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Abstract—CuO catalysts, prepared by the precipitation method using different precipitants such as ammonium hydrox-
ide, sodium hydroxide, sodium carbonate and sodium hydrogen carbonate were applied to CO oxidation. Among the
catalysts studied, CuO synthesized with sodium hydrogen carbonate showed the highest activity for CO oxidation. With
the water vapor present in the feed gas, the catalytic activity decreased considerably due to reduction in the number
of active sites by competitive adsorption between water vapor and CO. The H,-TPR and CO-TPD results showed that
existing Na' cations and HCO, and CO? anions on the CuO surface could weaken the copper-oxygen bond strength
and accelerate the mobility of oxygen on the surface or lattice. Finally, the morphology of the CuO crystals was de-
pendent on the precipitants, and the introduction of Na" cations and various anions resulted in the formation of smaller

crystals.
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INTRODUCTION

The catalytic oxidation of carbon monoxide is an important pro-
cess in the three-way catalytic treatment of the exhaust gas from
automobiles and in the selective oxidation of CO in reformer gas
for fuel cell applications. Precious metals such as Pt, Pd, Au and
Rh have good activity and stability for the oxidation of CO [1]. But
despite their good activity, precious metals have limitations as cata-
lysts due to their high costs. Recently, considerable research has
focused on base metal catalysts for CO oxidation. Transition met-
als as Cu, Co, and Ni have been recognized as useful CO oxidation
catalysts. In particular, copper-based catalysts have shown good
catalytic activity and selectivity for CO oxidation in hydrogen-rich
streams (PROX reaction) [2]. In addition, copper oxide supported
on ceria has shown good activity in low temperature CO oxidation
[3]. The Cu-Mn-O-system is a well-known oxidation catalyst for
CO oxidation at room temperature. Spinel-type CuMn,O,, known
as hopcalite, is commercially employed to remove CO and NO, air
pollutants from exhaust gas [4]. For CO oxidation, the high activity
of the Cu-Mn-O-system could be attributed to the resonance sys-
tem Cu*'Mn'/Cu'Mn"" and the preferential adsorption of CO on
Cu**Mr** and O, on Cu'/Mn*, respectively [5].

Generally, CO oxidation catalytic performance is strongly influ-
enced by the precipitants and methods used in catalyst preparation.
In particular, alkali metals such as Li, Na, K, Cs, and Rb are fre-
quently used as effective promoters. The CuO-CeO, mixed oxide
catalyst prepared by co-precipitation with different ratios of KOH/
K,CO; exhibited high catalytic activity, which was a result of the
combined effect of CuO and CeO, for CO oxidation and the residual
K" for the preferential oxidation of CO in excess hydrogen (PROX)
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[6]. Tanaka et al. [7] reported that P/ALO; modified with potassium
was effective in the PROX reaction. Furthermore, the effect of alkali
metals (Li, Na, K, Rb, Cs) on the PROX reaction over Pt catalysts
supported on AlL,O; has been investigated [8]. For preferential CO
oxidation in H,-rich gas streams, the effect of added alkali metal
ions over P/ALO; was greatly dependent on the additive amount.
The order of the promoting effect was K>Na>Rb>Cs, which can
be related to a moderate strength of the basicity of the alkali metal.
Mirkelamoglu et al. [9] found that Na* promoted PdO/SnO, enhanced
the CO oxidation rate and decreased the light-off temperature. The
alkali metal-promoted catalyst was also used for the catalytic decom-
position of NO and N,O [10,11].

The purpose of the present study was to investigate the influence
of coexisting Na* cations and anions of OH , HCO, and CO; on
CuO catalysts, which showed good catalytic performance in CO
oxidation. We prepared CuO catalysts using different precipitants
such as ammonium hydroxide (AH), sodium hydroxide (SH), sodium
carbonate (SC) and sodium hydrogen carbonate (SHC), and evalu-
ated their performance in CO oxidation. The prepared catalysts were
characterized by X-ray diffraction (XRD), N, sorption, inductively
coupled plasma and atomic emission spectrometry (ICP-AES), tem-
perature-programmed reduction of H, (H,-TPR) and temperature-
programmed desorption of CO (CO-TPD). The information derived
from these characterization techniques was correlated with the CO
oxidation activity.

EXPERIMENTAL

1. Preparation of Catalysts

The catalysts were prepared by a conventional precipitation method
with different precipitants, such as ammonium hydroxide (AH, NH,
OH, Samchon, 25-28 vol%), sodium hydroxide (SH, NaOH, Junsei,
96%), sodium carbonate (SC, Na,CO;, Wako, 99%), and sodium
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hydrogen carbonate (SHC, NaHCO;, Hayashi, 99.5%). Each aque-
ous solution of AH, SH, SC, or SHC was controlled to 1 M and the
precipitant solution was added to 200 mL copper nitrate (Cu(NO;),:
2.5 H,0, Junsei, 98%) solution until the pH reached 7. The result-
ing solution was aged at room temperature for 12 h and then filtered.
The filtered precipitate was washed with 1 L de-ionized water. The
washed cake was dried at 100 °C for 12 h and then calcined in flowing
air at 300 °C for 2 h. The calcined catalysts were denoted CuO-AH,
CuO-SH, CuO-SC and CuO-SHC.

The influence of changing quantities of residual Na* cation and
surface carbonate species on the catalyst surface could be investi-
gated by varying the number of filter cake washes. CuO-SHC cata-
lysts were prepared in the manner described above, and the filtered
catalysts were washed 1, 3, or 5 times with 1 L de-ionized water.
The catalysts were denoted CuO-SHC-x, in which x represents the
number of washings.

2. Catalyst Characterization

Powder X-ray diffraction (XRD) patterns were collected on a
Siemens D5005 diffractometer with Cu Ko radiation (1=0.15468
nm) at 30 kV and 50 mA. The crystalline particle size was calcu-
lated from the (-111) line of the CuO crystal using the Scherrer equa-
tion. The Brunauer-Emmett-Teller (BET) surface area and total pore
volume were measured by N, adsorption using a Micromeritics ASAP
2020. Prior to measurement, the samples were degassed for 4 h under
vacuum at 250 °C. The BET surface area was determined by the
BET in the range of P/P,=0.05-0.20 and the total pore volume was
measured at P/P,=0.99. The alkali metal content of the catalysts
was obtained with a Jarrell-Ash Polyscan 61E inductively coupled
plasma and atomic emission spectrometer (ICP-AES). Scanning
electron microscopy (SEM) images of the catalysts were acquired
on a Hitachi S-2500C scanning electron microscope at an accelera-
tion voltage of 5 kV. The IR spectra were recorded on a FT-IR spec-
trophotometer (Bruker Optic IFS 66/S).

Temperature-programmed reduction of H, (H,-TPR) was per-
formed in a fixed-bed quartz reactor with the effluent gases moni-
tored by quadruple mass spectroscopy (QMS, Pfeiffer Vacuum QMS
200). Prior to the H,-TPR experiment, a 0.05 g sample was loaded
in a quartz reactor (I. D. 12 mm) and pretreated at 300 °C in a He
flow for 1 h. After cooling to RT, a flow of 5% H,/Ar was passed
through the sample and the temperature was raised from RT to 600 °C
at arate of 10 °C min '. The mass signal of H, (m/z=2) was detected
by QMS.

CO-temperature programmed desorption (CO-TPD) was per-
formed in a fixed-bed reactor with the effluent gases monitored by
QMS. Prior to the CO-TPD experiment, 0.1 g sample was treated
with He (50 ecm® min ') at 300 °C for 1 h, then cooled to RT in the
same atmosphere. After that, the sample was adsorbed with 5% CO/
N, (50 cm’min ') for 1 h and subsequently flushed by He (50 cm’
min ') for 0.5 h to remove physisorbed CO molecules. Finally, the
temperature was increased to 700 °C at a heating rate of 10 °C-min '
under flowing He (50 cm’*min ). The mass signals of CO (m/z=28)
and CO, (m/z=44) produced during the experiment were recorded.
Furthermore, to investigate the effect of water vapor on CO oxida-
tion, CO-TPD was performed after two different treatments. After
pretreatment, two kinds of adsorption were carried out: (1) CO ad-
sorption (3 kPa) at 30 °C for 1 h and (2) CO (3 kPa)+H,O (3 kPa)
co-adsorption at 30 °C for 1 h. After adsorption, the catalyst sample
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was flushed in flowing He (50 cm’*min ') at 30°C for 0.5h and
then heated from 30 to 700 °C at 10 °C min .

X-ray photoelectron spectroscopic (XPS) measurements were
performed on a VG Scientific ESCALAB 210 spectrometer with a
Mg Ko X-ray source (1,253.6 ¢V). Each sample was degassed at
1x10 ¢ Torr for 4 h to remove volatile contaminants, and the pres-
sure inside the analysis chamber was maintained under 5x10 " Torr.
All the binding energies were referenced to the C 1s peak at 284.6
eV from adventitious carbon. The binding energy values reported
here were within an accuracy of +0.3 eV.

3. Catalytic Performance for CO Oxidation

The catalytic oxidation of carbon monoxide was carried out at
atmospheric pressure in a continuous-flow microreactor. Prior to
the catalytic reaction, 0.1 g catalyst was activated under flowing He
(150 cm’min ') at 300 °C for 1 h. The composition of the dry feed
gases was 1 vol% CO, 20 vol% O, and 79 vol% N, with a total flow
rate of 150 cm’min ' and it was heated at a rate of 2 °C-min ' from
50 to 250 °C. In addition, the effect of water vapor was examined
by introducing a continuous flow, of 3% H,O vapor through a satura-
tor. The conversion of CO was calculated in terms of the CO mole
balance. The concentration of CO in the effluent stream was meas-
ured every second using an on-line CO analyzer (Teledyne Instru-
ment Analyzer of IR-ways).

RESULTS AND DISCUSSION

Powder XRD patterns of the CuO catalysts prepared with differ-
ent precipitants are shown in Fig. 1. All solid peaks typically repre-
sent the crystalline structure of cubic CuO [12]. The XRD peaks of
CuO prepared by using alkali-precipitants containing Na" were broad-
ened compared to those of CuO-AH. The average crystallite sizes
of the CuO catalysts estimated by the CuO (111) plane are reported
in Table 1. The crystallite sizes of CuO-AH, CuO-SH, CuO-SC,
and CuO-SHC were 12.8, 11.0, 6.9, and 6.4 nm, respectively. The
existing Na" cation and HCO; and CO; anions of the CuO cata-
lysts promoted the formation of smaller crystallite sizes. However,
the absence of peak position changes meant that substitution of the
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Fig. 1. XRD patterns of CuO catalysts prepared with different pre-
cipitants: (a) CuO-AH, (b) CuO-SH, (c¢) CuO-SC, and (d)
CuO-SHC.
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Table 1. Physical properties of the CuO-x catalysts

Catalyst” Suer  Porevolume Crystallite  Na

(m?’ghH  (ecm’g')  size (nm)°  (Wt%)’

CuO-AH 5.9 0.03 12.8 -

CuO-SH 16.8 0.03 11.0 0.010
CuO-SC 38.7 0.39 6.9 0.105
CuO-SHC 40.2 0.29 6.4 0.130

(CuO-SHC-17)

CuO-SHC-3 334 0.28 6.9 0.078
CuO-SHC-5 33.0 0.23 7.1 0.011

“Precipitants used to control pH for the synthesis of CuO; AH (am-
monium hydroxide), SH (sodium hydroxide), SC (sodium carbon-
ate), and SHC (sodium hydrogen carbonate)

"Number of washes

‘Determined by Scherrer’s equation

“Analyzed by elemental analysis

Na" cation into the Cu** position of Cu-O was not facile (ionic radii,
=116 A, 1.,,,=0.87 A and r,,,,=0.91 A) [13]. If the Cu*" ions in
the CuO lattice had been replaced by Na" ions, the lattice parame-

200 nm

ters of CuO would have been altered. This implies that Na' ions
were not incorporated in the CuO lattice.

The BET surface area, total pore volume and elemental analy-
ses of residual Na® in the CuO catalysts are given in Table 1. The
nitrogen adsorption isotherm exhibited a distinct hysteresis at P/P,=
0.65-0.80 due to the presence of 20-30 nm mesopores. The precip-
itants influenced the surface area and pore volume. When residual
Na'" species increased from 0.010 wt% (CuO-SH) to 0.130 wt%
(CuO-SHC), the surface area markedly increased from 16.8 to 40.2
mg'.

Fig. 2 shows SEM images of CuO prepared with different pre-
cipitants. The morphologies and particle sizes of the CuO catalysts
greatly depended on the precipitants added to synthesis mixtures.
CuO-AH exhibited thin plate crystal shapes, whereas CuO-SH was
a mixture of rod and plate types, and CuO-SC and CuO-SHC were
almost all small rod-type crystals. The introduction of alkali pre-
cipitants resulted in smaller crystals than those from AH; in partic-
ular, the addition of carbonate species in the synthesis mixture led
to smaller crystals. This may be due to the prevention of Cu nanopar-
ticles agglomeration, which results in increased surface area and
pore volume.

XPS analysis was performed to elucidate the oxidation states of

Fig. 2. SEM images of CuQ catalysts prepared with different precipitants: (a) CuO-AH, (b) CuO-SH, (¢) CuO-SC, and (d) CuO-SHC

calcined at 300 °C for 2 h.

Korean J. Chem. Eng.(Vol. 29, No. 9)



1154 J.-H. Park et al.

® 2.,

Intensity (a.u)

970 960 950 940 930
Binding energy (eV)

(B)

-\- 0O
R
S,
-
3

Intensity (a.u)
n&

-——u——-a—-ﬁ______._—————-"'fdJ"’d////’;\\\\\\n‘q___jfl_

540 ' 535 ' 530 ' 525
Binding energy (eV)

© p

Intensity (a.u)

295 290 285 280 275
Binding energy (eV)

Fig. 3. XPS spectra of (A) Cu 2p, (B) O 1s, and (C) C 1s of the CuO-
x catalysts: (a) CuO-AH, (b) CuO-SH, (c) CuO-SC, and (d)
CuO-SHC.

copper and oxygen in CuQ; the results are shown in Fig. 3. All the
catalysts had a similar binding energy at 933.6 eV for Cu,;. It is
well known that electron donation from alkali cation to transition
metals takes place at the interface, resulting in a decrease of the work
function and then a translation of the whole system towards a lower
binding energy [11,14,15]. The reduction of binding energy values
indicates a change in the electronic state of copper upon the addi-
tion of alkali cations. The insignificant change in the binding energy
of our catalyst system may be ascribed to the presence of residual
alkali cations on the CuO surface in amounts insufficient to change
the electronic state of copper. As shown in Fig. 3(B), the O 1s peaks
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Fig. 4. H,-TPR profiles of CuO-x catalysts: (a) CuO-AH, (b) CuO-
SH, (¢) CuO-SC, and (d) CuO-SHC. Conditions: 5% H,/
Ar=50 cm’ min ', heating rate=10 °C min ', catalyst weight
=0.05g.

consisted of one main peak and a shoulder that were from lattice
oxygen (O ) at 529.6-530.0 eV and surface-adsorbed oxygen as
O; orO,0OH, and CO; at 531.3-531.7 eV, respectively [16]. XPS
spectra of C 1s are shown in Fig, 3(C). The peaks at 285 eV (denoted
), and 288 eV (denoted @) correspond to adventitious carbon and
surface carbonate species, respectively. The C 1s peak intensity at
288 eV for CuO-x prepared using precipitants containing carbon-
ate anions was stronger than those for AH and SH. This indicates
the strong adsorption of carbonate anions on the CuO catalysts.

The H,-TPR profiles for CuO catalysts prepared with different
precipitants are shown in Fig. 4. All the catalysts exhibited com-
plex reduction peaks, indicating the existence of two or three dif-
ferent copper oxide species. The TPR peak temperatures of CuO
catalysts containing Na" cations were lower than that of CuO-AH.
In case of CuO catalysts containing Na', the intensity of the low-
temperature peak increased with Na* loading. CuO-AH showed
two reduction peaks at 249, and 284 °C, and CuO-SHC showed three
reduction peaks in minimum at 199, 239 and 258 °C. According to
the literature [17-21], the low-temperature peak can be ascribed to
the reduction of Cu* to Cu'* or finely dispersed nano-size copper
oxide species, while the higher one is due to the reduction of Cu'
to Cu’ or bulk copper oxide species, including large clusters. There-
fore, the copper reduction peaks may be assigned to the reduction
of finely dispersed CuO species, isolated Cu** ions, and larger parti-
cles of bulk CuO.

Several kinetic and mechanistic studies have been performed for
the catalytic oxidation of CO [22,23]. The Mars-van Krevelen (MvK)
mechanism has been widely accepted for CO oxidation. In the MvK
mechanism, adsorbed CO reacts with labile lattice oxygen as noted
in the following equation: CO (ads)+O* (lattice)+Cu**—CO, (ads)
+Cu'". The reactivity is associated with the Cu oxidation state, Cu*'/
Cu" and the “oxygen mobility” in the oxide lattice. To determine
the influence of residual alkali metals in the CuO catalyst on the
basis of the MvK mechanism, CO-TPD was carried out (Fig. 5(A)).
CO, (m/z=44) was mainly detected from the reaction between the
adsorbed CO and lattice oxygen of the CuO catalysts, and a minor
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Fig. 5. (A) CO, production during the CO-TPD over CuO-x cata-
lyst and (B) correlation between CQO, production and cata-
Iytic activity: (a) CuO-AH, (b) CuO-SH, (c¢) CuO-SC, and
(d) CuO-SHC.

amount of CO (m/z=28). The desorption patterns were very com-
plex, meaning that CO adsorption sites existed in diverse forms.
The quantitative amount of CO, desorbed could be correlated with
CO oxidation activity. Four desorption peaks were primarily observed
at 98, 230, 410 and 572 °C, suggesting four kinds from lattice oxy-

gen of different environments. In the case of CuO-AH, a small, broad
CO, desorption peak was observed in the 50-300 °C temperature
range. However, the other catalysts, with residual Na* cations, led
to lower light-off temperatures for CO oxidation. Fig. 5(B) shows
the correlation between CO, production during the CO-TPD and
the light-off temperature of the CuO-x catalysts. The quantity of
CO, was calculated by integrating the CO-TPD profiles in the range
of 50-300 °C. The CuO-SHC catalyst showed the largest CO, de-
sorption peaks, i.e., the largest oxygen capacity. The order of the
light-off temperature was CuO-AH>CuO-SH>CuO-SC>CuO-SHC.
On the other hand, CO, production increased in the order CuO-AH<
CuO-SH<CuO-SC<CuO-SHC. Among the catalysts tested, the
CuO-SHC catalyst showed the best catalytic performance. There-
fore, the oxygen capacity of CuO-x catalysts was influenced by the
precipitant and was a crucial factor for determining catalytic per-
formance in the oxidation of CO [24,25].

CO conversion as a function of reaction temperature in dry or
wet conditions over CuO catalysts prepared with different precipi-
tants is shown in Fig. SI 1. For the comparison of catalytic activity
of CuMn,O, catalyst prepared with Cu/Mn molar ratio of 1/2, the
result is also shown in Table 2. The spinel type of CuMn,O, catalyst
showed low catalytic activity compared to that of CuO catalysts.
The CuO-SHC catalyst showed the highest catalytic performance
among the catalysts studied, exhibiting the lowest light-off temper-
ature at 102 °C (Table 2). The catalytic activities of CuO catalysts
containing small amounts of alkali cation were better than that of
CuO-AH. In particular, as the residual Na® cation increased, the light-
off temperature shifted considerably to lower temperature from 114
to 102 °C. A similar trend was also observed in the presence of 3%
water vapor in the reactants. The light-off temperature of the CuO-
SHC catalyst in wet conditions was 154 °C, shifted to a temperature
of ~50 °C higher than in dry conditions. Under wet reaction condi-
tions, the poor activity of CuO catalysts could be explained by the
competitive adsorption of H,O and CO molecules on the active sites
[5,26].

To probe the poor catalytic activity in the presence of water vapor,
CO-TPD was carried out. The CO-TPD profiles of the CuO-SHC
catalyst after only CO adsorption and CO+H,O co-adsorption are
shown in Fig. 6. Regardless of the treatment conditions, the CO-

Table 2. CO catalytic activity of CuO-x catalysts prepared with different precipitants

Dry conditions® Wet conditions’
Catalyst
T (°C) Tiign o CCY Toose (°C) T (°C) Tiign oy CCY° T, (°C)

CuO-AH 116.3 133.8 149.5 157.6 177.3 198.0
CuO-SH 99.2 114.1 126.8 142.2 160.4 179.1
CuO-SC 70.9 107.1 121.6 138.7 156.4 174.6
CuO-SHC (CuO-SHC-19) 57.5 101.6 118.3 137.2 154.1 172.6
CuO-SHC-3 95.7 112.6 128.8 139.4 157.3 177.7
CuO-SHC-5 103.4 122.1 140.4 143.6 162.2 183.7
CuMn,O,° 118.9 150.5 191.0 - - -

“C0O/0,/N,=1/20/79 (mol ratio), GHSV=90,000 cm’*-g,,. '-h !, catalyst weight=0.1 g

3% H,O vapor was continuously supplied

“To> Tiigie o and Togg, Tefer to the temperature at 20, 50, and 90% conversion of CO, respectively

“Number of washing
‘The catalyst was synthesized with Cu/Mn molar ratio of 1/2

Korean J. Chem. Eng.(Vol. 29, No. 9)
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Fig. 6. CO, production during the CO-TPD over CuO-SHC cata-
lyst after (a) only CO adsorption and (b) co-adsorption of
CO+H,0.

TPD patterns were almost identical. However, the amount of CO,
desorption after onty CO adsorption was larger than that after CO
and H,0 co-adsorption. The amount of CO, desorption was calcu-
lated by integrating the curve of the CO, desorption peak, which
reflects the total amount of lattice oxygen consumed for the reac-
tion. The ratio of adsorption sites was found to be CO adsorption:
CO+H,O co-adsorption=1 : 0.84. This result indicates that the sup-
plied H,O and CO molecules competitively adsorb on the active
sites of the catalyst. Therefore, the large difference of T, ,» could
be attributed to competitive adsorption of CO and H,O molecules
on the same active sites for CO oxidation.

To elucidate the influence of the residual Na® cation and surface
carbonate species on the catalyst surface, the CuO-SHC catalyst,
which had shown the best catalytic activity, was prepared several
more times; however, the number of washes was varied to dimin-
ish the quantity of residual Na" cation. The BET surface area, total

NN
—”M“\AQW
"‘/W\N\/J\

d T v T d T T T T T T
2000 1800 1600 1400 1200 1000 800

Transmittance (a.u.)

Wave number (cm™)

Fig. 7. FT-IR spectra of CuO-SHC-x catalysts prepared with dif-
ferent numbers of washes; (a) CuO-AH, (b) x=1 in CuO-
SHC-x, (c) 3, and (d) 5, where x represents that the num-
ber of washing.

September, 2012

pore volume and Na' content of the CuO-SHC-x catalyst decreased
slightly with increased numbers of washes (Table 1). The catalytic
activity of CuO-SHC-x catalysts in dry conditions decreased with
increased numbers of washes (resulting in decreased residual Na*
cations), and the light-off temperature of CuO-SHC-1and CuO-SHC-
5 catalysts increased from 102 to 122 °C (Table 2 and SI 3). A similar
trend was observed under wet reaction conditions. IR analysis was
used to investigate the types and amount of carbonate species on
the CuO-SHC-x catalysts obtained with the various of washing con-
ditions. As shown in Fig. 7, two bands at 1,354 and 1,481 cm ' were
assigned to the adsorption of surface carbonates [27], and their inten-
sities were nearly stable and independent of the number of washes.
Therefore, the surface carbonate species of the CuO-SHC-x cata-
lyst might not influence its activity toward CO oxidation [28].

The stability of CuO catalysts was examined over CuO-AH and
CuO-SHC catalysts (Fig. SI 2). The total conversion of CO over
CuO-SHC catalyst was constantly maintained for 5 h without deac-
tivation; however, the catalytic activity of CuO-AH catalyst slowly
decreased.

CONCLUSIONS

CuO catalysts prepared using different precipitants were applied
to CO oxidation. The morphology, crystallinity, and catalytic activ-
ity of the CuO-x catalysts were dependent on the nature of the pre-
cipitants added to the synthesis mixture. Among the catalysts stud-
ied, CuO-SHC catalyst prepared with sodium hydrogen carbonate
showed the best activity under dry and wet reaction conditions. The
oxygen capacity of the CuO-x catalyst was influenced by the pre-
cipitants used; the quantity of residual Na" ions was a crucial factor
in determining the catalytic performance in CO oxidation. From
the combined CO-TPD and H,-TPR results, the residual Na* cat-
ions on the CuO catalyst led to weakened metal-oxygen interac-
tions and accelerated the mobility of oxygen on the surface or lattice,
resulting in an enhancement of the catalytic activity for CO oxidation.
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