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Abstract—We prepared 0.1A1-0.9Ce supports using various precipitants such as NH,OH, KOH, NaOH, K,CO,, and
Na,CO; to prepare Pt-based CO oxidation catalysts. Of the studied catalysts, the Pt/0.1A1-0.9Ce_NH,OH catalyst
showed the optimum activity for CO oxidation. Catalysts prepared with carbonate-form precipitants revealed relatively
lower activity than carbonate-free precipitants. A temperature at 50% CO conversion of all samples was observed in the
low-temperature region in the presence of water vapor because of the promotional effect of the water-gas shift reac-
tion. Several characterization results revealed that catalytic activity was related to oxygen capacity and Pt dispersion was

attributable to precipitant nature.

Keywords: Pt/0.1AI-0.9Ce Catalyst, Precipitants, Anion, Pt Dispersion, Oxygen Vacancy

INTRODUCTION

Carbon monoxide (CO), a colorless, odorless, and toxic air pol-
lutant, is produced mainly via incomplete combustion of carbon-
containing materials. Approximately 90% of CO is derived from
vehicle emissions [1], and most CO is released under the “cold-
start” conditions of an engine, when the catalytic converter has an
insufficient operating temperature [2,3]. If the CO oxidation cata-
lysts are effective at low-temperature operating conditions, the
cold-start problem associated with automotive vehicle engines can
be overcome [4].

Catalysts based on noble metals (e.g., Pt, Pd, Rh, Au, and Ru)
are generally used in the oxidation of CO because of their excel-
lent catalytic activity [5-11]. However, such catalysts have to be
supported on various oxides (e.g, ALO;, SiO,, FeO,, ZrO,, and
CeO,) because of their poor mechanical and thermal properties
[12-17]. In particular, a CeO,-based catalyst has been studied widely
as an additive or support in various catalysis fields. This oxide has
unique properties of oxygen storage capacity (OSC) that result from
the oxidation state of Ce’*/Ce"* and high oxygen mobility in the
ceria lattice [6,18]. Despite these advantages, the drawbacks of poor
thermal stability and deactivation of the redox couple limit its
commercial applicability [19,20]. However, the formation of com-
posite oxides by substituting another metal component into the
CeO, lattice can overcome these drawbacks [21]. ZrO, is consid-
ered a most interesting oxide. The addition of ZrO, to CeO, en-
hances their OSC, redox, and thermal properties because of the
partial substitution of Ce** with Zr*" in the CeO, lattice. Tt has been
established that the substitution of 25 mol% ZrO, in CeO, pro-
duces the highest OSC activity, which provides excellent catalytic
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activity in various oxidation reactions [22-24].

The CeO,-ALO; oxide system is widely used and one of the
most promising oxides for removing air pollutants in automobile
exhaust gases [25]. The high thermal stability and reducibility of
CeO,-ALO; oxides make them attractive supports for metal cata-
lysts. Chen et al. [26] reported that a Pt catalyst on a 15%CeO,-
ALO; support showed 100% conversion of CH,Cl, oxidation at
400 °C. They found that Pt on CeO, dispersed on Al,O; had higher
OSC activity than that of Pt/CeO, or Pt/ALO; [27]. We also stud-
ied the effects of Aladdition into the CeO, support for a Pt catalyst
in CO oxidation [28]. The Pt/AlCe catalyst with an Al/Ce molar
ratio of 0.1/0.9 exhibited superior catalytic activity for CO oxida-
tion compared with that of Pt catalysts supported on different
molar ratio of Al-Ce oxides.

The catalytic and structural properties of a catalyst affect vari-
ous factors, including the nature of the support, active metal pre-
cursors, preparation method, heat treatment history, and reaction
conditions [29-32]. Tang et al. [30] reported that a Pt/MnO,-CeO,
catalyst, prepared using chlorine-free Pt precursor, showed high
catalytic activity and stability in the complete oxidation of formal-
dehyde. A silicotungstic acid doped CeO, catalyst, prepared using
ammonia solution as a precipitant, was found to exhibit superior
catalytic activity in selective catalytic reduction on NO, by NH,
[33]. The catalytic activity for CO oxidation of copper-manganese
oxides depends strongly on the employed precipitants and precur-
sors, and a combination of an acetate precursor of copper and
manganese and a carbonate precipitant was found to produce
superior catalytic activity [34]. In this regard, we studied the effects
of precipitants on 0.1A1-0.9Ce mixed oxide, which was found to
have good catalytic properties for CO oxidation [28].

In the present study, we prepared the 0.1A1-0.9Ce catalyst with
various precipitants, e.g., ammonium hydroxide (NH,OH), sodium
hydroxide (NaOH), potassium hydroxide (KOH), potassium car-
bonate (K,CO;), and sodium carbonate (Na,CO,), and used them
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as supports for Pt-based catalysts. Various characterization tools
were used to determine the physicochemical properties of the cat-
alysts. The information derived from these analyses was correlated
with CO oxidation activity.

EXPERIMENTAL

1. Catalyst Preparation

All chemicals were analytical grade and used as received with-
out further purification. The 0.1A1-0.9Ce oxide support was pre-
pared using the precipitation method with different precipitants:
ammonia solution (NH,OH (AH), Samchun, 28%-30%), potas-
sium hydroxide (KOH (PH), Samchun, 95%), sodium hydroxide
(NaOH (SH), Junsei, 99%), potassium carbonate (K,CO; (PC),
Duksan, 99%), and sodium carbonate (Na,CO; (SC), Junsei, 99%).
For each, 1 M of precipitant solution was added to 300 ml aque-
ous solution of aluminum nitrate nonahydrate (AI(NO;);-9H,0,
Junsei, 98%) and cerium nitrate hexahydrate (Ce(NO;),-6H,O, Sam-
chun, 99%) until the pH of the solution reached 10. The resulting
solution was aged at 70 °C for 24 h, filtered, and washed several
times with de-ionized water. The filtered cake was dried at 100 °C
for 12h and then calcined at 500°C for 2h in flowing air. The
prepared samples were designated by AlCe-X, where X represents
the abbreviation of the precipitant.

The 1 wt% Pt/0.1A1-0.9Ce catalysts were prepared by the incipi-
ent wetness impregnation method using an aqueous solution of
Pt(NH,),(NOs), (Aldrich, 99%). The catalyst was dried at 30°C
for 12 h and then calcined at 500 °C for 2 h under flowing air.

2. Catalyst Characterization

The crystalline structure of the catalyst was analyzed using a
Siemens D5005 diffractometer with CuK,, radiation operating at
30kV and 50 mA with a scanning rate of 0.4° min™". Phases were
identified by matching the experimental patterns to the JCPDS
powder diffraction file (CeO,, #01-081-0792). The Brunauer-
Emmett-Teller (BET) surface area was measured by N, sorption at
the liquid nitrogen temperature of —196 °C using a Micromeritics
ASAP 2020 instrument. Prior to the measurement, each sample
was degassed for 4h under vacuum at 250 °C. The BET method
was used to determine the surface area, and the Barrett, Joyner,
and Halenda (BJH) method was used to determine the pore size
distribution of the catalysts using desorption isotherms. The mor-
phology and the crystal shape of the prepared catalyst particles
were examined by scanning electron microscopy (SEM) using a
Hitachi S-2500C scanning electron microscope at an acceleration
voltage of 5kV.

The Al MAS NMR spectra were obtained on a Bruker
AVANCE 500 spectrometer, at the Al frequency of 130.325
MHz, in a 4 mm rotor at a spinning rate of 10.0 kHz. The spectra
were obtained with the acquisition of approximately 3000 pulse
transients, which were reported with a 774 rad pulse length of
1.50 ms and a recycle delay of 1.0's. The *Al chemical shifts were
reported relative to a solution of Al(H,O);".

Scanning transmission electron microscopy (STEM) and ele-
ment mapping were performed using a Philips Tecnai F20 micro-
scope operating at 200KkV. In preparation, the samples were put
into glass vials containing ethanol and placed in an ultrasonic bath

March, 2018

for a couple of minutes to disperse the individual particles. Then, a
drop of the resulting suspension was deposited onto a holey-car-
bon film supported on a copper grid, which was subsequently dried.

Temperature-programmed reduction experiments with CO as a
reductant (CO-TPR) were undertaken using a Pfeiffer OmniStar
mass spectrometer (MS) as a detector. Before analysis, each sam-
ple (0.05 g) was loaded in a quartz reactor (ID. 12 mm) and pre-
treated at 300 °C in a He flow (50 cm’-min”") for 1 h. After cooling
to room temperature (RT), a flow of 5% CO/N, was introduced
through the samples and the temperature was increased from RT
t0 900 °C at a rate of 10 °C-min . The mass signals of m/z=2 (H,),
28 (CO), 18 (H,0), and 44 (CO,) were detected by the MS. In the
CO,-TPD experiment, the catalysts were pretreated at 300 °C for
1h with a He flow (50 cm’-min ). Following this, they were cooled
to RT under the same atmosphere and then treated with 100%
CO, (50 cm™min™") for 1h. After adsorption of CO,, the reactor
was flushed for 1h under a He flow (50 cm’min™) to remove phy-
sisorbed CO,, then the temperature was increased from RT to
600 °C at a heating rate of 10 °C-min”".

The chemisorption of H, was measured with a Pfeiffer OmniStar
MS as a detector, and the gas mixture of 5% H,/Ar was used as an
adsorbate. Prior to pulse chemisorption, all samples were reduced
in pure H, at a flow rate of 30 cm’min™" at 400°C for 1h. The
reduced samples were purged in a He flow (50 cm’-min”") at 400 °C
for 0.5h and then cooled to RT in the same atmosphere. The
amount of H, in each pulse was 3.6 mmol, which was introduced
using a volumetric sample loop of 2 cm’ using He (30 cm®-min™")
as a carrier gas. The pulse was repeated in 7 min intervals until no
turther gas uptake by the catalyst was observed. A mass signal of
m/z=2 (H,) was detected. Pt dispersion and the active Pt area
were calculated from the amount of H, chemosorbed assuming a
stoichiometric factor of H/Pts=1.

3. Catalytic Testing for CO Oxidation

CO oxidation was performed in a continuous-flow; fixed bed
reaction system with U-shaped quartz (ID. 12mm) reactor at
atmospheric pressure. Each catalyst (0.02g) with SiC (1g) as a
diluent was loaded into the reactor and pretreated at 400 °C in the
H, flow for 1 h, prior to the catalytic reaction. The dry feed stream
comprised 1vol% CO, 4vol% O, and 95vol% N; at a total flow
rate of 200 cm’min”', which was heated at a rate of 4°C-min”'
from 30 to 250 °C. In addition, to examine the effects of H,O vapor,
3% H,0 vapor was introduced continuously in the reactor through
the saturator. The conversion of CO in the reaction was calculated
in terms of its percentage consumed. The concentration of CO in
the product stream was measured every second using an on-line
CO analyzer (TELEDYNE Instrument Analyzer of IR-ways).

RESULTS AND DISCUSSION

Fig. 1 shows the CO conversion profiles of the Pt/AlCe-X cata-
lysts in the absence/presence of water vapor. Prior to the reaction
on the Pt/AICe-X catalysts, the AlCe oxides were tested; however,
no noticeable catalytic activity was observed for CO oxidation
within the investigated temperature range (not shown). Although
all the catalysts achieved 100% CO conversion at temperature
<200 °C, the nature of the precipitants had considerable effect the
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Fig. 1. CO conversion profiles of the Pt/AlCe-X catalysts as a func-
tion of reaction temperature: (a) dry conditions: 0.02 g cata-
lyst with 1g SiC, CO/O,/N, (vol%)=1/4/95, total flow rate=
200 cm® min "', and (b) continuous addition of 3% H,O.

catalytic activity for CO oxidation. The Pt/AlCe catalyst prepared
by NH,OH revealed superior CO oxidation activity, for a tem-
perature at 50% CO conversion (Ts,) of 104 °C. When the hy-
droxide-form alkali precipitants (e.g., KOH and NaOH) were used
during the preparation of the AlCe oxide, the corresponding cata-
lysts also showed good catalytic activity. However, when the car-
bonate-form alkali precipitants (e.g, K,CO; and Na,CO;) were
employed for preparing the AlCe oxides, the catalysts revealed rel-
atively low catalytic activity. The Ty, under reaction conditions in
the absence of water vapor increased in the following order: Pt/
AlCe-AH<Pt/AlCe-PH<Pt/AlCe-SH<Pt/AlCe-PC<Pt/AlCe-SC.
To investigate the effects of water vapor on catalyst activity, 3%
water vapor was introduced simultaneously to the catalyst bed.
The light-off curves obtained during the reaction with water vapor
are shown in Fig. 1(b). Under wet conditions (water vapor pres-
ent in the reactant stream), the light-off temperatures were shifted
to lower regions (Tsy, decreased by about 30 °C) compared with
dry conditions (absence of water vapor). There could be several
reasons for the increased catalytic activity in the presence of water

1x10™

44, a.u.)

MS signal of -CO, (m/z

1 M 1 N I ' I v
100 200 300 400 500
Temperature (°C)

Fig. 2. CO, formation profiles of the Pt/AlCe-AH catalyst during
CO-TPD after the adsorption of CO only, and CO+H,O co-
adsorption.

vapor. One is that the water promotes the water-gas shift (WGS)
reaction, which in turn means more CO is converted into CO,.
The second is that the hydroxyl groups formed on the catalyst sur-
face act as a better oxidant than oxygen [35-38]. To investigate the
reason for the enhanced catalytic activity in the presence of water
vapor, we considered the promotional effects of the WGS. The
CO-TPD was performed on the Pt/AlCe-AH catalyst after either
adsorption of CO only or co-adsorption of CO and H,0, as shown
in Fig. 2. For the former, CO, was produced from the reaction of
adsorbed CO on Pt sites and oxygen species of the AlCe oxide.
The peak CO, desorption after co-adsorption of CO and H,O was
much larger than after CO adsorption only. During the CO-TPD
analysis, an equimolar of CO gas introduced into the catalyst bed
meant that CO could have been adsorbed on the active sites of the
Pt. Thus, the additional water molecules could have been adsorbed
as hydroxyl forms on the catalyst surface, which could have affected
the CO transition dipole moment. Consequently, formate species
(COOH complex) might have formed on the catalyst surface via
interaction between CO molecules and H,O. This complex could
have affected the rate of CO oxidation [39]. Therefore, the increased
catalytic activity in the presence of water vapor could be attributed
to the promotional effect of formate species formed by reaction
between the CO and oxygen species [38].

The results of reproducibility tests performed for the Pt/AlCe-
AH catalyst, which demonstrated the optimum catalytic activity in
CO oxidation, are shown in Fig. 3. The reactions were repeated
three times in the absence of water vapor. Fig. 3 shows that com-
plete CO conversion for each run was achieved below 150 °C;
however, the temperature of CO conversion shifted to higher regions
during the repeated reactions. The decrease in catalytic activity
was attributed to a reduction in active sites to oxidation of the Pt
species. After the third runs, the used catalyst was treated under
the same pretreatment conditions as the reaction and re-tested for
CO oxidation. However, the catalytic activity was not recovered
completely to that of the first run. The decrease in catalytic activ-

Korean J. Chem. Eng.(Vol. 35, No. 3)
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Fig. 3. Reproducibility test for CO oxidation of the Pt/AlCe-AH
catalyst under dry reaction conditions. Reaction conditions:
0.02 g catalyst with 1 g SiC, CO/OZ/NZ (vol%)=1/4/95, and
total flow rate=200 cm’ min ™'

ity was considered related not only to the oxidation of active Pt
specie, but also to other factors, such as the formation of inactive
Pt species caused by strong interaction with CO molecules, or Pt
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Fig. 4. XRD patterns of the Pt/AlCe-X catalysts: (a) X=AH, (b) PH,
(c) SH, (d) PC, and (e) SC.

metal sintering.

The X-ray diffraction (XRD) patterns and crystallite size of the
Pt/AlCe-X catalysts are shown in Fig. 4 and Table 1. The main
peaks of the CeO, phase were detected on all samples; however,
peaks of the PtO, and AL,O; phases were not observed. This indi-

Table 1. Physicochemical properties of AlCe oxide supports and Pt/AlCe-X catalysts

Crystallite Sger Pore volume Al/Ce molar Element contents (wt%)*
Sample . a 2 1 3 -1 ;
size (nm) (m™g") (em™g™) ratio Na K
Pt/AlCe-AH 109 102 (108)" 0.272 0.08
Pt/AlCe-PH 10.5 110 (124) 0.211 0.09 2.0
Pt/AlCe-SH 10.7 104 (109) 0.219 0.09 1.8
Pt/AlCe-PC 10.8 58 (69) 0.367 0.09 0.4
Pt/AlCe-SC 11.0 17 (26) 0.103 0.08 35 -
“Calculated from line broadening of the CeO, (111) peak, using Scherrer’s equation
"Values of calcined AlCe oxide support at 500 °C
‘Determined by EDX analysis
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Fig. 5.N, sorption isotherms (A) and pore size distribution (B) of the Pt/AlCe-X catalysts; (a) X=AH, (b) PH, (c) SH, (d) PC, and (e) SC.
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cates, the PtO, phase was highly dispersed or that the particles
were so small that the signals were not detected by XRD analysis.
The crystallite sizes of CeO, in the Pt/AlCe-X catalysts showed
similar values in the range of 10-15nm, and distinct differences
were not observed with respect to the precipitants.

Table 1 presents the surface areas and total pore volumes of the
Pt/AlCe-X catalysts. The catalysts prepared with precipitant that
contained hydroxide ions exhibited distinct hysteresis at P/P,=
0.65-0.90 regions (Fig. 5(A)). Catalysts prepared with hydroxide-
form precipitants had higher Sy values (>100 m*-g ") compared
with those of prepared with precipitants that contained carbonate
ions (<60 m’g"). Although the catalysts prepared with hydrox-
ide-form precipitants exhibited small pore sizes, the Pt/AlCe-PC
and Pt/AlCe-SC catalysts prepared using carbonate-form precipi-
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Fig.6.”Al MAS NMR spectra of the AlCe-X oxide support (A)
and the Pt/AlCe-X catalysts (B); (a) X=AH, (b) PH, (¢) SH,
(d) PC, and (e) SC.

tants had large pore sizes centered at around 40 and 90 nm, respec-
tively (Fig. 6(B)).

Fig. 6 shows the “Al MAS NMR spectra of the AlCe oxides
prepared with different precipitants. It is well-known that the NMR
spectrum of »~ALO; has two peaks at 64.9 and 8.2 ppm that are
assigned to tetrahedral and octahedral A" ions, respectively [40,
41]. The AlCe oxides showed distinct features compared with pure
ALO;. None of the samples showed tetrahedrally coordinated AI**
ions (AI(T)), and the octahedral peak (Al(O)) at ~0ppm was
shifted to a higher field. This indicates that interaction between
the Al species and CeO, resulted in a distortion of the alumina
crystalline structure. In addition, an additional peak at ~38 ppm
was observed, consistent with an assignment to penta-coordinated
AT ions (Al(P)) in the CeAlO, [41]. As the radius of AI’" ions
(053 A) is smaller than that of Ce’™" (1.02A) and Ce* (0.97 A)
ions, the AI’* ions can diffuse into the CeO, lattice [42]. The peak
observed at ~25ppm was attributed to AI** that had interacted
with Ce™ [43]. The Al(P) peak of the AlCe oxides prepared with
hydroxide-form precipitants was more dominant than that of the
Al(O), whereas the AlCe oxides prepared with precipitants con-
taining carbonate species showed a relatively small Al(P) peak. In
addition, as shown in Fig. 6(B), the peaks of Al(P) and Al(O) for
the Pt/AlCe-AH catalyst decreased as compared with the AlCe-
AH support. In contrast, the peaks of both AlCe-SC and Pt/AlCe-
SC catalysts showed similar values. The carbonate species might
hinder the formation of a solid solution between the aluminum
and ceria because of strong interaction with metal cations. Accord-
ing to Kwak et al. [44], BaO or Pt species are deposited selectively
on the unsaturated penta-coordinated AI** sites of ALO; [33,36],
and the Pt species that interact on the Al(P) sites are highly dis-
persed more widely compared with Al(T) or Al(O). These differ-
ent structural properties might have had an effect on the metal
dispersion of the catalysts investigated in this study (Table 2); the
hydroxide-form precipitants showed larger Pt dispersion than car-
bonate precipitants. To understand the effects of the structural
properties of Al species on CeQ,, further experiment and analysis
are required.

Fig. 7 presents SEM images of AlCe oxides prepared using dif-
ferent precipitants. The average particle sizes of the AlCe oxides
were smaller (larger) when hydroxide-form (carbonate-form) pre-
cipitants were used. Catalysts prepared with hydroxide-form pre-
cipitants showed small-round shapes, whereas those prepared using
carbonate-form precipitants were needle-like (K,COs) or rod-like

Table 2. Active Pt metal area, and dispersion of Pt/AlCe-X catalysts

Sample H, uptake Active Pt Pt dispersion
(mmol g')*  area (m* gy ) (%)
Pt/AlCe-AH 12.3 59.3 24.0
Pt/AlCe-PH 6.6 31.8 12.9
Pt/AlCe-SH 52 25.1 10.1
Pt/AlCe-PC 34 16.4 6.6
Pt/AlCe-SC 29 14.0 57

“Determined by H, pulse chemisorption analysis
’Calculated from H, uptake assuming stoichiometry of H/Pt.=1

Korean J. Chem. Eng.(Vol. 35, No. 3)
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Fig. 7. SEM images of the AlCe-X oxide supports; (a) X=AH, (b)
PH, (c) SH, (d) PC, and (e) SC.

(Na,CO;) shapes. In addition, the catalyst prepared with K,CO,
had particles with irregular shapes, and the particle size was smaller
than that of the catalyst prepared with Na,COs. These results indi-
cate that carbonate-form precipitants affect the morphologies of
the catalysts during the co-precipitation step and they might alter
the catalytic activity for CO oxidation. According to the Pourbaix
diagram, during the preparation of the supports, the Al species are
precipitated first followed by the Ce species. The rates of precipita-
tion of the Al and Ce species could affect the morphology and
surface property of the prepared AlCe supports. Thus, the differ-
ent morphology observed by the SEM analysis resulted from the
different rates of precipitation of the Al and Ce species that de-
pended on the different natures of the precipitants. Fig. 8 shows
the STEM and elemental mapping of the Pt/AlCe-X catalysts. All
elements of the catalysts were well scattered on the particle; how-
ever, here, we showed only the Pt/AlCe-AH catalyst (Fig. 8). Despite
the low Al content, the Al atoms are shown well dispersed on the
CeO, in the images. Small amounts of alkali species were observed
in the catalysts prepared with an alkali solution. Table 1 shows the
Al/Ce ratio, and the concentrations of Na and K for all catalysts.
The Al/Ce molar ratio in the range 0.08-0.09 almost approached a
nominal value of 0.11 in the precipitated solution. The concentra-
tion of residual alkali metals of 0.4-3.5 wt% was found dependent
on the precipitant employed.

The Pt dispersion in the Pt/AlCe-X catalysts was estimated
using H,-pulse chemisorption. Table 2 shows the active Pt area
and the Pt dispersion of the Pt/AlCe-X catalysts. The Pt/AlCe-AH
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Pt/AlICe-AH

Fig. 8. STEM images and element mapping of the Pt/AlCe-X cataysts:
(a) X=AH, (b) PH, (c¢) SH, (d) PC, and (e) SC. The red, yel-
low; and green colors indicate Al, Ce, and O species, respec-
tively.

catalyst had the highest dispersion (24.0%) in comparison with the
other catalysts, and the Pt/AlCe-SC catalyst had the lowest value
(5.7%). Although the addition of alkali metals (K or Na) leads to a
decrease in metal dispersion [45], in our system, the Pt dispersion
of the Pt/AlCe-PH catalyst with 2 wt% K was higher than the Pt/
AlCe-PC catalyst with 0.4 wt% K. This indicates various parame-
ters affect metal dispersion and that the type of anions could have
a greater effect than the type of cations in determining Pt disper-
sion. The dispersion of a CeO,-based catalyst could be overesti-
mated because of the large OSC of the oxide. In addition, the
reducible nature of CeO, could encapsulate the Pt particles during
pretreatment under a flow of diluted H, [46]. Therefore, it is cru-
cial to select optimal pretreatment and analysis conditions. The Pt
dispersion of the samples investigated in this study; obtained through
H,-pulse chemisorption, displayed apparent differences. Metal dis-
persion of catalysts has been considered a key factor regarding cat-
alytic activity [47-49]. Here, the Ty, of the Pt/AlCe-X catalysts
tested under both reaction conditions, was consistently shifted to
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Fig. 9. CO-TPR profiles of Pt/AlCe-X catalysts; (a) X=AH, (b) PH,
(c) SH, (d) PC, and (e) SC.
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higher temperatures with decreases in active Pt area and Pt disper-
sion. Therefore, we can conclude that catalytic activity is closely
related to Pt dispersion, and that the excellent catalytic behavior of
the Pt/AlCe-AH catalyst could be attributed to it having the high-
est Pt dispersion.

The CO-TPR profiles for the Pt/AlCe-X catalysts are shown in
Fig. 9. Several types of CO, peak were observed for all the cata-
lysts. The low-temperature CO, peaks (denoted as O, and O,)
observed in the range 50-200 °C, resulted from the interaction
between the gas phase CO adsorbed on the Pt sites and the sur-
face or lattice oxygen species. The O,; and O, peak positions were
almost the same in the catalysts prepared with hydroxide-form
precipitants, indicating that these catalysts had similar reducibility
and oxygen mobility [24]. The peak positions of the catalysts pre-
pared with carbonate-form precipitants were shifted to higher
temperatures than the catalysts prepared with hydroxide-form pre-
cipitants. This indicates that catalysts prepared with carbonate-
form precipitants had relatively weak oxygen mobility due to the
difference in the structural properties resulting from the different
types of anion species of the carbonate ions on the AlCe oxide.
The high-temperature peak (denoted as O,) in the range 550-850 °C
was attributed to reaction with the bulk oxygen species in the
AlCe oxides. For the high-temperature peak, all catalysts showed
similar reducibility; as demonstrated by the similar CO, formation
temperature. The TPD spectra obtained after CO, adsorption on
the Pt/AlCe-X catalysts are shown in Fig. S1. Each CO,-TPD pro-
file shows two desorption peaks: a low-temperature desorption
peak at ~70 °C with a shoulder peak at ~150 °C, and a high-tem-
perature peak at 350-420 °C, meaning that two types of CO, ad-
sorption sites are present on the catalyst surface. The low- and
high-temperature desorption peaks might be attributable to mono-
dentate and bidendate CO, adsorbed on the catalyst surface,
respectively [50]. The high-temperature desorption peaks were
negligible compared with the low-temperature desorption peak.
The adsorption capacity of CO, on these catalysts increased with
increasing surface area, indicating that the surface density of the

adsorption sites increased with surface area. In addition, the degree
of basicity on the Pt/AlCe-X catalysts, estimated from the low-
temperature desorption peak, decreased in the following order: Pt/
AlCe-AH>Pt/AlCe-PH>Pt/AlCe-SH>Pt/AlCe-PC>Pt/AlCe-SC,
and the basicity trend showed the same tendency as the catalytic
activity. Although oxygen mobility is not the only factor relevant
to explaining the basicity of CeO,-based catalysts due to the pres-
ence of oxygen vacancies on this oxide, catalysts with large basic-
ity exhibited better oxygen mobility because of the presence of
unsaturated O~ species on the supports [51]. Therefore, it can be
speculated that the Pt/AlCe-AH catalyst which showed the best
basicity of all the samples, had better oxygen mobility.

We investigated how the natures of different precipitants might
affect the physicochemical properties of CeO,-based oxide sup-
ports and their catalytic activity for CO oxidation. The supports or
catalysts with high surface area could enhance the adsorption
capacity of reactants and the dispersion of active metals. Catalysts
prepared with hydroxide-form precipitants had higher surface
areas than those prepared with carbonate-form precipitants. The
Pt/AICe-AH catalysts that exhibited the best catalytic activity in
this study had a surface area of 102m’.g . Conversely, the Pt/
AlCe-SC catalyst, which exhibited the lowest catalytic activity, had
a surface area of 17m’-g . The high surface area of catalyst can
facilitate the mass transfer and the adsorption of reactants; there-
fore, surface area can affect catalytic activity in the oxidation reac-
tion. It has been reported that an increased surface area of catalyst
could be the factor responsible for the excellent catalytic perfor-
mance for CO and C;H; oxidation [52]. Thus, we can deduce that
catalytic performance is related somewhat to the surface area of
the catalyst. For noble metal-based catalysts, the addition or pres-
ence of alkali ions could affect the electronic properties of the
active noble metal species [53,54]. The surface OH group derived
from the alkali metal could be formed on the Pt-OH-alkali sites
on highly dispersed Pt sites, which would facilitate the formation
of formate intermediates in the WGS and CO oxidation, whereas
poorly dispersed Pt would inhibit the adsorption of CO. As dis-
cussed above, the Pt/AlCe-PH catalyst had greater dispersion in
comparison with the Pt/AlCe-PC catalyst. Although various param-
eters determine catalytic activity, in relation to alkali metals, we
might expect a greater promotional effect on the Pt/AlCe-PH cat-
alyst than the Pt/AlCe-PC catalyst because of the larger amount of
accessible active Pt sites.

The correlation curves between Tsy, and the amount of CO,
formation obtained during the CO-TPR analysis are displayed in
Fig. 10. The amounts of formed CO, refer to the surface or lattice
oxygen vacancy of the catalysts, which can be calculated by inte-
grating the observed CO, peak below 200 °C during the CO-TPR
runs. For the Pt/AlCe catalysts prepared by hydroxide-form pre-
cipitants, all catalysts showed similar oxygen mobility as explained
above; however, the oxygen vacancy calculated from the CO, peak
area revealed subtle differences. The oxygen vacancy decreased in
the following order: Pt/AlCe-AH>Pt/AlCe-PH>Pt/AlCe-SH. In
addition, the Pt/AlCe catalysts prepared with carbonate-form pre-
cipitants had a lower oxygen vacancy and poorer oxygen mobility
compared with catalysts prepared with hydroxide-form precipi-
tants. From the CO-TPR analysis, it is clear that the Pt/AlCe-AH
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catalyst had the greatest surface or lattice oxygen vacancies, and
that the tendency of those values was parallel with catalytic activ-
ity. To sum up, with consideration of the various characterization
results, we determined that precipitant nature can influence the
structural properties of catalysts, e.g, Pt dispersion and oxygen
vacancy/mobility, and that these values are closely related to cata-
lytic activity in CO oxidation. In addition, NH,OH was established
as the optimal precipitant for AlCe oxide under our experimental
conditions.

CONCLUSIONS

We prepared 0.1A1-0.9Ce oxides with various precipitants
(NH,OH, KOH, NaOH, K,CO;, and Na,CO;) and used as sup-
ports for Pt/0.1Al-09Ce catalysts. The employed precipitants
affected both the structural properties of the 0.1Al-0.9Ce oxide
support and the catalytic activity in CO oxidation. Among the stud-
ied catalysts, the Pt/0.1A1-0.9Ce catalyst prepared with NH,OH
showed the highest CO conversion under the given reaction con-
ditions. Catalytic activity decreased in the following order depend-
ing on the precipitant: NH,OH>KOH>NaOH>K,CO,>Na,CO;.
The Pt/0.1A1-0.9Ce-NH,OH catalyst was revealed to have the
largest oxygen vacancy (based on the CO-TPR analysis) and the
highest Pt dispersion (based on H,-chemisorption), whereas, the
catalyst prepared with Na,CO; was had the lowest values. The ten-
dencies of oxygen vacancy and Pt dispersion, depending on the
precipitant, were found in good agreement with the trend toward
catalytic activity. Therefore, it could be deduced that the catalytic
activity of the Pt/0.1A1-0.9Ce-X catalysts was closely related to
oxygen vacancy and Pt dispersion.
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Fig. S1. CO,-TPD profiles of Pt/AlCe-X catalysts: (a) X=AH, (b)
PH, (c) SH, (d) PC, and (e) SC.
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