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ABSTRACT: Transition metal carbides (TMCs) have demonstrated outstanding potential for utilization in a wide range of catalytic
applications because of their inherent multifunctionality and tunable composition. However, the harsh conditions required to prepare
these materials have limited the scope of synthetic control over their physical properties. The development of low-temperature,
carburization-free routes to prepare TMCs would unlock the versatility of this class of materials, enhance our understanding of their
physical properties, and enable their cost-effective production at industrial scales. Here, we report an exceptionally mild and scalable
solution-phase synthesis route to phase-pure molybdenum carbide (a-MoCi.x) nanoparticles (NPs) in a continuous flow millifluidic
reactor. We exploit the thermolytic decomposition of Mo(CO)s in the presence of a surface-stabilizing ligand and a high boiling point
solvent to yield MoCi.x NPs that are colloidally stable and resistant to bulk oxidation in air. To demonstrate the utility of this synthetic
route to prepare catalytically active TMC NPs we evaluated the thermochemical CO2 hydrogenation performance of o.-MoCi1.x NPs
dispersed on an inert carbon support. The a-MoCi.«/C catalyst exhibited a two-fold increase in both activity on a per-site basis and
selectivity to Cz+ products compared to the bulk a-MoCi.xanalogue.

INTRODUCTION nanoparticles (NPs) of noble metals have been extensively
developed over the past 20 years to control composition, size,
and morphology, which has resulted in improved catalytic
performance (e.g., activity and selectivity) and facilitated the
understanding of key structure-reactivity relationships that have
driven the development of next-generation catalytic NPs with
tailored performance.® Unfortunately, there are comparatively
few techniques in the synthetic toolbox that afford the same
degree of control over the physical properties of TMCs.

In recent years, transition metal carbides (TMCs) have garnered
significant research attention due to their excellent catalytic
performance for a wide range of transformations including CO2
reduction, ammonia synthesis, and hydrodeoxygenation
reactions.*® In particular, TMCs have been identified as
potential low-cost candidates for CO: reduction because of their
multifunctionality that enables H: dissociation, C=0O bond
scission, and reducible-oxide-like behavior, all of which are

crucial to the conversion of CO; to CO and higher The realization of a solution-based synthetic methodology for
hydrocarbons.! In addition to this multifunctionality (i.e., TMCs represents a significant challenge, as in general, these
metallic sites, acidic sites, and basic sites ), TMCs have been materials are prepared by the carburization of a metal, metal
found to exhibit noble-metal-like behavior, resist sintering, and oxide, or metal nitride with a carbon source (e.g., activated
offer opportunities to tune catalytic reactivity based on the carbon, CHs, light alkanes) in H. at temperatures typically
selection of metal, stoichiometry, and crystal structure.*s above 600 °C to form polycrystalline porous solids. To date,
Solution-phase  synthetic methods to prepare colloidal only Ni and Fe carbide NPs have been synthesized in solution

at comparatively mild temperatures.”** Notably, Group 6
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TMCs with catalytic relevance to CO2 hydrogenation are even
less well studied, with only one example of nanometer-sized
powder of the cubic phase a-MoCix produced by the
sonochemical decomposition of Mo(CQO)s that still relies on a
high-temperature carburization step.® Only recently have
researchers been able to controllably synthesize nanostructured
TMCs employing metal organic frameworks (MOFs),%®
resins,” or other porous materials as templates'® or temporary
scaffolds to attain free-standing nanoparticles.’® While these
methodologies constitute significant advancements in the
nanostructuring of TMCs, the dependence of these syntheses on
high temperatures and complex methodologies still limit the
spectrum of accessible features and the scalability of these
methods. Therefore, the development of mild and versatile
solution-phase routes to synthesize TMC NPs is required to
enhance the understanding of the physical properties of these
materials and enable their cost-effective synthesis at
industrially relevant scales.

In contrast to traditional batch reactions commonly used to
prepare colloidal NPs, continuous flow millifluidic (mF)
synthesis has been identified as an alternative approach for the
large-scale production of NP materials that mitigates many of
the limitations of batch methods.?® For example, simple
volumetric scaling of batch reactions often leads to
inhomogeneities resulting from changes in mass and thermal
transport that can lead to significant batch-to-batch variability
because of altered nucleation and growth rates.? The resulting
changes to particle features may negatively impact the catalytic
properties of the resultant NPs and may ultimately render
volumetric scaling unsuitable for the production of large
quantities of NPs with controlled physical attributes.?224
Continuous flow mF synthesis approaches, on the other hand
can reliably produce particles with well-controlled sizes and can
be prepared with increased yields owing to the superior heat and
mass transport properties afforded by the high surface-area-to-
volume ratios that are intrinsic to confined micron-scale
channels. These methods are amenable to process
intensification and automation, which increase throughput and
fidelity. Moreover, the development of continuous flow
methods to prepare colloidal NPs in quantities on the order of
grams per channel enables both the fundamental evaluation of
their physical properties and catalytic performance while
demonstrating the scalability of their production.?

Herein, we report an exceptionally mild and scalable
solution-phase synthesis route to phase-pure molybdenum
carbide (a-MoCi1x) NPs in a continuous flow mF reactor. The
MoCi.x NPs (NP-MoC:.x) are colloidally stable and protected
from uncontrolled bulk oxidation by organic ligands. The
synthesized MoCix NPs were dispersed on an inert carbon
support and evaluated for thermochemical CO2 hydrogenation
after activation in Hz. The resulting NP-MoC:1/C catalyst
exhibited site-time yields and Ca- selectivities two-fold higher
than the bulk a.-MoC1.x analogues and site-time yields an order
of magnitude greater than a traditional Fischer-Tropsch catalyst
(i.e., Fely-Al;0z) for the conversion of CO.. The scalable and
highly versatile solution-phase synthesis strategy presented
herein demonstrates that these methods can be applied to the
production of colloidally stable Group 6 TMCs and opens the
door to a better understanding and greater control over the
catalytically important features of this class of materials.

EXPERIMENTAL SECTION

General. Synthetic manipulations to prepare o.-MoCi.x nanoparticles
were conducted under a Nz atmosphere using standard Schlenk
techniques or in a Ne-filled Vacuum Atmospheres glovebox, unless
otherwise noted. Oleylamine (OAm, 70% technical grade) and 1-
octadecene (ODE, 90%) were purchased from Sigma-Aldrich and dried
prior to use by heating to 120 °C under vacuum for > 5 h and stored in
an Na-filled glovebox prior to use. Molybdenum hexacarbonyl (98%)
was purchased from Strem Chemicals and used as received. The carbon
support (Vulcan XC 72R) was supplied by Cabot and used as received.

Continuous Flow Synthesis of a-MoCy.x NPs. The glass millifluidic
(mF) reactor was equilibrated at 320 °C overnight and pre-pressurized
to 40 psig with N2 prior to each synthesis. A precursor solution (625
mM) was prepared by mixing a portion of Mo(CO)s (6.336 g, 24 mmol)
with OAm (31.2 mL, 94.82 mmol) and ODE (7.2 mL) and heating the
mixture to 140 °C for 1 h under N2. The solution was cooled to 100 °C,
then transferred to a glass syringe fitted with heat tape maintained at 80
°C to maintain a homogenous solution. The glass syringe was then
fastened to syringe pump and connected to the inlet tubing of the mF
reactor. The Mo(CO)e precursor solution was injected at a constant
flow rate of 12 mL h™%. The a-MoC1« NP product was directed past an
in-line flow sensor (set to record every 0.1 s) and was collected at the
reactor outlet. The mass flow rate of the product mixture was recorded
with an analytical balance, and excess pressure was relieved through a
40-psig-backpressure  regulator. The resulting o-MoCix NP
suspension was combined with hexanes in a 1.5 (v/v) ratio of
hexanes/reaction mixture, before being transferred into six 50 mL
centrifuge tubes. The mixture was vortex mixed for 30 s, bath sonicated
for 5 min, and then precipitated by adding a portion of ethanol (34 mL)
to each centrifuge tube. The ethanolic product mixture was briefly
sonicated, then the a-MoCix NPs were collected by centrifugation
(6000 RPM, 10 min). The colorless supernatant was decanted and
discarded, and the black nanoparticle pellet was redispersed by adding
2 mL of CHCIs to each centrifuge tube. The NPs were washed by
precipitating the NPs an additional time with ethanol (38 mL per tube)
followed by sonication and centrifugation (6000 RPM, 10 min) to
isolate the product. The resulting a-MoCi1x NPs were dispersed in
CHCIs to achieve a suspension of ca. 5 mg mL™ for subsequent
supporting on carbon.

Synthesis of Carbon-Supported NPs. The NPs recovered following
centrifugation were redispersed in ca. 5 mL of CHCIz and added
dropwise to a rapidly stirring suspension of Vulcan XC 72R carbon
dispersed in ca. 50 mL of CHCIs to yield a catalyst of 3.66 wt% Mo
loading. The mixture was sonicated for 5 min and stirred overnight.
The resulting catalyst was separated via centrifugation at 8000 RPM
for 10 min, dried in vacuo, and stored in an N2-filled glovebox prior to
catalytic evaluation.

Characterization. Powder X-ray diffraction (XRD) data were
collected using a Rigaku Ultima IV diffractometer with a Cu Ko source
(40 kV, 44 mA). Diffraction patterns were collected in the 26 range of
20-80° at a scan rate of 4° min™. XRD samples were prepared by drop-
casting a CHCIs suspension of unsupported NPs onto a glass sample
holder. Diffraction patterns were compared to powder diffraction files
(PDFs) from the International Centre for Diffraction Data (ICDD). The
crystallite sizes were calculated from XRD peak broadening of the
unsupported catalysts using the Scherrer equation. Samples for
transmission electron microscopy (TEM) were drop-cast onto carbon-
coated copper grids (Ted Pella part no. 01824) from CHCls
suspensions. Imaging was performed using a FEI Technai G2 ST30
TEM operating at 300 kV or a JEOL JEM2100F microscope operating
at 200 kV. All image analysis was conducted with ImageJ software.?
Lattice spacings were measured from the fast-Fourier transforms of
high-resolution TEM (HRTEM) images. Size distributions were
determined from a manual measurement of >100 of the isolated
crystalline domains of the multipodal NPs. Metal loadings were
determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES) and the CHN content was determined by
Galbraith Laboratories (Knoxville, TN). XPS spectra were acquired on
a Kratos Axis Ultra X-ray photoelectron spectrometer with the analyzer
lens in hybrid mode. High resolution scans were performed using a
monochromatic aluminum anode with an operating current of 5 mA
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and voltage of 10 kV using a step size of 0.1 eV, a pass energy of 20
eV, and a pressure range between 1-3 x 108 Torr. The binding energies
for all spectra were referenced to the adventitious C 1s core level at
284.6 eV. The spectra were deconvoluted using CasaXPS, a
commercially available XPS analysis program. The Mo 3ds/2 and 3ds2
doublets were fit with a splitting of 3.15 eV and an intensity ratio of
3:2. X-ray absorption spectroscopy experiments were performed at the
10-1D-B beamline of the Advanced Photon Source, Argonne National
Laboratory. NP-MoC1.x/C (3.66 wt% Mo) were loaded into 1 mm outer
diameter thin-walled quartz X-ray capillaries and examined in a
transmission geometry. Data was collected from 200 eV below the Mo
K-edge (20000 eV) to ~1000 eV above the edge. Data processing and
subsequent EXAFS modelling was performed with the Demeter XAS
software package.?” Models were constructed using Mo—C and Mo—Mo
scattering paths from a known Mo carbide crystal structure.?® A Mo foil
was used to obtain a S¢? of 0.843 for all EXAFS models. High-energy
X-ray total scattering experiments were performed at the 11-ID-B
beamline of the Advanced Photon Source, Argonne National
Laboratory using an X-ray energy of 86.7 keV. A sample to detector
distance of 300 mm was used to reach ~37 AL, PDFs were generated
using the program RAD.? Differential PDF methods to obtain the
MoCx PDFs by subtracting the carbon support PDF from the MoCx
PDFs, as previously described.®® Theoretical PDFs of reference Mo-
containing crystal structures were calculated in PDFgui! using
published crystal structure data.?® 3% Nanoparticle models were
generated using RMC simulations using the RMC++ program.®
Starting configurations were built from the known bulk lattice of MoC1.-
8 with a size of 2.2 nm, which is the representative size observed in
TEM. RMC simulations were performed with coordination number
constraints obtained from EXAFS modelling to create experimentally
accurate models that are not driven explicitly due to entropic effects.
Structure models from RMC are presented using VMD visualization
software.” Catalytic site densities were determined by carbon
monoxide (CO) chemisorption at 50 °C over the pressure range of 13 —
60 kPa using a quantachrome Autosorb 1-C. Samples (120-300 mg)
were reduced with flowing UHP H: at 450 °C for 2 h (bulk o-MoC1x
and NP-MoC1./C) or 400 °C for 2 h (Fely-Al20s), followed by
evacuation at the reduction temperature for 2 h. The CO*-site density
(units of pumolco+/gear) Was determined from the difference of the
combined and weak isotherms extrapolated to zero pressure.

Catalytic CO, Hydrogenation. Catalytic activity of bulk molybdenum
carbide materials (i.e., bulk o-MoCi.x), carbon-supported molybdenum
carbide nanoparticles (NP-MoC1«/C) and 14.4% Fely-Al.0s were
evaluated for the CO2 hydrogenation reaction in a '4” ID fixed bed
stainless steel reactor. In a typical experiment with bulk the a-MoCi.x
catalyst, ca. 0.1 g of catalyst (150 — 300 pm particle size) was diluted
with SiC (250 — 524 pm in particle size) with a 1:1 volume ratio to
enhance heat transfer. In reactions with NP-MoC1.x/C catalyst, ca. 0.9
g of catalyst was used without any diluent. The catalyst was pretreated
under 95% H2/5% Ar flow (50 sccm) at either 400 °C (for Fe/y-Al20s)
or 450 °C (for the MoCx catalysts) for 2 h. The reactions with MoCx
catalysts were performed at 300 °C and 2 MPa, with feed gas
composition of 26 : 70 : 4 mol% for CO2 : Hz : Ar, respectively,
(corresponding to molar H2:COz ratio in the feed of 2.7). The reactant
flow rate was controlled to achieve the same weight hourly space
velocity (WHSV) of ca. 40 h! based on active metal component (i.e.,
Mo). The reaction condition for conventional supported Fe/y-Al.Os3
catalyst was similar to previous reports.®®% The catalyst (ca. 1 g) was
pretreated at 400 °C for 2 h, and the reaction was performed at 300 °C,
1.1 MPa with feed gas composition of 24 : 72 : 4 mol% for CO2: Hz :
Ar, respectively, with a WHSV of 10 h* based on Fe (total gas hourly
space velocity (GHSV) of 3600 mL/g/h). Product analysis was
performed online by an Agilent Technologies 7890B gas
chromatograph equipped with flame ionization detectors (FIDs) and a
thermal conductivity detector (TCD). The concentration of each
compound was quantified by correlating its peak area with the response
factor obtained from calibration standards. Sampling of the inlet stream
was also performed when the reactant flow was started to measure
concentration of the feed stream until it stabilized. Conversion was
calculated as 2{molar flowrate of C in all products) / (molar flowrate

of inlet COy). C-selectivity of product i was calculated as (molar
flowrate of C in product i) / X{molar flowrate of C in all products).
Total site time yield (STY) was calculated as X{moles of C in all
products) / (moles of CO adsorption site) / h. Site time yield for C2+
products was calculated as 2{moles of C in Cz+ products) / (moles of
CO adsorption site) / h.

RESULTS AND DISCUSSION

Synthesis of NP-MoC,... Molybdenum hexacarbonyl was
identified as a promising source of air-stable, low-valent Mo for
preparing Mo carbide due to its stability, preformed Mo-C
bonds, and low cost. Early reports*®-4! determined that Mo(CO)s
may be pyrolyzed at relatively low temperatures (300-475 °C)
under vacuum with partial pressures of CO or Hz between 0.02—
0.2 Torr to form face-centered cubic (fcc) a-MoCix or
structurally analogous oxycarbides (M0Co.3400.1), respectively.
These reports indicate two critical properties of the Mo(CO)s
precursor that make it suitable for the solution-phase synthesis
of Mo carbide under mild conditions: (1) it may be readily
decomposed in the absence of additional sources of reactive
carbon to form carbidic phases, and (2) the decomposition
temperature range (300-475 °C) is within the typical working
temperatures of solution-phase NP synthesis using high-boiling
solvents. Exploiting these physical properties, we developed a
facile small-scale batch synthesis to prepare NP-MoCi.x via the
thermolytic decomposition of Mo(CO)s in the presence of
oleylamine (OAm) and 1-octadecene. The Mo(CO)s precursor
remains insoluble until around 100 °C, and readily sublimes in
the neck of the reaction flask, leading to a moderate yield of
NP-MoC: in the batch synthesis (ca. 40-50 %). Above 100 °C,
a homogenous yellow solution is obtained that progressively
transitions to an orange-red solution as the temperature nears
ca. 200 °C, implicating the formation of a Mo(CO)4(OAm)2
species as Mo(CO)s readily reacts with amines and imines to
form di-substituted Mo(CO)sL2 complexes under similar
conditions.*? At ca. 240 °C, the Mo-precursor complex
decomposes to form phase-pure and highly dispersible NPs of
a-MoCyx over the course of a 1 h reaction time at 300 °C
(Figure Sla). We found that this metal-carbonyl-based
synthesis approach could be readily extended to other metal
carbide NPs such as B-WC using W(CO)s (Figure Sl1b-c).
Details of the batch synthesis method can be found in the
Supplementary Information. Despite providing a mild route to
dispersible a-MoCix NPs, this traditional batch approach has
disadvantages that may limit industrial applicability including
the small production scale and low throughput inherent in batch
reactions, as well as the low yield of NPs as a result of the
sublimation of the Mo(CO)s precursor.

In order to circumvent the issues inherent with the small-
scale batch synthesis and enable the high throughput required
for catalytic evaluation of the resulting NPs, we developed a
continuous millifluidic (mF) process to execute the thermolytic
decomposition of Mo(CO)s under conditions similar to those of
the batch synthesis. The continuous mF synthesis of NP-MoCi.-
x was performed using the reactor configuration illustrated in
Figure 1a. Briefly, a preheated Mo(CO)s precursor solution was
injected at a constant flow rate of 12 mL h! into a borosilicate
mF reactor (1.D. = 1.8 mm) heated to 320 °C. Upon heating to
the reaction temperature, the Mo(CO)s precursor decomposed,
liberating CO and separating the liquid phase into isolated plugs
in the reactor channel. The system was fitted with a check valve
upstream of the heated reactor to prevent the backflow of
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precursor solution caused by gas evolution during precursor
decomposition. In addition, the mF reactor was operated at 40
psig to further suppress in situ gas evolution and maintain
longer and more consistent residence times. As the reaction
mixture passed through the outlet of the heated segment of the

reactor, the reaction was rapidly thermally quenched as heat
dissipated from the narrow diameter reaction channel upon
exposure to ambient temperature air. Synthetic throughput was
optimized by increasing the precursor concentration 8-fold
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Figure 1. (a) Representation of the millifluidic reactor system for the continuous flow synthesis of NP-MoCix and (b) reaction residence

time and NP-MoCa.x product yield as a function of [Mo(CO)g].

from 78 mM (from batch reaction) to 625 mM, and analysis by
X-ray diffraction (XRD, Figure S2) and transmission electron
microscopy (TEM, Figure S3a-d) demonstrated consistent
particle morphology and crystallinity that were analogous to the
small-scale batch product. Following synthesis, the MoC1.x NPs
were dispersed on a high-surface area carbon, achieving a
loading of 3.66 wt% Mo for the NP-MoCi«/C. Over the
concentration range from 78 mM to 312 mM (with a fixed
OAm:Mo ratio of 4), it was observed that the residence time as
determined by a dissipation flow sensor (Figure S4) remained
nearly constant; however, there was a significant decrease in the
residence time (Figure 1b) for the highest precursor
concentration (625 mM) resulting from increased gas evolution.
The NP-MoCix product vyields as determined by
thermogravimetric  analysis for Mo(CO)s  precursor
concentrations of 78 mM, 156 mM, 312 mM, and 625 mM,
were 74%, 89%, 96%, and 99%, respectively, demonstrating
near quantitative yields of NP-MoCu.x using this mF synthesis
approach. This represents a significant improvement in
throughput over the small-scale batch reaction, with higher
precursor concentrations (625 mM vs. 78 mM), reduced
reaction times (20 min vs. 1 h), and greater yields (99% vs. 40-
50%), and translates to a single-channel reactor throughput of
NP-MoC: x of 18.6 g per 24 h of reactor operation, equating to
> 450 g of ~4 wt% supported NP-MoC « catalyst.

Structural Characterization of NP-MoC,_,. All further
characterization was performed on the NP-MoCuix produced
from the optimized mF synthesis conditions (i.e., 625 mM
precursor concentration), and the carbon supported material
(NP-MoCi1.«/C) where noted. The resulting MoCix NPs were
found to be crystalline with a multipodal morphology and an
approximate crystallite size of 2.2 + 0.4 nm, as shown in Figure
2a. The fast Fourier transform (FFT) pattern (inset) of the
selected region in Figure 2b, can be indexed to the [011] zone
axis of fcc a-MoCi, with measured lattice spacings of 0.21 nm
assigned to the (200) planes and 0.24 and 0.25 nm to the (111)
planes, in agreement with previous reports.?® “ The XRD
pattern of the unsupported NP-MoCz.x, shown in Figure 2c,
corresponds well with the bulk a-MoC1« diffraction pattern and

the ICDD powder diffraction file 03-065-8092, without
additional reflections associated with any other crystalline
carbide, oxide, or metallic phases. The XRD pattern of bulk o.-
MoC1x synthesized as previously reported* is presented in
Figure 2c and was found to be predominantly the a-MoCi«x
phase (>99.5% by single-peak reference intensity ratio
analysis) with trace B-Mo:C present, which can be observed
from the topotactic synthesis of the fcc a-MoCuix phase.?®
Scherrer analysis of the (111) diffraction peak for the NP-
MoCix gives a crystallite size of 1.3 nm, which is in good
agreement with the diameter of the crystallites observed by

I3

— NP-MoC4,
— Bulk a-MoC.,

a-MoC.,
03-065-8092

[

B-Mo,C
01-071-0242

. A -
50 60 70 80
20 (degrees)

Figure 2. (a) TEM image of a-MoCix NPs showing multipodal
morphology and (b) high-resolution TEM image with FFT pattern
(inset) of outlined region indexed to the [011] zone axis. (¢) XRD
patterns for NP-MoCix and bulk a-MoCix with corresponding
reference patterns.

The unsupported MoCa x NPs were further investigated using
X-ray photoelectron spectroscopy (XPS), where qualitative
peak fitting was performed to help assign binding energies. The
deconvoluted high-resolution Mo 3d XPS spectrum (Figure 3a)
exhibited three sets of Mo 3ds» doublets consistent
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Figure 3. High-resolution (a) Mo 3d, (b) C 1s, and (c) Mo 3p/N 1s XPS spectra for a-MoC1x NPs prepared in flow using 625 mM precursor

solution.

with a range of oxidation states for Mo from +2 to +6. The
doublet observed at 228.4 eV can be assigned to Mo?* in a-
MoC1x.%“¢ The feature at 229.8 eV is consistent with the
presence of Mo*" species,*> 4’ while the signal at 232.1 eV can
be assigned to oxidized Ma®*.#85! The presence of high-valent
Mo** and Mo® species by XPS suggests the o-MoCix NPs
contain oxidized species, such as surface Mo sites with Mo-O
bonds, similar to those observed for passivated bulk carbides.
However, the MoCix NPs exhibit no bulk oxidation after
handling in air as-synthesized, which is noted by the absence of
any features associated with MoO2 and MoOz in the XRD
pattern (Figure 2c). This is in contrast to the bulk Mo carbides,
which required passivation in low concentrations of O: to
prevent uncontrolled bulk oxidation. The high-resolution C 1s
envelope (Figure 3b) confirms the presence of carbidic carbon
with a characteristic peak at 282.8 eV. There is also a large
feature associated with adventitious carbon originating from the
presence of organic surfactants at 284.5 eV as well as a smaller
peak associated with adsorbed carbon oxides at 285.4 eV.* The
overlapping Mo 3ps2 and N 1s region was deconvoluted by
constraining the observed Mo 3ps/2 doublet from the N 1s peaks
using the known separation energy and ratio of intensity (2:1).
The peak at a binding energy of 394.5 eV (Figure 3c) can be
attributed to carbidic Mo?*.>2 The peak observed at 396.9 eV
can be attributed to the presence of oleylimine groups resulting
from the oxidation of oleylamine. This is in good agreement
with the FT-IR spectrum of the MoCix NPs (Figure S6) that
exhibit a feature at ca. 1634 cm™ that can be ascribed to a—-C=N
stretch.>® The peaks observed by XPS at 399.0 eV and 401.1 eV
are consistent with the presence of oleylamine (—-NH2) and
oleylammonium  (-NHs*), respectively (Figure 3c).%
Furthermore, the FT-IR spectrum displayed clear bands in the
range of 2850-2955 cm? corresponding to symmetric and
asymmetric stretching vibrations of —CH>- and -CHs
species v(C-H), additionally confirming the presence of
organic oleyl-ligands (Figure S6).% The band associated with
v(N-H) is observed at 3203 cm* and is broadened and shifted
to a lower wavenumber compared to free oleylamine (3321 cm”
1), which is typical for ligand coordination to an NP surface.>®
57

Atomic pair distribution function (PDF) was used to provide
greater insight into the structure of the small MoCix NPs by
comparison to structures with real-space distances. Atomic
PDFs are the Fourier transform of the total scattering pattern

(both Bragg and diffuse features) taken at sufficiently high
reciprocal space vectors (> ca. 20 A™) into atomic pair
distances.®®%® The more immediate intuitive structural
understanding of real space distances and the ability to probe
disordered materials is particularly well suited for
characterizing the atomic-scale structure of NPs and has
previously been used to determine the structure of encapsulated
MoCx nanoclusters within zeolite pores.®® The PDF of carbon
supported MoCi.x NPs is shown in Figure 4a-b along with the
calculated PDFs of fcc a-MoCix,2 orthorhombic p-Mo.C,*
body-centered cubic Mo(0),% Mo02,* and MoOsz*® The NP-
MoC1x/C exhibited broad atom pair peaks that rapidly oscillate
to zero before 20 A (Figure 4c). This observation is consistent
with the absence of long-range ordering and the small size of
the NPs as revealed by their broad Bragg-like features and the
size of the crystalline domains observed by XRD and TEM.
PDF analysis reveals that the structure of the MoC1.x NPs most
closely resembles that of bulk a-MoCix or B-MoC, with
minimal relationship to Mo, MoOz, or MoOz over the length
scale of ca. 3.5 A, and the first coordination sphere representing
Mo-C atomic pairs at 1.89 A. This Mo—C atomic pair distance
is contracted compared to the distances for bulk a-MoC1x (2.14
A) and bulk B-Mo:C (1.94 A), which is not uncommon in
disordered nanoscale materials.®® It is important to note that the
breadth of the feature attributed to the first coordination sphere
suggests contributions from coordinated surface species (i.e.,
stabilizing ligands) coupled with the lack of long range ordering
characteristic of small NPs (i.e. ca. < 2 nm).®*% The feature
representing the second coordination sphere of Mo-Mo
distances (and to a lesser extent C—C distances) appears to be a
superposition of two features, with maxima at 2.90 and 3.1 A.
This broad Mo-Mo peak observed for NP-MoC:1./C
encompasses the expected Mo—-Mo distances of both bulk -
MoCix and B-Mo2C, further indicating atypical local ordering.
The absence of distinct correlation peaks at r = 4.5, 3.7, and 3.4
A corresponding to Mo(0), MoO2 and MoOs, respectively,
indicate that any of these species present in the sample are of
lower contribution to the PDF than the dominant carbide phase.

X-ray absorption spectroscopy (XAS) experiments were
performed to complement the PDF analysis in determining the
local structure of the Mo atoms in the MoC1.x NPs. The features
and Eo value of 20013 eV abserved in the X-ray absorption
near-edge spectrum (XANES), shown in
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Figure 4. (a) Experimental PDF for NP-MoC1x/C (black line) as well as calculated PDFs (dashed lines) for a-MoCix (red) and f-Mo2C
(blue). (b) Experimental PDF for NP-MoCa.«x/C (black line) and calculated PDFs for (dashed lines) for Mo(0) (green), MoOz (red), and MoOs
(blue). (c) Atomic PDF of NP-MoC1«/C and (d) the fcc MoCu« starting configuration, (€) RMC-generated NP configuration of MoC1«, and

(f) RMC fit of the NP-MoC1 data.

Figure S7a-b, are in good agreement with previously reported
data for bulk a-MoCa.x,% strongly suggesting the majority of the
Mo atoms exhibit an immediate local symmetry and oxidation
state consistent with the bulk lattice. The extended X-ray
absorption fine-structure spectra (EXAFS) were obtained after
background normalization to remove any contributions from
the carbon support, k? weighting, and Fourier transformation of
the XAS data past the Mo K-edge (Figure S7c). The EXAFS
spectrum of the NP-MoC.../C material exhibits features at 1.56
A and 2.60 A (not corrected for phase shift) for the Mo—C and
Mo-Mo coordination spheres, respectively. EXAFS modeling
(Figure S7d-f) provides quantitative evidence of reduced order,
as summarized in Table S1. The Mo-C coordination number
(CN) for NP-MoC1.+/C (5.22 £ 0.28) and the Mo—Mo CN (3.48
+ 0.52) are significantly lower than the CNs for bulk a-MoCi.x
(6.0 and 12.0, respectively) and is a further indicator of
structural disorder in the NP-MoCi-x/C material.

The local structural information from EXAFS modeling was
used in conjunction with the PDF data to prepare a structure
model of an MoCa.x particle using reverse Monte Carlo (RMC)
simulation. RMC modeling is particularly advantageous for
disordered nanomaterial systems, as the experimental data is the
primary driver for fitting and not crystallographic constraints or
theoretical ~ constructs.®®®” For reference, the starting
configuration is shown in Figure 4d. The resulting RMC model
shown in Figure 4e illustrates the lack of long-range order and
reveals significant surface undercoordination, as expected. The
RMC-generated PDF fits the experimental data with an
agreement factor (Rw) below 5% as shown in Figure 4f. In
particular, many of the Mo atoms (teal) are significantly
distorted from the crystallographic conditions, which RMC
generates to satisfy the lack of order with the PDF and the

significantly reduced Mo-Mo distances from the EXAFs
modeling. For comparison purposes, Table S1 summarizes key
identifying structural features for NP-MoCa1.«/C as compared to
the bulk lattice. Mo—C CNs of NP-MoCix/C were derived from
EXAFS modeling and closely reproduced by the RMC model
and are lower than those found in the bulk lattice (ca. 5
compared to 6). Additionally, the Mo—-Mo CN of 3.48 is
significantly lower than the bulk values of 12, suggesting that
the small polycrystalline NPs are composed of disordered
clusters of Mo and C atoms. A decrease in the nearest neighbor
distance of the first coordination sphere of Mo—Mo atoms from
3.026 for bulk a-MoCi.x compared to 2.88 for the nanoscale
analogue further suggests a disordered nanoscale phenomenon
of these materials, as shortened distances are readily observed
from the PDF data.

CO:; Hydrogenation. To assess the impact of
nanostructuring on the catalytic performance of MoCix,
catalytic CO2 hydrogenation reactions were performed over the
carbon-supported MoC1.x NPs and compared to a traditionally
synthesized bulk a-MoCiy.x catalyst in a continuous-flow fixed
bed reactor. The reaction conditions employed in this study
were 2 MPa, 300 °C and a H2:COz ratio of 2.7, as informed from
recent reports evaluating CO: hydrogenation over bulk B-
Mo2C.%"t A weight hourly space velocity (WHSV) of 40 hon
a gravimetric Mo basis (as determined by inductively coupled
plasma optical emission spectroscopy; Table S2) was employed
here for the carbide catalysts. A traditional CO: Fischer-
Tropsch synthesis (FTS) catalyst (Fe/y-Al203, 14.4% wt% Fe)
was also synthesized and evaluated to benchmark the
performance of the carbide catalysts. Lower pressure conditions
and a lower WHSV were employed for the Fe/y-Al.Os catalyst
to match literature reports (1.1 MPa, 300 °C, Hx:CO2 = 3,
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WHSV of 10 h?! based on gravimetric Fe content).3%
Comparable performance of the Fe/y-Al:Oz catalyst was

observed at the same pressure and temperature conditions under
which the MoC..x catalysts were
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Figure 5. (a) Conversion and (b) total site time yields as a function of time on stream (TOS), and (c) product carbon selectivity at 14-16 h
TOS for CO2 hydrogenation over NP-MoC1.«/C, bulk a-MoCi-x, and Fe/y-Al.Os catalysts. Reaction conditions: 2 MPa, 300 °C, Hz: CO2 =
2.7 and WHSV =40 h for MoCx catalysts; 300 °C, 1.1 MPa, H2: CO2 = 3 and WHSV = 10 h* for Fe/y-Al2O3 catalyst. Data in panel ¢ is a
comparison at comparable conversion values of 19.6 — 19.8 % for all three catalysts and the standard deviation in selectivity for all catalysts

was < 0.2%.

operated (Table S2). The CO2 conversion for the bulk a-MoCa-
x, NP-MoC1./C, and benchmark Fe/y-Al:Oz catalysts as a
function of time on stream (TOS) are presented in Figure 5a.
The bulk a-MoCix and benchmark Fe/y-AlO3 catalysts
exhibited stable conversion throughout the testing period (16 h
TOS). In contrast, the NP-MoCi1x/C catalyst demonstrated an
induction period where conversion increased from 13.5 to
20.0% over the same time period. This induction period was
observed for the NP-MoCix/C catalyst irrespective of the
duration of Ha pretreatment, which was varied from 2 to 12 h,
suggesting any restructuring that may be responsible for this
catalytic behavior is caused during reaction. This is further
supported by ambient pressure in situ XRD experiments in
flowing H. at 450 °C that revealed no bulk structural changes
to the NP-MoC1«/C catalyst during a 2 h reduction (Figure S8a).
However, upon introduction of CO2 at 300 °C, the reflections
associated with the a-MoCix phase decreased with exposure
with a concomitant increase in the broad carbon background
centered at ca. 24.8° 20. There is no evidence of any other
crystalline carbide, oxide, or metallic phases forming,
suggesting this decrease in intensity could be related to carbon
deposition resulting from reaction with CO2 and/or a loss of
crystallinity of the MoCu.x particles during reaction. After ca. 13
h TOS, CO:z conversion over the NP-MoC1.x/C catalyst reached
parity with the bulk carbides and benchmark Fe/y-Al2Os3
catalysts at 19.5%. Catalyst activity was normalized to CO-
binding site density as measured by CO chemisorption (Table
S2) to give site time yield (STY) values. Despite the induction
period, the NP-MoCi1x/C catalyst demonstrated a significantly
greater STY than both the bulk a-MoCix and Fe/y-Al203
catalysts (Figure 5b). At comparable conversion values of 19.6—
19.8% (14-16 h TOS) the STY of the NP-MoC1.«/C catalyst
(1695 molc-prod Mol cosite h™) was 2.5-fold greater than that of
the bulk a-MoCi.x (666 molcproa Mmol™cosite h™) and 19-fold
greater than the benchmark Fe/y-Al2Oz catalyst (91 molc-prod
mol-cosie L, Table S2). The increased STY observed for the
NP-MoC1x/C catalyst may be attributed to the significant
surface undercoordination revealed by the EXAFS modeling
and RMC simulation and exemplifies the catalytic performance

improvements that are attainable through the controlled
synthesis of TMC NPs. Moreover, the MoC1./C benefits from
a significantly greater surface-area-to-volume ratio, where in
this case, a catalyst with 3.66 wt% Mo outperformed the bulk
analogue due to improved Mo utilization.

The product carbon-selectivity over the NP-MoCu1.«/C, bulk
a-MoCi, and benchmark Fe/y-Al>O3 catalysts are presented in
Figure 5c at comparable CO2 conversions (19.6-19.8%, 14-16
h TOS). A shift in selectivity over the NP-MoCi«/C material
was observed as a function of TOS and conversion (i.e., through
the induction period, Figure S9a-b), resulting in increased
selectivity to C»+ hydrocarbon products from 6.1 to 9.1% and a
concomitant decrease in CO selectivity from 77.3 to 73.4%.
This shift in selectivity is attributed to increasing FTS activity
through the induction period. The opposite trend was observed
over the bulk o-MoCi« catalyst, where the selectivity to CO
increased from 74.5 to 79.4% and that to Cz+ hydrocarbons
decreased from 6.4 to 4.3% with TOS (Figure S9a). This
suggests deactivation of the bulk a-MoCa.x catalyst, especially
in FTS activity, despite the observation of constant CO:2
conversion over the reaction period. The bulk and NP carbide
catalysts exhibited similar selectivity for CHa4 (ca.16-17%).
Unsurprisingly, the NP-MoCi1x/C catalyst, which primarily
performed the reverse water—gas shift reaction to form CO,
exhibited lower selectivity to Co+ hydrocarbons (6.1-9.1%)
compared to the Fe/y-Al>Oz catalyst (39.4%), which conducted
direct CO2-FT. However, it is important to note that the NP-
MoC1+/C catalyst demonstrated greater Co+ hydrocarbon
selectivity than the bulk a-MoCi catalyst at all TOS >2 h and
2-fold greater selectivity to C2+ hydrocarbons than the bulk a-
MoC.x catalyst at comparable conversions (8.9% vs. 4.4%,
respectively). When this Co- selectivity data is considered in the
context of site-time yield for Cz+ products, the NP-MoC1x/C
catalyst (152 molcprod-co+ mol™cosite h™®) greatly out-performed
both the bulk a.-MoCi.x (29 molc-prod-c2+ Mol™cossite ™) and the
Fe/y-Al20s (36 molc-prog-c2+ Mol™cosie ™) demonstrating the
utility in nanostructuring both to tuning the product slate and
maximizing Mo utilization for the preparation of cost-effective
CO:z reduction catalysts.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



CONCLUSIONS

The solution-phase synthesis strategy presented in this work
is a facile and versatile method for preparing nanostructured,
stable, and readily dispersible Group 6 TMCs. The methods
presented herein require no reactive gases or additional thermal
treatments to produce phase-pure TMCs, relying instead on the
extremely mild thermolytic decomposition of metal-carbonyl
precursors. Further, the continuous flow mF approach
developed highlights the scalability of this synthetic strategy
and demonstrates the feasibility of the production of
catalytically relevant quantities of nanostructured TMCs. The
resultant dispersible NPs can be deposited on any catalyst
support and, as demonstrated here with the thermocatalytic CO2
reduction over NP-MoC1«/C, their performance on a per-site
basis represents a two-fold improvement compared to the bulk
a-MoCi.xanalogue, emphasizing the superior Mo utilization of
the nanostructured catalyst. In addition, the increased
selectivity towards Cz+ products over the NP-MoC1.x/C catalyst
highlights the opportunity for the controlled nanostructuring of
TMCs to be employed to tune the product slate with the facile
synthetic method presented.
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