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Abstract — Microwave plasma decomposition of metal carbonyls has been used to
Synthesize a series of carbon-supported monometallic (Fe, Co ) and bimetallic (Co-Mo) materials.
The average metal particle diameters in all cases were less than 10 nm. By using 10% H,/Ar
instead of pure Ar as a carrier 8as, the mean particle diameters could be decreased to less than
2 nm. Although the distribution of particles is slightly broader than those generated by other
nanoparticle synthesis methods, the mean diameter of the particles generated using 10% H,/Ar
is as small as any previously reported for Fe-, Co-, Ni-, or Mo-containing compounds. The
ultrafine metal particles were dispersed on moderate surface area amorphous carbon support
matrixes derived from the concomitant microwave decomposition of the toluene solvent.

INTRODUCTION

Though the preparation of highly dispersed, supported metal catalysts has received consid-
erable attention, it has remained an area of active interest. Typically, metal-containin g heteroge-
neous catalysts are prepared either by spray drying, incipient wetness impregnation of water-
soluble metal precursors onto either an oxide (e.g. silica or alumina) or activated carbon support
(1-3), orion exchange into a zeolite support (4). While conventional methods are sufficient for the
stabilization of noble metal particles (e.g. Rh, Pt) of less than 3 nm (5-12), the mean particle sizes
of Group VIII first-row transition metals (Fe, Co, Ni) prepared by conventional methods typically
are 24 nm (1-4).

The synthesis of ultrafine metal particles (d < 50 nm) has not only been of interest to the
catalysis community (13-23), but has attracted interest from groups interested in materials for
magnetic storage (24-47) and electronics nanofabrication (48-51) as well. Methods used to
synthesize metallic nanoparticles for magnetic storage and electronics nanofabrication vary
widely, and include thermal dissociation of metal carbonyls (24-25, 49-50), laser-assisted
dissociation of metal carbonyls (26-30, 48), evaporation of a metal target(31-37), colloidal growth
of inverse micelles (38-40, 5 1), microwave plasma dissociation (31,41), and arc plasma evapora-
tion (47). Several recent papers have described the use of laser pyrolysis (13-16, 23), inverse
micelles (17-19), metal evaporation (21), and organometallic evaporation (20, 22) for the purpose
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of making catalytic materials for coal liquefaction (13, 17-19), Fischer-Tropsch (14-16, 20),
oxygen reduction (22), and ethane hydrogenolysis (23). With the exception of the ethane
hydrogenolysis study, the catalytic materials produced by the aforementioned techniques were not
as active as the commercial catalysts for those reactions. Interestingly, Pt particles generated by
laser pyrolysis were reported to be sixty times more active for ethane hydrogenolysis than
conventionally-prepared, supported Ptcatalysts(23). Notably absent, however, is work describing
the use of microwave plasma processing, an inexpensive alternative to laser light, to generate
catalytic materials. Inthis paper, wereportthe preparation of first-row, Group VIII transition metal
nanoparticles with mean diameters as small as 1.6 nm simultaneously with a carbonaceous support
matrix using the microwave plasma-induced dissociation of organometallic precursors. The
application of these materials as catalysts for the hydrodesulfurization of heavy crude oils will be
described in a future paper.

EXPERIMENTAL
Materials and Methods

Reagent grade Fe(CO)s, Cox(CO)g, and Mo(CO)s, were obtained from Alfa. These
organometallics were sprayed into a carrier gas upstream of the microwave plasma as saturated
solutions in reagent grade toluene (Aldrich). The room temperature solubilities of Cop(CO)g and
Mo(CO)e in toluene was determined to be approximately 0.42 and 0.107 M, respectively. The
Fe(CO)s was used both neat and asa 1:3 (mole fraction) solution in toluene. Aside from filtration
immediately prior to use, the prepared reagents were used without further purification.

Hydrodesulfurization catalysts are typically composed of y-Al,O3- or activated carbon-
supported, bimetallic Co-Mo or Ni-Mo sulfides (1-3 wt.% Co or Ni as metal, 5-8% Mo as metal).
Since one would expect that the entire toluene solution of metal carbonyls would be vaporized
during microwave decomposition, a solution with a Mo:Co ratio of approximately 3:1 by metal
weight was prepared (0.100 M Mo(CO)g and 0.027 M Co,(CO)g dissolved in toluene). Table 1
lists the sample codes, metal carbonyl precursors, solvents, and carrier gases used to prepare the
carbon-supported metal-containing materials.

TABLE 1
Preparation of Materials
Code Precursors Solvent Carrier Gas
Fe/nosol/Ar Fe(CO)s None Ar
Fe/tol/Ar Fe(CO)s Toluene Ar
Coftol/Ar Cop(CO)g Toluene Ar
Co-Mo/tol/Ar Co2(C0)3/Mo(CO)s Toluene Ar
Co-Mo/tol/Hp-Ar Co(C0)g/Mo(CO)s Toluene 10% Hp/Ar
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Figure 1. Schematic of microwave plasma dissociation apparatus.

The configuration of the apparatus used in these experiments is shown in Figure 1 (52-53).
The gas-feed system used mass-flow controllers to meter the carrier gas, either Ar (AGA,
99.999%) or a mixture of 0.5 liter/min. H; (AGA, 99.999%) plus 4.5 liters/min. Ar (AGA,
99.999%), into a 35 mm o.d. cylindrical quartz reactor, A peristaltic pump metered the
organometallic solution from a 50 ml burette to the top of the reactor, where it was sprayed into
the carrier gas 45 cm above the plasma zone. The reactor extended past microwave chokes on both
sides of the resonant-cavity applicator so that quartz was the only material exposed to either the
microwave radiation or the plasma. The reactor operating pressure was 60 + 5 torr (8.0 £ 0.7 kPa)
in every experiment. In all these experiments, the system pressure was controlled by pressure
transducer/controller that operates a throttling valve between the reactor and the main vacuum
pump.

The microwave generator in these experiments was a continuously variable, 2.2-kW
magnetron (2.45 GHz) operated at 500 W (measured by a directional coupler and a Hewlett
Packard 435B power meter). The magnetron output was inserted into a tunable, resonant-cavity
applicator (operated in the TE{;; mode) with an adjustable launch probe connected to the
magnetron by a rectangular waveguide. In order to protect the magnetron, reverse power was
diverted to a dummy load by a water-cooled circulator.

At the reactor exit, a sample holder packed with glass wool was used to trap the particulate
products of the plasma-chemical decomposition reactions. The sample holder containing the
particulate products was sealed under flowing Ar with Parafilm and transferred within an hour to
a Na-purged glove box for later use.
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Following the sample holder, the gas stream was passed through a LN cold trap to collect
both unreacted organometallics and organic byproducts. The noncondensibles were exhausted
through a vacuum pump to the laboratory ventilation system.

Nitrogen Physisorption

Approximately 0.10 g of metal/carbon material was weighed into a Pyrex tube and evacuated
at80 mTorr for at least one hour. After backfilling with He, the supported metal was briefly exposed
to air prior to analysis. The static physisorption experiments consisted of determining the amount
of liquid N, adsorbing to or desorbing from the material as a function of pressure (P/P, = 0.025-
0.999, increments of 0.025) and were carried out using an Autosorb-6. Surface areas reported here
are from the desorption isotherm.

Transmission Electron Microscopy

Approximately 0.01 g of carbon-supported metal was placed into a vial containing ~ 10 ml
of isopropanol. After sonicating for 30 minutes, several drops of the resulting slurry were pipetted
onto 3 mm holey carbon on Cu grids. Once dry, the grids were inserted into non-tilt holders and
loaded into a JEOL 4000EX II (line-to-line resolution = 0.14 nm, point-to-point resolution = 0.17
nm). In many cases, regions not overhanging holes in the carbon grid were unsuitable. The
micrographs were in all cases taken at magnifications of either 150,000x or 500,000x.

After scanning in the micrographs at 400 dpi using a Silverscan II scanner, the measuring
tool function in NIH Image 1.59™ was used to determine the particle diameters. The distances have
been referenced to those for the {002} planes of graphite (dogz = 0.338 nm., ref. 54), when present,
examined at 500,000x and scanned in at 600 dpi. Diffraction patterns were obtained by Fourier
transformation of selected particles using NIH Image 1.59™ to confirm phase and plane
identification. The degree of accuracy (+ 3%) was sufficient to make phase and plane identifica-
tions but was insufficient to detect any change in lattice parameter between the surface and bulk
of the supported phase.

RESULTS
Synthesis Results

The duration of the experiments reported here was limited by the build-up of carbon on the
inner wall of the quartz-tubular reactor which began to absorb microwave energy as this layer
became conductive. This decreased the energy available for maintaining the plasma which,
eventually, would extinguish. The growing carbon film also began to overheat the quartz,
threatening tube failure. This limitation will be addressed in a subsequent design of the system to
be described in future work.

Whereas 0.2-0.3 g of metal carbonyl in 8 g of toluene solution was fed into the microwave
plasma, the amount of sample collected was never more than 0.1 g, and in several cases, only 0.02
g of material could be collected. The microwave plasma-generated material was deposited on both
the walls of the quartz collection tube and on the Pyrex (or quartz wool). The bulk of the metal-
on-carbon materials were deposited onto the wool but could not be separated from it. Therefore,
all the material described in this paper was scraped off the outside walls of the quartz tube, in a
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Figure 2. Cumulative surface areas of (0) Fe/tol/Ar, (A) Co/tol/Ar, (@) Co-Mo/tol/Ar, and
(A) Co- Mo/tol/Hy-Ar materials of the carbonaceous “supports” in the materials
generated using toluene solvent. The Fe/nosol/Ar material, produced using
Fe(CO)s, had negligible surface area.

manner quite similar to those used for collection of fullerene soot. The purpose of the wool was
toincrease the effective surface area for metal particles deposition (and collection). In future work,
we plan to deposit the metal particles directly onto a cordierite monolith similar to those used for
automotive exhaust catalyst supports so that the metallic particles can be transferred directly to a
catalytic testing unit,

Thus, in these experiments there was insufficient sample for analyses other than Nj
physisorption and TEM experiments. The sample for which the most material was collected was
Fe/nosol/Ar, the only material for which no solvent was used. The dissociated toluene was not
trapped out using LN5; most likely it went to the exhaust as CH4. Chou and Phillips (41) have also
reported very low yields for microwave plasma-generated 10 nm Fe-containing particles, with
much higher yields for 20-50 nm Fe-containing particles.

These materials were pyrophoric, suggesting that they initially had no oxide passivation
layer. Two samples oxidized upon exposure to ambient air following nitrogen physisorption
experiments. No such oxidation was observed visually during the transfer steps prior to storage
in a Np-filled glove box or prior to nitrogen physisorption and TEM experiments.
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Nitrogen Physisorption

The pore volume of the Fe/nosol/Ar material was too low to be detected (< 0.001 cm?/g).
However, the materials prepared using toluene solvent produced isotherms which were convex to
the P/P,, axis over its entire range and contained a slight amount of hysteresis. In addition, Ny
adsorption occurred in steps. Both the absence of an inflection point in the adsorption/desorption
isotherms and the stepwise Ny adsorption indicate that adsorbate-adsorbate interactions were
stronger than adsorbate-adsorbent interactions. These results are consistent with the rare Type 111
isotherm (55) and previous work on both carbon blacks and graphites (56-58).

Figure 2 displays the cumulative surface areas from the desorption branches of the materials
prepared using toluene solvent, The Fe/tol/Ar, Co/tol/Ar, and Co-Mo/tol/H,-Ar materials had
surface areas near 100 m2/g and possessed nearly equal amounts of mesopores and macropores,
with almost no micropores. In contrast, the Co-Mo/tol/Ar sample possessed a substantial
micropore surface area (40 m?/g), a large mesopore surface area (160 m?/g), and almost no
macropores.

Transmission Electron Microscopy

The Fe particles in the Fe/nosol/Ar product (Figure 3) were exceptionally uniform with alog
mean particle size of 4.5 nm. By contrast, the Fe-containing particles in the Fe/tol/Ar product

Figure 3. TEM micrograph of Fe/nosol/Ar.
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Figure 4. Low resolution TEM micrograph of Fe/tol/Ar.

(Figures 4 and 5) were much larger, including some which were faceted and consistent only with
monoclinic Fe;03 (djop=0.260 nm, d5p0=0.203 nm, ref. 59). These results show that the ultrafine
particles were completely oxidized. The particles were certainly not oxidic prior to physisorption
experiments, however, as evidenced by the fact that several samples displayed pyrophoricity
following the physisorption experiments. These results suggest that the unpassivated particles
oxidized during TEM sample preparation or transfer, The metal-containing particles from the Co/
tol/Ar synthesis (Figure 6) were slightly smaller than those in Fe/tol/Ar and were consistent with
hexagonal Co,03 (dpgp = 0.287 nm, ref. 60). The metal oxide particles were anchored to a largely
amorphous carbon support matrix. Very few of the metal oxide particles were encapsulated by a
graphitic overlayer. In fact, the Fe/tol/Ar material was the only one for which any graphite was
observed (Figure 5).

The particles produced from the mixed Co-Mo in toluene solution (Figures 7 and 8) were in
general far smaller than those in the monometallic materials. The addition of hydrogentothe argon
carrier gas resulted, in general, in much smaller particles. In one region of the Co-Moy/tol/H,-Ar
material, however, the particles were far larger than in any of the other regions (~11 nm, Figure
9). Thisregion wasof marginal statistical significance. The only particlesin either of the bimetallic
materials for which the structure could be determined had a lattice spacing consistent only with
monoclinic CoMoOy4 (dgoz = 0.355 nm, ref. 61), suggesting a mixing of the two metals on the
atomic scale. No graphitic material or evidence of encapsulation were present in either of the
bimetallic materials.
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Figure 5. High resolution TEM micrograph of Fe/tol/Ar.

Figure 6. TEM Micrograph of Co/tol/Ar. An arrow indicates a
particle of hexagonal C0203.

Particle size distributions were constructed by grouping the data into logarithmically evenly-
spaced bins ranging from 0.17 nm to 100 nm (10 bins/factor of 10 change in diameter). The data
were then fitted with either one or two log-normal distributions (Eqn. 1) using the commercially
available program PeakFit (Jandel Scientific) where x is a given diameter, fiN(x) is the log-
distributed probability density function, x is the log-mean diameter, and ¢ is the geometric
standard deviation.
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Figure 8. TEM micrograph of a typical region in Co-Mo/tol/H,-Ar.



10 JR Brenner, JBL Harkness, MB Knicketsein, GK Kaumoick AND CL MaRsHALL

Figure 9. TEM micrograph of region in Co-Mo/tol/H,-Ar material
containing unusually large particles.

The use of two log-normal distributions to describe the data was avoided except when
absolutely necessary. Granqvist and Buhrman (3) have shown that the log-normal particle size
distribution can be predicted from coalescence theory and provides an excellent fit to particle size
distribution data for spherical particles < 20 nm in diameter grown by a variety of methods.

Diameter (nm)

Figure 10. TEM particle size distributions of (&) Fe/nosol/Ar, (0) Fe/tol/Ar, (@) Co/tol/Ar,
(Q) Co-Mo/tol/Ar, and (M) Co-Mo/tol/H-Ar materials. The vertical axis is probability density
on a linear scale, and the horizontal axis is particle diameter on a logarithmic scale. Solid
and dashed curves indicate the data fits and 95% prediction intervals.
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TABLE 2
Particle Size Distributions
Code Log Mean(s) G.S.D(s)* Area % # of Particles
(nm)

Fe/nosol/Ar 4.510.1 1.47 +£0.02 100 170
Fe/tol/Ar 3.1£04 1.961+0.12 36 1029
109103 1.39+0.03 64
Co/tol/Ar 6.0+0.1 1.64 £0.02 100 328

Co-Mo/tol/Ar 3.7+0.1 1.47 £ 0.05 100 272
Co-Mo/tol/H,-Ar 1.56 £0.04 1.41+0.03 100 405

Reported errors are standard deviations of the curve fit approximations o a given parameter.
*G.8.D=Geometric Standard Deviation = diameter corresponding to 84.13% probability divided by the log mean diameter.

Figure 10 displays the particle size distribution data (points), the computer fit of the data
(solid line), and the 95% prediction intervals (dashed lines) for all the materials synthesized. This
95% prediction interval defines the confidence interval for an individual curve fit. Note that the
abscissa of these histograms has been scaled logarithmically. The log means, geometric standard
deviations, area percentages (for materials requiring two log-normal contributions), and numbers
of particles counted are summarized in Table 2.

DISCUSSION

Morphology of the Carbon-Supported Ultrafine Metal Particles

The materials prepared using toluene possessed moderate to high surface areas, whereas the
material prepared from neat Fe(CO)s had ne gligible surface area. The reasonably high surface area
support would be sufficient for many catalytic applications. We have concluded that the moderate
to high surface area carbonaceous matrix “support” was produced strictly from the toluene solvent
and not from carbonyl remnants. The carbonyl remnants, however, did decompose to form a
nonporous carbonaceous support of negligible surface area, as indicated by the Fe/nosol/Ar
material.

Many metal/carbon materials prepared using laser photolysis or arc-discharge methods
produce structures in which the metal particles serve as nucleation sites for the formation of carbon
nanotubes and onion-like nanocapsules (62-68). In those studies, the metal particles were
encapsulated by graphitic layers and are thus not accessible for catalysis. In the present study, with
the exception of a few particles in the Fe/tol/Ar material (Figure 5), neither nanotube formation
nor encapsulation by multiple graphitic layers was observed. Rather, the metal particles appeared
to sit atop an amorphous carbon network. One possible explanation for the lack of graphitic metal
encapsulation in our work compared with the complete encapsulation of metals in refs, 62-68 is
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that graphene sheets are formed only when the plasma contains nearly pure carbon rather than the
hydrogen-containing molecular (and free radical) species most surely produced by toluene
dissociation. Different timescales for diffusion of reactant species may also have an important
effect, as these materials are not equilibrium reaction products, but are metastable species
produced by different (unknown) kinetically-limited growth mechanisms.

The Fe/tol/Ar material was the only material for which either graphitic encapsulation of
metals or a bimodal metal particle size distribution was observed. Itis probable that the bimodal
particle size distribution for this material is related to the graphitic encapsulation, but no
explanation for either of these phenomena can be provided at this time.

Inall cases, the materials generated viamicrowave plasma decomposition of transition metal
carbonyl compounds possessed mean metal particle sizes of less than 10 nm. The use of toluene
to solvate the metal carbonyl precursors actually increased the mean metal particle size in the
resulting “carbon-supported” metal particles. The addition of hydrogen to the argon carrier gas
significantly decreased the mean particle size of the metal particles. Whether the hydrogen helped
terminate growth of metal particles in the microwave plasma or kept the metal particles from
agglomerating once on the carbonaceous surface remains unciear.

Several results from the mixed cobalt-molybdenum runs suggest that the overall particle
formation process produced well-mixed particles at the atomic level. The lack of atomic number
contrast in the TEM experiments indicated that 1) the particles had not segregated into Co-rich
(light) and Mo-rich (dark) particles, 2) the surface segregation of the two metals was limited (which
would make the outer surface of the particles unusually light or dark), and 3) the particles were not
composed of smaller domains of Co and Mo (which would result in the particles appearing
speckled). Finally, and most importantly, only CoM0Oy, an “atomically mixed” metal oxide, was
observed in the bulk (Figure 7).

The finely-dispersed liquid droplets containing a few hundred to a few thousand molecules
of the organometallic precursors drifted with the carrier gas and did not appear to agglomerate at
the pressures used in our plasma experiments (~60 torr). We hypothesize that, as these droplets
traversed the quartz-tubular reactor, most of the solvent was vaporized into the carrier gas. When
the resulting, essentially dry, powders encountered the plasma boundary layer (3 ,000-5,000 K),
they were instantaneously vaporized into their atomic species. As this vapor “cloud” remixed with
the colder (500-800- K) bulk gas flowing around the plasma zone, the metal atoms rapidly
condensed to produce the final metal particles. Thus, given a finite number of metal atoms
contained in the individual powder particle, the dissociation kinetics within the plasma boundary
layer and the condensation kinetics immediately outside would appear to control the particle size
distribution. Further growth of the particles would be limited to agglomeration between particles
exiting the plasma boundary layer. Larger particles consistent with such an agglomeration
mechanism in this study were rare.

Particle Size Distributions

In all cases, the particle size distributions were best approximated by a log-normal
distribution, rather than a simple normal distribution. Grangvist and Buhrman (3) have shown that
the cumulative particle size distribution function Fin(x) corresponding to the probability density
function described by Eq. 1 is given in Eq. 2.
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Figure 11. Cumulative particle size distribution plot for (e) Fe/tol/Ar and (M) Fe/nosol/Ar
materials. For a particle size distribution which can be approximated with a single
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Fin(x) = 0.5+0.5 exf L/ %] 2]

[2° 1n(o)]

Thus, if one plots diameter (on a logarithmic scale) against the probability that a given
particle is less than that diameter (a log-probability plot), for a particle size distribution which
requires only one log-normal contribution, one should obtain a straight line (Figure 11). Signifi-
cant curvature ina log-probability plotindicates either that additional log-normal contributions are
required or that the log-normal distribution is inappropriate. It has been suggested by Villarica et
al. (69) that there can be systematic deviations from linearity for log-normal particle size
distributions without guaranteeing bimodality. We disagree with this assertion and note that
Villarica et al. (69) base their assertion on time-of-flight mass spectrometry (TOF-MS) analysis
of gas-phase clusters used to generate metal particles. The detection efficiency of TOF-MS is
proportional to the number of atoms, introducing a systematic error into the size distribution which
Villarica et al. have not corrected for.

From a log-probability plot, the log mean particle diameter corresponds to the diameter at
50% probability. InEqs. 1 and 2, the geometric standard deviation, o, is a dimensionless measure
of the breadth of the particle size distribution and can be determined by dividing the diameter
corresponding to 84.13% probability by the log mean diameter. As a result, the geometric standard
deviation has a limit of 1.0 for infinitely sharp particle size distributions and is less than 2.0 except
in extremely broad distributions. In general, the narrowest particle size distributions (c<12)
correspond to an Ostwald ripening (atom addition) growth mechanism (3). Broader distributions
indicate coalescence of small particles into larger particles. Clearly, coalescence growth is the
dominant growth mechanism for the particles in this study.
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