methane in the exhaust would be
used as the reducing agent, without the need for any additional
fuel injection. The oxidation and reduction catalysts can be
physically mixed together. Although the exothermic oxidation
of NO to NO2 is thermodynamically limited at high tempera-
tures [22], in the combined two-step scheme, NO2 is continu-
ously removed from the system by reduction to N2, shifting the
NO oxidation reaction to the right. Experiments that we con-
ducted have verified the benefit of the two-step system, giving
higher N2 yields using the two-step reduction of NO than us-
ing the single-step reduction of NO2. In addition, NO2 that was
partially reduced to NO can be reoxidized in a two-step scheme.

As was expected, methane conversion was higher over the
mixed-bed catalyst than over the reduction catalyst, especially
at 350 ◦C and higher. Whereas the experiments using the mix-
ture of oxidation and reduction catalysts caused increased con-
version of methane, the NOx conversion to N2 was not hin-
dered [47]. Although the typical operating temperatures for the
NOx reduction reaction are higher than the point at which many
of the experiments in this study achieved thermodynamic equi-
librium, it is still important to study catalyst activity at lower
temperatures to minimize the required catalyst mass/cost. In
addition, comparing the N2 yields obtained from two-stage ex-
periments with different oxidation catalysts showed benefits for
the more active oxidation catalyst even at high temperatures,
due to its ability to rapidly oxidize NO as NO2 is removed by
either full or partial reduction [47]. This paper addresses the
oxidation of NO to NO2 over metal-oxide-supported cobalt cat-
alysts in excess oxygen conditions.

2. Experimental

2.1. Catalyst synthesis

Catalysts were prepared by incipient-wetness impregna-
tion (IWI) and modified sol–gel (SG) techniques. Catalyst
loadings are calculated and designated as wt%. Aqueous
Co(NO3)2·6H2O (Aldrich) was used to impregnate commercial
TiO2 (lot 2001250711) and ZrO2 (lot 2000920047) supports,
provided by Saint Gobain. The catalysts were dried in air at
110 ◦C overnight, then heated to their calcination temperature
at a rate 10 ◦C/min and held there for 3 h. Sol–gel catalysts used
alkoxide precursors, titanium isopropoxide (Aldrich), and zir-
conium propoxide (Aldrich), which were added to an isopropyl
alcohol solvent solution to obtain a concentration of 0.2 M. An
above-stoichiometric ratio of water to alkoxide (7:1) was used
to increase the rate of hydrolysis. Co(NO3)2·6H2O (Aldrich)
was dissolved in the water used for the hydrolysis step. The
aqueous solution was added to the stirred alkoxide mixture at a
rate of 0.2 mL/min by a syringe pump. The sample was dried in
air overnight and then calcined in air for 3 h. Catalysts are des-
ignated by appending the synthesis technique and calcination
temperature to the composition.

2.2. Catalyst activity testing

Steady-state reaction experiments were performed in a stain-
less steel fixed-bed flow reactor (1/4 inch o.d.). Unless speci-
fied otherwise, 200 mg of catalyst was used and held in place
by quartz wool plugs, with the temperature measured by an
Omega K-type thermocouple in direct contact with the down-
stream quartz plug. The feed consisted of NO (1000 ppm) and
O2 (10%) in a balance of He. For runs that contained water
in the feed, the water concentration was 10%, and lines down-
stream of the bubbler were heated to prevent condensation. The
feed flow rate was 45 cm3(STP)/min, corresponding to a typi-
cal space velocity of 35,000/h. Samples were pretreated in 10%
O2 at 300 ◦C for 30 min. On-line analysis of the feed and ef-
fluent gas streams was performed using a gas chromatograph
(Varian Micro-GC CP4900) with a molecular sieve and Porapaq
Q columns and a chemiluminescence NO–NO2–NOx analyzer
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Table 1
BET surface areas of the unloaded supports and the prepared catalysts

Catalyst
composition

Synthesis
technique

Calcination
temperature (◦C)

Surface area
(m2/g)

10% Co/TiO2 Sol–gel 300 278
10% Co/TiO2 Sol–gel 400 95
10% Co/TiO2 Sol–gel 500 25
10% Co/TiO2 Sol–gel 600 5

TiO2 powder n/a 550 91
10% Co/TiO2 IWI 300 65
10% Co/TiO2 IWI 400 64
10% Co/TiO2 IWI 500 52
10% Co/TiO2 IWI 600 31

10% Co/ZrO2 Sol–gel 350 37

ZrO2 powder n/a 500 48
10% Co/ZrO2 IWI 300 43
10% Co/ZrO2 IWI 400 42
10% Co/ZrO2 IWI 500 41
10% Co/ZrO2 IWI 600 37

1% Co/ZrO2 IWI 300 47
5% Co/ZrO2 IWI 300 48
15% Co/ZrO2 IWI 300 39
Bulk Co3O4 powder n/a 550 15

(Thermo Environmental Instruments 42H). For runs that con-
tained water, the product stream was sent through a condenser
to condense the water, and a Drierite column was used on the
split injection line upstream of the GC to eliminate the remain-
ing water in the stream. Yields of NO2, N2, and N2O are defined
based on the NOx in the feed using the relationship

yield of product A = (moles of A produced)

× # of N atoms per molecule of A

moles of NO fed
.

2.3. Catalyst characterization

The BET surface area for catalysts was determined using
N2 physisorption on a Micrometrics ASAP 2010 at 77 K. Ta-
ble 1 gives the BET surface area, calcination temperature, and
synthesis technique of the catalysts examined in this study.
In situ X-ray diffraction (XRD) patterns of powdered samples
were obtained using a Bruker D8 Advance X-ray diffractome-
ter equipped with a CuKα source with wavelength 1.54 Å. The
experiments were conducted by increasing the sample temper-
ature in 50 ◦C increments at a rate of 5 ◦C/min. At each tem-
perature, the sample was held for 10 min before the diffraction
pattern was taken. During the calcination experiments, an air
stream with a constant flow rate of 10 cm3/min was passed
over the sample.

Temperature-programmed reduction (TPR) experiments
were performed on an in-house-constructed system equipped
with a TCD detector to measure H2 consumption. A water
trap removed moisture from the TPR effluent stream before
the TCD. The reduction of CuO was used to calibrate the TCD
signal for H2 consumption. Reported average oxidation states
quantify the ratio of H2 consumption to cobalt content dur-
ing the TPR experiments and reflect the difference between the
initial and final oxidation states. Quartz U-tube reactors were
generally loaded with 100 mg of sample, and catalysts were
pretreated by calcination in 20% O2/N2 at 300 ◦C for 30 min,
then cooled to room temperature. The TPR was performed us-
ing 30 cm3/min of 10% H2/N2, with the temperature ramped
from 25 to 800 ◦C at 10 ◦C/min. TPR experiments were re-
peated using an on-line mass spectrometer (Cirrus RGA) to
detect any species eluting from the surface.

X-ray photoelectron spectroscopy (XPS) experiments were
performed on an AXIS Ultra instrument using a monochromatic
aluminum X-ray source. Samples were degassed overnight to
a pressure of 10−6 Torr before being transferred to the analy-
sis chamber, operating at a vacuum of 10−9 Torr. Charge-shift
corrections were performed based on the standard location of
the carbon 1s peak, 284.5 eV. Raman spectra were obtained on
powdered samples at room temperature using a Horiba Jobin-
Yvon LabRam HR800 spectrometer with a 50× microprobe in
the backscattering geometry and a 514.5-nm argon ion laser
(Coherent Innova I70C-5).

Diffuse reflectance Fourier transform infrared measurements
(DRIFTS) were performed with a Thermo Nicolet 6700 spec-
trometer with a KBr beam-splitter and a liquid N2-cooled MCT
detector at spectral resolution of 4 cm−1 (500 scans). Samples
were pretreated at 400 ◦C in 5% O2/He for 30 min at a flow rate
of 25 mL/min, and backgrounds were taken during cooling un-
der He flow. Adsorption of either NO or NO2 at 5100 ppm in
balance He was performed for 30 min at 50 ◦C, after which the
sample was then flushed with He for 10 min. Spectra were ac-
quired after 10 min at 50 ◦C increments.

NO uptake measurements were performed through a pulsed-
chemisorption technique using on-line mass spectrometry (Cir-
rus RGA). The measurements were performed at 50 ◦C using
5-mL pulses of 5100 ppm NO in helium.

3. Results

3.1. Steady-state reaction experiments

Fig. 1a shows the conversion of NO to NO2 (i.e., NO2
yield) obtained over a series of 10% Co/TiO2 sol–gel catalysts
calcined at various temperatures. For reference, the thermody-
namic equilibrium for NO conversion to NO2 is also shown in
all activity figures for the given reaction conditions. As was ex-
pected, the NO2 yield became equilibrium-limited, rather than
kinetically limited, at higher reaction temperatures. Above tem-
peratures at which the equilibrium curve was reached, the cat-
alyst activity in each experiment closely followed the equilib-
rium NO2 yield. The most active sample in this series was 10%
Co/TiO2 SG 400, which reached equilibrium at 300 ◦C, corre-
sponding to a NO2 yield of 84%. Samples calcined at 500 and
600 ◦C had lower activity compared with the sample calcined
at 400 ◦C, and these samples required higher temperatures to
reach the equilibrium curve. The sample calcined at 300 ◦C had
a maximum NO2 yield of 48% at 400 ◦C. It is interesting to
note that the sol–gel sample calcined at 300 ◦C did not follow
the trend toward decreased activity based on increasing calcina-
tion temperature, because it had lower activity than the catalyst
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Fig. 1. Comparison of NO oxidation activities of 10% Co/TiO2 catalysts cal-
cined at (2) 300, (F) 400, (Q) 500, and (") 600 ◦C. Synthesis method:
(a) sol–gel; (b) incipient-wetness.

that was calcined at 400 ◦C, despite having a higher surface
area. XRD results showed that the sample calcined at 300 ◦C
was amorphous, lacking TiO2 crystallinity, which may in part
explain the different behavior in activity.

Reaction results for the NO oxidation performed over 10%
Co/TiO2 IWI catalysts calcined at various temperatures are
shown in Fig. 1b. The 10% Co/TiO2 IWI 300 catalyst was the
most active of this series and gave a substantially higher NO2

yield at 250 ◦C than the samples at other calcination tempera-
tures. The activity decreased with increasing calcination tem-
perature. The 10% Co/TiO2 IWI samples calcined at 400, 500,
and 600 ◦C required progressively higher temperatures to reach
equilibrium conversion. In the kinetically controlled region be-
low 300 ◦C, the activity differences cannot be explained solely
by the differences in surface area, because the catalysts calcined
Fig. 2. (a) Comparison of activities of 10% Co/ZrO2 IWI catalysts calcined at
(2) 300, (F) 400, (Q) 500, and (") 600 ◦C. Inset (a): NO conversion rates at
225 ◦C. (b) Comparison of activities of Co/ZrO2 IWI300 catalysts at various
cobalt loadings: (2) 15, (F) 10, (Q) 5, and (") 1%. Inset (b): NO conversion
rates at 225 ◦C.

at 300 and 400 ◦C had identical surface areas. Comparison of
the activity and surface area differences between the sol–gel
and IWI preparations indicates that preparation technique also
affected the NO oxidation activity.

The NO oxidation activities of 10% Co/ZrO2 IWI catalysts
calcined at various temperatures are shown in Fig. 2a. As was
previously noted for the TiO2-supported cobalt catalysts, we
again observed the general trend of decreased activity and sur-
face area with increasing calcination temperature, although this
effect was much less pronounced in the ZrO2-supported sam-
ples. The ZrO2-supported catalysts showed both higher activity
and better thermal stability than the TiO2-supported catalysts.
The 10% Co/ZrO2 IWI catalysts calcined at 300 and 400 ◦C
showed the highest activity from this series. Comparison of the
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Fig. 3. Activity of 10% Co/ZrO2 IWI in the presence of methane: (Q) NO2
yield, (") CH4 conversion, and (2) N2 yield.

NO2 yields at 225 ◦C clearly shows the decreased activity with
increasing calcination temperature. A comparison of the con-
version rates at 225 ◦C, normalized with respect to surface area,
is presented in the inset for the catalysts calcined at different
temperatures. This comparison shows that the effect of calci-
nation temperature on activity displays the same trend as the
comparison made using equal catalyst weights.

Fig. 2b shows the effect of metal loading on the activity of
Co/ZrO2 IWI catalysts calcined at 300 ◦C. The 1% Co/ZrO2

sample showed considerably lower activity than the higher
metal loadings and did not reach the equilibrium curve until
300 ◦C. The inset compares the conversion rates normalized
with respect to surface area at 225 ◦C; this comparison also
shows that 10% loading is the optimum value among the tested
loading levels. One additional 10% Co/ZrO2 catalyst was also
prepared by the sol–gel technique and calcined at 350˚C. Re-
action testing of 10% Co/ZrO2 SG350 showed that it was less
active than the ZrO2 IWI catalysts, with a 17% NO2 yield at
250 ◦C.

Because these catalysts are envisioned to be part of a two-
step reduction scheme in which NO is oxidized to NO2 over
the Co-based catalysts, and NO2 will be reduced to N2 over a
reduction catalyst using methane, they were also tested in the
presence of CH4. Fig. 3 shows the NO and N2 yields and CH4

conversion data taken over the 10% Co/ZrO2 IWI300 catalyst.
The feed composition was 3000 ppm of CH4, 1000 ppm of NO,
and 10% O2. The conversion of NO to NO2 was slightly lower,
but equilibrium was reached at 275 ◦C, providing a maximum
NO2 yield of 90%. The catalyst had very low activity for the
reduction of NO to N2, but activity for the oxidation of CH4

to CO2 was observed. In the combined two-stage reduction of
NOx , the NO oxidation and CH4 conversion must be balanced
to avoid elimination of the reducing agent by oxidation with
molecular oxygen [47]. Activity measurements performed with
Table 2
NO conversion rates at 225 and 250 ◦C. Units of (mol/(m2 s)) × 108

Temperature
(◦C)

10% Co/ZrO2
SG

10% Co/TiO2
SG

10% Co/TiO2
IWI

10% Co/ZrO2
IWI

225 0.18 0.77 1.22 2.72
250 0.91 1.37 1.92 3.92

Table 3
NO uptake and turnover frequencies

Temperature
(◦C)

10% Co/ZrO2
SG

10% Co/TiO2
SG

10% Co/TiO2
IWI

10% Co/ZrO2
IWI

NO uptake at 50 ◦C (µmol/m2)
0.54 0.40 0.53 1.16

Turnover frequency (s−1)
225 3.4E−03 1.9E−02 2.0E−02 2.3E−02
250 1.7E−02 2.6E−02 3.0E−02 3.7E−02

10% H2O over the 10% Co/ZrO2 IWI and 10% Co/TiO2 IWI
catalysts did not show any major inhibition effects of water on
the catalytic performance.

Reactions using amounts of catalyst to obtain equal surface
areas in the reactor (8.6 m2) were also performed on the most
active catalyst from each series: 10% Co/ZrO2 SG350, 10%
Co/TiO2 SG400, 10% Co/TiO2 IWI300, and 10% Co/ZrO2
IWI300. A comparison of the NO conversion rates at 225 and
250 ◦C during these experiments is presented in Table 2. The
type of catalyst support had a significant effect on the rate of
reaction, again with the highest rate of reaction seen on the
Co/ZrO2 IWI catalyst.

In an effort to compare the catalysts based on TOFs, NO
chemisorption uptake was quantified as representative of the
NO adsorption sites. The NO uptake capacities and TOFs calcu-
lated as (mol NO converted/time)/(mol NO chemisorbed) are
presented in Table 3. The bare supports, ZrO2 and TiO2, had
no measurable NO uptake. These findings are noteworthy in
two respects. Both the type of support and the synthesis tech-
nique play major roles in determining the site density for NO
adsorption, with Co/ZrO2 IWI catalysts having the highest up-
take capacity. But comparing TOF values reveals differences,
with the catalyst with the highest conversion rate based on equal
surface area measurement also showing the highest TOF. Al-
though the differences in TOF values are not as pronounced as
the difference in conversion rates based on the surface area, the
fact that TOF values are not equal suggests a difference in the
intrinsic activity of the sites, depending on the support and the
synthesis techniques used.

3.2. TPR

TPR was performed on the 10% Co/TiO2 sol–gel, 10% Co/
TiO2 IWI, and 10% Co/ZrO2 IWI catalyst series to compare the
effect of calcination temperature and support choice on the re-
ducibility of the supported Co. Fig. 4a shows TPR for the 10%
Co/TiO2 sol–gel series, as well as Co3O4 and CoO for refer-
ence. The SG300 and SG400 samples showed broad reduction
peaks beginning between 400 and 450 ◦C and ending between
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Fig. 4. Temperature-programmed reduction profiles of (a) reference materials
and 10% Co/TiO2 sol–gel catalysts calcined at various temperatures; (b) 10%
Co/TiO2 IWI catalysts calcined at various temperatures; and (c) 10% Co/ZrO2
IWI catalysts calcined at various temperatures. Inset (c): Mass spectrometry
signal of m/z = 30 during reduction of 10% Co/ZrO2 IWI300.

700 and 750 ◦C. The broad reduction features indicate hetero-
geneity in the oxidation states and sites at which the cobalt
species are located. The sol–gel preparation, which provides
linkages between Ti and Co species, could partially account for
this behavior. This heterogeneity was more pronounced in the
SG300 sample. The 10% Co/TiO2 sol–gel catalysts calcined
at 500 and 600 ◦C showed better-defined reduction peaks at
625 ◦C. The high reduction temperatures indicate strong inter-
action with TiO2 support.

Fig. 4b shows the TPR profiles for the 10% Co/TiO2 IWI
catalysts at various calcination temperatures. The 10% Co/TiO2
IWI300 shows two distinct reduction peaks, around 330 and
450 ◦C, attributed to the Co3+ to Co2+ and Co2+ to Co0 transi-
tions, respectively [37,39,40,49–54]. In contrast to the Co/TiO2
sol–gel catalysts, these reduction features are much sharper
and better defined, indicating greater homogeneity among the
types of supported cobalt species, and the lower reduction tem-
perature indicates weaker interaction with the support matrix.
With increasing catalyst calcination temperature, the position of
the reduction peaks shifted to higher temperatures, due to any
stronger metal–support interaction or sintering that might have
occurred. With increasing calcination temperature, the high-
temperature reduction peak shifted from 475 to 500 ◦C, and
the low-temperature feature also shifted. In the IWI500 and
IWI600 samples, this feature is just visible as a shoulder peak.
The average Co oxidation states, determined using the hydro-
gen consumption values, for the Co/TiO2 IWI samples were
Co2.59+, Co2.56+, Co2.57+, and Co2.53+ for each of the four
calcination temperatures (from lowest to highest, respectively).
The average oxidation state of the Co3O4 reference material
was calculated experimentally as Co2.68+. The slight decrease
in the average oxidation state with increasing calcination tem-
perature may be due to the formation of a CoTiO3 phase at
higher calcination temperatures [42].

Fig. 4c shows the TPR profiles for 10% Co/ZrO2 IWI cal-
cined at different temperatures. Similar to the Co/TiO2 samples,
the reduction feature near 300 ◦C has been assigned to the tran-
sition from Co3+ to Co2+, and the feature near 470 ◦C has been
attributed to the reduction of Co2+ to Co0 [37,39,40,49–52,54].
The small feature at around 200 ◦C can be attributed to the de-
composition of nitrates that remained from the cobalt nitrate
precursor used during the synthesis [49,55]. To help confirm
this assignment, the effluent from a TPR experiment for 10%
Co/ZrO2 was monitored by mass spectrometry. The inset in
Fig. 4c shows the mass spectrometry signal for the principle
nitrate fragment, m/z = 30, during the TPR of 10% Co/ZrO2
IWI300. The sharp peak at around 200 ◦C corresponds to the
low-temperature feature observed in the TCD signal, which
is attributed not to H2 consumption, but rather to the change
in thermal conductivity of the stream due to the presence of
the nitrate species. The m/z = 30 signal for the samples cal-
cined at higher temperatures during the TPR experiments (not
shown) were substantially lower in intensity compared with
those from the sample calcined at 300 ◦C. The ZrO2-supported
catalysts had a much more prominent low-temperature reduc-
tion feature (at around 300 ◦C) than the TiO2-supported IWI
catalysts. The hydrogen consumption represented by this low-
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temperature peak agreed well with the theoretical hydrogen
consumption for reduction of Co3O4 phase to CoO. The av-
erage oxidation state of Co on Co/ZrO2 catalysts, after correc-
tion for the feature attributed to nitrates, was 2.69+ and did
not change with increasing calcination temperature. In the ac-
tivity measurement experiments, the 10% Co/ZrO2 catalysts
were less sensitive to calcination temperature than the Co/TiO2

catalysts. The shift in the reduction temperatures was not as
pronounced over the ZrO2-supported catalysts, and the reduc-
tion temperatures were lower than for the TiO2-supported ones.
These observations may suggest stronger interaction of the
Co with the titania support and easier accessibility of oxygen
on the zirconia-supported catalyst. TPR of various Co/ZrO2

IWI300 metal loadings (5, 10, and 15%) were examined (data
not shown) and showed similar reduction peak profiles and tem-
peratures, indicating that similar species were present at each
loading level. TPR experiments on the unloaded TiO2 and ZrO2

supports were also conducted and did not show any reduction
features.

3.3. XRD

During the calcination of the catalysts, in situ XRD was per-
formed to examine changes in both the Co and support crystal
structure. The diffraction patterns during these experiments for
the 10% Co catalysts on TiO2 and ZrO2, prepared via both IWI
and sol–gel, are shown in Figs. 5 and 6. The Co/TiO2 IWI cat-
alyst, Fig. 5a, showed only anatase TiO2 up until 600 ◦C, as
indicated by the [101], [103], [004], and [112] diffraction lines
at 2θ values of 25.3◦, 36.9◦, 37.7◦, and 38.6◦, respectively.
A narrowing of these peaks indicates the development of in-
creased crystallinity. The new phase appearing at 700 ◦C is due
to CoTiO3, with [012], [104], [110], and [113] diffraction lines
at respective 2θ values of 24.0◦, 33.0◦, 35.3◦, and 40.4◦. At
750 ◦C, a phase change in the TiO2 is observed, with the forma-
tion of rutile TiO2 as indicated by the [110], [101], and [111]
diffraction lines at 2θ values of 27.4◦, 36.0◦, and 41.2◦.

The diffraction patterns in Fig. 5b for 10% Co/TiO2 sol–
gel show different transformation behaviors than the catalyst
prepared by IWI. At 300 ◦C, no crystalline phases were ob-
served, but broad peaks associated with anatase TiO2 appeared
at 400 ◦C. At 500 ◦C, the sharpening of the anatase TiO2 peaks
is accompanied by the appearance of CoTiO3, as indicated
by the previously mentioned diffraction lines. At 600 ◦C, the
diffraction lines from rutile TiO2 appeared and grew with in-
creasing temperature, whereas the intensity of the anatase TiO2

diffraction lines decreased. The diffraction lines at 2θ values
of 34.9◦, 37.5◦, and 43.1◦ are due to the Al2O3 sample holder.
Crystalline Co or Co-oxide phases were not detected through
XRD in either the sol–gel or the IWI preparation. Note, how-
ever, that CoTiO3 was detected at lower temperatures on the
Co/TiO2 SG sample compared with the IWI sample (500 vs
700 ◦C). The formation of the CoTiO3, then, corresponds to the
decrease in NO oxidation activity with increasing calcination
temperature that was observed on these samples and also helps
explain why the sol–gel-prepared samples showed a greater loss
Fig. 5. In situ XRD patterns during the calcination of (a) 10% Co/TiO2 IWI;
(b) 10% Co/TiO2 sol–gel. Anatase TiO2 (1), rutile TiO2 (!), CoTiO3 (P), and
Al2O3 sample holder (S).

in activity than the IWI samples with increasing annealing tem-
perature.

The calcination experiments monitored by in situ XRD for
10% Co/ZrO2 IWI and 10% Co/ZrO2 SG are shown in Figs. 6a
and 6b, respectively. Fig. 6a shows that the IWI support is mon-
oclinic ZrO2 as indicated by the [-111], [111], and [-112] dif-
fraction lines appearing at 28.5◦, 31.5◦, and 40.7◦ 2θ values,
which remain stable throughout the calcination. With a temper-
ature increase from 100 to 800 ◦C, crystalline Co3O4 particles
increased in size, as indicated by sharpening of the [311], [222],
and [400] diffraction lines located at 2θ values of 36.9◦, 38.6◦,
and 44.9◦ in Fig. 6a.
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Fig. 6. In situ XRD patterns during the calcination of (a) 10% Co/ZrO2 IWI;
(b) 10% Co/ZrO2 sol–gel. Monoclinic ZrO2 (1), Co3O4 (!), and tetragonal
ZrO2 (P).

The in situ XRD patterns acquired during calcination of 10%
Co/ZrO2 sol–gel, shown in Fig. 6b, reveal that the material was
amorphous until around 450 ◦C, at which point tetragonal ZrO2

began to form. The appearance of [101] and [200] diffraction
lines around 2θ values of 31◦ and 50◦ was due to a shift from
tetragonal ZrO2 toward monoclinic ZrO2, which did not begin
to prominently appear until 800 ◦C. The [311] diffraction line
at 36.9◦ due to crystalline Co3O4 appeared at 700 ◦C. It is inter-
esting to note the Co3O4 was observed at lower temperature on
Co/ZrO2 IWI than on Co/ZrO2 sol–gel. This may be related to
the ability of crystalline cobalt oxide clusters to form without
significant interactions with the support on the Co/ZrO2 IWI
catalyst.
Fig. 7. XPS spectra of Co 2p region of (a) 10% Co/ZrO2 IWI300, (b) partially
reduced 10% Co/ZrO2 IWI300, (c) 10% Co/TiO2 IWI300, and (d) partially
reduced 10% Co/TiO2 IWI300.

3.4. XPS

The Co/TiO2 and Co/ZrO2 IWI catalysts were also charac-
terized using XPS. Spectra of the Co 2p, Zr 3d, Ti 2p, O 1s, and
C 1s regions were collected. For all of the spectra collected, the
binding energies of the Ti 2p, Zr 3d, and O 1s peaks were typi-
cal of the TiO2 or ZrO2 support. Spectra of 1, 5, 8, 10, 12, and
15 wt% Co/ZrO2 IWI 300 were collected. The Co 2p regions
differed only in intensity, not in binding energy. 10% Co/ZrO2
samples calcined at 300, 400, 500, and 600 ◦C were also exam-
ined. The Co 2p regions at the various calcination temperatures
had peaks at the same binding energy and nearly identical in-
tensities. The two characteristic peaks of Zr 3d remained stable
for all calcination temperatures, showing no significant change
in the monoclinic ZrO2 support at the different temperatures
[56,57]. For the Co/ZrO2 samples with varying metal loadings
and calcination temperatures, the Co 2p3/2 and Co 2p1/2 bind-
ing energy values were consistent with the presence of both
Co3+ and Co2+, which differ from each other by 0.9 eV, with
Co2+ at the higher binding energy [58,59]. The distinguish-
ing features used to differentiate between Co3+ and Co2+ are
shake-up peaks located at about 6 eV higher binding energy
from the main Co 2p peaks [58,59]. Clear shake-up peaks were
not observed, indicating that a significant amount of cobalt was
in the Co3+ oxidation state, consistent with the presence of
Co3O4 in which 2/3 of the cobalt is in the Co3+ oxidation state.
The absence of clear shake-up peaks on samples containing
10% Co is not surprising since even the shake-up peaks ob-
served from bulk Co3O4 were relatively weak [53,54,60].

XPS spectra of 10% Co/TiO2 IWI300 and 10% Co/ZrO2
IWI300 taken of the as-prepared samples and after a partial re-
duction are shown in Fig. 7. The partially reduced samples were
treated in the same manner as described in the TPR section.
However, instead of continuing the temperature program up to
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800 ◦C, the H2 flow was immediately stopped after the first re-
duction features had ended (325 ◦C for Co/ZrO2 and 375 ◦C
for Co/TiO2), and the samples were cooled in N2 and trans-
ferred for XPS analysis without being exposed to air. Spectra
(a) and (c) of the as-prepared samples showed the Co 2p3/2
peak maximum at 779.7 eV on Co/ZrO2 and at 780.4 eV on
Co/TiO2, which can be attributed to a greater percentage of sur-
face cobalt being in the Co3+ oxidation state on ZrO2 compared
with TiO2. The shake-up peaks that are indicative of Co2+ were
not readily observed. The partially reduced samples shown in
(b) and (d) exhibit the shake-up features at 6 eV higher bind-
ing energy, indicating that Co3O4 has been reduced to Co2+.
A slight shift toward higher binding energy in the main Co 2p
peaks also can be seen, consistent with the reduction of Co3+
to Co2+. These observations are agreement with the TPR data,
which show that the first reduction feature corresponds to the
reduction of Co3O4 phase to CoO phase. The lower binding
energy observed over the ZrO2-supported sample is also consis-
tent with the higher average oxidation state calculated for this
sample using the hydrogen consumption in TPR experiments.

3.5. Laser Raman spectroscopy

Fig. 8 shows the laser Raman spectra taken over the impreg-
nated 10% Co/ZrO2 and 10% Co/TiO2 catalysts at various cal-
cination temperatures, along with reference spectra taken over
unloaded TiO2, unloaded ZrO2, and bulk Co3O4. The ZrO2
support showed strong Raman bands at 179, 192, 335, 385, 478,
619, and 640 cm−1 which are typical of monoclinic ZrO2 [42,
48,61]. The bands at 193, 475, 516, 615, and 680 cm−1 have
previously been attributed to Co3O4 [42–44,62]. The spectra of
the 10% Co/ZrO2 samples are almost identical to that obtained
from the bulk Co3O4, whereas the vibrational bands that corre-
spond to the ZrO2 support are barely visible. This is likely due
to the smaller Raman cross-section of m-ZrO2 compared with
Co3O4 [63].

The TiO2 bands at 142, 197, 396, 516, and 639 cm−1 are
typical of anatase TiO2 [42–44]. For the Co/TiO2 catalysts, the
TiO2 bands were visible at all calcination temperatures, and
the Co3O4 bands were less pronounced than on the ZrO2 sup-
port. The bands at 479 and 683 cm−1 associated with Co3O4
were clearly visible at 500 and 600 ◦C. The broadening of the
TiO2 bands may be attributed to interactions with cobalt species
and disorder in the oxygen sublattice [64]. The lack of Co3O4
Raman bands at lower calcination temperatures on the TiO2-
supported samples suggests that Co3O4 does not form as readily
on the surface compared with the ZrO2 support [42]. This dif-
ference in surface Co3O4 is likely related to the differences in
NO oxidation activity observed over the TiO2 and ZrO2 cata-
lysts.

3.6. DRIFTS on 10% Co/ZrO2

NO adsorption was performed on 10% Co/ZrO2 IWI500 cat-
alyst, and the DRIFTS spectra were obtained as temperature
was increased; these are displayed in Fig. 9a. A broad band
between 3600 and 3000 cm−1 was observed that can be at-
Fig. 8. Laser Raman spectra of reference materials and 10% Co samples at
various calcination temperatures supported on (a) ZrO2 and (b) TiO2.

tributed to H-bonded hydroxyl groups [65]. The intensity of
the hydroxyl group band decreased with increasing tempera-
ture and disappeared by 300 ◦C. The bands at 1620, 1233, and
1004 cm−1 have been assigned to bridging nitrates [66,67]. The
bridging nitrate intensities decreased with increasing tempera-
ture, but a band at 1233 cm−1 was still clearly present at 350 ◦C.
The bands at 1588, 1560, 1240, and 1040 cm−1 are typical of
bidentate nitrates [66,68]. The band at 1505 cm−1 is assigned
to monodentate nitrates [66,69]; the band at 1302 cm−1 is as-
sociated with metal-bonded nitro species [66,69]. These nitro
groups begin to disappear at 150 ◦C and are essentially re-
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Fig. 9. DRIFTS spectra on 10% Co/ZrO2 after (a) NO or (b) NO2 adsorption.

moved by 300 ◦C. Even after the temperature reached 350 ◦C,
the bands at 1582 and 1233 cm−1, typical of the bidentate and
bridging nitrates, remained. The loss of intensity for the mon-
odentate nitrate surface species while the bidentate and bridging
nitrate species remain at 350 ◦C is consistent with their relative
stability, bridging nitrates > bidentate nitrates > monodentate
nitrates [67].

The DRIFTS spectra for the NO2 adsorption on 10% Co/
ZrO2 IWI500 are shown in Fig. 9b. A broad band associ-
ated with hydroxyl groups was once again found in the 3600–
3000 cm−1 region, but it disappeared by 300 ◦C. Multiple bands
were present at 50 ◦C, but all except those typical of bidentate
and bridging nitrates essentially disappeared by 350 ◦C. The
Fig. 10. NO oxidation activity on (2) 10% Co/ZrO2 IWI300 and (Q) unsup-
ported Co3O4 based on equal cobalt mass.

bands at 1610 and 1010 cm−1 are attributed to cobalt-bound
monodentate nitrites [67,69]. The band at 1342 cm−1 can be
attributed to either monodentate nitrite species or nitro com-
pounds [67,69]. Bidentate nitrates are responsible for the bands
at 1590, 1558, and 1190 cm−1 [65,66,68,70]. Monodentate ni-
trates are responsible for the bands at 1531 and 1480 cm−1

[67,69]. Adsorbed nitro species result in the bands at 1300,
1273, and 1247 cm−1 [66,67,69]. The band at 1160 cm−1 arises
from the ν(N–O) [67]. The intensities of the bands at 1590 and
1247 cm−1 increase up to 200 ◦C, after which their intensity
begins to diminish. At temperatures below 300 ◦C, there are
some differences in the types of surface species found on 10%
Co/ZrO2 after the adsorption of either NO or NO2. At temper-
atures of 300 ◦C and above, however, surface transformations
give rise to the same types of surface species on the Co/ZrO2
catalyst after the NO or NO2 adsorption.

3.7. Steady-state reaction on unsupported Co3O4

The NO oxidation activity of unsupported Co3O4 was also
tested; it is compared with the most active supported catalyst
from this study, 10% Co/ZrO2 IWI300, in Fig. 10. Experiments
were conducted on basis of equal cobalt mass (20 mg). The
results indicate that bulk Co3O4 was active for the NO oxidation
reaction, reaching the thermodynamic equilibrium at 325 ◦C.
The higher activity observed on the Co/ZrO2 catalyst may be
attributed to the high surface area of the support. This indicates
that a high-surface area support that provides good dispersion
of Co3O4 particles would be highly active for the oxidation of
NO to NO2 in excess oxygen.

4. Conclusion

Cobalt catalysts supported on TiO2 and ZrO2 were prepared
by sol–gel and IWI techniques and evaluated for their activ-
ity for NO oxidation to NO2 in excess O2. The activity was
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found to be a strong function of the support, preparation tech-
nique and the pretreatment conditions. The Co/ZrO2 catalysts
prepared by IWI had the highest NO chemisorption uptake per
unit surface area. It appears that the zirconia support not only
leads to a better catalyst dispersion and a higher site density on
the surface compared with TiO2, but also provides better intrin-
sic activity. Although the results presented in this article are not
sufficient to provide a basis for determining the cause of these
intrinsic activity differences, possibility causes include involve-
ment of the support in the oxygen-insertion step and differences
in Co3O4 particle size or orientation. Co/ZrO2 catalysts appear
to be promising candidates for NO oxidation in a dual-catalyst
scheme in which NO is first oxidized to NO2 and then NO2

is subsequently reduced to N2 with a hydrocarbon under lean
conditions.
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