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The influence of particle size in the carbon monoxide hydrogenatiotiored@s been studied using
cobalt nanoparticles (NP) with narrow size distribution preparedlyiadal chemistry. The surfactant
covering the NP after synthesis could be removed by heating to 200427E@3CSoft X ray absorption

spectroscopy was performed in a gas flow cell under reaction aorgdtf B and CO at atmospheric

pressure. Flow of pure hydrogen at 350°C removed the protecting surfagearand reduced the NP
from oxidized to metallic. The NP remained metallic during tle¢hanation reaction with their surface
covered by CO. The methanation turnover frequency of silica supportecadlfound to decrease with
diameter below 10 nm, while the reaction activation energy was foupel independent of NP size. H-
D exchange experiments indicated that it is the dissociatiorn thdd is responsible for the observed

decrease in activity with size.
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1. Introduction

Cobalt nanopatrticles (NP) have found applications in data storage slamigesensors, thanks to their
magnetic properties [1,2]. Cobalt is also a well known catatystinfiny reactions, including growth of
carbon nanotubes [3], oxidation of carbon monoxide [4], selective reductiorragemtoxides [5] and
Fischer-Tropsch (FT) synthesis [6,7]. Its usefulness in FT systlieslue to its low water-gas shift
activity so that it is able to produce liquid hydrocarbons with high carbon efficiency [8].

To increase catalytic performance the catalyst metal dispeshould be maximized [9]. Typical
cobalt catalysts are prepared from a metallic salt depobiteidnpregnation over an oxide support
(Al,0O3 or SIQy), followed by several steps of drying and calcination. The precussarcobalt spinel
(Co304), which is inactive for Fischer-Tropsch synthesis. This oxidedsiaed to the active metallic
cobalt phase prior to the reaction [10]. The reducibility of cobalk ikey factor in its catalytic
performance. The GO, particles are easy to reduce completely but in supported ¢atedggiction is
difficult when the diameter is below 6 nm [11]. If the reduction stepot complete the catalytic
performance decreases [12]. The use of NP instead of precursoresalits in improved catalytic
activity due to the lower interaction of the active phase withstipport, as described previously [13-
16].

Several papers have reported that the turnover frequency or activitgugace site decreases
dramatically when the catalyst particle size reachestiaatrpoint [13,17,18], a behaviour that is not
well understood. Recently, synthesis of Co nanoparticles with diasrie¢tween 3 and 12 nm and
narrow size distribution has been successfully accomplished usingidablimethods [19]. The
availability of NP with such narrow size distributions makes isjds to explore size and shape effects
that might be important in affecting reactivity and selectivitjese effects are masked when the size
distributions of the Co particles is broad, as typically obtained wirepared by impregnation

techniques.



Knowledge of the chemical state of the NP and of the speciedadsturing the FT reaction is also
lacking, thus preventing a complete understanding of the catalyticsgrotkis is due to the lack of
suitable characterization techniques able to characterize tin@icetheand electronic structure of the
catalyst during reaction. To remedy this we use X-ray absorppectrescopy (XAS), a synchrotron-
based technique for studying the electronic structure of matterX-Fags can easily penetrate through
gases at atmospheric pressure over distances of millimetérexagite electrons from core levels of
atoms and molecules in the catalyst. Soft X-ray absorption edgeshi®important advantage of being
sharp, due to the long lifetime of the core states. XAS is sen$it details of the electronic structure,
such as the valence level structure, symmetry, spin state hetcis€ of soft X-rays for the studysitu
of cobalt catalysts was first reported by Baeinal. [20,21]. In these studies, spectra of a powder
Co/Si0, sample were obtained in the presence of hydrogen. However, the pagsislire was 10Pa
(<10° torr), far from the conditions used in the industrial systems ancathgysts could not be reduced
even after heating at 650°C for 30 minutes. In the present work we gpedially designed gas flow
reaction cell that made it possible to acquire XAS specttnaispheric pressure and at temperatures as
high as 360°C, which is similar to the temperature used in real iadluginditions. However, the
pressure is still lower than the 20-30 bar used in industrial reactors.

2. Experimental section

The synthesis of the cobalt nanopatrticles is described elsev@2¢r8fiefly, in an inert atmosphere a
carbonyl precursor, GECO)s, was decomposed in 1,2-dichlorobenzene at a temperature near its boiling
point (~182°C) [23,24]. Rapid injection of organometallic reagents in thedhatnt produces discrete
and homogeneous nucleation sites. Oleic acidy(CH,);CH=CH(CH,);CO,H, and trioctylphosphine
oxide, (CH(CH2),)sP=0, were used to control the growth and to provide a protective surfactant capping
layer. Monodispersed Co NP with diameters between 3 and 10 nm (0.5 nm) vparegtey adjusting
the amount of oleic acid used in the synthesis. Following synthessathples were cleaned several

times by precipitation with alcohols and re-dispersion in chloroformhe $ize of the NP was



determined by transmission electron microscopy (TEM) using a JED-F 200 kV instrument.
Figure 1 shows a typical TEM micrograph of 5.3 nm NP along with the measured sibeitilist.

The NP dispersed in chloroform were supported over high area comng&if@a(Cab-O-Sil H-5
Cabot Corporation, 300 7y) by wet impregnation. We choose silica because its intenaatith cobalt
is weak [7]. After impregnation the samples were dried at 110°Cl6ohours. The loading was
measured by inductively coupled plasma atomic emission spectroscalgraith laboratories) and
varied from 1.5 to 7 wt.%. Table 1 lists the names, loading and madktbé catalysts used in this
study. Figure 2 shows a TEM micrograph of 5.3 nm supported Co nanopakAislean be seen the
nanoparticles have roughly spherical shapes and are well dispersed over thepplicha s

Catalytic hydrogenation of CO was performed in a U-shaped quawzrélactor using an amount of
sample between 70 and 200 mg. The conditions were chosen to maximipettiame yield in the
CO+3H, 2 CH,; + H,O reaction.

To avoid diffusion limitations, the powder samples were pelletizeaghedd and sieved to obtain a
pellet size of 0.25-0.30 mm [7]. The reactor was placed in an oven cedrteca PID temperature
controller (Watlow). The gas flow was regulated by mass flowtrollers (Porter Instruments). To
remove the surfactant and reduce the cobalt oxide to metal theesampte heated from room
temperature to 650°C at a heating rate of 5°C/min in a 1@%r ldtmosphere (total flow rate 50
ml/min). The CO hydrogenation reaction was subsequently measunecredsing temperatures from
200 to 270°C at 0.1 MPa total pressure in a 3COJRWAr gas flow of 33 ml/min. The concentration
of the outlet gases was monitored using selected m/z fragmatd peasured with a quadrupole mass
spectrometer connected to the reactor. The reactor used for mgakericatalytic activity is equipped
with a by-pass valve that allows us to first calculate thecG@rersion by looking at the decrease Iin
mass 28 (corresponding to CO). The CO conversion was also calculeigdhgsmethane production
(mass 15 fragment, representing 85% of the maximum signal of meethathe spectrometer) and
assuming a 100% selectivity. As we use Ar as internal stantardatculation of the CO conversion is

not affected by the the differences in gas flow or by changé®ipressure of the chamber connected to



the mass spectrometer. In all the catalysts tested the ciomvestues calculated using the decrease in
mass 28 and mass 15 were the same within 5%.

For comparison the catalytic activity of two reference samplasandard one and a physical mixture,
was also measured. The standard sample (labelled GeBBiQvas prepared by incipient wetness
impregnation [25] using Co(N¢}» (98+%, Sigma-Aldrich) as precursor. After impregnation the sample
was dried for 16 h at 110°C and calcined in air for 2 h at 300°C.

Another type of catalyst, in the form of a physical mixture (labdePM) was prepared by mixing
cobalt spinel (C¢gD,), obtained from Co(Ng), after a thermal treatment in air (2h at 200°C) and silicon
oxide.

In situ XAS experiments were performed in the total electron yield nusiteg a specially designed
gas flow cell at the undulator beamline 7.0.1 of the Advanced Light S¢Bex&eley, USA) [26].
Details of the design, shown schematically in Figure 3, are idedcelsewhere [22]. The NP were
deposited on a gold foil using the Langmuir-Blodgett (LB) technique [27R8tre the spectroscopy
measurements, the samples were characterized by scanning electronapyc(dsiss Gemini Ultra-55)
and X-ray photoelectron spectroscopy (PHI 5400).

The gold support was placed on a stainless steel holder attachedutboa heater. A k-type
thermocouple located under the sample was used to measure the tie@@erd a shielded cable spot
welded to the sample holder was used for electron yield measusenidm@t sample and reaction
chamber are located inside a UHV chamber connected to the synchinogrceind separated from it by
a SgNs membrane window 0.5 nfnin area and ~100 nm thick. XAS at the Co-L and O-K edges were
recorded with an energy resolution of 0.3 eV. A cobalt foil was useentengy calibration. The use of
total electron yield to record XAS makes the method surfacetisen@o a depth in the nm range), as
compared with the bulk sensitive fluorescence yield detection mode.

3. Resultsand discussion

3.1. Catalytic activity of SO, supported catalysts



Treatment of the samples in 10% id He prior to the catalytic reaction yielded various products as
the temperature increased, as shown in Figure 4. First, between Ho02008C carbon dioxide, water
and methane evolved due to decomposition of the surfactant. Between 300 and #504Q water
peak appears that corresponds to the reduction of CoO to metallic [@8)alt 550-650°C methane
evolution was observed, which we assign to the hydrogenation of carbonaceoes epéioe surface of
the catalyst. The area of the peaks, normalized by the total amount of cobalt in thes sadiqhted that
the amount of methane and carbon dioxide was larger for the speatietes, as expected from the fact
that the smaller particles display more surface area. Thig was also confirmed by thermogravimetric
analysis.

After reduction the catalytic activity for CO hydrogenation wasasured at ambient pressure and
different temperatures in the 200-270°C range. In addition to metharefragments corresponding to
products such as ethylene, ethane, propylene and propane, were also mongecdcttal/ the
fragments corresponding to m/z = 27, 29 and 41 were monitored using QMf§ @llrireaction
experiments. The peak at m/z = 27 corresponds to fragmentation lehetlayd ethene (60 and 70% of
the maximum signal in mass spectrometry) and the fragmenfzat 41 corresponds to the maximun
signal in the fragmentation spectrum of propene. As the products Bistier-Tropsch synthesis in the
absence of promoters follow the Anderson-Schulz-Flory distribution, #nwe pnoducts (by weight) will
correspond with the C1-C3 fraction in the reaction conditions studied dlpha, relatively high
temperature and high hydrogen to carbon monoxide ratio). We did not obserirer@myent of the
cited fragments during reaction, implying that hydrocarbons above Glpseduced in concentrations
below the detection limit of our QMS. In the samples prepared ugthth@&l production of methane was
stable at every temperature studied with no decrease in activityirmeetHowever, the sample prepared
by impregnation (Co/Si@St) showed a strong deactivation at higher temperatures (over 2%0°C),
behaviour attributed to sintering of the particles [12] or to reactigtiisthe support that produce cobalt

silicates [30].



Figure 5a shows the turnover frequency (number of CO molecules conpertexpposed Co atom per
second) measured at 240°C as a function of NP diameter. The turnawysnfrg increased with
diameter, in agreement with previous reports, reaching a stabie feal diameters larger than 10 nm
[17]. The value of 25 nm in the graph corresponds to samples prepared bylphysiare, which show
the highest turnover, although the activity per gram of catalyst weay low. When the activity is
expressed as number of CO molecules converted per gram of colzalgrger for the smaller sizes,
because of the higher fraction of exposed cobalt atoms. The activation dwatgyndgl) calculated from
Arrhenius plots of activity versus 1/T for each particle size is displayBdyure 5b. The values are very
similar for all diameters, indicating that the rate determining step satihe for all the particle sizes.

3.2 Preparation of 2-D model catalysts

A single layer of nanoparticles was deposited over a conductivgdldt substrate using the LB
technique. The particles were first washed to remove the eatcsggactant. Because of its low vapour
pressure the original dichlorobenzene solvent was substituted by chlorfofokia preparation. A few
droplets of the NP dispersed in chloroform were spread over a trdleghwith distilled water at room
temperature. The surface pressure of the film was controllédtwit Teflon barriers that compress it.
Several samples were prepared at increasing surface pregsureported before [31] the nanoparticles
are distributed homogeneously over the support even at low pressure, leiididg that can be
increased with surface pressure. Although the as-prepared nanopairticie the metallic state [19] and
show a sharp size distribution (Figure 1), the cleaning process artchtiséer to the gold support
caused oxidation of the particles to CoO [32,33], as confirmed byaiatiffraction and XPS. Figure 6
shows SEM pictures of two different samples prepared in this Wey.SEM pictures were acquired
with low electron energy (1 kV) to minimize beam damage (thiecpes are still covered by surfactant).
To reduce contamination, after preparation the samples were kept in a dry box flothihg.

3.3 In situ XAS experiments

Model catalysts consisting of Co nanoparticles supported on a Au évé wrepared using the

Langmuir-Blodgett technique and studied situ (i.e., in reaction conditions of gas pressure and



temperature) in the XAS cell. In Figure 7 we show the evolution £f @pd 2p,, core levels of selected
Co NP during reduction of the samples at increasing temperatuae4d ml/min stream of pure; tt
0.1 Mpa. For all particle sizes the spectra at room tempem@uespond to CoO [20], which contains
Cc?*ions octahedrically coordinated with oxygen anions. The presence obbk oxide is evidenced
by the extra features at 776.5 and 780 eV. During the heating treatmieydrogen from 250°C to
330°C, the features in the X-ray absorption spectra changed to thbeenoétallic state characterized
by two asymmetric absorption white lines at 778 and 794 eV as itlesgsibed by Moralest al. [34].

In this earlier work the influence of promoters and the support on thiedDoibility was studied using
in-situ XAS with a hydrogen pressure of 2 mbar. However, the influence gidtiele size was not
analyzed as the samples were prepared by homogeneous depositionapecifitm a Co nitrate
precursor solution. Unlike the case of cobalt supported on oxide powders [ékpmimments revealed
that the smaller nanoparticles were easier to reduce thararfer lones. The 3 nm sample was
completely reduced after a flash heating at 330°C. When the sizased to 4.2 nm is was necessary to
heat for 2 minutes at 330°C to reach complete reduction. For the 10 nm halesptne reduction was
not completed until after 8 minutes.

After reduction, the K atmosphere was switched to pure carbon monoxide and the changes in the
electronic structure of the nanoparticles were followed both at teowperature and after heating. As
shown in Figure 8 the Co L-edge spectra of the cobalt foil and 3 nm NP did nog¢ &feerdglowing CO
at room temperature or heating in CO @80 mixtures. Similar results were obtained with other NP
sizes. To obtain spectra of the O K-edge the CO gas flow teapexl and the line purged with
hydrogen to avoid x-ray absorption by the gas phase. As expected, the reduced showlno features
in the O K-edge spectra (Figure 9a). After exposing to the &0Oflgw at room temperature, a large
absorption peak at 534.2 eV appeared. This peak was still presemuadierg the line with hydrogen,
as shown in Figure 9a for the 4.2 nm NP sample. We ascribe this peak ts@@ead on the cobalt NP,
because in the conditions studied (room temperature and ambient pressbo®) monoxide did not

react with the cobalt surface [35]. However, when the sample watechén a flowing hydrogen



atmosphere at 240°C for 5 minutes the area of the peak decreasentislliigsiae to the reaction with
the flowing gas to form methane. Heating the sample for 10 minutes removed the peaketypnflee
same heating treatment was performed in a flowing He atmospgher€0O-related peak in the O K-
edge at 534.2 eV decreased due to partial desorption, but was séititpiewas necessary to pump the
line to completely remove it. The experiment was also perforimdzhtch mode (Figure 9b). After
flowing pure CO, the cell was filled with hydrogen and then the aet outlet valves were closed. In
this case, after heating, the 534.2 eV peak decreased although muclslomdyethan in flowing
conditions. At the same time new features appeared at 536 and 537.2 eN,wehassign to water
adsorbed on the Co surface [36]. Water is a by-product of the metharesttdion, with one molecule
formed for every methane molecule. In all cases, irrespectitbeoparticle diameter the electronic
structure of the cobalt L-edge did not change during reaction.

These results show that the active phase of Co catalystscimeFiBropsch synthesis is the metallic
state and that it remains unchanged during the reaction. Some autv®nebarted oxidation of the
cobalt catalysts due to the water vapour. There are indeed predizéised on theoretical calculations
that support these models [37]. However, in CofSNP catalysts of 4-5 nm, oxidation was not
observed until very high temperatures (more than 400°C), even wifdgCHratio of 1 [38]. This is in
agreement with our XAS results, which did not show any peak assigmethalt oxide in the O K-edge
region, and where the Co L-edge peak structure was always t@atiofthe metallic state. To further
confirm this result we performed another experiment treatingeitheced cobalt samples with/H,O
(1:1) and HO/He (Ry20= 23 torr) in a temperature range of 25-250°C. After exposing thee@dobalt
nanoparticles to water vapor, the Co L-edge showed none of the featusedeststic of the oxide (data
not shown).

3.4. Characterization of samples after reaction

After testing the catalytic activity of the Co/Si@owder samples, the temperature was lowered to
25°C and the gas flow was switched tgAd to perform a thermal treatment (TPD)Ho characterize

the possible carbonaceous species adsorbed on the surface of th&tscatadyire 10 shows the



evolution of the HO, CO, CQ and CH signals with temperature for the 10 nm Co/SNP catalyst. As
can be seen in the graph, there is no trace of desorbed productsempieeature range studied (50-
650°C), indicating that no detectable amount of carbonaceous speciedepesited on the catalyst
during the CO hydrogenation.

Figure 11 shows selected TEM pictures obtained from used powder sash@em (top), physical
mixture (middle) and the standard sample (bottom). The physicalmaigisplays large cobalt particles
of irregular shape whose electron diffraction patterns corresponoeetalic cobalt and CoO. The
standard sample shows a bimodal distribution of particle sizes, ohdke cobalt being present as
nanoparticles of 5-6 nm but large clusters are also present. lastowin the sample prepared using NP
of 3 nm diameter, the cobalt remains spread over the support with no signs of agglomeration.

Figure 12 shows a high resolution SEM micrograph of the 10 nm 2D model catalystedaftsion in
H, and treatment with Hand CO at high temperature. The NP retained their morphology andven
after the high temperature treatment.

3.5. H-D exchange experiments

The differences in catalytic activity as a function of pagtatlameter cannot be attributed to oxidation
of the catalysts during reaction, as shown byithgtu XAS results. The lack of deactivation with time
of the NP catalysts is also consistent with these observations. D8antlwacarbon deposition can also
be ruled out, as demonstrated by the fact that temperature-progianeatenent in hydrogen of all the
samples after reaction did not produce carbon-containing products. Fgialsring of the NP can be
discarded as shown by the SEM and TEM micrographs of the used s#maplgisow no agglomeration
of the NP.

It is clear that in any case the dissociative adsorption of hydnogdéecules plays a major role in the
reaction mechanism. Although it is believed that at saturation hyarolgemisorption involves one
hydrogen atom per cobalt surface site [39], the dissociative stgy nequire a particular geometry of
contiguous empty Co sites with a minimum of two or more sites. Indeed it has been shown th&ton P

and Ru hydrogen dissociation requires at least three adjacen{4€itd2], so that the dissociative
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probability p will not follow a simple Langmuir law @ (1-x)" function, with n> 2 or even a more
complicated dependence depending on site geometry. In this model, hydmgeh&O would require
three or more adjacent sites to dissociate hydrogen and abvtheastore for CO adsorption, as in the H-
assisted CO dissociation mechanism suggested by King et al.TH&]probability of finding these
larger ensemble sites should decrease rapidly for the srpalt&zles and explain at least qualitatively
the drop in the turnover frequency with lower particle diameters.

To test this model we performed H-D exchange experiments octeskleamples of reduced cobalt
NP supported on Sipowder. After reducing the samples with hydrogen at 500°C, they weledc
down to room temperature and then exposed to a flowing mixture/DBs/Ar (20:20:60, 50 ml/min).
The temperature was then increased slowly (1°C/min) and the catmenbf HD was measured at 10
°C intervals in the 40-90°C range. The signals of hydrogen (m/zde@grium (m/z = 4) and HD (m/z
= 3) were monitored on-line using mass spectrometry. Figure 13 shewsrnover frequency for HD
production as a function of temperature and particle diameter. Thiéicspetivity for HD production
increases with temperature as expected, but more significatt[Dthernover frequency decreases with
particle size. The behaviour with temperature is also differetiita cobalt nanoparticles with diameters
below 10 nm. HD production in those samples reaches a steady statepatatures below 100°C.
These results demonstrate that the hydrogen dissociation is &rgensitive for particles with size
below 10 nm. Although at present we do not have a detailed model to ekelawolution of the H-D
exchange TOF with size and temperature and that more expeyiarenteeded for a full understanding,
we believe the observations point strongly to the adsorption and dissoondtiH, as mechanism
responsible for the particle size dependence of the methanatiolmme&¢e further propose that the
limiting factor in H, adsorption is the availability of large ensembles of Co atombeosurface of the
nanoparticles.

4. Conclusions

Monodispersed cobalt nanopatrticles prepared by colloidal chemistry métinoelbeen used to study

the structure sensitivity of the CO hydrogenation reaction. Powdgsles supported on silicon oxide
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and on gold have been prepared using Co nanopatrticles from the same hatcherical state of the
nanoparticles and the changes occurring during reaction were int&stigsing in-situ soft X-ray
absorption spectroscopy at atmospheric pressure and temperature up toAB30Re shown that the
surfactant ligands can be readily removed by heating iand that the nanopatrticles are in the metallic
state and covered with CO during methanation. Our electron microstapgsshave shown that the
particles do not sinter as a result of the heating treatments to remove atsfamtduring the reaction.
We have also shown that the methanation activity decreases witliepsize below 10 nm and that
this reduction is not due to carbon deposition, sintering or oxidation by waier. Notably we have
shown that the activation energy for methanation remains constanpavticle size, indicating that the
rate limiting step is unchanged. Hydrogen-deuterium exchange meguesi show that the specific
activity in the HD production decreases also when the particke dgzreases below 10 nm and
demonstrates that the dissociative adsorption,a$ lthe important factor responsible for the size effect.
We interpret our results with a model where large ensemble® (than four sites) are required for the
hydrogen molecule dissociative adsorption, a key starting step in adgl mechanism of CO

methanation.
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Table 1. Catalysts used in this study. They include Co nanoparticles gnpSi@er, as a function of

diameter (in nm), a standard catalyst prepared by impregnation (St), and a physice (PM).

Name Particle Loading (% wt.) Mass of catalyst used (mg)
diameter (nm)

CoSiO2-3 3.0 7.0 70
CoSi02-4.2 4.2 3.3 74
CoSi02-4.6 4.6 2.5 180
CoSi02-5.3 5.3 2.9 70
CoSiO2-10 10.0 1.3 230
CoSiO2-St 8 12.0 100
CoSiO2-PM 25 3.7 200
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Figure 1. Left: Transmission Electron Micrograph (top) of 5.3 nm cobalt pesticRight: plot of the

particle size distribution.

Figure 2. Transmission Electron Micrograph of the 5.3 nm Co particles supported gp&iQer
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Figure 3. Drawing and schematic diagram of the gas-flow cell used rfgitu X-ray absorption
measurements.
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Figure 4. Products evolved from the the 10 nm Co/S&amples during temperature-programmed
treatment in a HAr stream.

21



W
o

2.5

20T °

1.5
1.0

T

0.5

CO conv./at Co/s (x1000)

O.O N 1 N | \ 1 1 ] 1 1
5 10 15 20 25

Particle size (nm)

35
301 b
251 —%—+— -
201
151
101
5 -
0 . . . . .
5 10 15 20 25
Co patrticle size (nm)

E. (kcal/mol)

Figure 5. Catalytic activity for CO hydrogenation in a 3 CO/:@9 Ar gas flow mixture at a pressure
of 0.1 MPa. a) Turnover frequency at 240°C (the line is a visual guige antl b) activation energy,

as a function of particle diameter.

22



Figure 6. Scanning Electron Micrographs of Cobalt nanoparticles (NP) traedfento Au foils using

the Langmuir-Blodgett techniques. a) 3 nm NP; b) 10 nm NP.
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Figure 7. Co L-edge spectra of cobalt nanoparticles deposited over Au fajlsred in-situ during

reduction in pure hydrogen. Particle diameters are: a) 3nm; b) 10 nm.
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Figure 8. XAS of the Co L-edge for a cobalt foil (a), 3 nm Co NP (b), andh#h2c) Co NP during

treatment with carbon monoxide (CO) and syngas (H2+CO) at different tempsratur
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Figure 9. O K-edge of 4.2 nm cobalt NP after exposure to CO and aftenpéatH, and He. First, CO
was flown over the sample and then the sample was heated at 24@#@rimeH, or He in flow mode
(a), or in H in batch mode (b).
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Figure 10. Products evolved during temperature programmed treatment wAa $fream of 10 nm

Co/SiQ, sample. The samples had been used in the catalytic CO hydrogenatation reaction.
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Figure 11. Transmission Electron Micrographs of Co/giCatalysts after reaction. Top: 3 nm NP;

Middle: Standard sample; Bottom: Physical mixture sample.
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Figure 12. Scanning Electron Micrograph of 10 nm cobalt NP deposited on a Aafteilreduction in
hydrogen (330-350°C) and treatment in CO and COmnkitures.
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Figure 13. HD production per exposed cobalt atom as a function functions of teomeefait various

particle diameters.
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