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Abstract

Homogenous single-layer MoS; films coated with sub-single layer amounts of gold are found
to isolate the reaction of methanol with carbon monoxide, the fundamental step toward higher
alcohols, from an array of possible surface reactions. Active surfaces were prepared from
homogenous single-layer MoS; films coated with sub-single layer amounts of gold. These
gold atoms formed clusters on the MoS2 surface. A gas mixture of carbon monoxide (CO)
and methanol (CH3OH) was partially converted to acetaldehyde (CH3CHO) under mild
process conditions (308 kPa and 393 K). This carbonylation of methanol to a C, species is a
critical step toward the formation of higher alcohols. Density functional theory modeling of
critical steps of the catalytic process identify a viable reaction pathway. Imaging and
spectroscopic methods revealed that the single layer of MoS: facilitated formation of
nanoscale gold islands, which appear to sinter through Ostwald ripening. The formation of
acetaldehyde by the catalytic carbonylation of methanol over supported gold clusters is an
important step toward realizing controlled production of useful molecules from low carbon-
count precursors.
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1. Introduction

The formation of higher alcohols from syngas is an important goal in the quest for economic
and sustainable transformation of biomass into transportation fuels [1]. The production of
methanol from syngas over copper is a well-understood reaction. The path toward higher
carbon-count molecule is less understood. A necessary step for its realization is efficient C—C
coupling involving oxygenate small molecules such as carbon monoxide and methanol [2, 3].
Important work by Haruta et a/ showed that CO oxidation is catalyzed by supported
nanoscale gold particles [4]. This revealed that the catalytic activity of metals, that are
relatively inert in the bulk, can be enhanced through nanostructuring [5]. Recently [6, 7], we
have shown that gold nanoclusters deposited on single-layer molybdenum disulfide (MoS>)
coating can transform an otherwise inert substrate, silica, into a catalytic active surface for
CO oxidation. This is similar to results obtained on reducible oxides, such as titania and ceria,
decorated with gold nanoparticles [8—14]. Concomitant computational efforts have predicted
a number of feasible, low-barrier reaction pathways on thus supported gold nanoparticles [6,
15], in contrast to the catalytically largely inactive bulk gold, gold on pristine silica, or on
other 2D materials like graphene [16—18]. Here, we address the carbonylation of methanol as
the most fundamental C—C coupling step that can lead to higher alcohol formation from a
lower alcohol. The mixture of methanol and carbon monoxide was investigated as an
approximation of the reaction stream from syngas over the catalysts surface; hydrogen, water
and other species were excluded to maintain a system simple enough to model
computationally. Syngas may be obtained from biomass gasification, and conversion to
higher alcohols is a potential rapid pathway toward sustainable and renewable fuels.

Molybdenum disulfide has been investigated for a wide range of catalytic applications. MoS»
with cobalt and alkali modifiers is the key catalyst material in industrial hydrodesulfurization;
notably, the industrial catalyst material resembles a few-layer film of supported MoS,. [19]
Alkali modification of this material has also been proposed for alcohol formation [20-28].
Sulfur vacancy driven chemical activation of the basal plane of single layer MoS; has also
been proposed [29]. The mechanistic aspects of these studies have focused on the
hydrogenation step, in particular the initial CO hydrogenation to produced methanol. To
further the understanding of catalysis over this material, our study focuses on the extension of
the carbon chain (figure 1(a)) toward higher alcohols through the carbonylation of methanol.

MoS; has gained prominence as a catalyst for hydrogen evolution [30-34]. In earlier studies
its activity was attributed to edge sites based on low-temperature measurements [35], and
related materials that feature large number of exposed edge sites have been prepared and
validated in some catalytic applications [29, 36—41]. It has been shown that MoS, support. In
this work we have sought to investigate the interaction between the support and catalytically
active nano clusters. By producing polycrystalline continuous single-layer MoS: coatings
over several centimeter in diameter [42], we avoid any possible contributions from the edge
sites and can focus solely on grain boundaries and metal-MoS; sites. This simplified structure
allows us to probe the fundamental chemistry of chain lengthening.

In this article, we report surprising findings, based on experimental evidence and density
functional theory (DFT) calculations, that the carbonylation of methanol is successfully
catalyzed over the Au—MoS; structures to yield acetaldehyde and that using a laminar flow
reactor, acetaldehyde formation occurred at fairly low temperatures (as low as 393 K), on
single layer MoS: films, decorated by nanoscale gold islands. The rest of the article is
organized as follows: experimental and computational methods are presented in section 2;



results and discussion, which summarize our main findings, are shown in section 3; and
finally, conclusions are presented in section 4.

2. Materials and methods
2.1 Experimental details

A 1.5 cm x 1 mm thick fused silica window (Esco Optics) was homogeneously coated with a
single polycrystalline layer of MoS, decorated by nanoscale gold islands corresponding to an
average gold coverage of 0.5 A, 1 A, and 2 A or approximately 1/6, 1/3, and 2/3 of a
monolayer respectively. Figure 1(b) shows the preparative effort schematically and figure
1(c) depicts the fused silica window after single-layer MoS; and gold deposition.

To make the supported catalysts, we have utilized a technique for coating inert oxides by an
MoS; film of controlled integer number of layers, as reported elsewhere [42]. The original
work focused on MoS; films on a dry-oxide SiO2 layer on a silicon wafer substrate. The
single- and few-layer MoS, growth technique is based on heating molybdenum filaments to
white heat (>1500 K) under high vacuum followed by exposure to carbon disulfide.
Decomposition of the disulfide on the Mo filament surface results in volatile MoSx
precursors, which are precipitated onto the substrate. The substrate is held at a temperature
where MoS; island growth and desorption is at equilibrium. The reference sample for
scanning electron microscopy (SEM) and atomic force microscopy (AFM) was prepared on a
thin (30 nm) silicon dioxide film on a doped silicon substrate. Gold was deposited with an e-
beam evaporator monitored by a quartz crystal microbalance. Deposition rates were
calculated from the measured mass increase and converted to Angstroms of gold per minute.
Values below the atomic diameter of gold (3.2 A) indicate incomplete (sub-monolayer)
coverage.

Reactor studies were performed in a laminar flow reactor, as shown in figures S1-S3
(https://stacks.iop.org/JPCM/34/104005/mmedia) in supplementary information (SI). The
goal of this study was to determine the chain lengthening products from carbon monoxide
addition to methanol. To this end reactions were run for 140 min at 150 °C. This allowed the
product composition to stabilize and be analyzed in steady state. Product analyses were
performed on two gas chromatographs: an Agilent 6890 with a wax column (Restek
Stabilwax, 30 m, 0.32 mm ID, 1.0 um film thickness) and a mass sensitive detector (Agilent
5973) was utilized for samples taken with a 25 ml gas tight syringe from a sampling port in
the product stream. An Agilent 6850 gas chromatograph with a wax column (Restek
Stabilwax, 30 m, 0.32 mm ID, 1.0 um film thickness) and thermal conductivity detector
(TCD) was connected directly to the product stream via a transfer line and a gas-sampling
valve. The chromatographic methods and the laminar flow reactor are further described in the
SI. Blanks were run with an empty reactor, with a blank fused silica substrate, and a MoS»
coated substrate with no gold.

2.2 Calculation details

Our DFT calculations are based on the plane-wave basis set and pseudopotential method
employing the generalized-gradient approximation in the form of the Perdew—Burke—
Ernzerhof [43] functional together with DFT-D3 correction [44] to take into account both
electron- exchange and van der Waals interactions. We used a cutoff energy of 500 eV for
truncation of the plane-wave basis set. We sampled the Brillouin zone with one point at the



zone-center. We used Gaussian smearning with a width of 0.1 eV. We relaxed the systems
using the standard minimization algorithm [45] until the residual force on each atom is below
0.01 eV A™! and the total energy converges below 1 x 107 eV.

Our supercell model consists of a periodic (6 x 6) system of single layer MoS> using an
optimized lattice constant of 3.16 A, a vacuum of 25 A, and Aui; nanoparticle adsorbed on
one side of the MoS; sheet. To mimic defect-laden MoS, surface (with 1.5% defects), we
removed one S atom from one side of the (6 x 6) MoS, basal plane. In this work, we
considered only the lowest-energy structure of Auiz/ MoS; as previously obtained by Rawal
et al [46].

Transition states and activation barriers reactions were calculated using the climbing-image
nudged elastic band (CI- NEB) method [47, 48] with a force convergence threshold of 0.05
eV A7, Note that before performing CI-NEB calculations, the initial minimum energy paths
for each reaction were determined using the NEB method [47].

3. Results and discussion
3.1 Characterization of gold nanoparticles as deposited on MoS:

The samples exhibited (figure 2(a)) the typical Raman peak positions for single-layer MoS»
films for Ezg and A1, modes at 385.5 cm ™! and 404.9 cm™! (separation 19 cm ™), respectively,
consistent with earlier reports [49, 50]. Before gold deposition, the photoluminescence of the
substrate material (figure 3) was intense and centered at 1.91 eV with a full-width at half-
maximum of ~0.1 eV, the optical bandgap of single-layer MoS> [51, 52]. After gold
deposition, the photoluminescence was quenched. This indicates that despite the incomplete
surface coverage, there is a quenching center within the size of practically any exciton that is
created on the surface. It also suggests efficient dispersion of gold on M0S»/Si0», in contrast
to gold on bare silica or graphene. Direct SEM imaging of a test sample with a 30 nm silica
film on silicon shows tiny, point-like gold particles near the limit of the instrument’s
resolving power (figure 4). Image analysis showed that the majority of these particles range
in size from diameters of 1-5 nm, i.e. in a useful size range for catalytic activity [53-55], and
indicated that the nanoparticles are dispersed on the basal plane of MoSz, unlike the case of
Au nanoparticles decorating the edges of MoS> reported elsewhere [56]. The spatial
homogeneity of the sample was verified by determining the Raman peak separation and
photoluminescence position along a line across the substrate. The presence of Au particles on
MoS2/Si0; was also confirmed with the x-ray absorption spectroscopy published elsewhere
[7, 57].

3.2 Synthesis of acetaldehyde

The reactant stream consisted of CO gas at 308 kPa bubbled through a methanol reservoir at
20 C. At this temperature methanol has a vapor pressure of 13 kPa or 4.2% of the feed
stream. Prior to the reaction, the reactor was purged with argon gas and heated to the reaction
temperature of 150 °C.

After 120 min on stream, a sample was taken for GC-MS analysis by a sampling port.
Comparison of the product peak with GC-MS chromatogram of a standard
acetaldehyde/methanol mixture (figure S4) indicated that the observed peak in the TCD



chromatogram is acetaldehyde. Carbon monoxide (RT = 2.295 min), acetaldehyde (RT =
3.305 min), methanol (RT = 4.245 min) and water (RT = 5.149 min) were detected in TCD
chromatograms. Water was detected in all reactions (with and without gold) at very low
concentrations.

We investigated the stability of the catalyst by running the reactor for 140 min and reusing a
catalyst after on stream. The 1 A catalyst was utilized for 140 min, stored in an Ar-filled
glovebox for 20 days and reused. Catalytic acetaldehyde formation was still observed. Figure
5 shows the production of acetaldehyde as a function of time on stream for all samples. While
we observed a slight drop initially, in the production of acetaldehyde, we found that
subsequently the reaction proceeds at a consistent rate. The delay in the onset of catalysis is
related to the flow rate of the reactant stream. This was the time to purge the 13.4 cm?
transfer line volume when switching from argon purge to reactant stream. The 2 A sample
had a higher reactant flow rate. A blank consisting of the MoS; coated substrate without gold
did not produce measurable amounts of acetaldehyde. As estimation of number of active sites
in our samples was not possible, we could not evaluate turnover frequency and turnover
number for the catalyst.

3.3 Modeling of the C—C bond formation

Accompanying DFT calculations validate the feasibility of formation of carbon—carbon bonds
at the surface of MoS:-supported Au nanoparticles from carbon monoxide and methanol
alone. Continuing the success of previous computational work [46], in which the alcohol
synthesis from syngas (CO and H2) was shown to be favorable on Aujz nanoparticles
stabilized by interactions with a single layer of MoS», and that, thanks to the inertness of
MoS; support, reactions prefer not to occur at the interfacial sites between the particle and
MoS; supports, we used the same supercell setup to study the formation of a bond between
adsorbed methyl and carbonyl species to acetyl. We considered the formation of acetaldehyde
by studying the most likely processes: CHs* + CO* — CH’CO* and CH;CO* + H* -
CH;CHO*, where CH3* and H* species are produced through the adsorption and dissociation
of methanol on the stabilized gold surface (* designates adsorbed species). Additionally, CO
is required to reduce residue O* species via O* + CO* = COz*, a highly exothermic reaction
(AE = 2.23 eV) with a barrier of 0.06 eV, as also described elsewhere [6, 7]. Figures 6(a)
and (b) shows the initial state, transition state, and final states of the acetyl formation, CH3* +
CO* — CH3CO*, and the hydrogenation of acetyl to acetaldehyde, CH;CO* + H* —
CH3CHO¢, reactions. The co-adsorption energy of in the initial state of the acetyl formation is
found to be 3.42 eV, suggesting a strong and stable co-adsorption. It is consistent with the
fact that the methyl group (—CH3) is rarely seen in gas phase and is very active. We also
found that the co-adsorption energy of the species in the initial state of the hydrogenation of
acetyl to acetaldehyde is 2.25 eV, suggesting another stable co-adsorption structure. Our
calculations indicate that the formation of a bond between the adsorbed CH3* species and a
CO* molecule on Aus is energetically favorable as the reactions are exothermic and the
activation barriers comparatively low: 0.69 eV for the acetyl formation (I) (figure 6(a)) and
0.47 eV for the hydrogenation of acetyl to acetaldehyde (II) (figure 6(b)). The resultant
CH3CHO* is desorbs with a desorption energy of 0.45 eV. The atomic coordinates of all
systems and raw computational data are available at Zenodo repository [58].

Close inspection of the energetics of the reaction pathways reveals that site with the lowest
pathway barriers corresponds to the least coordinated gold atom on the cluster, for which the
binding of the reactants is strongest. Such sites are far more common on small gold clusters.



Our finding highlights the importance of small clusters for this reaction to proceed.
Furthermore, our work shows the efficacy of single-layer of MoS; to serve as a surface on
which dispersal of gold into nanometer-scale clusters is favorable [15].

3.4 Gold nanoparticle catalyst sintering

Atomic force microscopy was used to analyze the effect of reaction on-stream time on the
gold dispersion (figure 4). It was found that the as prepared gold particle size distribution
from 1 to 5 nm (figure 7(a)) in diameter with a near exponential distribution suggestion
random nucleation events, as seen in figure 7(a). The particles are shown to have circular
shapes as the distribution of circularity is near unity (figure 7(b)).

After use for acetaldehyde production, the gold particles coalesced, resulting in Au particles
with an increased diameter distribution centered near 40 nm (figure 7(c)). The change in
distribution of the Au particle diameters to an exponential modified normal distribution
(figure 7(c)) suggests the coalescing proceeds through Ostwald ripening mechanism. While
the majority of the Au particles exhibit circularity (4n(area/perimeter?) is still near unity),
after the production of acetaldehyde, a significant fraction show deviation toward elliptical
shapes (figure 7(d)). This is also indicative of an Ostwald ripening mechanism.

Aggregation of gold particles is not unexpected as capped gold has been shown to behave
similarly in solution experiments with temperatures over 120 °C [59] and platinum is
predicted to have a high mobility on a MoS; surface [60].

4. Conclusions

In this work we have provided insights, through a merger of material preparation,
experimental characterization and computational modeling, into intermediate steps in alcohol
formation from syngas. We showed that the deposited gold nanoparticles on a single layer of
MoS:> on an inert fused silica substrate provide a catalyst surface capable of carbonylation of
methanol to acetaldehyde at relatively low reaction temperatures and pressures (308 kPa and
393 K). The mechanism of the processes is illustrated by accompanying DFT calculations
which reveal low activation barriers (~few tenths of an eV) and exothermicity of the C—C
coupling elementary steps. This result showcases the promise of gold nanoparticles on single
layers of MoS; as active catalysts even as the mean particle size increases during use.

More importantly, this work shows a promising way of preparing catalyst by utilizing a non-
active support such as silica and the application of small amount of single layers of MoS: to
support Au particles. More specifically, a mono-layer on 2 mm beads would be an equivalent
MoS; loading of 1.88 ppm and an Au loading of 1.15 ppm. A cubic meter of supported
catalyst prepared in such a way would require 146 mg of MoS; and 90 mg of gold.
Furthermore, our results also speak to sustained reactivity of Au nanoparticles in a scenario in
which inert substrates can first be shaped into desired structures that optimize reactant and
heat flow and serve as an inexpensive scaffold for a composite that bestows catalytic activity
on them.
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producing a distribution centered around 40 nm (AFM right).
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