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Duration of prior proposal 8/15/08 to 08/14/11 Prior funding $352,000 (three years) + $65,000 (supplemental)

1. Summary of projects (abstract) **8

The prior project consisted of two main project lines. First, characterization of novel nanomaterials for
hydrodesulfurization (HDS) applications. Second, studying more traditional model systems for HDS such as vapor-
deposited silica-supported Mo and MoSy clusters.

In the first subproject, we studied WS, and MoS, fullerene-like nanoparticles as well as WS, nanotubes.
Thiophene (C4H4S) was used as the probe molecule. Interestingly, metallic and sulfur-like adsorption sites could be
identified on the silica-supported fullerene-particles system. Similar structures are seen for the traditional system
(vapor-deposited clusters). Thus, this may be a kinetics fingerprint feature of modern HDS model systems. In
addition, Kkinetics data allowed characterization of the different adsorption sites for thiophene on and inside WS,
nanotube bundles. The latter is a unique feature of nanotubes that has not been reported before for any inorganic
nanotube system; however, examples are known for carbon nanotubes, including prior work of the PI. Although HDS
has been studied for decades, utilizing nanotubes as nanosized HDS reactors has never been tried before, as far as we
know. This is of interest from a fundamental perspective. Unfortunately, the HDS activity of the nanocatalysts at
ultra-high vacuum (UHV) conditions was close to the detection limit of our techniques. Therefore, we propose to run
experiments at ambient pressure on related nanopowder samples as part of the renewal application utilizing a now-
available GC (gas chromatograph) setup. In addition, Ni and Co doped nanocatalyts are proposed for study. These
dopants will boost the catalytic activity.

In the second subproject of the prior grant, we studied HDS-related chemistry on more traditional supported
cluster catalysts. Mo clusters supported by physical vapor deposition (PVD) on silica have been characterized. Two
reaction pathways are evident when adsorbing thiophene on Mo and MoSy clusters: molecular adsorption and
dissociation. PVD Mo clusters turned out to be very reactive toward thiophene bond activation. Sulfur and carbon
residuals form, which poison the catalyst and sulfide the Mo clusters. Sulfided silica-supported MoS, samples are not
reactive toward thiophene bond activation. In addition to S and C deposits, H,, H,S, and small organic molecules
were detected in the gas phase. Catalyst reactivation procedures, including O, and atomic hydrogen treatments, have
been tested. Cluster size effects have been seen: thiophene adsorbs molecularly with larger binding energies on
smaller clusters. However, larger clusters have smaller activation energy for C4H,S bond activation than smaller
clusters. The latter is consistent with early catalysis studies. Kinetics and dynamics parameters have been determined
quantitatively.

We spent a significant amount of time on upgrades of our equipment. A 2"-hand refurbished X-ray photoelectron
spectrometer (XPS) has been integrated into the existing molecular beam scattering system and is already operational
(supported by the DoE supplemental grant available in October 2009). We also added a time of flight (TOF) system
to the beam scattering apparatus and improved on the accessible impact energy range (new nozzle heater and gas
mixing manifold) for the beam scattering experiments. In addition, a GC-based powder atmospheric flow reactor for
studies on powder samples is now operational. Furthermore, a 2" UHV kinetics system has been upgraded as well.

In summary, mostly single crystal systems have so far been considered in basic science studies about HDS.
Industrial catalysts, however, can be better approximated with the supported cluster systems that we studied in this
project. Furthermore, an entirely new class of HDS systems, namely fullerene-like particles and inorganic nanotubes,
has been included. Studying new materials and systems has the potential to impact science and technology. The
systems investigated are closely related to energy and environmental-related surface science/catalysis. This prior
project, conducted at NDSU by a small team, resulted in a total of 14 printed publications,*™ 2 * ¥ Dejght months
before the end of the funding period. In addition, collaborators at national laboratories and abroad were part of the
projects, as Proposed. More specifically, projects about HDS on MoS; and WS, inorganic fullerene-like
nanoparticles,” > inorganic WS, nanotubes,” Mo and MoS, vapor-deposited nanoclusters,®> modeling,*® reviews/book
chapter,” ** and side projects®™® have been conducted, as proposed, acknowledging solely (exception ref.”) funding
from this grant. A list of publications and coworkers is given in sect. 6.



2. Task 1 — Modern nanocatalysts as HDS (hydrodesulfurization) model systems

We studied HDS-related catalysis on WS, and MoS, fullerene-like nanoparticles and WS,

nanotubes. The object was to evaluate if nano-sized novel materials show improved or different
catalytic properties for HDS compared with the micro-sized catalysts used today in most industrial

applications.

a) WS; inorganic fullerene-like nanoparticles supported
on silica as novel HDS catalysts®

The reactive and non-reactive adsorption kinetics of
thiophene (C4H4S) on WS, nanoparticles with fullerene-
like (onion-like) structures (IF inorganic fullerenes) were
studied under ultra-high vacuum (UHV) conditions.
Sample temperature ramping techniques (adsorption
kinetics) were applied. At low temperatures, thiophene
adsorbs molecularly. At higher temperatures, the formation
of H,S and alkanes in a hydrogen/thiophene ambient is
evident on fully sulfided as well as reduced and oxidized
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WS, nanoparticles (surface reactions).

project have become commercially available in bulk | for thiophene could be identified. (D:
quantities, powders consisting of nanoparticles and | condensation peak).

Fig. 1. Thiophene TDS data for MoS,

. . . fullerene-like nanoparticles supported on
Although some of the nanomaterials used in this | silica. Sulfur and Mo-like adsorption sites

nanotubes (see below) were provided by R. Tenne (lIsrael),

as specified in the original proposal. The nanoparticles/nanotubes (NP/NT) were deposited on silica
using the drop-and-dry technique. The sample morphology was characterized with SEM/TEM
(scanning electron microscopy/transmission electron microscopy) at PNNL (by B.W. Arey). Since the
PNNL SEM facility is heavily targeted by a large number of groups, we went to Argonne National
Laboratory for later projects (collaboration with L. Ming).

The following results have been obtained:

In collaboration with PNNL, the morphology and chemical composition of IF-WS, were
characterized using energy-dispersive X-ray spectroscopy (EDX) and scanning electron
microscopy (SEM), both before and after UHV kinetics experiments. No significant changes in
morphology or chemical composition were found.

Thiophene adsorbed molecularly on pristine (fully sulfided) IF-WS, samples at low temperatures,
as verified by multi-mass thermal desorption spectroscopy (TDS).

Thiophene binding energies are in the range of 43-60 kJ/mol, depending on coverage.

The HDS activity of pristine IF-WS, at UHV conditions was close to the detection limit of the
mass spectrometer used. (This is in contrast to IF-MoS;; see below.) Nevertheless, H,S and alkane
fragments were detected.

Interestingly, partially reduced and oxidized samples are also catalytically active (toward HDS).
The IF-WS; appears to be very stable.

b) MoS; fullerene-like nanoparticles supported on silica®

The catalytic activity of the rather new nanomaterial, IF-MoS; (inorganic fullerene-like

nanoparticles), toward HDS activity has been characterized under UHV conditions. Thiophene TDS as
well as quasi steady-state kinetics experiments have been conducted:



Thiophene adsorbed molecularly on IF-MoS, at low adsorption temperatures. In addition to a
condensation peak, two TDS features were observed, corresponding to binding energies of 46 and
52 kd/mol (1 x 10*%/sec pre-exponential), respectively.

Kinetics experiments with reduced and sulfided samples as well as spectroscopic data (Auger
electron spectroscopy) suggest assigning the TDS peaks to sulfur- and Mo/MoOy-like adsorption
sites. Thus, we identified the active sites on the catalyst, which is a significant result (see Fig. 1), in
our opinion.

HDS activity was present in both the reduced and sulfided samples, but the largest HDS activity

was seen in the reduced samples.

c) WS, nanotubes supported on silica®

Some problems with the preparation of the WS,
nanotube samples for the surface chemistry experiments
were initially encountered. Although the nanopowder
samples consisted of 90% WS, nanotubes, as evident from
the SEM images of the powders, the nanocatalyst
supported by the drop-and-dry technique on silica was
characterized by only debris and nanoparticles. Therefore,
we collected the first data with solvent-free samples by
pressing the powders in indium foil. Experimenting further
with different solvents fortunately resulted finally in
perfect WS, nanotube samples supported on silica (see Fig.

Fig. 2: Scanning electron microscopy
image of the WS, nanotubes studied.

2). Solvent-free and drop-and-dry samples gave very similar results. The following data were collected
on the supported WS, nanotubes.

The adsorption kinetics of n-pentane, thiophene, and benzene on WS, nanotubes have been studied
with TDS. Evidence has been obtained that these probe molecules adsorb on internal, external, and
groove sites of the nanotubes bundles (see Fig. 3). Thus, different adsorption sites could be
identified using a standard Kinetics technique.

Interestingly, for all probe molecules, distinct structures appeared in TDS data obtained for WS;
NT that suggest, in an analogy to similar results obtained for carbon nanotubes (CNT) by our
group” ** " and others,? that TDS allows for distinguishing adsorption of the probe molecule on
internal, external, and groove sites of the NT bundles. This is the first inorganic nanotube system
reported in the literature where different adsorption sites could directly be identified. This is a quite
exciting and pertinent result, in our opinion. Similar prior experiments with TiNTs, for example,
failed due to their much smaller aspect ratio.?* 2

Reactive TDS experiments at UHV conditions revealed some catalytic activity of the WS, NT
toward HDS at amazingly low (200 K) reaction temperatures.

Very few (basically none except our work) UHV studies have been performed on inorganic
nanotubes as of 2010.*



3. Task 2 — More traditional HDS model systems (vapor-deposited Mo and MoS, nanoclusters)?

The adsorption/decomposition  kinetics/dynamics  of
thiophene have been studied on silica-supported Mo and
MoSy clusters. Two-dimensional clusters form at small Mo
exposures and large three-dimensional clusters at larger
exposures, as characterized by Auger electron spectroscopy
(AES). TDS indicates two reaction pathways. Thiophene
desorbs molecularly at 190-500 K. Two different TDS
features were evident and could be assigned to molecularly
on Mo sites and sulfur (carbon) sites adsorbed thiophene.
Assuming a standard pre-exponential factor for 1st-order
kinetics, larger clusters are more reactive than smaller
clusters for molecular adsorption of thiophene. The 2™
reaction pathway, the decomposition of thiophene, starts at
250 K. Utilizing multi-mass TDS, H,, H,S, and mostly
alkanes are detected in the gas phase as decomposition
products. The thiophene bond activation results in partially
sulfided Mo clusters and carbon residuals on the surface, as
characterized by AES. Sulfur and carbon poison the
catalyst. As a result, as the number of thiophene
adsorption/desorption cycles increases, the uptake of
molecular thiophene decreases as well as the H, and H,S
production. Thus, at UHV conditions, sulfided silica-
supported Mo clusters are less reactive than metallic
clusters. The poisoned catalyst can be partially reactivated
by annealing in oxygen. However, Mo oxides also appear

thiophene TDS (a. u.)

250
temperature(K)

Fig. 3: Thiophene TDS on WS, nanotubes.
In an analogy to the results on carbon
nanotubes, the peaks have been assigned to
different adsorption sites, namely internal
(A), external (B), and groove sites (C) of
thiophene on the inorganic nanotubes
bundles. This is the first example of an
inorganic nanotube in the literature where
different adsorption sites could be identified.
(D is the condensation peak.) Note that
thiophene TDS of WS, fullerene-like
nanoparticles consists of only one monolayer
TDS structure. Similarly, support structures
can be ruled out by conducting blind
experiments on silica.

to form that passivate the catalyst further. On the other hand, when the used catalyst is annealed in
hydrogen, the catalyst is poisoned even more, i.e., the sulfur AES signal increases. With adsorption
transients (dynamics), the initial absorption probability, Sy, of thiophene has been determined. S, for
molecular adsorption amounts to 0.43 + 0.02 at 200 K and at thermal impact energies (E; = 0.04 eV).
Sp increases with Mo cluster size, obeying the capture zone model.> ?® The temperature dependence of
So(Ts) consists of two regions consistent with molecular adsorption of thiophene at low temperatures
and its decomposition above 250 K. Fitting So(Ts) curves allows one to determine the bond activation
energy for the first elementary decomposition step of thiophene. Accordingly, larger clusters have

smaller activation energies than smaller clusters.




4. Task 3 — Modeling of kinetics data with time-resolved Monte Carlo simulations®

As we regularly use kinetics techniques such as TDS, it seems logical to work on a more
sophisticated modeling of TDS data. As commercial software is unavailable, the PI’s group has
developed its own computer codes over the years.?” In this subproject, a kinetic Monte Carlo
simulation (KMCS) algorithm for simulating quantitatively experimental TDS data was developed.
The KMCS is based on the master equation approach, and applies a first-passage time analysis, i.e., the
time dependence of the kinetics is correctly matched. The KMCS-TDS scheme used here includes
multiple Kinetically distinct adsorption sites to model experimental data realistically. Furthermore, the
effect of lateral interactions is included. This software can now readily be used to model new TDS
data. Similar codes to model molecular beam scattering data are available in the PI’s group.



5. Task 4 — Enlarging the experimental setup with an XPS (x-ray photoelectron spectroscopy)
system (supplemental funding of prior project)

We have a second vacuum system running in the PI’s group, but the system does not include any
analytics. The HDS project, however, requires at least basic spectroscopic sample characterization, i.e.,

we could not really utilize the 2" UHV system for this
purpose so far. Thanks to supplemental funding of the prior
grant, we installed a 2"-hand AES/XPS system utilizing a
CMA (cylindrical mirror analyzer) in the scattering chamber
of the molecular beam system (see Fig. 4). The system is
operational (see Fig. 5A/B). This allowed us to move the
retarding field Auger system originally mounted on the
beam scattering apparatus to the kinetics vacuum chamber.
Thus, thanks to the supplemental funding, we have now two
fully operational vacuum systems equipped with at least
basic analytics. However, we were able to upgrade the
system only after the supplemental funding came in (late in
2009).

In addition, the PI’s group was engaged in setting up a
time of flight system (Fig. 6) and an atmospheric flux
reactor (Fig. 7). Both systems are operational. Furthermore,
the molecular beam nozzle system has been upgraded,
allowing it to reach greater nozzle/gas temperatures and
impact energies. A gas mixing manifold to generate seeded
beams more conveniently is also operational. These system
upgrades resulted in a loss of measuring time but served to
prepare for future projects. XPS, TOF, and the GC-based
powder mini-reactor are essential components of the | Fig. 4: Refurbished 2™ hand XPS/AES

renewal grant. system based on supplemental DoE funding

integrated into the molecular beam scattering
When the acceptance notification for this grant arrived by e-mail in | system. Top: CAD drawing of the entire

the PI’s office, we were in the very final stages of a kinetics project on | system. Bottom: photo of the scattering

carbon nanotubes (CNTSs). We took the opportunity to acknowledge this | chamber.

DoE grant in three publications concerning gas-surface interactions with

CNTs.%* Later, a review and invited conference paper were also related to the CNT work.™" ** However, the PI’s group is
not working on CNTs anymore.
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