Development of Molybdenum Phosphide Catalysts for
Higher Alcohol Synthesis from Syngas by Exploiting

Support and Promoter Effects
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Molybdenum phosphide (MoP) catalysts have recently attracted attention due to
their robust methanol synthesis activity from CO/CO,. Synthesis strategies are
used to steer MoP selectivity toward higher alcohols by investigating the
promotion effects of alkali (K) and CO-dissociating (Co, Ni) and non-CO-
dissociating (Pd) metals. A systematic study with transmission electron micros-
copy, X-ray diffraction, X-ray photoelectron spectroscopy, and X-ray absorption
spectroscopy (XAS) showed that critical parameters governing the activity of MoP
catalysts are P/Mo ratio and K loading, both facilitating MoP formation. The
kinetic studies of mesoporous silica-supported MoP catalysts show a twofold role
of K, which also acts as an electronic promoter by increasing the total alcohol
selectivity and chain length. Palladium (Pd) increases CO conversion, but
decreases alcohol chain length. The use of mesoporous carbon (MC) support has
the most significant effect on catalyst performance and yields a KMoP/MC catalyst
that ranks among the state-of-the-art in terms of selectivity to higher alcohols.

route for incorporating more sustainable
energy sources into the transportation sec-
tor, as higher alcohols have achieved wide-
spread use as fuel blends to increase
combustion efficiency and the octane num-
ber of gasoline.”! Higher alcohols blended
into US gasoline are currently produced
from sugar fermentation, and increasing
production can strain agricultural resour-
ces and land use. The catalytic transforma-
tion of syngas offers a more sustainable
and potentially economical pathway for
the synthesis of higher alcohols, as
syngas can be produced from a variety of
processes, including biomass gasification
and CO, capture and hydrogenation.
However, an industrial-scale process for

1. Introduction

There is increasing interest in the production of alternative trans-
portation fuels from nonpetroleum resources due to issues such
as rising CO, emissions leading to climate change and the geo-
graphically constrained nature of fossil fuels.l" The production
of higher alcohols from syngas (CO/CO,/H,) is one possible
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the direct conversion of syngas to higher

alcohols does not yet exist due to limita-

tions of activity and selectivity of catalysts
studied to date. If a suitable catalyst can be developed for
the synthesis of higher alcohols from syngas, this would enable
the incorporation of carbon and hydrogen from a diverse set of
resources into transportation fuels.

Higher alcohol synthesis (HAS) is a complicated catalytic pro-
cess that involves many different reactions occurring simulta-
neously on the catalyst surface.”) Regarding the mechanistic
understanding, much can be learned from the methanol synthe-
sis (MS) and the Fischer-Tropsch synthesis (FTS).**! MS
involves molecular CO adsorption,’® whereas FTS requires
CO dissociation, hydrogenation, and chain propagation.”!
HAS needs both molecular CO adsorption and chain propaga-
tion, which are complementary to each other and hence occur
on different sites. Therefore, as suggested earlier by both
theoretical and practical work,®” HAS requires a dual site that
facilitates bifunctional catalysis."’

Mo-based catalysts have attracted attention for syngas
conversion due to their favorable selectivities toward oxygenated
products.?*1%1% Mo itself has relatively low activity for syngas
conversion and yields primarily hydrocarbons. Consequently,
most studies on Mo catalysts have focused on compounds in
which Mo is bound to the ligands C, N, S, or P.** Mo,C,
Mo,N, and MoS, show the activity for syngas conversion toward
oxygenates, especially when doped with alkali metals such as
potassium.”) However, in most cases, selectivity toward hydro-
carbons is inevitable, with methane being the main product.



K/B-Mo,C and K/y-Mo,N both suffer from high hydro-
carbon selectivities.'>*?% MoS, catalysts need to be cofed with
H,S,** a poisonous and corrosive gas, to prevent deactivation dur-
ing syngas conversion. Moreover, sulfur is incorporated in the
products, which is in conflict with environmental legislation.>*¥
Recently, it was shown that silica-supported molybdenum phos-
phide (MoP) catalysts exhibit a high selectivity toward MS 1 from
both CO and CO,, and C, oxygenate formation from syngas has
been reported over K-promoted MoP/SiO, catalysts.*!! However,
investigations on the MoP system for HAS have only just begun,
and it will be worthwhile to conduct wider screenings of pro-
moters and supports and to better understand the structure
and function of the catalytic centers,[*2%25:2¢)

It is important to investigate support effects because they have
a significant impact on the geometric and electronic properties of
the active elements.*?”] Particularly, when catalysts contain
nano-sized metal particles, the support material is of the utmost
importance for stability. Nano-sized metal particles have a high
chemical potential and high surface free energy. These proper-
ties facilitate their catalytic activity. However, nanoparticles are
also prone to sintering,!*®! which leads to a decrease in available
metallic surface area and therefore results in a lower catalytic
activity. To prepare stable and active catalysts, metal nanopar-
ticles should be dispersed across a suitable support material.
Furthermore, the support material can affect the catalyst selectiv-
ity. Interactions between the support and the active elements can
alter the electronic state of the active phase and thereby influence
the selectivity. For example, it is reported in the literature that
carbon nanotubes promote HAS for Mo-based catalysts.!*>¢*’!
The interaction of carbon z-electrons with chemical species is
suggested to contribute to the catalytic behavior.™

Because the active phosphide phase is formed inside the sup-
port pores, the support morphology and nature play important
roles in the synthesis of MoP catalysts. MoP catalysts reported
previously for syngas conversion were synthesized using the
temperature-programmed reduction (TPR) method ending at
600-700°C and oxidic precursors of Mo and P."1*253% This
synthesis creates highly sintering conditions due to both the
high-temperature requirement and the generation of a large
quantity of water during the reduction of precursors.?**!! To
withstand these conditions, mesoporous supports can be used.
These typically have high surface areas and facilitate confinement
effects.**? Thereby, they enable control over the MoP particle
size and stabilize small MoP particles under these sintering syn-
thesis conditions as well as during catalytic testing. The present
study examines support effects on MoP by using a commercially
available amorphous silica, a model silica with ordered meso-
pores (SBA-15), and a carbon-based analog of SBA-15, with a sim-
ilar mesoporous structure. Silica has been studied extensively
and remains the best-understood support system.!

Carbon supports draw our attention because they are
reported to enhance C,, oxygenate selectivity due to the
metal-support interaction provided by their unique electronic
structure [415:16:32-34]

Because MoP demonstrates favorable selectivities toward oxy-
genated products, the use of promoters is investigated to direct
the selectivity toward the desired higher alcohols. Alkali metals,
particularly potassium, have been shown to promote HAS.™* For
MoS, catalysts, it was demonstrated that both the nature of the

potassium precursor and the intimacy between potassium and
MoS, play a crucial role in the formation of a selective HAS
catalyst.*! Additionally, it was discovered that potassium not
only changes the electronic properties of the MoS, catalyst but
also stabilizes alkoxy species, which contribute to the formation
of higher alcohols via CO insertion.”””! Fischer-Tropsch metals,
such as cobalt and nickel, are also common promoters for HAS
catalysts with a high methanol selectivity.'*'®*?!] Due to the
high activity of silica-supported MoP catalysts for MS,**! the
present investigates the promotion of MoP catalysts with
Fischer-Tropsch metals. Another strategy is promotion with
Pd or Pt, which adsorb CO nondissociatively and promote CO
hydrogenation to form oxygenated products.¢”)

The present study optimizes and tunes the synthesis of
supported MoP catalysts to increase their selectivity to higher alco-
hols by investigating the interactions between MoP and the sup-
port material as well as promoter effects. A systematic approach is
used involving both commercial amorphous silica and a model
silica support with an ordered pore structure and well-known
nature. The role of the previously reported K promoter!!42323]
is elucidated; Co, Ni, and Pd are screened as potential promoters;
and carbon is explored as a promising support for HAS. In-depth
knowledge is developed about the role of the MoP-support inter-
actions and promoter effects, and a rational design strategy?®® is
used to tune the product selectivity toward the desired C,, prod-
ucts.?”) The present study shows that mesoporous carbon (MC)
support unlocks HAS activity and designs a catalyst that ranks
among the state-of-the-art Mo-based HAS catalysts reported to
date. This KMoP/MC catalyst demonstrates 5% CO conversion,
30% higher alcohol selectivity, and 2% higher alcohol yield at
270°C, 6 MPa, and 30h time on stream, which places it among
the most selective Mo-based catalysts at a relatively low pressure of
operation.! MoP is a promising catalyst for HAS, which can be
further developed with the advancement of understanding about
the active site under operating conditions and investigation of
other support and promoters for the HAS reaction.

2. Results and Discussion

2.1. Optimization of Amorphous Silica-Supported MoP
Catalysts

Before investigating promoter effects for HAS on MoP-based cat-
alysts, a systematic study was first performed to understand the
effect of synthesis parameters on the structure and activity of the
KMoP on amorphous SiO, catalyst system developed previously
for MS from CO and CO,.*” The key parameters for synthesis
are identified in the following sections as the P/Mo ratio, K/Mo
ratio, and MoP loading.

2.1.1. Increased Alcohol Selectivity with an Excess of Phosphorus

A parametric study of the P/Mo molar ratio shows that a 50%
excess of phosphorus (P/Mo=1.5) during catalyst synthesis
leads to higher selectivity toward alcohols and lower selectivity
toward CO, as compared to a stoichiometric amount of phospho-
rus (P/Mo = 1.0) and a 100% excess of phosphorus (P/Mo = 2.0),
as shown in Table 1. A phosphorus loading in slight excess of the



Table 1. CO conversion (%) and product selectivities (%) for KMoP on
SiO; with P/Mo=1.0, 1.5, 2.0. The Mo weight loading and the K/Mo
molar ratio are kept constant at 10% and 1.2, respectively. Reaction
conditions: T=230°C, H,/CO =3, and P =3 MPa, at 8 h time on stream.

Selectivity [%]

Catalyst XCO CHOH G'OH CH, GC'H, CO,
KMoP/SiO, (P/Mo=1.0)  0.08 0 0 6.7 0 933
KMoP/SiO, (P/Mo=1.5) 049  37.4 16.3 98 128 2338
KMoP/SiO, (P/Mo=2.0) 022  25.0 172 11 153 314

stoichiometric amount (P/Mo = 1.5) facilitates the formation of
the active MoP phase because volatile phosphorus species can be
lost during catalyst synthesis, as seen in the X-ray fluorescence
(XRF) results (see Table S2A, Supporting Information). A load-
ing too far from the stoichiometric amount (P/Mo = 2) can lead
to lower activities due to phosphorus blocking the active sites for
CO adsorption."”!

This correlation between phase and activity is observed
(Table 1) as the conversion increases from 0.08% to 0.49% when
the P/Mo ratio increases from 1 to 1.5, respectively, and X-ray
diffraction (XRD) characterization shows no discernable pattern
for the former catalyst, while the latter displays prominent MoP
peaks, as seen in Figure 1. An increase in the P/Mo ratio to
2.0 leads to a CO conversion decrease from 0.49% to 0.22% with
P/Mo=1.5 (see Table 1). The XRD pattern of the samples
(see Figure 1) shows that a lower degree of crystallinity
is obtained for the P/Mo = 2 catalyst. Based on insights obtained
from XRF (extended discussion provided in the Supplementary
Information) and XRD (Figure 1), it can be seen that excess
phosphorus (nominal P/Mo = 2) results in some inhibition of
the formation of a crystalline MoP phase. Further investigations
focusing on in situ spectroscopy and XRD could shed more light
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Figure 1. XRD patterns for passivated KMoP/SiO, samples with P/Mo
ratios of a) 1.0, b) 1.5, and c) 2.0. The Mo weight loading and K/Mo molar
ratio are kept constant at 10% and 1.2, respectively.

on the effects of excess P during synthesis. Average crystallite
size was calculated using the Scherrer equation. The average size
for samples containing P/Mo = 1.5 and 2 was 14.3 and 11.4 nm,
respectively, and no analysis could be performed on the stoichio-
metric (P/Mo = 1) sample due to the lack of peaks. These results
suggest that an optimal excess of phosphorus is needed to form a
crystalline MoP phase. Note that the Mo weight loading is 10%
and the K/Mo molar ratio is 1.2 for all catalysts.

Amorphous silica-supported MoP samples with varying P/Mo
ratios were further investigated using X-ray photoelectron spec-
troscopy (XPS) (see Figure 2). The spectra in the P 2p
region show two distinct sets of doublets: The first around
128.3-128.9 eV and the second around 132.8-133.3 eV. The dou-
blet at the lower binding energy is associated with phosphorus
bonded to molybdenum in the form of a phosphide, and the dou-
blet at the higher binding energy is generally assigned to oxidized
phosphorus in the form of PO,*~.1*"*? The spectra in the Mo 3d
region also show two different oxidation states. The lower bind-
ing energy region around 227.1-227.7 eV is assigned to MoP and
the downfield region located at 231.9-232.1 eV to Mo®" resulting
from MoO; or interactions with a phosphate group. Both the
phosphate and Mo®" peaks are the prominent oxidation state
for the P/Mo=1.0 and P/Mo = 2.0 samples. However, in the
sample with a 50% excess of phosphorus (P/Mo = 1.5), the peaks
assigned to MoP in both the P 2p region (128.3-128.9 V) and
Mo 3d region (227.1-227.7 eV) dominate, thereby confirming
stabilization of the MoP phase.

Table 2 shows the ratios of different species calculated from
XPS data. There is a clear correlation between phosphate and
Mo®"; as one increases, so does the other. The table also clearly
shows that there is an optimal P/Mo ratio to achieve the lowest
ratio of oxidized species to MoP species. In all cases, the phos-
phate to phosphide ratio is larger than the Mo®*to Mo®"ratio due
to the fact that all samples, except for the sample with P/Mo =1,
have an excess loading of phosphorus. Therefore, the excess
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Figure 2. XPS spectra of Mo 3d (left) and P 2p (right) regions for the
amorphous  silica-supported samples with P/Mo=1.0, 1.5, 2.0 from
top to bottom. The Mo weight loading and K/Mo molar ratio are kept con-
stant at 10% and 1.2, respectively.



Table 2. Molar ratios from XPS for KMoP on SiO, with P/Mo =1.0, 1.5,
2.0. The Mo weight loading and the K/Mo molar ratio are kept constant at
10% and 1.2, respectively.

Catalyst Phosphate/phosphide Mo®*/Mo** P/Mo
KMoP/SiO, (P/Mo =1.0) 4.00 1.39 192
KMoP/SiO, (P/Mo =1.5) 119 0.27 1.35
KMoP/SiO, (P/Mo = 2.0) 6.25 227 1.79

phosphorus forms oxide species. A previous study using XPS
showed that oxidized Mo species form on the surface of a
silica-supported MoP catalyst upon exposure to air, and can be
reduced using a pre-reduction treatment prior to catalytic test-
ing.!”®! The present study used the same pre-reduction treatment,
which is expected to reduce the surface phosphate or the oxide of
molybdenum prior to catalytic testing.

The use of P/Mo = 1.5 during synthesis leads to the stabiliza-
tion of the MoP phase, which results in the most active catalyst
(0.49% CO conversion). The formation of the fully phosphided
MoP phase, through the use of excess P is critical for maximizing
activity for CO hydrogenation and higher alcohol production, as
evidenced by results shown in Table 1.

Methanol is the main product with 37.4% selectivity, followed
by higher alcohols with 16.3%, in close agreement with prior
work under similar operating conditions.”®! The catalyst pre-
pared with P/Mo = 1.0 displays high levels of CO, production,
with 93.3% selectivity, no alcohol production, and low activity
(0.08% CO conversion). The methanation activity of this catalyst
is attributed to the presence of a large amount of underphos-
phided Mo species on this catalyst formed during catalytic testing
pre-reduction treatment, from oxidized Mo species (observed via
ex situ XPS), in agreement with prior work.”>) CO, production
can be indicative of water-gas shift activity.”! A large excess of
phosphorus (P/Mo = 2.0) results in a catalyst that retains favor-
able selectivity for higher alcohols (17.2%) yet displays a much
lower CO conversion (0.22%) compared to the catalyst with
P/Mo = 1.5, indicative of a poisoning effect. From these results,
it can be seen that the higher alcohol yield is maximized for a
phosphorus to molybdenum ratio of 1.5 (P/Mo = 1.5).

2.1.2. Increased Higher Alcohol Yield with 15wt% Molybdenum

The TPR of oxidic precursors to yield MoP is known to be a
hydrothermally sintering technique due to the release of water
during the reduction of the precursors.*’] Hence, the effect of
MoP loading on the catalyst properties such as particle size,
phase formation, and activity can become significant due to water
generation during synthesis, which can result in low catalytic sur-
face area. The effect of loading on catalyst properties and activity
was investigated by varying the Mo loading from 5 to 20 wt%
while keeping a constant P/Mo ratio of 1.5 and constant K load-
ing of 5%. Elemental analysis using XRF showed some discrep-
ancies between the nominal loading of Mo and measured
loadings (Table S2, Supporting Information), and this is attrib-
uted to the hygroscopic nature of the Mo precursor. However, as
this leaves unchanged the monotonic increase in Mo loading

achieved by increasing the amounts of Mo precursor and the
conclusions drawn from the loading study, the catalysts are
designated by their nominal loadings in the following discussion.

XRD patterns for these samples (see Figure 3) show promi-
nent peaks corresponding to the bulk phase of MoP (see
Figure S1, Supporting Information, and the corresponding sec-
tion for XPS results), with different intensities corresponding to
variations in crystallite size. Representative transmission elec-
tron microscopy (TEM) images of these catalysts are shown in
Figure 4. Calculated crystallite sizes from XRD (d;o1"") and par-
ticle sizes from TEM (dyop ") are presented in Table 3 along
with catalytic activity information pertaining to catalysts with var-
ied Mo loadings. Although no discernible correlation exists
between Mo loading and particle size in this range, conversion
and higher alcohol yield are maximized for 15 wt% MoP, which
can be attributed to the promotion effect of K. In the next section
(Section 2.1.3), the effect of varying the K/Mo ratio on catalyst
properties and activity is investigated.

2.1.3. Increased Higher Alcohol Selectivity with 5wt% K

The effect of varying the K/Mo ratio on active phase formation
and catalysis was investigated by synthesizing a series of KMoP/
SiO, catalysts with fixed Mo loading (15wt%) and P/Mo
ratio (1.5). Elemental analysis of the K loading in each
sample was performed using XRF, and the details are provided
in the Supplementary Information (Table S2, Supporting
Information). The XRD patterns in Figure 5 show that in the
absence of K, there are no MoP crystalline domains. As the K
loading increases to 5 wt%, a very clear MoP pattern is observed.
However, at 10wt% K loading, the intensity in the pattern
decreases. It is clear that there is an optimum level for K loading,
which plays an important role in the formation of the MoP phase.
Thus, in addition to any electronic promotion effects arising
from the interaction of K and MoP, it is shown here that K
also promotes the formation of the MoP phase during catalyst
synthesis. This is presumably because K offers basic sites, which
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Figure 3. XRD patterns for passivated KMoP/SiO, samples with a) 5 wt%
Mo, b) 10wt% Mo c) 15wt% Mo, and d) 20 wt% Mo.
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Figure 4. TEM images of KMoP/SiO, samples with a) 5wt% Mo, b) 10wt% Mo, c) 15wt% Mo, and d) 20 wt% Mo.

Table 3. CO conversion (%), product selectivities (%), average particle sizes from TEM, and average crystallite sizes from XRD for KMoP on SiO, with 5,
10, 15, and 20wt% Mo, while keeping a constant P/Mo ratio of 1.5 and a constant K loading of 5%. Reaction conditions: T=230°C,
H,/CO =3, and P=3 MPa, at 14 h time on stream.
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Figure 5. XRD patterns for passivated KMoP/SiO, samples with a) 0,
b) 5, and c¢) 10wt% K. The Mo wt% and P/Mo ratio are kept constant
at 15 and 1.5, respectively.

facilitate a strong interaction with the anionic precursor com-
plexes present during impregnation of the support (see also
Section 1, Supporting Information), such as [Mo;04]°",
[HPO4*™, and [H,P,Mo050,5]¢ ~ 9~ *4

XPS results on MoP catalysts with varying K loading (see
Figure 6) also confirm that K helps to facilitate interactions
between Mo and P as seen from the binding energy shift to oxi-
dation states corresponding to the MoP phase. The doublets in
the P 2p region show that only the sample with 5 wt% K contains
phosphorus in two different oxidation states, whereas the
samples with 0 and 10 wt% K show phosphorus in one single
oxidation state. The peak at 128.3 eV, which is attributed to phos-
phorus in MoP, is absent in the 0 and 10 wt% K samples; this is
interpreted as a lower degree of phosphidation for Mo in these
catalysts. The higher level of oxidation on the surface of the 0 and
10 wt% K samples is also evident in the Mo 3d region as the pre-
dominant doublets are found in the highly oxidized Mo®"
1'egion,[45 Ibetween 231.8 and 232.3 eV. The predominant doublet
in the 5 wt% K sample is found at 227.1 eV, which corresponds to
molybdenum in MoP.

Table 4 shows the calculated ratios of phosphate/phosphide
(from the P 2p region), Mo®"/Mo®" (from the Mo 3d region),
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Figure 6. XPS spectra of Mo 3d (left) and P 2p (right) regions for the
amorphous silica-supported samples with 0, 5, and 10wt% K from top
to bottom. The Mo wt% and P/Mo ratio are kept constant at 15 and
1.5, respectively.

Table 4. Molar ratios from XPS for KMoP on SiO, with 0, 5, and
10wt% K. The Mo weight loading is kept constant at 15 wt%.

Catalyst Phosphate/phosphide Mo®" Mo+ P/Mo
KMoP/SiO, (0wt% K) N.D. 3.23 115
KMoP/SiO, (5 wi% K) 119 0.27 135
KMoP/SiO, (10wt% K) N.D. 9.09 1.94

and P/Mo. There is an optimal potassium loading to achieve the
lowest ratio of oxidized species to MoP species. It was found pre-
viously that potassium is essential in producing the MoP crystal
structure.””” The potassium loading is vital to form the MoP
phase both in bulk (see Figure 5) and on the surface. Adding
no potassium leads to no phosphide species on the surface,
whereas adding a large amount of potassium leads to a highly
oxidized and P-rich surface. The increase in the P/Mo ratio as
K increases could be indicative of the formation of phosphates
of potassium.*?

As shown in Table 5, the less oxidized sample, 5wt% K,
displays the highest total alcohol selectivity of 53% and 16.3%

Table 5. CO conversion (%) and product selectivities (%) for KMoP on
SiO, with 0, 5, and 10wt% K. The Mo weight loading is kept constant
at 15 wt%. Reaction conditions: T=230°C, H,/CO=3, and P=3 MPa,
at 8 h time on stream.

higher alcohol selectivity at 0.49% CO conversion. The sample
with no K has the highest CO conversion of 0.61%, but only a
24% total alcohol selectivity, favoring methane, and longer chain
hydrocarbons. The sample with 10 wt% K has a CO conversion of
0.21% and a CO; selectivity of 55%. As previously seen with the P
loading study, the addition of some K boosts the higher alcohol
yield; enhancement in higher alcohol yield is observed up to
5wt% K loading. Loadings of K higher than 5wt% adversely
affect the higher alcohol yield. K is known to be an electronic
promoter for HAS; the present study shows that on silica
support, K is also critical for MoP formation during the high
temperature (700°C) catalyst synthesis process in accordance
with our previous work.”*!

2.2. SBA-15-Supported K-Promoted MoP with Superior Activity

The previous sections show that the MoP phase formation is
essential for high catalytic activity. The P/Mo ratio and K content
play an essential role in the formation of the MoP phase. As men-
tioned previously, the MoP phase active for alcohol synthesis is
formed under highly sintering conditions, resulting in low cata-
lytic (MoP) surface areas. We move to the mesoporous SBA-15
system, which contains pores of uniform diameter (6.0 nm) in an
attempt to stabilize MoP particles with controlled size distribu-
tion due to confinement effects. Following the systematic
protocol outlined for amorphous silica-supported catalysts in
Section 2.1, we performed an optimization of the K content
(see Figure S2-S5, Supporting Information, and the correspond-
ing discussion) and found the optimum K/Mo molar ratio to be
1.1 based on XRD (Figure S2, Supporting Information). MoP
nanoparticles with average sizes of 5-6 nm were stabilized on
the K/SBA-15 support as shown in Figure S3, Supporting
Information. Additionally, we observed some Mo-rich regions
on MoP/SBA-15 with TEM-energy-dispersive X-ray spectroscopy
(EDS), although these regions were only a small portion of the
analyzed sample (see Figure S4, Supporting Information, and
the corresponding discussion).

2.3. Structure-Activity Relationships for K-MoP/SBA-15: Insights
from XAS

After optimizing the K content as described in Section 2.2, we
used XAS to obtain insights on the structure—activity relation-
ships for K-MoP/SBA-15. As shown in Table 6, hydrocarbons
are predominantly yielded (78.8% selectivity) on MoP/SBA-15

Table 6. CO conversion (%) and product selectivities (%) for the SBA-15
supported MoP catalysts. The Mo weight loading is kept constant at
15%. Reaction conditions: T=270°C, H,/CO=2, P=6MPa, and
GHSV =2600h"" at 30 h time on stream.

Selectivity [%]

Selectivity [%]

Catalyst XCO CHsOH G'OH CH, GC'H, CO, Catalyst *CO CHOH G'OH CH, G'H, CO,
KMoP/SiO, (0wt% K) 0.61 17.9 5.7 218 373 130  MoP/SBA-15 14 9.3 1.1 36.0 42.8 0.5
KMoP/SiO, (5 wt% K) 0.49 37.4 16.3 9.8 128 238  (0.5)-KMoP/SBA-15 1.7 28.9 17.7 25.8 26.1 1.1
KMoP/SiO, (10wt% K)  0.21 20.2 8.2 6.7 104 546  (1.1)-KMoP/SBA-15 2.0 33.1 24.1 16.1 23.2 2.5




with a CO conversion of 1.4%. The total alcohol selectivity
(CH30H + C,,OH) is only 10.4%. Additionally, MoP/SBA-15
shows 9.2% selectivity to dimethyl ether (not shown in Table 6).
Selectivity toward dimethyl ether was reported earlier in the
literature for HAS catalysts and is generally assigned to the
presence of acid sites.'>*®*] Rational catalyst design sug-
gests that the surface acidity, causing selectivity toward dimethyl
ether and hydrocarbons, can be suppressed by alkali promotion.
It was found that the addition of K as a promoter indeed
increases the total alcohol selectivity to 46.6% and 57.2%
for (0.5)-KMoP/SBA-15 and (1.1)-KMoP/SBA-15, respectively.
Remarkably, the CO, selectivity remains below 2.5% for all cata-
lysts. As discussed previously, the presence of K seems to assist
in the formation of the MoP phase. Another possible role of K
could be to act as a basic site during catalysis. Basic sites can
stabilize formyl intermediates on the catalyst surface!®® so that
C,H,O intermediates and subsequently higher alcohols can be
formed [19:35.46.48]

To thoroughly investigate the effect of K on the formation of
the MoP phase, XAS data were collected both at the Mo K-edge
(20 000 ev) and P K-edge (2140 eV). The Mo K-edge XAS data
(Figure 7a) for SBA-15-supported catalysts clearly show how K
plays a primary role in the formation of the MoP crystal phase
during activation in hydrogen at 750 °C. The MoP phase does not
form in the absence of K on SBA-15 (MoP/SBA-15). After calci-
nation of the MoP precursors, an amorphous molybdenum phos-
phate (MoPO,) is formed.!*”) The edge position at 20 016 eV and
the pre-edge feature at 20 006 eV show the presence of Mo®" in
distorted octahedral geometry surrounded by six O atoms.*” The
fit of the Fourier transform (FT) of the extended X-Ray absorp-
tion fine structure (EXAFS) oscillation (Figure 7b) indeed con-
firms the presence of six oxygen atoms bonded to Mo in a
distorted octahedron.”” No significant differences in both
X-Ray absorption near edge structure (XANES) and EXAFS were
shown for MoP/SBA-15 compared to MoPO,. However, the
EXAFS of (1.1)-KMoP/SBA-15 in Figure 7b shows two shells
due to P and Mo atoms at a distance of 2.46 and 3.20 A, respec-
tively (see Table S8, Supporting Information), confirming the

formation of MoP,?”*° while a short-distance Mo—O shell high-
lights an incomplete reduction of the phosphate precursor. The
presence of features in the 2140-2147 eV range of the P K-edge
near edge X-ray absorption fine structure (NEXAFS) (Figure 7c)
also confirms the formation of an appreciable amount of MoP for
(1.1)-KMoP/SBA-15, while the phosphate peak at 2152.8 €V con-
firms the presence of MoPO,.

There is a clear trend between the amount of K in the sample
and the formation of MoP. K promotes the reduction of the
amorphous phosphate precursor (MoPO,) to MoP. However, a
complete formation of MoP does not seem to be achieved even
for higher K loading ((1.1)-KMoP/SBA-15). Alternatively, this
could be ascribed to reoxidation of the surface layer after expo-
sure to air. Noticeably, the progressive decrease in Mo—O coor-
dination numbers and the increase in Mo—P shell with the
increase in K loading (Table S8, Supporting Information) prove
the beneficial effect of K for MoPO,, reduction to MoP. The pres-
ence of a shell corresponding to P atoms surrounding Mo at a
distance of 2.54 A was identified for (0.5)-KMoP/SBA-15, while
the unreduced Mo phosphate phase is still present, as evidenced
by the significant Mo—O contribution. The longer Mo—P dis-
tance and a large Debye—-Waller factor compared to that found
for the Mo—P standard (2.44 A) indicate incomplete phosphida-
tion and hence the presence of amorphous MoP."?”>? No evident
shell corresponding to longer scattering path is consistent with
an amorphous/well-dispersed morphology. An increase in K
loading in (1.1)-KMoP/SBA-15 leads to a more defined Mo—P
shell (Mo—P distance 2.44 A) and the appearance of two differ-
ent Mo scattering atoms in the second shell at a distance of 2.92
and 3.195 A, respectively. The long Mo—Mo distance is consis-
tent with the formation of MoP phase, whereas the short one is
related to the presence of Mo-rich phosphide phases such as
Mo,P3, MogPs, or Mo;P because of an incomplete phosphidation
process.>*! A small contribution due to oxidation, likely due to air
exposure, is present. Comparison of the Mo K-edge XANES
(Figure 7a) shows a progressive formation of phosphide as the
pre-edge feature at 20 006 eV proper of MoPO, shifts toward
higher energy and increases in intensity resembling more the
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Figure 7. X-ray absorption spectra for SBA-15-supported samples, MoP standard, and MoPO, phosphate precursor. a) Mo K-edge XANES region,;

b) EXAFS; c) P K-edge NEXAFS region.



spectrum of MoP. A pronounced shoulder at the edge at
20 021 eV for all catalysts is indicative of oxidized Mo. P K-edge
NEXAFS indicates that crystalline MoP is formed only for
(1.1)-KMoP/SBA-15 (Figure 7b). The phosphate peak shifts
toward 2152.3 eV and shows a different shape than in MoPO,
for K-promoted catalysts, thus indicating the formation of a dif-
ferent phosphate after activation/air exposure.

2.4. Effect of Operating Conditions for HAS from Syngas

After optimizing synthesis parameters to maximize catalytic
(MoP) surface area, the degree of phosphidation, and intimate
contact with K promoter, the catalytic testing conditions are
optimized, namely targeting the H,/CO ratio and temperature
favoring HAS over C1 products and hydrocarbons.

Figure 8a shows the product selectivities and CO conversion
with respect to the H,/CO ratio for (1.1)-KMoP/SBA-15 (5 wt%
Mo). H,/CO = 3 favors the formation of methanol and methane,
which is in accordance with kinetic analyses reported in the
literature for K/MoS,.** Following the decrease of H,/CO to
2 or 1, the formation of higher alcohols and higher hydrocarbons
is favored. At H,/CO =2, the CO conversion is about twice as
high compared to that when H,/CO = 1. Consequently, the total
higher alcohol yield exhibits a maximum at H,/CO = 2.

Figure 8b shows the product selectivities and CO conversion
with respect to the temperature for (1.1)-KMoP/SBA-15 (15 wt%
Mo). The CO conversion increases linearly with temperature.
From 230 to 270°C, the total alcohol selectivity increases,
whereas the total hydrocarbon selectivity decreases. At temper-
atures above 270°C, the total alcohol selectivity decreases
again, whereas the total hydrocarbon selectivity increases.
Consequently, the total higher alcohol formation exhibits a max-
imum at 270 °C. The CO, selectivity is not plotted in Figure 8
because it is below 3% in all cases.

2.5. Kinetic Enhancement Due to K: Mechanistic Insights from
Anderson—Schulz—Flory Distributions

Anderson—Schulz—Flory (ASF) plots can provide mechanistic
insights, and hence, this analysis was performed to gain infor-
mation on the kinetics and explain the enhanced catalytic perfor-
mance in the presence of K. The ASF plots for alcohols and
hydrocarbons at 30h time on stream are shown in Figure 9.
Linear ASF distributions are observed for alcohols and hydrocar-
bons over the entire C,, range for each catalyst. The observation of
the correlated a values is in agreement with a common mecha-
nism of alcohol formation by CO insertion into the same type of
intermediate for hydrocarbon formation.’® The a value for
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Figure 8. Product selectivities and CO conversion (black) at P =6 MPa and GHSV = 2600 h~" for a) (1.1)-KMoP/SBA-15 (5wt% Mo) as a function of
H,/CO at T=270°C and b) (1.1)-KMoP/SBA-15 (15wt% Mo) as a function of temperature at H,/CO = 2.

m Alcohols 0
e Hydrocarbons

Ln(Wn/n)
Ln(Wn/n)

= Alcohols
@ Hydrocarbons

= Alcohols
e Hydrocarbons

Ln(Wn/n)

Carbon number (n)

Carbon number (n)

Carbon number (n)
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alcohol formation increases upon the addition of K to the catalyst
from 0.11 to 0.22 at K/Mo=0.5 and 0.26 at K/Mo = 1.1. This
indicates that alcohol products with longer chain length are
formed, which is supported by a higher C,"OH selectivity
(see Table 6). The addition of alkali promoters has been reported
to increase a.’! More mechanistic insights were obtained by cal-
culating the apparent activation energies for CO conversion and
the formation of methane and alcohols from Arrhenius plots (see
Figure S9 and Table S6, Supporting Information). An elaborate
discussion on the activation energies can be found in Section 5,
Supporting Information. The results suggest indeed an increas-
ing alcohol chain length upon the addition of K and alcohol chain
growth via a CO insertion mechanism.

2.6. Promoters: Ni, Co, and Pd

Ni (5 wt%) and Co (3 wt%) were investigated as Fischer-Tropsch
active metal promoters, and Pd (5 wt%) was investigated as a pro-
moter due to its ability to adsorb CO nondissociatively and pro-
mote CO hydrogenation to form oxygenated products.*®*”)
Elemental analysis was performed on as-synthesized catalysts
using XRF, and the results show reasonable agreement with
the nominal values (Table S5, Supporting Information). From
the XRD patterns in Figure 10, the MoP phase is clearly observed
for all promoted catalysts. Additionally, the promoted catalysts
display peaks associated with NiO, CoO, and/or Co;0,4, and
Pd;sP, (see Supporting Information for detailed discussion
and reference spectra). The catalytic performances of the pro-
moted catalysts are shown in Table 7. Ni-(1.1)-KMoP/SBA-15
only converts 0.2% CO with methanol as the main product.
Co-(1.1)-KMoP/SBA-15 only converts 0.02% CO with hydrocar-
bons as the main product. In the present study, both Ni and Co
seem to poison the catalyst, rather than promoting HAS.
However, it may be worthwhile to investigate different synthesis
methods and promoter weight loadings while using probe
molecule studies (such as CO chemisorption-infrared (IR)
spectroscopy, temperature-programmed desorption) to inform
the future development of metal-promoted MoP and ternary
phosphide catalysts for HAS. Upon the addition of Pd to the
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Figure 10. XRD patterns for passivated samples. a) Ni-KMoP/SBA-15.
b) Co-KMoP/SBA-15. c) Pd-KMoP/SBA-15. All catalysts contain 15 wt%
Mo. The Ni, Co, and Pd weight loadings are 5%, 3%, and 5%, respectively.

Table 7. CO conversion (%) and product selectivities (%) for the
promoted catalysts. The Mo weight loading is kept constant at 15%.
The Ni, Co, and Pd weight loadings are 5%, 3%, and 5%, respectively.
Reaction conditions: T=270°C, H,/CO=2, P=6MPa, and
GHSV = 2600 h™"at 30 h time on stream.

Selectivity [%]

Catalyst *CO CHsOH G'OH CH, G'H, CO,
Ni-(1.1)-KMoP/SBA-15  0.20 59.0 5.7 20.0 10.9 0.5
Co-(1.1)-KMoP/SBA-15  0.02 308 0.0 273 420 0.0
Pd-(1.1)-KMoP/SBA-15 4.9 36.8 17.0 207 232 0.9

(1.1)-KMoP/SBA-15 catalyst, the CO conversion increases from
2.0% to 4.9%. However, methanol is the main product and
the C,"OH selectivity decreases from 24.1% to 17.0%. A linear
ASF distribution is observed for this catalyst with a=0.21
and 0.55 for alcohols and hydrocarbons, respectively (see
Figure S6A, Supporting Information). The apparent activation
energy (see Table S6, Supporting Information) also increases
with increasing alcohol chain length. The overall effect of the
Pd promoter seems beneficial for HAS because the total higher
alcohol yield increases from 0.5% to 0.8%.

2.7. MC Support Improves HAS Activity

2.7.1. Kinetics and Catalysis

Carbon supports have shown promising results for HAS, as
reported in the literature.">**°¢ The graphitic carbon structure
plays an important role in CO hydrogenation; the electron con-
ductivity of graphitic carbon structures can facilitate electron
transfer between metal species and CO molecules, which acti-
vates the CO molecules.>? To investigate this effect, an MC
analog of SBA-15 (Starbon 800) was chosen, which is referred
to as MC in the following discussion.

Figure 11 shows that the MoP phase is exclusively formed on
K/MC. (1.1)-KMoP/MC shows enhanced catalytic performance
compared to all other catalysts in this study, with a steady-state
CO conversion of 5.0% and a total alcohol selectivity of 58.0% at
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Figure 11. XRD pattern for passivated (1.1)-KMoP/MC.
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Figure 12. Product selectivities and CO conversion (black) as a function
of time on stream for (1.1)-KMoP/MC (15wt% Mo) at T=270°C,
H,/CO =2, P=6 MPa, and GHSV = 2600 h=".

30 h time on stream (see Figure 12 and Table 8). Higher alcohols
(C,"OH) are the main products for CO conversion over
(1.1)-KMoP/MC with a yield (Yga) of 1.5%, which ranks this cat-
alyst among the state-of-the-art Mo-based HAS catalysts.*
Remarkably, ethanol forms the largest weight fraction in the total
alcohol products (wt% of ethanol in the total alcohols), followed
by methanol, propanol, butanol, and pentanol (see Table S7,
Supporting Information). A linear ASF distribution is observed
for this catalyst with a = 0.43 and 0.55 for alcohols and hydrocar-
bons, respectively (see Figure S6B, Supporting Information).
The apparent activation energy (see Table S6, Supporting
Information) decreases with increasing alcohol chain length,
suggesting that the formation of formyl surface species might
form a bottleneck in HAS over (1.1)-KMoP/MC.

Figure 12 shows the excellent stability of (1.1)-KMoP/MC over
30h time on stream. Both the CO conversion and the total
alcohol selectivity increase over time, whereas the hydrocarbon
selectivity decreases. Increases in CO conversion and total alco-
hol selectivity are observed for all K-promoted catalysts in this
study. This phenomenon is likely caused by potassium spreading
over the catalyst surface during reaction,*® which results in
more intimate contact between K and MoP and thereby improves
catalyst performance. It should be noted that potassium plays an
essential role in the formation of the MoP phase (see Section

Table 8. CO conversion (%) and product selectivities (%) for the three
best catalysts in this study. The Mo weight loading is kept constant at
15% and the Pd loading is 5wt%. Reaction conditions: T=270°C,
H,/CO =2, P=6 MPa, and GHSV = 2600 h~" at 30 h time on stream.

Selectivity [%]

Catalyst *CO CH;OH G'OH CH, G'H, CO,
(1.1)-KMoP/SBA-15 2.0 33.1 241 16.1 23.2 2.5
Pd-(1.1)-KMoP/SBA-15 4.9 36.8 17.0 207 232 0.9
(1.1)-KMoP/MC 5.0 28.5 29.5 18.6 220 14

2.1.3 and 2.2) and thereby improves HAS. A MoP/MC catalyst
was also tested in this study as a control. This catalyst displayed
a CO conversion of 0.8% with selectivity mainly toward CO, and
hydrocarbons (see Figure S10, Supporting Information), which
highlights the electronic promotion effect of K in addition to
structural promotion during MoP phase formation.

2.7.2. Formation of the MoP Phase Investigated with XAS

To investigate the effect of K on the formation of the MoP phase
on MC-supported catalysts XAS data were collected at both the Mo
K-edge (20 000 ev) and P K-edge (2140 eV). The comparison of the
Mo K-edge XAS data (see Figure 13a) indicates that K plays a role
in the formation of the MoP crystal phase during activation in
hydrogen at 750 °C; this is, however, less pronounced than that
for the SBA-15-supported catalysts (see Figure 7a). The MoP phase
is partially formed on MC without K (MoP/MC), along with an
amorphous molybdenum phosphate (MoPO,).*”! The edge posi-
tion at 20016 eV and the pre-edge feature at 20 006 eV show the
presence of Mo®" in distorted octahedral geometry surrounded by
six O atoms.P% The fit of the FT of the EXAFS oscillation indeed
confirms the presence of six oxygen atoms bonded to Mo in a dis-
torted octahedron.®” For MoP/MC, the pre-edge feature in
XANES (see Figure 13a) shifts toward higher energy and signifi-
cantly grows in intensity compared to MoPO,,. Besides, the EXAFS
of MoP/MC (see Figure 13b) shows two shells due to P and
Mo atoms at a distance of 2.44 and 3.20A, respectively
(Table S9, Supporting Information), confirming the formation
of MoP,””* whereas a short-distance Mo—O shell highlights
an incomplete reduction of the phosphate precursor. The presence
of features in the 2140-2147 eV range ascribable to MoP in the P
K-edge NEXAFS (see Figure 13c) also confirms the formation of
an appreciable amount of MoP for MoP/MC, along with a phos-
phate peak at 2152.8 eV similar to MoPO,.. Even upon the addition
of K, the complete formation of MoP does not seem to be achieved,
which could also be ascribed to reoxidation of the surface layer
after exposure to air. Noticeably, the decrease in Mo—O coordi-
nation numbers and the increase in Mo—P shell in the presence
of K (Table S9, Supporting Information) prove the beneficial effect
of K for MoPO, reduction to MoP. The presence of a shell corre-
sponding to P atoms surrounding Mo at a distance of 2.44 A was
identified for all MC-supported catalysts, while the unreduced
Mo phosphate phase is still present, as evidenced by the significant
Mo—O contribution.

2.7.3. MoP Phase Remains Present on MC after Catalysis

To investigate the stability of (1.1)-KMoP/MC, XAS data before
and after catalysis were compared. The small shell due to oxi-
dized Mo for (1.1)-KMoP/MC post-reaction and (1.1)-KMoP/
MC pre-reaction is likely related to air exposure of the catalysts.
The Mo K-edge XANES of (1.1)-KMoP/MC (see Figure 13a) both
before and after the catalytic testing closely resembles the one of
MoP. Small differences due to nanoparticle dispersion and
oxidation are present. The presence of a clear shell at higher
(non-phase-corrected) distances (3.5-4.5 A) mainly related to a
longer Mo—Mo scattering path indicates the presence of large
well-crystallized nanoparticles for the supported catalysts. The
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Figure 13. X-ray absorption spectra for MC-supported samples, MoP standard, and MoPO, phosphate precursor. a) Mo K-edge XANES region. b) EXAFS.

c) P K-edge NEXAFS region.

coordination numbers for (1.1)-KMoP/MC post-reaction for Mo—P
and Mo—Mo increase slightly after catalytic testing (see Table S9,
Supporting Information), indicating some sintering during catal-
ysis, which does not seem to affect the performance of this catalyst
over 30 h time on stream (see Figure 12). XANES spectra at the
Mo K-edge (see Figure 13a) and NEXAFS at the P K-edge (see
Figure 13c) confirm the formation of well-crystallized MoP in
the presence of K and a phosphate peak at 2152.3 eV, analogous
to the one for K-promoted SBA-15-supported catalysts, is present.
In general, lower coordination numbers for Mo—P and Mo-Mo
were obtained for the supported catalysts than for bulk MoP,
indicating the presence of supported MoP nanoparticles.

3. Conclusions

In summary, the present study optimized and tuned the synthe-
sis of supported MoP catalysts to increase their selectivity to
higher alcohols by investigating the support morphology, sup-
port nature, and promoter effects (see Figure 14). Both an excess
of P and the presence of K during the catalyst synthesis facilitate
the formation of the catalytically active MoP phase on amorphous
silica support. K possibly acts as a basic site and stabilizes formyl
intermediates during catalysis. Moreover, the catalytic perfor-
mance was improved with a mesoporous silica (SBA-15) support,
which stabilized nanosized MoP particles with controlled size
distribution and confinement effects. With this system, the cata-
Iytic testing conditions were optimized to favor HAS over C1
products and hydrocarbons. Co and Ni seemed to act as poisons
rather than promoters, while the Pd promoter increased CO con-
version, but produced alcohol products with lower chain length.
Changing the support nature by using a carbon analog of the
mesoporous silica enabled to increase the CO conversion to
5.0% and the total alcohol selectivity to 58.0%, with higher alco-
hols (C,"OH) as the main products. This catalytic performance
ranks the developed carbon-supported catalyst ((1.1)-KMoP/MC)
among the state-of-the-art Mo-based HAS catalysts. The results
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Figure 14. Summary of strategies explored to promote HAS activity of
MoP catalysts.

highlight the importance of conducting a systematic study look-
ing at the catalyst system as a whole and exploring support and
promoter effects on both synthesis and catalytic performance.
The use of microscopy, diffraction, and X-ray spectroscopy tech-
niques allows to identify both the structural and electronic pro-
motion effects arising from the use of various supports and
promoters. Supported MoP catalysts are promising catalysts
for HAS, and by further exploring a rational design strategy, they
have great potential in future applications.



4. Experimental Section

Support Materials and Synthesis: Commercial SiO, (Perkasil SM 660, Grace
Davison) was used as an amorphous support material. Catalysts were pre-
pared with washed and unwashed SiO,. The washing step served to
remove any sodium impurities that might remain from the sodium silicate
synthesis precursor.””! Silica was washed in 2 m nitric acid for 2 h at 80 °C.
The washed silica was then rinsed with deionized water to remove nitric
acid followed by drying at 120 °C overnight. Hexagonally ordered mesopo-
rous silica (SBA-15) was synthesized by dissolving 24.1 g triblock copoly-
mer P123 in a solution of 400 g deionized water and 12.7 g HCI (37%) in a
1000 mL polypropylene bottle. The resulting solution was left to dissolve
P123 overnight at 40 °C under magnetic stirring. Then, 47.4 g of TEOS was
added, and the solution was left under magnetic stirring for 24 h.
Subsequently, the white suspension was hydrothermally treated at 100 °C
for 48 h in a Teflon-lined autoclave. After cooling to room temperature, the
solid product was recovered by washing with a 1500 mL deionized water/
ethanol solution (1:1 by volume) and static drying at 120 °C. The com-
pound was calcined in a muffle furnace at 550°C for 6 h with a heating
rate of 4.4°Cmin~"' to remove the remaining structure-directing agent.

MC (Starbon 800) was purchased from Sigma—Aldrich and used as a
support material without any further treatment.

Support Characterization: Textural Properties: Nitrogen physisorption
was used to characterize the textural properties of the support materials.
Nitrogen physisorption isotherms were measured at —196°C on a
Micromeritics 3-Flex instrument. Before the measurements, samples were
dried at 250 °C under vacuum below 0.5 torr for 12 h. Specific surface areas
were calculated using the multipoint Brunauer-Emmett-Teller (BET)
method (0.05 < p/po < 0.25). Furthermore, the pore volumes (Vyore), pore
size distributions, and average pore diameters were determined by the
Brunauer—Joyner—Halenda (BJH) method by using the desorption
branches of the isotherms. The results and corresponding
discussion can be found in the supplementary information (Section 1,
Supporting Information).

Point of Zero Charge: The point of zero charge for all supports was
measured by applying the mass titration method. Suspensions of 10
and 20 wt% support material in 0.1 M NaCl were prepared and stirred
magnetically. The pH values of the suspensions were measured after
24 h of contact time. The measurements were performed with a pH meter
connected to a glass-body combination electrode (Mettler-Toledo),
which was regularly calibrated with standard buffers for pH 4, 7, and
10. The results and corresponding discussion can be found in the
Supplementary Information (Section 1, Supporting Information).

Catalyst Synthesis: Typically, ammonium heptamolybdate ((NH4)sM0;0,4°
4H,0) and diammonium hydrogen phosphate ((NH,4), HPO,) (P/Mo = 1.5)
were dissolved in deionized water (pH = 6-7) and impregnated drop-wise
onto the support until incipient wetness with continuous stirring. The
impregnated support was held at room temperature for 12 h before being
dried at 120°C for 2 h and calcined at 500 °C for 3 h. The promoters Ni
(5wt%), Co (3 wt%), and Pd (5 wt%) were added in the form of aqueous
nitrate precursor solutions via incipient wetness impregnation, followed by
the same drying and calcination procedure as described above. The cal-
cined catalyst precursor was subjected to TPR in a H, flow of 120 cm®
(standard pressure and temperature [1 atm and °C, respectively]—STP)
min~" g, ', at a temperature ramp of 1°C min~" to a final temperature
of 700°C. The final temperature was held for 1h. Then, the catalyst was
cooled to room temperature in Ar, and prior to removal from the reactor, the
catalyst was passivated in 2vol% O, in Ar for 2h at room temperature.
Preparation of the K-promoted catalysts was achieved by first impregnating
the support with a solution of potassium nitrate (KNOs) containing the
required amount of KNO; dissolved in de-ionized water for incipient wet-
ness impregnation. After aging at room temperature for 12 h, the impreg-
nated support was dried at 120 °C for 2 h followed by calcination at 500 °C
for 3 h. Subsequently, the K-support was impregnated with (NH4)¢Mo70,4
4H,0 and (NH,),HPO,, dried, calcined, and subjected to TPR as before. In
the present study, catalysts are denoted as (x)-KMoP/support (y), where x is
the K/Mo molar ratio and y is specified as the P/Mo molar ratio, weight
loading of Mo, or weight loading of K.

MC (Starbon 800) was impregnated with the precursor solutions as
described above. The calcination step described for the silica-supported
catalysts was replaced with an annealing step under a N, atmosphere
at 500°C for 4 h.

Catalyst Characterization: X-ray Diffraction: Powder XRD patterns of the
catalysts were recorded on a Phillips PANanalytical X'Pert Pro diffracto-
meter with Cu Ka radiation (A =1.542A) and operated at 45kV and
40 mA. High-resolution symmetric scans were conducted, with 0.01°
per step and 75 s per step.

The width of a diffraction peak can be related to the average crystallite
size (d) via the Scherrer Equation (1):

KA :
" B-cosb ()

where K is the shape factor, A is the X-ray wavelength, B is the full-width at
half-maximum of a diffraction peak, and 6 is the scattering angle of the
considered Bragg reflection. Alternatively, the peak width can be expressed
as the integral width, which is the area under the diffraction peak divided
by the peak maximum. For all catalysts, the X-ray reflection at 43.0° 20
(MoP (101)) was used to calculate the average crystallite size.

TEM: TEM was performed on an FEI Tecnai G2 F20 X-TWIN operated at
a 200kV accelerating voltage. Elemental analysis was performed on
catalysts using EDS analysis, performed within the FEI Tecnai using an
installed energy dispersive X-ray analysis (EDAX) EDS system with a silicon
drift detector (SSD). TEM samples were prepared in air by suspending
powder catalyst particles in isopropanol, sonicating for 5min, and
drop-casting them onto holey carbon-coated gold grids. Particle size histo-
grams were derived from the images with at least 80 particles counted per
sample.

X-Ray Photoelectron Spectroscopy: The oxidation states were studied
using XPS (PHI 5000 VersaProbe) with Al Ka 1486.6 eV radiation. All spec-
tra were calibrated to the line position of adventitious carbon at 284.8 eV.

X-Ray Absorption Spectroscopy and NEXAFS Spectroscopy: Mo K-edge
(20 000 eV) X-ray absorption spectra were collected on beamline 9-3 at the
Stanford Synchrotron Radiation Lightsource (SSRL). The spectra of ex situ-
activated and post-catalysis samples were acquired in the transmission
mode using self-supporting pellets of the powder materials at room tem-
perature averaging three scan sweeps.

P K-edge NEXAFS data were collected on beamline 14-3 at SSRL in the
fluorescence mode. Air-exposed samples were diluted to 1wt% P in boron
nitride to avoid significant self-absorption phenomena, and data were col-
lected in the fluorescence mode using a four-element SSD (Vortex) inside a
He-filled chamber to avoid X-ray attenuation by air. At least four scan sweeps
were averaged together before data normalization. Data were analyzed using
the Demeter software package.’®! After averaging several scan sweeps, a
linear pre-edge was subtracted, and the data were normalized by the edge
jump. A background, approximated with a spline function, was subtracted
from the data to isolate x(k) that was k*-weighted prior to FT. The coordi-
nation numbers (N), the distance to the scattering atoms (R), and the mean-
squared displacement (0%) were obtained by nonlinear fitting with least-
squares refinement to the EXAFS equation of the FT data in g-space.

X-ray Fluorescence: XRF was performed on a Spectro Xepos HE XRF
Spectrometer. A total of 0.1-0.3 g of catalyst powder was loaded for
each measurement. Calculations were made using the instrument’s
“TQ powders” setting, based on first principles.

Catalytic Testing: All catalysts were tested in a high-pressure stainless
steel flow reactor. A gas purifier (Pall Gaskleen ST) containing zeolite and
sodium was used in CO hydrogenation experiments to remove carbonyl
species as well as any trace oxygen and moisture contaminants upstream
of the reactor. Products were analyzed using an Agilent gas chromatography-
mass spectrometry (GC-MS) equipped with mass spectrometer, flame
ionization, and thermal conductivity detectors and DB-624, DB 1,
PLOT Q, HayeSepQ, and Shin Carbon columns. Typically, 200-250 mg
of catalyst was used in sieve fractions of 150-300 um. Catalysts were
reduced in situ at 400 °C in flowing hydrogen for 1 h prior to each test.
Catalysts were tested for CO hydrogenation activity at 230-270°C,
3-6 MPa, and H,/CO =1-3. The gas flow was adjusted to the catalyst



bed height so that the gas hourly space velocities (GHSVs) were fixed at
~2600h " for all catalysts. Argon was used as an internal standard to cal-
culate the molar flow rates of product species. All selectivity values reported
in this work are weighted by the carbon number of the product species. For
some experiments, the temperature was increased stepwise with 10°C per
step to 300 °C to calculate the activation energies (see Section 4.6.2).

Kinetic Studies: Product Distribution : ASF plots for the distribution of
alcohol and hydrocarbon products were constructed with catalytic data
obtained after 35 h of reaction. The chain growth probability (@) was cal-
culated with Equation (2).¥ W, is the mass fraction of the species with
carbon number n. When In(W,,/n) is plotted against the carbon number,
the slope of the trendline yields the value for a.

In(W,/n) = n - In(a) + constant (2)

Activation Energies: Arrhenius Equation (3) was used to calculate the
activation energies for CO conversion and different products. This equa-
tion relates the rate of a reaction, in this case the CO conversion rate or the
formation rate of a specific product, with the temperature (energy)
of the system. The Arrhenius factor (A) is a constant related to the
geometry needed, r is the reaction rate, R is the gas constant
(8.314)-mol™ " K™"), T is the temperature in Kelvin. P°co and PBH2 are,
respectively, the partial pressures in the reactants CO, with reaction order
a, and H,, with reaction order B. These are kept constant during experi-
ments to determine the activation energies. Rearranging and taking the
natural logarithm of this equation yielded a “straight-line” format (4),
where In(A), In(P*co), and In(P, ) are constants. When In(r) vs the inverse
of the temperature was plotted, the slope was a straight line. The value of
the slope was equal to —E,/R.

r=A-e &R pa PR (3)
In(r) = 2. H +In(A) + In(P&) + In(P,) )
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