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Abstract A 10%Co/ZrO2 catalyst prepared by impregnation

was tested for its activity for the oxidation of CO to CO2

in excess oxygen. Activity tests showed that conversion

could be obtained at temperatures as low as 20 �C. Time-

on-stream studies showed no loss of activity in these

experiments, indicating that this catalyst is stable in the

experimental oxidizing conditions. The activation energy

for the CO to CO2 oxidation reaction was calculated as

Ea = 54 kJ/mol over this catalyst. Characterization of the

material by thermogravimetric analysis, temperature-pro-

grammed techniques, X-ray photoelectron spectroscopy,

and laser Raman spectroscopy indicate that Co3O4 is

present on monoclinic ZrO2 after the calcination of the

catalyst.

Keywords CO oxidation � Cobalt � ZrO2 � Co/ZrO2 �
Co3O4

1 Introduction

Carbon monoxide is a pollutant that is emitted from many

sources. There are numerous applications for which a

catalyst capable of oxidizing carbon monoxide to carbon

dioxide at low temperatures is desirable. Carbon monoxide

can form as a result of incomplete combustion of carbon-

containing materials. For automotive applications, the

majority of all emissions (80–90%) are released during the

‘‘cold-start’’ period [1] and materials that have high activity

at lower temperatures could help to alleviate pollution from

this route. The production of high purity hydrogen streams

through preferential oxidation of CO (PROX) is another

area that has recently garnered much attention for low

temperature CO oxidation catalysts [2]. Other applications

for low temperature CO oxidation catalysts could consist of

indoor air purification, the removal of CO from closed-

cycle CO2 lasers [3], and low temperature hydrocarbon

combustion.

Some precious metals such as Pt, Pd and Au [4–6] are

well known oxidation catalysts and have received signifi-

cant attention in emission control catalysis. One significant

drawback to these materials, however, is their high cost. To

address this concern, a search for lower cost, alternative

materials has led to the study of transition metal catalysts.

Mechanistic studies on CO oxidation in excess O2 were

carried out and showed cobalt to be an active metal for the

reaction, though carbonate formation could lead to de-

creased activity at temperatures below 100 �C [7]. Other

studies have shown strong promotional effects of Co and

Fe to Pt/Al2O3 catalysts, leading to substantial activity

gains for the PROX reaction [8–11]. Studies without Pt,

using solely Co, indicate that Co3O4 is active for CO

oxidation but that the bulk cobalt oxide may reduce to

metallic Co0 under the excess H2 atmosphere [12, 13].

These studies indicate that a highly oxidized form of cobalt

that exhibits strong interaction with a defect-forming sup-

port that allows CO activation, such as ZrO2 or CeO2,

could lead to high activity for the preferential oxidation of

CO in excess O2.

Jansson et al. have also studied cobalt catalysts, Co3O4/

Al2O3 and Co3O4, for the low temperature oxidation of CO

and reported high initial activity, but observed a deacti-

vation by CO for which they proposed mechanisms

involving a partial reduction of cobalt sites, deposition of

carbonates, and surface reconstruction [1, 14]. They found,
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though, that the rate of deactivation could be mitigated or

eliminated by operating at elevated temperatures or by

increasing the ratio of O2/CO.

In this paper, we report on the CO oxidation activity for

a Co/ZrO2 catalyst in excess oxygen. In a previous study,

we have shown Co/ZrO2 to possess high activity for oxi-

dation of NO and hydrocarbons in excess oxygen [15, 16].

This catalyst is a good candidate because Co3O4 has been

shown to be active for CO oxidation and is less expensive

than Au and Pt. Zirconia provides enough interaction with

the active phase to prevent aggregation and formation of

large particles that lead to surface area loss, but the inter-

action is not so strong that it favors bond formation with

the active phase, which would prevent the formation of the

active compound [17].

2 Experimental

2.1 Catalysts Synthesis

The catalyst used in these investigations was prepared

using incipient-wetness impregnation of ZrO2 provided by

Saint Gobain (Lot #2000920047). The pelletized ZrO2

support was ground to a powder, sieved in order to obtain

particles ranging from 100 to 150 mesh (250–170 lm), and

calcined in air at 500 �C for 3 h. Cobalt (10 wt%) was

added to the powdered support by dissolving the nitrate

precursor, Co(NO3)2 � 6H2O (Aldrich), in an aqueous

solution and performing the impregnation using a solution

volume equivalent to the total support pore volume. The

impregnation was performed in three steps, with the cata-

lyst being dried in air at 110 �C between impregnations.

Following the final drying, the catalyst was heated at a

ramp rate of 10 �C/min to 500 �C and calcined in air for

3 h.

2.2 Catalyst Activity Testing

Steady-state reaction experiments were performed in a

stainless steel, fixed bed flow reactor (1/4† O.D.) at

atmospheric pressure. The catalyst (200 mg unless other-

wise specified) was held in place between two quartz wool

plugs. Various concentrations of feed gases provided by

Praxair (CO, O2, He) were sent to the reactor to obtain a

feed flow rate of Qtot = 45 cm3 (STP)/min, corresponding

to a typical space velocity of 35,000 h–1. Flow rates were

controlled using Brooks 5850E mass flow controllers.

Before the reaction, the samples were pretreated in 10% O2

at 300 �C for 30 min. Temperatures were measured using

Omega K-type thermocouples, and adjusted using a PID

temperature controller (Omega CN 49000). Analysis of the

feed and effluent gas streams was performed using a gas

chromatograph (Varian Micro-GC, Model CP 4900)

equipped with molecular sieve 5A and Porapaq Q columns.

2.3 Catalyst Characterization

N2 physisorption experiments at 77 K were performed on a

Micrometrics ASAP 2010 accelerated surface area and po-

rosimetry system. The sample was degassed at 130 �C for at

least 8 h and the BET surface area and pore volume was

determined for the catalyst. The unloaded ZrO2 powder had a

pore volume of 0.25 mL/g and surface area of 48 m2/g,

which decreased after cobalt addition to 41 m2/g for the

10%Co/ZrO2 catalyst. In order to quantify the number of

adsorption sites on the oxide catalyst, methanol adsorption

was conducted [18–20]. A six-port valve using a sample

1 mL sample loop was used to pulse methanol to the sample

50 �C, using an on-line quadrupole mass spectrometer

(Cirrus RGA) for monitoring. The methanol uptake on

10%Co/ZrO2 was determined to be 3.65 lmol/m2.

X-ray photoelectron spectroscopy (XPS) was performed

using an AXIS Ultra equipped with a monochromatic

aluminum X-ray source. The sample was degassed in the

transfer chamber overnight to reach a pressure of 10–6 torr,

and it was then moved to the analysis chamber, for oper-

ation at 10–9 torr. A survey scan covering the entire bind-

ing energy range was performed to confirm the expected

peaks before more detailed scans for the elements of

interest were performed. The standard location of the car-

bon 1s binding energy peak, 284.5 eV, was used for charge

shift corrections, and peak deconvolution was performed

using the GRAMS software package.

Thermogravimetric analysis (TGA) was performed to

examine the weight changes associated with precursor

decomposition and crystalline structure formation during

calcination of the freshly synthesized catalyst. Approxi-

mately 90 mg of catalyst was loaded into the platinum

sample crucible and heated in an air flow of 15 cm3/min

at a rate of 5 �C/min from 15 to 700 �C and held for

30 min. A Setaram TG-DSC111 was used to obtain

simultaneous TGA and differential scanning calorimetry

(DSC) information during the catalyst calcination. Dur-

ing this experiment, an MKS Instruments Cirrus quad-

rupole mass spectrometer with a heated capillary inlet

line was used to monitor the effluent gas downstream of

the catalyst sample. X-ray diffraction (XRD) patterns

were acquired on the sample for phase identification

during calcination using a Bruker D8 Advance X-ray

diffractometer equipped with a Cu Ka source with

wavelength 1.54 Å. The presence of a stable monoclinic

ZrO2 phase and Co3O4 were observed [16.]. Laser Ra-

man spectroscopy was performed in ambient conditions

on powdered samples with a Horiba Jobin-Yvon LabRam

HR800 spectrometer in the backscattering geometry. The
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excitation source was a 514.5 nm argon ion laser

(Coherent Innova I70C-5) and the power, measured at

the sample, was set to 2.0 mW.

Temperature programmed reaction experiments were

conducted to examine catalyst behavior over the tempera-

ture window of interest. Catalyst samples of 100 mg were

loaded between two quartz wool plugs in a quartz U-tube

reactor. The reactor is placed in an electrically heated

furnace controlled by an Omega CSC32 temperature con-

troller and an Omega K-type thermocouple. Gas flow rates

were controlled by Brooks 5850E mass flow controllers

and total gas flow rates were 30 mL/min. The feed gas

consisted of 5,000 ppm CO, 1% O2, and 2% H2O (when

present) in balance He. The feed was introduced to the

sample and allowed to equilibrate before the temperature

ramp at 2 �C/min was performed from 20 to 300 �C. To

prevent condensation of any H2O, the stainless steel lines

upstream and downstream of the reactor were heated using

heating cords controlled by a Variac voltage controller.

The analysis of gas phase products and reactants was

conducted by monitoring the effluent with a Thermo-

Finnigan DSQ GC/MS mass spectrometer. In order to

attribute various mass-to-charge (m/z) signals to a partic-

ular molecular species, corrections were made to eliminate

interference caused from molecular fragmentation due to

the electron impact ionization process.

3 Results

3.1 TGA-DSC-MS

The calcination process of the freshly prepared catalyst

was examined using TGA-DSC-MS. The mass change

and heat flow were monitored with TGA/DSC while the

gas species in the effluent stream were simultaneously

tracked using mass spectrometry during a temperature-

programmed calcination of the catalyst. The m/z ratios

of 12, 16, 17, 18, 28, 30, 32, 44, and 46 were monitored,

though some signals showed no significant deviation

from their baseline values and are not displayed.

Figure 1(a) shows the mass changes and heat flow during

calcination of the 10%Co/ZrO2 catalyst. The mass

change from 89.7 to 86.2 mg represents a 3.9% loss in

mass. Nitrate decomposition from the cobalt nitrate

precursor should comprise 3.2% of the dried, pre-cal-

cined catalyst mass and the additional mass losses can be

primarily attributed to water desorption. The two sharp

endothermic peaks in the DSC signal around 100 �C and

300 �C correspond to the desorption and decomposition

of water and nitrates, respectively, which is evident from

the simultaneous mass spectrometry data for the m/z

signals of 17, 18, and 30 shown in Fig. 1(b). The water

desorption takes off rapidly once the temperature ramp is

initiated and starts to decrease above 200 �C. Two small

peaks in the m/z = 44 signal are attributed to the loss of

CO2 adsorbed from the atmosphere. The nitrates from

the cobalt precursor, indicated by m/z = 30 in Fig. 1(b),

exhibit a decomposition feature centered at 475 �C dur-

ing the temperature-programmed calcination. This indi-

cates that the 3 h hold period at 500 �C during the

synthesis of this catalyst will decompose the cobalt

nitrate precursor. No high temperature (>500 �C) event

was observed in the mass or heat flow signals, which

could arise from interaction between the cobalt and

ZrO2, indicating that no cobalt–zirconium phase is

formed, which is consist with XRD results [16].

Fig. 1 In-air calcination of dried 10%Co/ZrO2 with monitoring of

the (a) TGA/DSC signals and (b) mass spectrometry effluent
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3.2 Activity Measurements

Time-on-stream studies at room temperature (20 �C) were

conducted on the 10%Co/ZrO2 catalyst using feed streams

containing 600 ppm and 1,900 ppm CO and 10% O2,

respectively, in balance He. Figure 2 shows the concen-

trations of CO and CO2 during the experiment using a feed

stream of 45 sccm. Complete conversion of CO to CO2

was obtained and no decline in conversion was observed

over the course of this experiment. Complete conversion of

CO to CO2 was also observed when during the experiment

in which the feed concentration of CO was 600 ppm (data

not shown).

To further study the catalyst’s activity, an additional

experiment was conducted using a substantially higher

concentration of CO (1.5%) with 10% O2 in balance He.

The carbon and oxygen balances were >99% and CO2 was

the only product that was formed. During this experiment,

the temperature was increased by temperature increments

of 5–10 �C. The concentrations of CO and CO2 during this

experiment are shown in Fig. 3. The higher CO concen-

tration in the experiment required elevated temperatures in

order to achieve complete conversion of CO, which was

obtained at 135 �C. The experiment was run over the

course of several days and the catalyst was shown to be

stable during the course of the experiment, with no decline

in activity at any of the reported temperatures. Using

methanol adsorption for site quantification, the turn over

frequency (TOF) data were used to prepare the Arrhenius

plot shown in Fig. 4, and the activation energy for oxida-

tion of CO to CO2 over 10%Co/ZrO2 was calculated as

54 kJ/mol.

In order to examine the effect of water on the oxidation

of CO over this catalyst, temperature-programmed reaction

studies were performed with and without the presence of

water vapor, using mass spectrometry for product moni-

toring. The corrected ion mass-to-charge signals corre-

sponding to the CO and CO2 during these experiments are

displayed in Fig. 5. It can be observed that the decrease in

CO concentration is accompanied by the simultaneous in-

crease in CO2 concentration. Figure 5(a) shows that com-

plete conversion of CO is achieved around 135 �C. When

water was present, however, there appeared to be some

inhibition effect, with temperature required for complete

CO conversion shifting by about 50 �C. Figure 5(b) shows

that complete conversion of CO was not obtained until

about 185 �C, possibly due to a competitive adsorption

effect.

Fig. 2 Time-on-stream study of CO oxidation over 10%Co/ZrO2.

Reaction conditions: 1,900 ppm CO, 10% O2, balance He, Qtot = 45

sccm, 200 mg catalyst

Fig. 3 Effects of time and temperature on CO oxidation over

10%Co/ZrO2. Reaction conditions: 1.5% CO, 10% O2, balance He,

Qtot = 45 sccm, 200 mg catalyst

Fig. 4 Arrhenius plot for CO oxidation over a 10%Co/ZrO2 catalyst
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3.3 Laser Raman Spectroscopy

Structural information on the catalyst was obtained using

laser Raman spectroscopy. Figure 6 shows the spectra

obtained on the powdered 10%Co/ZrO2 catalyst, ZrO2

support, and bulk Co3O4. Strong bands typical of

monoclinic ZrO2 were observed on the ZrO2 support at

Raman shifts of 180, 192, 335, 385, 478, 619, and

640 cm–1 [21–23]. Bands at 192, 475, 516, 615, and

680 cm–1 are consistent with those previously reported

for Co3O4 [21, 24, 25]. The laser Raman spectra on the

Co/ZrO2 catalyst looks quite similar to that of the ref-

erence Co3O4, although contributions from ZrO2 are

evident at 180 and 478 cm–1. These results indicate that

cobalt is present as Co3O4 in the Co/ZrO2 catalyst. The

lack of clearly visible vibrational bands from the ZrO2

support in the Co/ZrO2 sample can be explained by the

smaller Raman cross-section of monoclinic ZrO2 as

compared to Co3O4 [26].

3.4 X-ray Photoelectron Spectroscopy

The XPS spectra of various regions from the 10%Co/ZrO2

catalyst are shown in Fig. 7. Figure 7(a) shows the Zr 3d

region, and the two characteristic Zr 3d3/2 and 3d5/2 peaks

at 184.0 and 181.6 eV, respectively, arise from monoclinic

ZrO2 [27–29]. The O 1s signal, along with the deconvo-

luted peaks and their summation, are shown in Fig. 7(b).

The O 1s peak at 529.7 eV is characteristic of metal oxides

and can be attributed to O2– on the ZrO2 surface, while the

peak at 531.4 eV has commonly been attributed to O– and

OH– [30]. Figure 7(c) shows the Co 2p region for the

catalyst. The Co 2p3/2 and Co 2p1/2 peaks are consistent

with both Co3+ and Co2+ since the binding energy differ-

ence between Co3+ and Co2+ is only 0.9 eV, with Co2+ at

the higher binding energy [31, 32]. Shake up peaks located

at 6 eV higher binding energies than the main Co 2p peaks

can be used to identify the presence of Co2+. No clear

shake up peaks were observed, indicating that cobalt is

mostly present as Co3+, which would be consistent with the

presence of Co3O4 in which 2/3 of Co is in 3+ oxidation

state. XPS spectra of bulk Co3O4 with no clear shake-up

peaks have been reported previously [33–35].

4 Conclusions

The present work demonstrates that an active Co/ZrO2 cat-

alyst for CO oxidation can be synthesized using the incipient

wetness impregnation technique. Activity measurements

showed that substantial conversion of CO to CO2 could oc-

cur, even at room temperature. Time-on-stream studies in

excess oxygen showed no decline in activity during the

Fig. 5 Temperature-programmed reaction on 10%Co/ZrO2 using

100 mg catalyst, Qtotal = 30 sccm, 5,000 ppm CO, 1% O2, balance

He in (a) 0% H2O and (b) 2% H2O

Fig. 6 Laser Raman spectroscopy on Co/ZrO2, Co3O4, and ZrO2

using a 514.5 nm excitation source
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course of the experiments. Characterization studies for phase

identification indicate that cobalt is present as Co3O4 on a

monoclinic ZrO2. Temperature programmed reaction studies

showed that the presence of 2% water vapor led to some

inhibition of the CO oxidation reaction. In addition to the

current work, this catalyst is being evaluated for the prefer-

ential oxidation of CO in the presence of hydrogen and has

shown promising initial results.
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