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Abstract

We demonstrate that a fused silica substrate can be rendered active for acetaldehyde (CH3CHO)
synthesis from a gas mixture of carbon monoxide (CO) and methanol (CH3OH) under mild process
conditions (308 kPa and 393 K) by deposition first of a homogenous single-layer MoS: film and
subsequently of a sub-mnonolayer (1 Angstrom) loading of gold. In operando monitoring of the
catalyst performance in a flow reactor reveals uncompromised activity even after 2 hours on stream.
The carbonylation of methanol to a C2 species represents a crucial step toward the formation of
higher alcohols from syngas derived from methane or biomass. Characterization of the film by
imaging and spectroscopy reveals that the single-layer MoS: film disperses the gold loading into
nanoscale islands; density functional theory (DFT) calculations identify low-coordinated edge
sites on these islands as active centers for the carbon-carbon coupling at barriers significantly

below 1 eV.



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. A necessary step for its
realization is efficient C-C coupling involving oxygenate small molecules such as carbon
monoxide and methanol. The seminal finding by Haruta of CO oxidation by supported nanoscale
gold particles! showed that gold, despite being arguably the most noble of metals,? can play an
active role in heterogeneous catalysis. In recent work,*° we have shown that single-layer MoS:
coating can transform an otherwise inert substrate, silica, into a catalytic active surface for e.g.
CO oxidation by gold nanoclusters, similar to results obtained for reducible oxides, such as
titania and ceria.®*2 Concomitant computational efforts have predicted a number of feasible, low-
barrier reaction pathways on thus supported gold nanoparticles,® 2 in contrast to the largely
catalytically inactive bulk gold, Au on pristine silica or on other 2D materials like graphene.141¢
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 and a component of syngas, as it may

be obtained from biomass gasification.

A wide range of catalytic applications have been proposed for MoS:, both in the past and more
recently. MoS2 with cobalt and alkali modifiers is the key catalyst material in industrial
hydrodesulfurization; notably, the industrial catalyst material resembles a few-layer film.” MoS:
modified by alkali has also been proposed for alcohol formation.*82¢ The mechanistic aspects of
these studies by and large focus on the hydrogenation step, in particular the initial CO
hydrogenation. In contrast, our study focusses on the extension of the carbon chain (Fig. 1a)

toward higher alcohols by means of carbonylation of methanol.



MoS:2 has gained prominence as a catalyst for hydrogen evolution;?” 28 its activity has been
attributed to edge sites based on low-temperature measurements,?® and related materials that
feature large number of exposed edge sites have been prepared and validated in some catalytic
applications.®*¢ We have avoided such complications by developing a process that provides

pristine single-layer MoS2 coatings over several centimeter in diameter.®’

In this work, the formation of acetaldehyde at reactor temperatures as low as 393 K, on single
layer MoS: films, decorated by nanoscale gold islands, is evident using a plug flow reactor
system with on process gas chromatography. Density functional theory (DFT) modeling sheds

light on the crucial carbon-carbon coupling step at the center of this finding.

Experimental

We inserted a stream of CO bubbled through methanol into a continues flow reactor equipped
with a @1.5 cm fused silica window coated homogeneously with precisely a single layer of MoS2
decorated by nanoscale gold islands corresponding to an average gold coverage of 1A or ~ 1/3 of
a monolayer Figure 1b shows the preparative effort schematically and Fig. 1c depicts the fused

silica window after single-layer MoSz and gold deposition.
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Fig. 1: a,b) Schematic representation of the catalyst preparation and the experimental process;

c) photograph of the @1.5 cm fused silica window coated with a single-layer of MoS2 and

deposition of gold.

To make the catalysis, we have exploited a technique for coating of inert oxides by an MoS2
films of controlled integer layer number, as reported elsewhere.3” This earlier work®’ focused on
MoS: films on a dry oxide SiOz layer on a silicon wafer substrate. This MoSz growth technique
is based on heating molybdenum filaments to white glow (>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 on the substrate held at a
temperature that affords an equilibrium of MoS: island growth and desorption. The growth is
monitored via the hue of the reflection of the filament on a small 300 nm SiO2/Si reference
substrate processed along with the fused silica window; the deposition is terminated when the
hue reaches the characteristic value of a single-layer film. In order to apply scanning electron
microscopy imaging to ascertain the nanoscale nature of the gold cluster, we also prepared a

sample on a thin (30 nm) silicon dioxide film on a doped silicon substrate. Gold deposition used



an e-beam evaporator and a quartz crystal microbalance; deposition proceeded at a rate of a

fraction of an Angstrom per minute.
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Fig. 2 The (a) Raman and (b) photoluminescence spectra of a single-layer MoS; sample before (black)
and (blue) after sub-monolayer gold deposition; (c) homogeneity of single-layer MoS; film across the
fused silica substrate: Raman A1g - E2g peak separation and photoluminescence position were mapped
along the dashed horizontal line of Fig. 1c. (d) SEM image of Au dispersion across the top of a single
layer MoS; film on a 30nm silica test film. A homogeneous distribution of gold clusters each smaller than

a few nanometers is observed.

The MoS2 samples are single layer, as seen in Figure 2: we find the typical Raman peak positions

for single-layer MoS: films for E2g and A1g modes at 385.5 cm™ and 404.9 cm™ (separation 19



cm™);*® Gold deposition broadens the modes. Before gold deposition, the photoluminescence of
the substrate material was bright and centered at 1.91 eV with a full-width at half-maximum ~0.1
eV, the well-established optical bandgap of single-layer Mo0S2.3% 4 After gold deposition, the
photoluminescence is quenched. This indicates that despite the small gold dosage of only 1/3 of a
monolayer there is a quenching center within the size of practically any exciton created on the
surface. This corroborates efficient dispersion of gold on MoS2/SiO2, much in contrast to gold on
bare silica or graphene. Direct scanning electron microscopy (SEM) imaging of a test sample
with a 30nm silica film on silicon shows tiny, point-like gold particles below the limit of the
instrument for resolution of internal features. These particles are 1-3 nanometers in size at

maximum, i.e. in the crucial size range for catalytic activity.**

Reactor studies were performed on a plug flow reactor; for product separation we employed two
gas chromatographs: An Agilent 6890 with a crossbond dimethylsiloxane column (Restek RTX-
1,30 m, 0.25 mm ID, 0.5 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 with a thermal conductivity detector (TCD) was connected directly to
the product stream via a transfer line and a gas sampling valve. Chromatographic methods and

the plug flow reactor are further described in the supplementary material.
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Fig. 3 The (a) Gas chromatograms using thermocouple detection of the flow reactor output and
two standard analytes as labeled. The double peaks in the reactor output are caused by the
sampling valve. The inset shows the fragmentation pattern of the acetaldehyde peak using mass
spectrometric detection. (b) Integrated acetaldehyde peak intensity using mass spectrometric
detection as a function of the on-stream time of the catalyst shows sustained activity even after

120 min. The inset shows the acetaldehyde peak observed at 60 min into the reaction.

As reactant we used CO gas bubbled through a reservoir of methanol at 20 °C and 308 kPa
resulting in a methanol vapor concentration of 4.2% in the feed stream. Prior to the reaction, the
reactor was purged with argon gas and heated to the reaction temperature of 120°C. Fig. 3a
compares a chromatogram obtained at 60 minutes after starting a catalytic experiment with two
standard analytes, one containing CO, water, acetaldehyde and methanol, and the other CO,
formaldehyde and water. Note, that the shoulder on the sampling peaks are caused by incomplete
closing of the sampling valve and are not indicative of impurities. Comparison of the
chromatogram with the standard analytes reveals that the reactor product stream contains not

only the reactants (CO and methanol) but also acetaldehyde. While no water was detected, we



cannot rule out a small amount of water production and condensation in the transfer lines (which
are not heated in our setup). The mass spectrogram insert shows the fragmentation pattern of the

acetaldehyde peak, thus ascertaining the chemical assignment.

We explored the stability of the catalyst by running the reactor for 2 hours. Fig. 3b shows the
production of acetaldehyde as time on stream. While we observe a slight drop initially, we find
that subsequently the reaction proceeds at near-constant rate. This attests to the long-term
stability of our catalyst composition and rules out that conversion of impurities in a non-catalytic

fashion are responsible for the production of acetaldehyde.

In order to determine the origin of the observed reactivity, we also explored the same reaction
using bulk MoS: decorated with 1 Angstrom of gold as a substrate. We do not observe the
formation of acetaldehyde on these samples. This finding clearly points to the importance of the

single layer film for activating the gold nanoparticles, as has been reported prior by some of us.

Density functional theory-based calculations

Accompanying density functional theory (DFT) calculations validate the feasibility of the
formation of carbon-carbon bonds at the surface of MoSz-supported Au nanoparticles and
illuminate the underlying elementary reactions steps. Continuing the success of previous
computational work,*® in which the alcohol synthesis from syngas (CO and H2) was shown to be
feasible on Auiz nanoparticles stabilized by interactions with a single layer of MoS2, we use the
same supercell setup to study the formation of a bond between adsorbed methyl and carbonyl

species to acetyl (Fig. 4a) and subsequent hydrogenation to acetaldehyde (Fig. 4b) followed by



desorption: (I) CHs* + CO* — CHs3CO™* and (1I) CH3CO* + H* — CH3CHO* (* indicates

adsorbed species).

The reactant CHs* and H* are the products of methanol dissociative adsorption followed by
formation of CO2 by reaction of O* with CO* as described elsewhere.® Details of calculations
can be found in Ref [?]. Fig. 4a,b shows the initial state, transition state, and final states of the

CHs* + CO* — CH3CO* and CH3CO* + H* — CH3CHO* reactions. Our calculations indicate

that the formation of a bond between the adsorbed CHs* species and a CO* molecule on Auis is
well feasible as the reactions are exothermic and the activation barriers comparatively low: 0.69
eV for the acetyl formation (I) (Fig. 4a) and 0.47 eV for the hydrogenation of acetyl to
acetaldehyde (I1) (Fig 4b). The resultant CHsCHO™ is found to desorb to the gas phase with a

desorption energy of 0.45 eV.
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Fig. 4: Reaction pathways of CHs* + CO* — CH3CO* (a) and CH3CO* + H* — CH3CHO*
(b). Left, central, and right cartoons show both top and side views of initial, transition, and final
states, respectively. Blue, yellow, gold, cyan, red, and magenta balls represent Mo, S, Au, C, O,
and H atoms, respectively. Ev and AE are activation barrier and reaction energy, respectively.

The adsorption sites and reaction pathways, shown in Fig. 4, is the result from a wide search for
the lowest barrier pathway on these clusters. Close inspection reveals that site with the lowest
barriers corresponds to the least coordinated gold atom on the cluster, where the binding of the
reactants is strongest. This finding highlights the importance of small clusters for this reaction to

proceed. Such sites are far more common on small gold clusters compared to larger ones. Thus,



the ability of even a single-layer of MoS: to disperse gold into nanometer-scale clusters® is at

the root of the availability of this reaction pathway in the system at hand.
Conclusion

The deposition of gold nanoparticles on a single layer of MoS2z on an inert fused silica substrate
provides a surface capable of upconverting methanol to acetaldehyde. Our findings highlight an
important first step towards the formation of longer alcohols from methanol or even syngas using
inexpensive, non-toxic, earth-abundant MoS: and less than a monolayer of gold. This new
finding is an exciting milestone for good reasons as it showcases the promise of gold
nanoparticles on a single layer of MoSz. The low reaction temperatures and pressures (120 °C
and ~3 atm) further support the appeal of this approach. Additionally, acetaldehyde can be
oxidized to acetic acid yielding a route to acetic acid without the need for iodides. The basal
plane of MoS: is inert, yet the material is a well-established catalyst for hydrodesulfurization and
-denitrogenation, though reasons for the reactivity have thus far been elusive. Our results
illustrate a mechanism by which single-layer MoS: can indeed be activated. Furthermore, our
results also speak to sustained reactivity of Au nanoparticles in a scenario in which inert
substrates can be first 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.

Supporting Information

Supporting information is available: reactor setup, chromatographic methods
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