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We report the microwave synthesis and characterization of Au and Pd nanoparticle catalysts supported on

CeQ, CuO, and ZnO nanoparticles for CO oxidation. The results indicate that supported Aw&edysts

exhibit excellent activity for low-temperature CO oxidation. The Pd/Ceddalyst shows a uniform dispersion
of Pd nanoparticles with a narrow size distribution within the ceria support. A remarkable enhancement of
the catalytic activity is observed and directly correlated with the change in the morphology of the supported

catalyst and the efficient dispersion of the active metal on the support achieved by using capping agents

during the microwave synthesis. The significance of the current method lies mainly in its simplicity, flexibility,
and the control of the different factors that determine the activity of the nanoparticle catalysts.

Nanophase metal and metal oxide catalysts, with controlled on microwave synthesis of nanoparticles from metal salts in
particle size and shape, exhibit high surface area and denselysolutions. Microwave irradiation (MWI) has several advantages
populated unsaturated surface coordination sites that can resulbver conventional methods, including short reaction time, small
in significantly improved catalytic performance over conven- particle size, narrow size distribution, and high putity'®
tional catalystd:* The large number of surface and edge atoms  Synthesis of the nanoparticles of Ce@uO, or ZnO was
provide active sites for catalyzing surface reactions. Researchachieved by dissolving approximaget g of Ce(NG)s, Zn-
in this area is motivated by the possibility of designing (NOs),;, or Cu(NQ), (Alfa Aesar), respectively, in ethanol.
nanostructured catalysts that possess novel catalytic propertieahile stirring, 10 N NaOH (Alfa Aesar) was added dropwise
such as low-temperature activity, selectivity, stability, and until the pH of the resulting solution was 10. The resulting
resistance to poisoning and degradation effe@ach catalysts ~ solution was then placed in a conventional microwave. The
are essential for technological advances in environmental microwave power was set to 33% of 650 W and operated in
protection, improving indoor air quality, and in chemical 30-s cycles (on for 10 s, off for 20 s) for 10 min. The resulting
synthesis and processing. powder was washed with distilled water and ethanol and left to

Among the current important environmental issues is the low- dry. M-doped oxide support nanoparticles €vAu or Pd) were
temperature oxidation of carbon monoxide, since small exposureprepared as above, but with the addition of the appropriate
(ppm) to this odorless, invisible gas can be leth@herefore, amounts of the metal salt (HAugCbr Pd(NQ)2) mixed with
there is a need to develop highly active CO oxidation catalysts the Ce(NQ)4, Zn(NGOs),, or Cu(NG), solution to obtain the
to remove even a small amount of CO from the local environ- desired dopant concentration (2%, 5%, or 10%). For capped
ment. nanoparticles, the starting precursors were mixed with poly-

It has been demonstrated that nanoparticles of precious metalgethylene glycol) (PEG, molecular weight 1450) or poly{-
such as Au, Pd, and Pt, when used as CO oxidation catalystsyinyl-2-pyrrolidone) (PVP, molecular weight 40 000) as a
are not as susceptible to moisture and sulfur-containing com- protective polymer prior to microwaving.
pounds which typically affect the performance of transition  The X-ray diffraction (XRD) patterns of the powder samples
metal oxide catalystd? Haruta and co-workers demonstrated were measured at room temperature with an X'Pert Philips
that the high surface area exhibited via Au nanoparticles makesMaterials Research Diffractometer, with CaKadiation. The
them particularly useful for the catalytic oxidation of CO to samples were mounted on a silicon plate for X-ray measure-
C0O..89 The high activity of the Au catalysts is consistent with ments. For the CO catalytic oxidation, the sample was placed
the strong tendency of Au nanoparticles to efficiently adsorb inside a Thermolyne 2100 programmable tube furnace reactor.
CO molecules. Surprisingly, the Au nanoparticles do not The sample temperature was measured by a thermocouple placed
strongly adsorb and activate oxygen molecdfeEnus, it is now near the sample. In a typical experiment, 4 wt % CO and 20 wt
well-accepted that the oxide support plays a key factor in the % O, in He was passed over the sample while the temperature
activation of oxygen molecules during the CO oxidatlén'3 was ramped. The gas mixture was set to flow over the sample

In this letter, we report a simple method to prepare Au and at a rate of 100 cAimin controlled via MKS digital flow meters.

Pd nanoparticle catalysts supported on geQuO, and ZnO The conversion of CO to CQwas monitored using an infrared
and compare their catalytic activities for CO oxidation. We also gas analyzer (ACS, Automated Custom Systems, Inc.). All the
demonstrate that the shape and morphology of the supportcatalytic activities were measured (using 20 mg sample) after a
nanoparticles can have a significant effect on the activity of heat treatment of the catalyst at 300 in the reactant gas
the catalyst. The approach utilized in the present work is basedmixture for 15 min in order to remove moisture and adsorbed
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Figure 1. (A) TEM of CeQ;, nanopatrticles prepared via microwave irradiation (the scale bar is 50 nm). (B) XRD of then@ae@particles as
prepared (top) and after the oxidation of CO (bottom). (C) Temperature dependence for the CO conversion over: (blue) b{AkdCeED
particle size<5 um); (green) Ce@nanoparticles prepared by laser vaporization, particle s2@ nm; and (red) Cenanoparticles prepared by
microwave irradiation, particle size 5 nm.
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Figure 2. (A) TEM of 10% Au/CeQ nanoparticles. The scale bar is 50 nm. (B) Temperature dependence for the CO conversion over 2% and 10%
Au/CeQ; coprecipitated and precipitated separately (PS).

impurities. Transmission electron microscopy (TEM) was carried area of 79 ig~! exhibits a 100% CO conversion at 4%0.2
out using a Joel JEM-1230 electron microscope operated at 120The higher catalytic activity of the sample prepared by MWI is
kV. attributed to the small size of the nanoparticles. After the CO
Figure 1A displays a typical TEM image for Ce@anopar- oxidation reaction, the XRD still shows the typical Cgtattern
ticles prepared via MWI. The individual particles have spherical without any indication of a phase change, as shown in Figure
shapes with average diameters of3nm with a significant 1B (bottom). However, the average particle size after the
degree of aggregation. The XRD pattern of the as-preparedcatalysis test increases t&9 nm as determined via the peak
nanoparticles, shown in Figure 1B (top), matches well with £eO widths in the XRD pattern. It is interesting to note that repeated
(ICCD 00-034-0394) from the database with no evidence of catalysis tests after the first heat treatment result in reproducible
impurity peaks. Volume-weighted average crystalline size CO conversion curves. This indicates that the advantages of
calculated from the XRD peak width using Scherrer’s equation the heat treatment resulting from removing moisture and
indicates that the average particle size of the ceria nanoparticlesggenerating clean surfaces outweigh the disadvantage of increas-
is smaller than 5 nr¥? ing particle size and subsequently decreasing surface area.
Figure 1C compares the catalytic activities of the ceria  To examine the effect of the Atceria support interaction,
nanoparticles prepared in our laboratory by MWI and by the we prepared 2%, 5%, and 10% Au/Ce®igure 2A displays a
Laser Vaporization-Controlled Condensation (LVCC) metiod representative TEM image of the Au/Cg€amples, specifically,
with the commercial ceria powder consisting of micron-size the 10% Au/Ce@sample. The XRD patterns for 10% Au/CgO
particles (Aldrich,<5 um). The CeQ nanoparticles prepared before and after catalysis (Supporting Information) indicate that
by MWI exhibit 50% and 97% conversions of CO to £éx only CeQ peaks are present with no indication of Au diffraction
temperatures of 295 and 38, respectively. For comparison, peaks. This provides further support for the dispersion of the
a commercial ceria powder (Aldrich) with a specific surface small Au nanoparticles within the ceria support.
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TABLE 1: Temperatures for the Corresponding ticles can significantly decrease the dispersion of the particles
('\Zlonversn_)nls (();f C(ID OVeé Ceg, AU/S%OZME_‘”d Pd/CeG within the support. Interestingly, in the SP samples, the 5% Au
anoparticle Catalysts Synthesized by Microwave is the most active sample, indicating that agglomeration of the

Iradiation Au nanoparticles to a larger size is more effective if the Au
sample Tau (°C)  Tsow(*C) % max T °C) nanoparticles are present on the surface of the support. It is
CeQ 170 295 97% (387) also clear that the coprecipitated catalysts exhibit significantly
2‘;/0 Au/CeQ 45 129 943/0 (245) higher activities than the SP catalysts. For example, the best
?@AAX{J%SQ 38 gg g%; gég SP sample (5% Au) is still not as good as the worst coprecipi-
2% Au/CeQ (SP} 120 239 94% (424) tated sample_ (2% Au_). This m_erely stresses the point that having
5% Au/CeQ (SP) 36 132 98% (301) Au nanoparticles uniformly dispersed within the oxide support
10% Au/CeQ (SP) 49 172 91% (274) is an important factor in determining the activity of the catalyst.
gzﬁ ngggg 1% %28 %88:;‘: ggfg Figure 3 compares the CO convgrsions over 10% Au
10% Pd/Ce® 85 141 100% (173) supported Ceg) CuO, or ZnO nanoparticle catalysts prepared

by the MWI method. It is clear that the ceria-supported catalyst
exhibits the highest activity, and this is most likely due to the
To force the gold nanoparticles onto the surface of the Nigh oxygen storage capacity of ceffen this case, oxygen is
support, we modified the original synthesis procedure by @ssumed to adsorb on the ceria nanoparticles where it may or
precipitating the support with NaOH before the Au solution was May not dissociate before reacting with CO molecules adsorbed
added. The XRD patterns for the 10% sample (see Supporting®n Au nanoparticled:?*We also note that the activity of the
Information) show that Au peaks are present before and after L0% Au/CeQ catalyst prepared here by the MWI method is
the catalysis reaction, indicating that the Au nanoparticles are higher than that prepared by the coprecipitation method, but
concentrated on the surface of the ceria particles. Figure 2B lower than similar catalysts prepared by depositiprecipitation
compares the effect of the Au loading on the catalytic activity (PP)and solvated metal atom dispersion mettf@$This may
of the coprecipitated and separately precipitated (SP) samplessuggest that the presence of small Au nanoparticles, as provided
containing 5% and 10% Au, and the overall results for the Dy the MWI method, is not the determining factor in achieving
catalysts supported on ceria are presented in Table 1. Increasinghe highest CO conversid.It appears that the presence of
the metal loading increases the catalytic activity as a result of 1onic gold well-dispersed within ceria, as provided by the DP
increasing the overlap between the metal and the support.method, is necessary to achieve the 100% room-temperature
However, in the coprecipitated catalysts, the 10% sample showsCO conversiort!
only slight improvement over the 5% sample, which may indi- The TEM images of the Au/CuO and Au/ZnO catalysts,
cate that this is the maximum load that can be achieved with shown in Figure 3, reveal different morphologies from that
the MWI technique before the aggregation of the Au nanopar- observed in the Au/Cefnanoparticle catalyst (Figure 2). Of

a(SP): Separately precipitated.
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Figure 3. Temperature dependence for the CO conversion 10% Au/CED6 Au/CuO, and 10% Au/ZnO.
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TABLE 2: Temperatures for the Corresponding followed by a slow growth process, which prevents particles
Conversn_)nls of C(ID over Cug, _Au/g:%o, and Pd/CuO from growing during the time scale of the MW irradiation. It is
Nanoparticle Catalysts Synthesized by Microwave well-known that, when nucleation and growth can be separated,
Irradiation . . . S .
- - - particles with a narrow size distribution are obtaide@here-
sample Taw (°C) Tso% (°C) % max °C) fore, the current results also indicate that the nucleation and
CuO 235 335 91% (550) growth processes are very different in the Au/Gefdd Pd/
ézﬁ) ﬁujgug 12360 111727 109070;/0((13510(;) Ce(Q systems. This could be related to the difference between
o Au/Cu < (] i H P
10% ALICUO <0 135 100% (211) !n';er]taaal free energies of the AlCeO, and Pd-CeQ
2% Pd/CuO 94 160 98% (215) interiaces. ,
5% Pd/CuO 75 131 98% (186) The high activities of the Au/Cefand Pd/Ce@nanopatrticle
10% Pd/CuO 63 124 97% (192) catalysts prepared by MWI are attributed to the strong interaction
TABLE 3: Temperatures for the Corresponding between Au or Pd and Ce@nd to the oxygen storage capacity
. i i 1-24
Conversions of CO over ZnO, Au/ZnO, and Pd/ZnO and redlo.x properties of Ce@anoparticles: Howgver, t.he
Nanoparticle Catalysts Synthesized by Microwave low activity of the catalysts supported on the ZnO is attributed
Irradiation to the nanorod morphology, which appears to result in poor
sample Ta%(°C) Tso(°C) % max( °C) dispersion and aggregation of the metal nanoparticles. To

stabilize the metal nanoparticles against agglomeration, the MW

Zn0 489 8% (535) synthesis was carried out in the presence of PEG or PVP as a
2% Au/ZnO 206 305 99% (420) ; . ;

506 Au/ZnO 212 305 99% (418) solvent for the starting materials. Figure 5A demonstrates that
10% Au/ZnO 175 213 100% (331) the MW-synthesized ceria hanopatrticles in the presence of PVP
2% Pd/ZnO 177 210 99% (223) have significantly smaller diameters and narrower size distribu-
5% Pd/ZnO 126 194 98% (200) tion than those prepared in the absence of PVP.

10% Pd/ZnO 162 189 99% (194)

Figure 5B compares the CO conversions over the Au/ZnO
special interest is the formation of long ZnO nanorods with catalyst prepared in the absence and presence of PVP. The TEM
lengths of several hundred nanometers and diameters-of 10 images displayed in Figure 5B clearly demonstrate the disap-
15 nm in the Au/ZnO catalyst. It appears that the nanorod pearance of the nanorod morphology of ZnO and the appearance
morphology does not allow for a uniform dispersion of the Au of well-dispersed Au nanoparticles in the catalyst sample
nanoparticles. This may explain the low activity of the Au/ZnO prepared in the presence of PVP. It is evident that PVP acts as
catalyst as indicated by the high temperatures needed to achieve stabilizing agent for the growth of the Au nanoparticles and
high CO conversions. The CO conversion results over the protects them from aggregation and increase in size. The
catalysts supported on CuO and ZnO nanoparticles are presenteénhanced catalytic activity of the Au/ZnO/PVP catalyst observed
in Tables 2 and 3, respectively. at lower temperatures is remarkable, since it directly correlates
Figure 4A displays a typical TEM image of the 10% Pd/ with the change in the catalyst morphology.
CeO nanoparticles. It is clear that the particles have a narrow  Similar effects are observed by using PEG as a capping agent
size distribution with no evidence for agglomeration (the average during the MWI synthesis of the Pd/Ce@nd Pd/ZnO catalysts
particle diameter is-34 nm). XRD indicates that the Pd (similar  as shown in the Figure 5C. Again, a significant increase in the
to the Au) remains dispersed within the Ce€ven after the CO conversion is observed for the Pd/Gesatalyst prepared
catalysis reaction. The CO conversions over the 10% Pd catalystin the presence of PEG, as shown in Figure 5C (left). Also, a
supported on Cef)CuO, and ZnO nanopatrticles are shown in remarkable change in the morphology of the catalyst ac-
Figure 4B, and the results for other catalysts with 2% and 5% companied by enhanced activity is observed for the Pd/ZnO
Pd loadings are reported in Tables3. catalyst prepared in the presence of PEG, as shown in Figure
The small particle size and the narrow size distribution of 5C (right). The CO conversion results for the catalysts prepared
the Pd/Ce®@ nanoparticles may be related to rapid nucleation in the presence of PVP or PEG are presented in Table 4.
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Figure 4. (A) TEM of 10% Pd/Ce@ nanoparticles (the scale bar is 50 nm). (B) Temperature dependence for the CO conversion 10%, Pd/CeO
10% Pd/CuO, and 10% Pd/ZnO.
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Figure 5. (A) TEM of CeG; nanoparticles prepared in the presence of PVP (the scale bar is 50 nm). (B) Comparison of CO conversion over 10%
Au/ZnO catalyst prepared in the presence and absence of PVP. (C) (left) Comparison of CO conversion over 10%cB@I@si(prepared in the
presence and absence of PEG. (right) Comparison of CO conversion over 10% Pd/ZnO catalyst prepared in the presence and absence of PEG.

TABLE 4: Temperatures for the Corresponding _ Because of the strong dependence of nucleation rate on
SOR/\I/_GYSIONS 01; C%_O\_/ef I_\lar;]opgrtlcle Cata}vgtipswtgggmd temperature and supersaturation, uniform heating results in a
y Microwave Irradiation in the Presence o or narrow particle size distribution, which increases the activity

sample Ta(°C)  Tson(°C) % max( °C) of the catalyst.
CeQ (PVP) 215 332 99% (407) Finally, the high activity and stability of the nanoparticle
CeQ (PEG) 175 309 99% (333) catalysts prepared using the MWI method in the presence of
ZnO (PVP) 241 333 99% (377) capping agents method are remarkable and imply that a variety
fg&)o fu?gg@ (PVP) 23257 f’gg 5&3’/?((23:78)) of efficient catalystgcan be designed and tested_using _this
10% Au/CeQ (PEG) <20 109 99% (353) approag:h. The S|gn|f|qgnce of the current method I|gs mainly
10% Au/ZnO (PVP) <20 176 99% (252) in its simplicity, flexibility, and the control of the different
10% Au/ZnO (PEG) 132 324 99% (387) factors that determine the activity of the nanopatrticle catalysts.
10% Pd/Ce@(PVP) 134 179 98% (254) The method allows the incorporation of one or more types of
10% Pd/Ce@(PEG) 62 114 99% (138) active metals such as Pd, Pt, Au, and Cu, or bimetallic alloys
10% Pd/znO (PVP) 172 219 99% (223)
10% Pd/znO (PEG) 68 127 99% (136) such CuAu, PdAu, and CuPd, as well as one or more type of

oxide supports. We are currently exploring the effects of MW
frequency, duration, and solvent polarity on the morphology,
particle size, and size distribution of the nanoparticle catalysts.

occurs easily under MW irradiation. In this case, the fast heating In conc|u3|on, a simple method_ has been devglope_d for the
achieved by the presence of PEG accelerates the reduction 0§ynthe_5|s of s_upported hanoparticle catalysts via microwave
the metal precursor and leads to the formation of supersaturated"ad'at'on' Th's. methqd offers. extrgmely sh.o.rt reaction “”.‘es
metal solutions, which undergo rapid nucleation resulting in the and produces high purity and high yield of efficient nanoparticle
formation of metal nanoparticles. The higher the supersaturation,CatalySts'

the higher the nucleation rate and the smaller the critical sizes

of the nuclei necessary to overcome the barrier to nucledtion. Acknowledgment. Acknowledgment is made to the Donors
In addition, the rapid MW heating provides uniform temperature of the American Chemical Society Petroleum Research Fund
and concentration conditions for the nucleation and growth. (PRF #41602-AEF) for financial support of this research.

Because of the high dielectric constant of PEG, it is an
efficient absorber of MW radiation, and hence, rapid heating
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