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Sonochemical Preparation of a Nanostructured enhanced activity compared to conventionally prepared ana-
Bifunctional Catalyst logs1©

In the preparation of ME(C/ZSM-5, Mo(COy and HZSM-5
Gennady Dantsin and Kenneth S. Suslick* were irradiated as a slurry in hexadecane with ultrasound at 20

kHz for 3 h at 85°C under Ar flow!3 Scanning transmission
School of Chemical Sciences electron microscopy (STENMH shows that the channel structure
University of lllinois at Urbana-Champaign  in the zeolite corresponding to the (200) and (020) faces was
600 S. Mathews #enue, Urbana, Illinois 61801 maintained for both the control of sonicated HZSM-5 and the
. sonochemically prepared MOG/ZSM-5. These lattice fringes
Receied December 8, 1999 separated by 10 A (quantified by Fourier diffractography) are

The catalytic conversion of methane to higher hydrocarbons, Shown in Figure 1a. The dark field image of the }&ZSM-5
in particular aromatics such as benzene, is extremely importantShOWs uniform particles of about 2 nm in diameter dispersed
for the effective utilization of natural gas. This transformation uniformly on the outer surface of the ZSM-5 support (Figure 1b).
has been performed with bifunctional catalysts, most notably EDX detection was used to quantify local elemental concentrations
metal-impregnated zeolite ZSM*5 Lunsford and co-workefs  ©f the Mo,C/ZSM-5 by high-resolution spot analysis using a 1
have carefully studied the kinetics of Mo on ZSM-5, which "M beam width (which is on the order of the Mparticle size).
becomes an active catalyst for dehydroaromatization, and con-Multiple Mo,C particles (shown as lighter areas in Figure 1b)
cluded that the active phase is actually AdoVarious methods ~ Were analyzed and compared to particle-free areas on the ZSM-5
of preparation such as incipient wetness and ion exchange,s_Upport' Spot EDX ar_lalyses Qf adsorbed Mgarticles gave a
however, produce nonuniform materials that have varying catalytic 1i9h Mo/Si molar ratio (as high as 0.8), whereas analyses of
activity and selectivity. We have previously developed a sonochem- '€gions without MeC particles showed essentially no detectable
ical preparation of nanostructured, high surface aregOMaVhile Mo (Mo/Si ratios are 0.04: 0.02). For comparison to our
this form of MoC is a very active dehydrogenation catalyst for Senochemically prepared catalyst, we synthesizedVESM-5
cyclohexand,it shows no activity for methane aromatization. We DY the conventional incipient wetness metHopregnating
report here a simple sonochemical preparation of a bifunctional ZSM-5 with (NH‘)GMo?OZ“.’ and examlne_d its microstructure by
“eggshell” catalyst for the conversion of methane to benzene. STEM-EDX. The distribution of MgC particles onto ZSM-5 was
Because the M clusters are formed during acoustic cavitation Muchmore uniform in the sonochemically prepared samples.
inside a collapsing bubble, their deposition on the ZSM-5 occurs  X-fay photoelectron spectroscopy (XPS) analySishich has
only on the outer surface of the zeolite, and thus does not obstruct® depth penetration of-50 A, confirms that the M is
the channels of the ZSM-5 support. concentrated on the surface of the ZSM-5 support. The electronic

Sonochemical preparation of nanophase materials arises fromStates of the Mo, C, and support were also analyzed by XPS.
acoustic cavitation: the formation, growth, and implosive collapse "€ Mo.C is characterized by a spin-coupled doublet for the
of bubbles in a liquid irradiated with high-intensity ultrasodfd. ~ Mo(30s:2) and Mo(g)‘i@ peaks and the C(1s) peak at characteristic
During the collapse of such bubbles, local hot spots are createdPinding energied®® Analysis of the Mo(3d) and Si(2p) peak

with controllable temperatures as high a§000 KX which intensities gave a Mo/Si mole ratio of 0.15, while the bulk
provides an unusual method for the decomposition of volatile €émental analysis gave a Mo/Si mole ratio of 0.01. This
organometallic precursors. Of particular relevance for supported COmparison means that there is more than a 15-fold enhancement

catalysts, the event responsible for the formation of metal clusters ©f surface Mo versus the bulk material.

is the gas phase of_ the collapsing bub_ble, which is therefore (13) Mo(CO) (0.053 g) and HZSM-5 (1.0 g, S/AE 50, Hies
separate from the oxide support onto which the clusters atfach. (Al gsSies160102)) (Zeolyst Intl., Kansas City, KS) were added to dry hexa-
This inherently generates “eggshell catalysts” where the outer doe)ca‘rr]ﬁe(?gaTtl'_c))Ans??rAr_fggqu;ggggx (.\t/k?%l!“ﬁ“. rﬁterﬂg.fph?{g%g Pem o
- . 2). i urry was irradi with high-i ity u u
Sl{rface of the support hOI_dS_ _the nanometer sized catalyst part'c_le_SkHz and~80 W/cn? withya 1 cn? titanium horn (Sgnics & Ma)t/erials VCX600)
Given the surface accessibility of such catalysts, they often exhibit for 3 h at 85°C under Ar flow. After sonication, the reaction vessel was
brought into the glovebox and the mixture was filtered, washed with degassed,
(1) (a) Wang, L.; Tao, L.; Xie, M.; Xu, G.; Huang, J.; Xu, Catal. Lett. dry pentane (60 mL), and then heated%d under vacuum at 8@ to remove
1993 21, 35-41. (b) Xu, Y.; Lin, L. Appl. Catal. A1999 188 53—67. any unreacted Mo(C@)Excess carbon contamination was mostly removed
(2) (a) Weckhuysen, B. M.; Wang, D.; Rosynek, M. P.; Lunsford, JJ.H. by treating the catalyst at 45 for 10 h under 1:1 Cl#H, (30 crmé/min)
Catal. 1998 175 338-346. (b) Weckhuysen, B. M.; Wang, D.; Rosynek, M.  flow; typical samples were prepared at 2 wt % Mo. As a control, another

P.; Lunsford, J. HJ. Catal. 1998 175 347-351. HZSM-5 sample was sonicated as described without the addition of Mg(CO)
(3) Lunsford, J. H.; Rosynek, M. P.; Wang, Btud. Surf. Sci. Catal997, and given identical posttreatment and compared to the above material.

107, 257-261. (14) Scanning transmission electron microscopy (STEM) utilized a VG
(4) Solymosi, F.; Cserenyi, J.; Szoke, A.; Bansagi, T.; Oszkal. £atal. HB501 microscope with EDX detection (Oxford Instruments). Long exposure
1997 165 150-161. to the electron beam must be avoided for zeolite samples to avoid sample

(5) Solymosi, F.; Szoke, A.; Cserenyi,Qatal. Lett.1996 39, 157—161. degradation during STEM. (b) Reimer, Transmission Electron Microscopy

(6) Wong, S.-T.; Xu, Y.; Liu, W.; Wang, L.; Guo, XAppl. Catal., A1996 2nd ed.; Springer-Verlag: Berlin, 1989; pp 45857.
136, 7—17. (15) The conventionally made sample had a wide distribution oo

(7) Choudhary, V. R.; Kinage, A. K.; Choudhary, T. Sciencel997, 275, particle sizes on the ZSM-5 support, ranging from greater 826 nm down
1286-1288. to ~2 nm. In addition, not all ZSM-5 patrticles had uniform amounts ot®o

(8) Wang, D.; Lunsford, J. H.; Rosynek, M. .. Catal. 1997, 169, 347— on their surfaces. Furthermore, there were also substantial numbers of free
358. Mo,C particles not in contact with ZSM-5 particles. In comparison, the

(9) Hyeon, T.; Fang, M.; Suslick, K. 3. Am. Chem. So2996 118 5492 sonochemically synthesized material has a homogeneous distribution,6f Mo
5493. particles &2 nm) all supported on uniformly coated particles of ZSM-5.

(10) (a) Suslick, K. SAnnu. Re. Mater. Sci.1999 29, 295-326. (b) Crum, (16) (a) X-ray photoelectron spectroscopy was recorded on a Phi-540

L. A;; Mason, T. J.; Reisse, J. L.; Suslick, K. S., E&nochemistry and Perkin-Elmer spectrometer using Mgxiadiation. The XPS was internally
SonoluminescencKluwer Academic Publishers: Dordrecht, 1999. (c) Suslick, calibrated to the known Si (2p) peak at 102.9 eV in ZSM-5; Briggs, D.

K. S. In Handbook of Heterogeneous Catalysitl, G., Knozinger, H., Practical Surface Analysj22nd ed.; John Wiley & Sons: Chichester, 1990;
Weitkamp, J., Eds.; Wiley-VCH: Weinheim, 1997; Vol. 3, Chapter 8.6, pp Vol. 1, pp 407413. (b) For sonochemically prepared )0 the Mo(3d},)
1350-1357. and Mo(3d),) peaks are at 228.6 and 231.7 eV, internally calibrated to the

(11) (a) McNamara, W. B., llI; Didenko, Y.; Suslick, K. Slature 1999 background C(1s) peak at 283.5 eV: Moulder J. F.; Stickle, W. F.; Sobol, P.
401, 772-776. (b) Flint, E. B.; Suslick, K. SSciencel991, 253 1397 E.; Bomben, K. DHandbook of X-ray Photoelectron Spectroscdpliastain
1399. J., Ed.; Perkin-Elmer: Eden Prairie, MN, 1992. (c) XPS analysis of both the

(12) At 20 kHz, the cavitation bubble will be on the order of 108 in O(1s) and Si(2p) in the HZSM-5 and the HZSM-5 control sample gave an
size, and much too large to occur within the nm pores of a zeolite. O/Si atomic ratio of 2.1, as expected.
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Figure 2. Catalytic activity for dehydroaromatization of methane by
sonochemically prepared MG/ZSM-5 and sonicated ZSM-5 control.

Catalytic studies on the M@/ZSM-5 powder for the dehy-

Figure 1. STEM micrographs of MgC/ZSM-5 prepared sonochemically ~ droaromatization of methane to benzene were performed with a

showing (a) the lattice fringes of the ZSM-5 and (b) a typical dark field single-pass quartz microreactbat 700 to 80C°C. The observed

image showing MgC particles on the surface of the ZSM-5. turnover frequencies based on C¢bnsumption are shown as a

function of temperature in Figure 2 and compared to the sonicated

To assess the dispersion of Mbon the ZSM-5 support (i.e., ZSM-5 control. The product distribution is comprised of ethane

the fraction of surface atoms of Mguiac), chemisorption with ~ and benzene, with selectivity for the latter of 60% at 7a0

CO was done at room temperature. The catalyst was pretreated he sonicated HZSM-5 control sample treated in the same way

by heating it to 400C for 3 h under high vacuum (1®Torr) to does not show any significant activity. Literature values for other

remove any adsorbed gases. The chemisorption isotherms gavé02C/ZSM-5 catalysts are reported as approximately 80

a dispersion of 34% CO-hinding surface metal sites per total metal Molecules g* s™* at 700°C with a 70% selectivity for benzerie,

in the sample. An approximation of particle size for the b ~ quite comparable to the sonochemically prepared samples.

ZSM-5 catalyst was modeled after that used for Pt}@i@alysts In conclusion, the sonication of molybdenum hexacarbonyl in
(eq 1)1718 hexadecane with HZSM-5 has been shown to produce nanophase
Mo,C particles of about 2 nm decorating the outside of the ZSM-5
Aoarticle = 1.105(jatomi()(Nt)1/3 Q) support. This eggshell catalyst has essentially all of theQvtm

) ) the outer surface of the ZSM-5 support relative to the pores. The
whereN; is the total number of M@.midic) atoms per particle for  catalyst is both active and selective for the aromatization of
a dispersion of 34%. This equation assumes the particles aremethane to benzene.

cubooctahedral witlklyomic = 0.29 nm (the inter-Mo distance for

Mo,C) and a 1:1 binding stoichiometry for CO:Mgyidicy'° For Acknowledgment. We would like to thank Dr. Millan M. Mdleleni
34% dispersionl\; ~ 1700 and the particle diameter-s3.8 nm. for his initial ideas on the project. This work was supported by the
This value is somewhat larger than the 2 nm particle diameter National Science Foundation (CHE 9420758). For surface analysis, we
directly observed by STEM, probably due both to the surface would like to thank Dr. Rick Haasch and Dr. R. D. Twesten at the Center

R : ; ; ; for Microanalysis of Materials, University of lllinois at Urbana-Cham-
Mo atoms in direct contact with the zeolite (which are unavailable .
for CO chemisorption) and to partial carbo(n coating of the®o paign, supported by the U.S. Department of Energy (DEFG02-ER-45439).

surfaces. JA994300W

(17) van Hardeveld, R.; Hartog, Burf. Sci.1969 15, 189-230. (20) Ultrahigh purity (99.99%) Ciiwas used with a flow of 12 cffmin.

(18) Humbilot, F.; Didillon, D.; Lepeltier, F.; Candy, J. P.; Corker, J.; Clause, The reaction products were analyzed with a quadrupole mass spectrometer
O.; Bayard, F.; Basset, J. M. Am. Chem. S0d.998 120, 137-146. (Spectral Instruments) and gas chromatograph (Hewlett-Packard) with an

(19) Lee, J. S;; Lee, K. H.; Lee, J. ¥. Phys. Chenil992 96, 362—366. n-octane/Porasil C column and FID.



