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Abstract: Molybdenum phosphide (MoP) catalyzes the hydrogenation of CO, CO,, and their mixtures
to methanol, and it is investigated as a high-activity catalyst that overcomes deactivation issues
(e.g., formate poisoning) faced by conventional transition metal catalysts. MoP as a new catalyst for
hydrogenating CO, to methanol is particularly appealing for the use of CO; as chemical feedstock.
Herein, we use a colloidal synthesis technique that connects the presence of MoP to the formation
of methanol from CO;, regardless of the support being used. By conducting a systematic support
study, we see that zirconia (ZrO,) has the striking ability to shift the selectivity towards methanol
by increasing the rate of methanol conversion by two orders of magnitude compared to other
supports, at a CO, conversion of 1.4% and methanol selectivity of 55.4%. In situ X-ray Absorption
Spectroscopy (XAS) and in situ X-ray Diffraction (XRD) indicate that under reaction conditions
the catalyst is pure MoP in a partially crystalline phase. Results from Diffuse Reflectance Infrared
Fourier Transform Spectroscopy coupled with Temperature Programmed Surface Reaction (DRIFTS-
TPSR) point towards a highly reactive monodentate formate intermediate stabilized by the strong
interaction of MoP and ZrO,. This study definitively shows that the presence of a MoP phase leads
to methanol formation from CO,, regardless of support and that the formate intermediate on MoP
governs methanol formation rate.

Keywords: MoP; methanol synthesis; CO, hydrogenation; support effects; in situ characterization

1. Introduction

Carbon dioxide (CO,) is a greenhouse gas produced globally as a byproduct of fossil
fuel combustion and industrial activity [1]. Applications of CO; capture, utilization, and
storage (CCUS) fall short of what is needed despite mounting evidence for the adverse
effects of CO; emissions, such as climate change and ocean acidification [2—4]. There is a
growing interest in developing advanced catalysts for CO, conversion to methanol (Equa-
tion (1)), in order to supply CO; as carbon feedstock to the broader chemical industry [5].
The reverse water gas shift reaction (Equation (2)) produces CO as a byproduct, leading to
low methanol yields in CO, hydrogenation. Recent catalyst developments include high
selectivity indium oxide catalysts [6—8], low pressure intermetallic catalysts [9-11] and
metal phosphides facilitating flexible operation [12]. Herein, we present a strategy for syn-
thesizing highly active molybdenum phosphide (MoP) catalysts for the hydrogenation of
CO, to methanol, a product that is used as a fuel or as a chemical reagent in vast quantities,
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with 110 million metric tons in annual global production in 2018 [13-16]. Introduction of
CO;, into the production of high value chemicals, such as methanol, can enable a future
where CO; is leveraged as a globally distributed carbon building block to support society’s
demand for fuels and chemicals.

CO; +3 Hy — CH30H + HyO  AHSgg = —49.5 k] mol ™! 1)

CO, +Hj +» CO + HyO AHSgg = 41.2 k] mol @)

Commercial methanol synthesis mainly takes place over copper-zinc oxide (Cu/ZnO)
catalysts which are optimized for operation with fossil fuel derived syngas (CO/CO,/Hy)
as reactant. When operating under CO; rich streams, these catalysts and transition metal
surfaces, in general, suffer from kinetic limitations, due to a “poisoning” effect stemming
from high coverages of the surface with CO, derived bidentate formate [12]. In our
recent work [12], we demonstrated the robust activity of a supported MoP catalyst for
the hydrogenation of CO, CO;,, and their mixtures to methanol, which is a unique result
of its ability to circumvent scaling relations observed on transition metal catalysts. MoP
avoids poisoning by bidentate formate because its crystal structure geometrically hinders
bidentate adsorption, leading to a weaker monodentate adsorption of formate. This
prompts a detailed exploration of the MoP system for CO, activation. In the present work,
we adopt a colloidal synthesis technique reported previously for electrochemical hydrogen
evolution reaction catalysts [17] to synthesize amorphous MoP particles of uniform size
which are subsequently deposited on high surface area metal oxide supports. This allows
us to perform a systematic study on support effects to explore the tunable activity of
molybdenum phosphide nanoparticles for the thermochemical reduction of CO,.

Sulfides [18-27], carbides [28-31], phosphides [12,32-35], and nitrides [36,37] of molyb-
denum have previously attracted interest for CO hydrogenation applications. Theoreti-
cal [38-40] and IR spectroscopy [41] studies have investigated CO binding and activation
to elucidate the nature of active sites. CO, conversion has also been explored over molyb-
denum compounds, and these reports demonstrate greatly varying activity and selectivity
patterns among catalysts based on molybdenum carbide [42-48], sulfide [49-51], phos-
phide [52,53], and nitride [54] catalysts. MoP has P terminated active sites, with electronic
properties that can change depending on the adsorbent and local coordination of the P
atom [52]. In some applications, this allows MoP to circumvent adsorbate scaling relations
that impose limits on activity. In CO, hydrogenation to methanol, strong binding of O
containing intermediates poses a limit to maximum attainable turnover frequency, and
MoP has been shown in our previous work to circumvent this scaling limitation [55]. The
flexible hybridization of the P atom on a MoP surface has been suggested as an active site
which is not strictly governed by the scaling limitations affecting most catalysts [52]. This
also makes MoP a highly tunable catalyst, allowing promotion effects to be exploited in
favor of achieving both high selectivity and activity.

We recently employed an incipient wetness/temperature programmed reduction
(TPR) method to synthesize MoP nanoparticles supported on silica, in a procedure modi-
fied from those reported in the hydrogenation and hydrotreating literature [32-34,56-58].
This synthesis resulted in catalysts with high activity towards methanol synthesis from
hydrogenation of CO, CO;,, and their mixtures [12]. However, the TPR method relies on
forming the MoP phase at a high temperature (700 °C) from an oxidic precursor. The
formation of water from reduction of the oxidic precursor, along with the high temperature,
leads to a high degree of sintering and formation of segregated MoP and MoOy phases [12].
This has motivated the search for a synthesis technique that yields particles of uniform size
on different supports, thus leading us to the colloidal method employed herein.

The source of P during transition metal phosphide synthesis has been shown to signifi-
cantly influence the size and shape of the resulting particles [59,60]. In the present work, we
use a colloidal synthesis method to form MoP nanoparticles, which are then impregnated
onto reducible [61](ZrO,, TiO,, CeO,, ZnO) and irreducible (Al,O3, SiO,) metal oxide (MO)
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supports. This technique eliminates the need for high temperatures to fully form the MoP
phase. As metal phosphide particles are formed prior to impregnation onto these supports,
these results provide for the first time a consistent comparison of activity of MoP for CO,
hydrogenation, as well as provide insight on metal phosphide/support interactions for
this reaction.

Herein, we report the CO, hydrogenation activity of MoP /MO catalysts prepared
via a colloidal technique and use in situ X-ray Diffraction (XRD) and X-ray Absorption
Spectroscopy (XAS) to show that this synthesis results in a mixture of crystalline and
amorphous MoP under catalytic testing conditions. We present the vastly improved
performance of MoP when supported on ZrO,. MoP/ZrO, shows enhancement in activity
and selectivity to methanol compared to all the other catalysts investigated in this study.
To elucidate support effects, we take advantage of in situ Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS) to identify a highly reactive formate intermediate
stabilized on MoP/ZrO,, as well as to determine that it is responsible for the methanol
synthesis activity enhancement.

2. Results and Discussion
2.1. Characterization of as-Synthesized Amorphous MoP Nanoparticles

A low temperature colloidal method was employed to synthesize amorphous MoP
nanoparticles, which could be dispersed across different high surface area metal oxide
supports to conduct a systematic study on the supported MoP catalyst system. The as-
synthesized nanoparticles were dried and characterized using in situ XRD, in situ XAS, ex
situ XPS, and ex situ transmission electron microscopy (TEM).

In situ XRD was performed during temperature programmed reduction (TPR) of the
unsupported MoP nanoparticles to characterize crystalline phase evolution in the catalyst
as a function of temperature under reducing conditions (Figure 1A). Room temperature
measurements in hydrogen confirm the presence of only an amorphous phase in the as-
synthesized nanoparticle powder, in accordance with prior work [17]. At 450 °C in pure
hydrogen, XRD reveals a pure crystalline MoP phase, showing no crystalline impurities
(Figure 1A). At 700 °C, MoP is still the only phase detected via XRD, showing sharper
features (Figure 1A) and thus increased crystallinity and larger crystallite size (Figure 1B).
In situ XRD, thus, shows that the degree of crystallinity can be controlled with reduction
temperature. The 450 °C reduction treatment has previously been reported as the necessary
treatment to remove ligands capping as-synthesized nanoparticles [17] and was chosen
in this study as the temperature for pre-reduction of supported catalysts during reactor
testing. This treatment was indeed found to be sufficient for ligand removal on supported
catalysts, as shown by the representative data provided in Figure S1. Average particle size
for the as-synthesized nanoparticles was also determined by TEM as 4 nm (Figure 1D),
which is in alignment with prior work outlining the synthesis protocol [17]. This value
cannot be compared to crystallite size measurements from XRD as, under room temperature
conditions, the XRD does not show any peaks for the calculation of crystallite size.

The chemical structure of MoP nanoparticles was simultaneously tracked by in situ
XAS at the Mo K-edge. X-ray Absorption Near Edge Spectroscopy (XANES) data at the Mo
K-edge for the MoP nanoparticles during Temperature Programmed Reduction (TPR) in
pure hydrogen are reported in Figure 2. The XANES spectra were collected from 50 °C up
to 700 °C with a 10 °C/min ramp rate, and each spectrum was collected in a range of 20 °C.
The sample was held at 450 °C and 700 °C for 3 scans before collecting the Extended X-ray
Absorption Fine Structure (EXAFS) spectra. In order to better highlight the TPR trend,
the difference spectra between each XANES collected during the TPR and the spectrum
of the as-synthesized nanoparticles at room temperature is reported in Figure 2B. The
corresponding first derivative of the XANES region is presented in Figure 2C.
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Figure 1. (A) In situ X-ray Diffraction (XRD) for unsupported molybdenum phosphide (MoP) nanoparticles during temper-

ature programmed reduction. (B) Scherrer crystallite size analysis for unsupported MoP nanoparticles; (C) transmission

electron microscopy (TEM) images for as-synthesized unsupported MoP nanoparticles; (D) particle size distribution from

TEM using 163 particles.

Changes in the XANES region due to reduction and crystallization of the sample
can be observed from the difference spectra (Figure 2B). An increase in intensity in the
spectra develops during thermal treatment at onset of the absorption edge, with maximum
at 20,009 eV and a shoulder at 20,003 eV, together with two other features in the main
edge region, a broad maximum at 20,026 eV and minimum at 20,017 eV (Figure 2B).
Comparing the difference spectra at temperatures exceeding 450 °C with the difference
between crystalline MoP and with the as-synthesized colloidal nanoparticles (Figure S2),
it is possible to conclude that the activation process is nearly complete below 450 °C
and minimal changes develop at higher temperatures. The first derivative of the XANES
region is particularly useful in understanding the reduction process and the nature of the
as-synthesized nanoparticles. Clearly, the first derivative of the XANES of the colloidal
nanoparticles presents two features characteristic of crystalline MoP at 20,001 eV and
20,007 eV, along with a peak at 20,015 eV due to the presence of oxidized Mo (Figure S3),
evidencing the formation of amorphous metal phosphide upon colloidal synthesis, along
with the presence of oxidized Mo. The latter species starts to reduce above 150 °C, as the
feature at 20,015 eV in the first derivative decreases, while proper crystallization occurs
rapidly above 350 °C when the feature at 20,013 eV and 20,019 eV, that are characteristic of
crystalline MoP (Figure S3), appear and gain in intensity. Above 450 °C, well-formed MoP
nanoparticles are present, and the XANES region does not significantly evolve further with
the temperature increase (Figure 2C).
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Figure 2. X-ray Absorption Near Edge (XANES) region at Mo K-edge during temperature programmed reduction (TPR).
(A) XANES region: The XANES spectra were collected from 50 °C up to 700 °C with a 10 °C/min ramp rate and each
spectrum was collected in a range of 20 °C; (B) series of difference spectra between each XANES collected during the TPR
and the spectrum of the as-synthesized nanoparticles. (C) First-derivative of the XANES spectra collected during TPR. Blue
line: 50 °C; orange line: 450 °C; red curve: 700 °C.

EXAFS analysis also confirms XANES-TPR analysis results. The Fourier Transform
(FT) of the EXAFS signal for the as-synthesized MoP nanoparticles (NPs) presents a complex
first shell that clearly results in a main peak at 2 A (Figure 3A; not-phase-shift corrected
FT), ascribable to a Mo-P bond, and a shoulder at shorter distances due to oxidized Mo,
as quantitatively shown in Table S1. The Mo-P distance of 2.43 A and its coordination
number of 5 are similar to the crystalline MoP phase; however, the large Debye-Waller
factor (0.013 A?) indicates that the nanoparticles are amorphous. This is also supported
by the absence of the longer distance shells for Mo-Mo as shown in the EXAFS of the
sample treated at high temperature. At 450 °C, the contributions for the oxidized Mo are
no longer pronounced, and a distinct peak due to Mo-Mo scattering path appears at 3 A
(Figure 3A; not-phase-shift corrected FT), confirming the partial formation of crystalline
MoP [57]. The quantitative fitting results show a Mo-P bond at 2.44 A and a distance
Mo-Mo of 3.21 A, comparable to the values for crystalline MoP. The coordination number
(CN = 5.3) and bond distance for the Mo-P shell at 450 °C are similar to those revealed
at room temperature and are similar to crystalline MoP, while the coordination number
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for the Mo-Mo scattering path is significantly smaller compared to the MoP standards
(CN =3 vs. 8), as is the intensity of the Mo-Mo shell center at 4 A (not-phase-shift corrected
FT). We can conclude that the nanoparticles still present a significant amorphous character
at 450 °C. Upon increasing the temperature to 700 °C, no significant changes in the EXAFS
are observed. Similar conclusions can also be drawn when the nanoparticles were dropcast
onto silica support (Figure 54)

A B
X 0.5
MoP RT
()
©
= —
= ©
c [
£ S MoP
© 700°C,H, ¢p
=
- .
i MoP simulated
RT, He
T T T T T 1
0 1 2 3 4 5 21‘40 21L15 21‘50 21‘55 21‘60 21‘65
R+a (A) Energy (eV)

Figure 3. (A) Fourier Transform of the Extended X-ray Absorption Fine Structure (EXAFS) oscillation
for the Mo K-edge collected in situ. Bottom to top: as-synthesized colloidal MoP nanoparticles at
room temperature (RT) in He; MoP nanoparticles at 450 °C in Hy; MoP NPs at 700 °C in H,. (B)
XANES spectra at P K-edge (air-exposed samples). Bottom to top: Simulated XANES at P k-edge for
crystalline MoP; crystalline MoP; as-synthesized MoP colloidal NPs.

The XANES spectrum for P K-edge of the as-synthesized MoP NPs is reported in
Figure 3B, together with the experimental spectra for MoP standard and simulated MoP.
The XANES of the MoP standard is well represented by the simulation using its common
crystallographic structure, confirming its phase purity and absence of other prominent
crystalline and amorphous components. It is clear that several P species in different oxida-
tion states are present after colloidal synthesis. The partial formation of metal phosphide is
evidenced by the low energy absorption peak centered 2145 Ev [62]. Its featureless char-
acter compared to crystalline MoP confirms the amorphous nature of the as-synthesized
nanoparticles [12,35,57]. Other absorption peaks, characteristic of P in higher oxidation
states, are also visible in the spectrum. In particular, the feature at 2150 eV (P*!) is linked to
pristine or partially decomposed residual trioctyl phosphine (TOP) ligand from synthesis,
and the peak at 2152 eV shows the formation phosphate upon air-exposure [63].

In previous studies, we revealed how the formation of MoP phase at high temperature
is deeply influenced by the nature of the support (amorphous silica, SBA-15, carbon)
and promoters when we started the thermal synthesis of MoP from inorganic precursors
dispersed onto the support [12,35]. In the case of colloidal synthesis, the formation of
a crystalline MoP phase also requires a high temperature treatment under a hydrogen
atmosphere. The nature of these colloidally prepared MoP nanoparticles is significantly
different at all temperatures compared to the ones previously reported [12,35] since the post-
synthesis thermal treatment results in a lower degree of crystallinity (likely due to the much
smaller particle size of the starting MoP), as evidenced by the small coordination number
for the first Mo-Mo scattering path and the low intensity of the longer contributions in the
EXAFS. During the thermal activation, two main processes occur: partial crystallization
of the amorphous phosphide formed during colloidal synthesis and reduction of residual
oxidized Mo (formed during air-exposure) with concomitant decomposition of the residual
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TOP ligand (from synthesis) that promotes the formation of a nanosized MoP phase that is
complete by 450 °C.

2.2. Characterization of Supported MoP Nanoparticles

To prepare catalysts for CO, hydrogenation, the amorphous MoP nanoparticles were
impregnated on various supports. Elemental analysis was performed on the supported
catalysts after activation in hydrogen at 450 °C using Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) to determine their molybdenum and phosphorus content (Table S2).
TEM images obtained on reduced catalysts (Figure 4) indicate that the synthesis on silica,
titania, and alumina yields well-dispersed nanoparticles. On ceria and zinc oxide, large
clusters of MoP were observed, likely due to weaker interactions with the pores of those
particular supports. For the case of zirconia, due to the low loading, as well as the low
contrast of the Mo and Zr atoms in TEM, distinct MoP nanoparticles could not be observed
(Figure 4), consistent with prior reports [64]. The variation in nanoparticle loading can
be explained by losses during the particle recovery procedure, as well as differences in
surface area of the support. The spatial distribution of particles (inside pores vs. outside) is
affected by both the pore size distribution, as well as surface charge [35]. These parameters
are identified as the subject of subsequent optimization studies.

MoP/ZnO

10 nm

P
e

Figure 4. TEM image showing nanoparticles supported on SiO;, TiO,, ZnO, Al;O3, ZrO,, and CeO,. All catalysts

underwent a reduction treatment in pure hydrogen at 450 °C for 1 h prior to imaging.

2.3. CO, Hydrogenation: Systematic Support Study

Catalytic activity was evaluated under CO, hydrogenation conditions at 40 bar.
Figure 5A displays the CO selectivity, as well as rate of methanol formation normalized
with respect to Mo loading on the different supports. The CO, conversion and other
relevant activity metrics of the catalysts are provided in Table S3. All catalysts are active
for reverse water gas shift (producing CO) and methanol synthesis. CO-free full product
distributions are presented in Figure 5B, which shows that, regardless of support, a phase
pure MoP catalyst synthesizes methanol as the dominant product. This is in line with
prior theoretical and experimental work on MoP catalysts prepared via incipient wetness
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R MeOH (g MeOH h™ g;1.)

impregnation, showing that the formation of the MoP phase is the most important factor
affecting methanol synthesis activity in CO, and CO hydrogenation conditions [12]. While
the commonly employed temperature programmed reduction method for the synthesis of
transition metal phosphides yields mixtures of phosphide, oxide, and phosphate phases,
the colloidal technique presented herein results in the stabilization of exclusively the MoP
phase, allowing us to elucidate support effects with more clarity.

I R MeOH—M— CO selectivity B I CH, I CH,OH Il C,.oxy Il C,, HC
100 100
90 T
L o ~
80 > 80
F70 > E 70
L60°S § 60
ls0d 2 50
@ )]
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ALO, ZrO, SO, TiO, CeO, ZznO AlO;  Zr0, Si0, TiO, CeO, ZnO
MoP supported on MoP supported on

Figure 5. (A) CO selectivity and normalized activity of supported MoP catalysts (B) CO-free selectivity of supported MoP
catalysts. Test conditions: CO, hydrogenation, 40 bar, 250 °C, H, /CO, = 3, Conversion = 0.3-1.8%.

ZrO, supported MoP nanoparticle catalyst shows exceptional normalized activity for
methanol synthesis with suppressed CO formation (Figure 5A). The overall CO, conversion
on MoP/ZrO; is also among the highest (1.42%, from Table S3), despite the low loading
of Mo (0.05%, from Table S2). Selectivity to methanol is 55.4%, which is near equilibrium
selectivity for the testing conditions employed [65] (Figure 5B). The ZrO, support under
identical test conditions shows minimal activity for CO; reduction (<200 ppm CO and
methanol formation as shown in Figure S7), indicating a synergistic effect between ZrO,
and MoP leading to superior activity.

While the mechanisms proposed are different for CO, hydrogenation on Cu and MoP,
a significant promotion effect associated with ZrO, support has been observed previously
on Cu catalysts, as well [61,66]. For Cu/ZrO;, the metal support interface has been
proposed in some studies to stabilize a highly reactive formate intermediate in methanol
formation [66], as well as in other works, suggested to unlock a new mechanism for
methanol synthesis that proceeds via CO, reduction to CO and subsequent hydrogenation
to methanol via a carboxyl intermediate [61]. Additionally, on Cu catalysts, ZrO, has been
reported to play a multitude of roles in methanol synthesis [67,68], including facilitating
water desorption [69,70], modifying CO, and H; activation [71-73], and improving active
site distribution [74] to name a few. Hence, a deeper look into the MoP/ZrO, system is
motivated with the aim of uncovering the underlying reasons for the promotion effects,
which have previously not been studied for this catalyst.

Table 1 compares the conversion and selectivity for MoP/ZrO, in the present work
with previously reported CeO, promoted MoP catalyst, as well as the commercial Cu/ZnO/
Al,O3 and zirconia promoted Cu catalysts. Additionally, recently reported promising
catalysts for CO, hydrogenation to methanol, such as Pd-In,O3 and ZnO-ZrO, solid
solution, are included in Table 1. It can be seen that, from a conversion and selectivity
perspective, MoP/ZrO, is competitive with our previously best performing CeO, promoted
MOoP catalyst prepared via the temperature programmed reduction method, despite the low
loading of MoP in MoP/ZrO,. The superior activity resulting from the MoP-ZrO; synergy
suggests that, by increasing the number of active sites, it will be possible to develop a
commercially viable system, at higher loadings of MoP on ZrO,. Based on Table 1, another
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interesting avenue of research will be to explore ZnO-ZrO; solid solution as a support for
MoP, to boost the activity even further.

Table 1. Comparative performance of MoP/ZrO, with other reported catalysts for methanol synthesis from CO5.

Space Velocity Methanol

Catalyst Temperature (°C) Pressure (bar) (mLg 1h1) H,/CO, Conversion (%) Selectivity (%) Reference
MoP/ZrO, 250 40 19,200 3 14 55.4 This work
CeO, MoP 230 31 19,200 3 <2 76 [12]

K/SiO, 4

Commercial
Cu/Zn0/ALOs 230 31 19,200 3 <2 72 [12]
Cu/ZrO, 230 25 1565 3 2.7 20 [66]
Pd-In, O3 CP 280 50 48,000 4 9.7 78 [7]
ZnO-ZrO, 315 50 24,000 4 10 91 [75]

solid solution

2.4. Identification of Surface Species during CO, Hydrogenation

In order to identify surface bound species that can provide insights into the synergistic
effect of ZrO, and MoP nanoparticles for methanol synthesis, we investigated surface
adsorbates during CO, hydrogenation (8.8 bar) on the MoP/ZrO; catalyst using DRIFTS
coupled with Temperature Programmed Surface Reaction (DRIFTS-TPSR). Figure 6 displays
the surface species in the CO stretch region during CO, hydrogenation at increasing
temperatures (50-250 °C) over MoP /ZrO; and ZrO,. The surface species observed and their
assignments to the spectra are presented in Table 2. From Figure 6, it is apparent that the
MoP/ZrO, stabilizes more surface species during this reaction compared to the crystalline
MoP supported on SiO, studied under similar reaction-DRIFTS conditions. While the
crystalline MoP reported previously showed only 2 distinct bands in this region attributed
to monodentate formate, the complex spectra of MoP/ZrO, suggests the stabilization of a
variety of carbonate and formate species (Table 2), to be discussed below.

Absorbance (a.u.)

1521 1357 B 3

1568 59
58 ‘
1 ;1 | 13858;;335 MoP/ZrO, 179015;20115281;:1393:5;15321 1221 Zro,
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Figure 6. Diffuse Reflectance Infrared Fourier Transform Spectroscopy-Temperature Programmed Surface Reaction (DRIFTS-
TPSR) of MoP/ZrO, (A) and ZrO; (B) at 8.8 bar to 250 °C. Both tests performed after reduction at 450 °C in hydrogen.
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Based on previous reports of CO, hydrogenation-DRIFTS on ZrO, supported catalysts,
several of these formate and carbonates have been identified in Table 2. The large number
of peaks present and their close proximity prevent the definitive assignment of adsorption
geometries, particularly for the formates. It can be seen from both Figure 6 and Table 2
that ZrO, alone stabilizes bridged carbonate (1528, 1331 cm~!) and bicarbonate (1620,
1419, 1221 cm™1) species, which are also present on MoP/ZrO; and are hence attributed
to species adsorbed on the support [12]. At room temperature, both samples also show a
broad peak centered at 1057 cm~! (ZrO,) and 1054 cm~! (MoP/ZrO,). This broad peak
has been assigned to monodentate carbonate [12]. While methoxy species on ZrO, can
also show a peak in this region, these are ruled out by the absence of the asymmetric and
symmetric CHj stretching ((va,(CHj3), vs (CH3)) bands [76] which appear at much higher
temperatures (2929, 2828 cm ! for ZrO, and 2940, 2824 cm™~! for MoP/ZrO, at 250 °C), as
shown in Figures S8-510. The role of methoxy is difficult to discern from these experiments,
as it is known that methanol is chemisorbed on ZrO; in the form of methoxy [77], but
methoxy can also play a role in the catalytic mechanism [76].

The asymmetric and symmetric CO, stretching modes (v,,(COz), vs,(COz))of formate
are identified at 1568 and 1359 cm ™! on the bare ZrO, support, consistent with prior reports
at similar conditions [66]. The prominent formate bands on MoP/ZrO, are further apart
from each other, observed at 1581 and 1357 cm ™!, indicating a weaker interaction of formate
with MoP/ZrO,, compared to ZrO; alone. These bands are ascribed to monodentate
formate on MoP. The separation (Av) of v, (CO,) and v, (CO;) can be used to distinguish
between the different formate adsorption geometries, with Av values greater than that
for the free formate ion (200220 cm 1) being ascribed to monodentate species and those
of decreasing separation being ascribed to more strongly bound bridged bidentate or
bidentate species [78-84]. A separation of 209 cm~! is observed for the formate bands on
bare ZrO,, whereas a separation of 224 cm ! is observed on MoP/ZrO,. This value is less
than the separation we previously observed for monodentate formate on silica supported
MoP (247 cm~1) [12], but it is still within range of reported values for monodentate formate.
The formate binding is clearly stronger on MoP/ZrO, compared to crystalline MoP on silica
in our earlier work. Both the partly amorphous nature of the MoP nanoparticles in this
study and their strong interaction with ZrO, can be responsible for the stronger interaction
of this key intermediate with the catalyst surface, yet the significantly crystalline nature of
the MoP nanoparticles under these conditions (as observed by in situ XRD) indicates that
this is likely an effect stemming from the strong interaction of zirconia with MoP. We know
from previous investigations [12] that strengthening formate binding too much (such as in
the case of b-HCOQ") results in a kinetic deactivation effect. Hence, it is likely that there is
an optimum binding energy for monodentate formate which can be identified with further
systematic studies. Density functional theory (DFT) and microkinetic modeling, together
with controlled synthesis (e.g., varying nanoparticle size on ZrO,) and in situ/operando
DRIFTS, will be very informative in this regard. Another notable finding from TPSR is
that carbonate species on the support transform to formate on MoP/ZrO; after 1 h on
stream at 250 °C (Figure 6A). Hence, the role of zirconia support is seen to be twofold: The
zirconia support stabilizes carbonates, which are subsequently transformed to methanol
via a formate route on MoP, while also modifying MoP to stabilize a more reactive formate
(Figure 7).

It was shown in our previous work through DFT, DRIFTS, XAS, and activity test-
ing that underphosphided or metal terminated regions on MoP/SiO; behave similarly
to metallic Mo, which is responsible for the formation of CO and a small amount of
hydrocarbons during CO; hydrogenation [12]. Based on our earlier DFT and DRIFTS find-
ings, monodentate formate on phosphorous terminated MoP sites is responsible for high
methanol synthesis activity. ZrO, modifies MoP in a way that significantly boosts the rate
of methanol synthesis. Our in situ XAS and XRD results indicate the presence of a phase
pure, crystalline MoP for unsupported nanoparticles after the pre-reduction treatment
employed in both reactor and DRIFTS-TPSR tests. Together with the DRIFTS-TPSR results,
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the resulting interpretation is that the rate of reaction of monodentate formate on MoP
modified by ZrO, is greatly enhanced compared to MoP on a support lacking such strong
interaction. Hence, the present work not only provides further evidence that stabilizing
monodentate formate on MoP is an effective means to synthesize methanol, but it also
shows that the reactivity of this intermediate can be enhanced by creating interfaces that
strengthen its binding.

Table 2. Surface species and their assignments to TPSR-DRIFTS spectra.

Peak Position (MoP/ZrO,) Peak Position (ZrO,) Assignment Surface Species References
1625 cm™! 1620 cm ™! v,(CO3) bicarbonate
1426 cm ! 1419 cm™1! v(CO3) bicarbonate [72,76,85,86]
1221 cm ™! 1221 cm ™! 5(OH) bicarbonate
1581 cm™! 1568 cm ™1 va(COy) formate
1388 cm ™! 1386 cm ! 5(CH) formate [66,72,76,85,86]
1357 cm ! 1359 cm ! v(CO») formate
1521 em™! 1528 cm™! v2(CO3) bidentate
carbonate
1335 cm™ ! 1321 cm™! (CO3) bidentate 76850
cm cm Vs(Ls carbonate
m-formate

H

b-carbonate

AN
&
o O
H O I
A
J

Figure 7. Schematic of surface species observed on MoP/ZrO; that are proposed to be responsible
for its superior activity for methanol synthesis.

3. Experimental
3.1. Catalyst Synthesis

MoP nanoparticles were synthesized using the colloidal synthesis method described
in a prior study [17]. Briefly, 7 mL Squalane (98% C3yHg) and 3 mL trioctyl phosphine
(90% P(CgHi¢)3) were mixed in a 50 mL round bottom flask at 200 rpm. The solution was
heated under vacuum for 20 min at 120 °C to remove water. The solution was cooled
under Argon atmosphere. When temperature reached below 60 °C, 1 mmol molybdenum
hexacarbonyl was added to the flask. The solution was heated to 320 °C and held at this
temperature for 2 h. A black suspension was observed after this procedure. Once the
mixture cooled to room temperature, it was divided into two centrifuge tubes to recover
the nanoparticles. Five milliliter hexanes and 15 mL ethanol were added to each centrifuge
tube. The mixtures were sonicated for 5 min and centrifuged at 12,000 rpm for 3 min. The
recovery protocol was performed a total of 3 times, and the recovered nanoparticles were
re-dispersed in hexanes by sonication (30 min).

Commercially obtained catalyst supports, amorphous SiO; (Grace Davison, Columbia,
ML, USA), y-Al,O3 (Strem Chemicals, Boston, MA, USA), ZnO (Alfa Aesar, Harefreer,
MA, USA), monoclinic ZrO, (Alfa Aesar), TiO, (Evonik, Essen, Missouri, Germany), and
CeO, (Sigma Aldrich, St. Louis, Missouri, Germany) were calcined in air at 500 °C for 4 h.
Nanoparticles were dispersed on various supports by adding 0.2-1 g of support to the
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nanoparticle/hexanes suspension slowly until the suspension visibly segregated into solid
and clear liquid components, indicating uptake of nanoparticles by the porous supports.
The mixture was then sonicated for 2 h and centrifuged at 12,000 rpm for 3 min. The
supernatant was discarded, and the precipitate was dried in air overnight.

3.2. Catalytic Testing

All catalysts were tested in a high pressure stainless steel flow reactor. Products
were analyzed using an Agilent GC-MS equipped with mass spectrometer (MS), flame
ionization detector (FID), and thermal conductivity detector (TCD), DB-624, DB 1, PLOT
Q, HayeSepQ, and Shin Carbon columns. Two hundred and fifty milligrams of catalyst
were typically used. Two percent argon mixed into the hydrogen feed was used as internal
standard. Activity testing for CO, hydrogenation was performed at 40 bar and 250 °C.
Differential conditions can be assumed in all tests as CO, conversions remained below 10%.
Weight hourly space velocity (WHSV) was 10.8 h~! in CO, hydrogenation experiments
and was calculated using the following formula:

WHSV =

Mass feed rate (§)
Mass of catalyst ()"

Catalysts were reduced in situ at 450 °C in flowing hydrogen for 1 h prior to each
test to remove the ligand trioctyl phosphine from the surface, as described in the prior
work detailing the colloidal synthesis technique used in this study [17]. Activity data were
collected after 7 h on stream for each catalyst. Argon was used as internal standard, and
the flow rate of each species leaving the reactor was calculated as follows, where N; is
the molar flow rate of species i, [i] and [Ar] are the measured gas phase concentrations of
species i and Argon, respectively, and Ny, is the molar flow rate of Argon, which remains
unchanged at the inlet and exit of the reactor:

Ni = [1[‘;]7'] X N Ar-
The rate of methanol formation was calculated by normalizing the flow rate of
methanol by the amount of Mo in the catalyst sample.
Conversion (Xcp,) was calculated as follows from quantification of molar species of
carbon containing products in the gas phase, and mass spectrometry confirmed the absence
of any other species than those quantified.

X — Y N;
€2~ (£ N)) + Neo,”

where N; is the flow rate of product species i, and N¢p, is the flow rate of CO; in the
reactor effluent.

Selectivity (S;) for each species i was calculated by dividing the molar flow rate of
each species by the flow rate of all carbon containing products at the exit of the reactor:

N;

S; = .
" LN

3.3. Catalyst Characterization

Transmission electron microscopy (TEM) was performed on an FEI Tecnai G2 F20 X-
TWIN operated at a 200 kV accelerating voltage. TEM samples were prepared in air by
suspending powder catalyst particles in methanol, sonicating for 15 min, and drop-casting
them onto carbon-coated gold grids. Particle size analysis was performed on as synthesized
MoP nanoparticles by averaging diameters of 163 particles.

Elemental analysis was performed on supported catalysts using Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) after digestion of samples in aqua regia.
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The oxidation state of catalyst powders were studied using X-ray Photoelectron
Spectroscopy (XPS, PHI 5000 VersaProbe,) with Al K, 1486.6 eV radiation. All spectra were
calibrated to the line position of adventitious carbon at 284.8 eV.

In situ X-ray Diffraction (XRD) and X-ray Absorption Spectroscopy (XAS) at the
Mo K-edge was performed at the European Synchrotron Radiation Facility (ESRF) at the
Swiss-Norwegian Beamline (SNBL) BM31. Catalyst sample (3.9 mg) was fixed between
two quartz wool plugs in a quartz capillary of 1 mm internal diameter and 0.2 mm wall
thickness. The capillary was then mounted in a custom cell [87] and leak tested before
operando experiments. XRD data were collected with a 2D detector using a Debye-Scherrer
geometry and a wavelength of 0.049512 nm. Lanthanum Hexaboride powder (LaBg)
Standard Reference Material 660 ¢ from the National Institute of Standards and Technology
(NIST) was used for calibration. The XAS measurements were collected in transition mode
using a Mo foil as reference for the XAS. XAS spectra were collected at the Mo K-edge
during in situ activation at atmospheric pressure. XANES spectra were collected from
50 °C up to 700 °C with a 10 °C/min ramp rate, and each spectrum was collected in a
range of 20 °C. The sample was held at 450 °C and 700 °C for 3 scans before collecting the
EXAFS spectra. Between 3 and 6 X-ray energy sweeps were averaged to obtain a good
signal to noise ratio. ATHENA and ARTEMIS software were used for the data treatment
and fitting [88]. Fitting of the EXAFS spectra was generally performed in the 3-13 A~1
k-range and R-range 1-3.3. For the fitting process, the reduction amplitude factor (Sp?) was
extracted from a MoP standard, while the energy shift (AEO) and the distance (R), and the
coordination number (CN) of the Debye-Waller factor (0?) of each scattering path were
refined. FEFF 9 was used to simulate the XANES spectrum at the P K edge (SCF = 6 A
and FMS = 8 A) from MoP crystallographic structure (ICSD 186874: space group: P-6m2:
a=b=32500A; x = =90y =120).

Ex situ P K-edge XANES data were collected on beamline 14-3 at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) in the fluorescence mode. Air-exposed samples
were diluted to 1 wt % P in boron nitride to avoid significant self-absorption phenomena,
and data were collected 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 aver-
aged together before data normalization. Data were analyzed using the Demeter software
package [88]. 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 k3-weighted prior to FT. The
coordination numbers (N), the distance to the scattering atoms (R), and the mean-squared
displacement (¢%) were obtained by nonlinear fitting with least-squares refinement to the
EXAFS equation of the FT data in g-space.

Diffuse Reflectance Fourier Transform Infrared Spectroscopy (DRIFTS) was performed
on a Bruker Vertex 70 spectrometer with a liquid nitrogen-cooled HgCdTe (MCT) detector.
Samples were loaded into a Praying Mantis DRIFTS chamber (Harrick) equipped with
a water-cooled, high pressure and temperature reaction cell with ZnSe windows. The
chamber pressure was controlled using a backpressure regulator. The chamber was purged
with Nj gas, and the catalyst was subsequently reduced in flowing H; at 450 °C for 1 h prior
to measurement atmospheric pressure. The sample was brought to ambient temperature
and pressurized in a 3/1 Hy /CO; mixture to 8.9 bar. Measurements were taken at 2 min
intervals while ramping (10 °C/min) to 250 °C and 8.9 bar pressure in flowing H, /CO, at
3:1 ratio. Conditions were held at 250 °C and 8.9 bar for 30 min. The DRIFTS cell was then
purged with vacuum and re-pressurized in hydrogen to 8.9 bar to detect the hydrogenation
of surface species. The complete DRIFTS data set for the TPSR experiments can be found
in the SI (Figures S8 and S9).

4. Conclusions

Herein, we show that phase-pure MoP can reliably be synthesized using a colloidal
synthesis method regardless of support, which is a significant improvement over the
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common impregnation-TPR techniques for metal phosphide synthesis. The crystallinity
of the initially amorphous MoP nanoparticles can be adjusted using high temperature
reduction methods. The MoP phase catalyses the reduction of CO; to methanol and CO
regardless of the support used. The rates of two competing reactions, methanol synthesis
and reverse water gas shift, can be controlled by changing the support, and the relative
rates determine selectivity. A striking manifestation of this is in the activity of MoP/ZrO,,
which is superior to all other catalysts in this study (at a CO, conversion of 1.4%) and
demonstrates high selectivity to methanol (55.4%). DRIFTS-TPSR studies reveal that the
formate binding on MoP /ZrO, is modified due to support effects of ZrO,. The present
work highlights the power of combining a systematic nanoparticle synthesis strategy
with in situ characterisation of working catalysts in determining key factors controlling
selectivity. Such approaches are essential tools for catalyst discovery at a time when we
must synthesize fuels and chemicals with ever decreasing carbon footprints.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-434
4/11/1/143/s1: Figure S1: C-H stretching region of the ex-situ IR spectra for supported MoP catalysts
with the highest and lowest loading of MoP, showing the removal of ligands after hydrogen reduction
treatment (450 °C, 1 hour); Table S1: Curve-fit results for the EXAFS data for Mo K-edge; Figure
S2: XANES difference between crystalline MoP and as-prepared colloidal nanoparticles; Figure S3:
First derivative of the XANES region of the Mo K-edge for different standards and as prepared Mo
NPs at room temperature.; Figure S4: comparison of the FT of EXAFS signal at Mo K-edge for silica
supported and unsupported Mo NPs; Table S2: Surface area (reported by manufacturer), Mo and P
loadings determined via ICP and Mo/P ratios for amorphous MoP nanoparticles on various metal
oxide supports; Figure S5: Conversion and methanol selectivity of MoP nanoparticle catalysts on
various supports during CO, hydrogenation; Figure S6: X-ray Photoelectron Spectroscopy (XPS) of
air exposed unsupported and zirconia supported MoP nanoparticles; Figure S7: Activity of ZrO,
support during CO, hydrogenation. Figure S8: TPSR-DRIFTS full spectrum for MoP/ZrO;; Figure
S9: TPSR-DRIFTS full spectrum for ZrO,; Figure S10: TPSR-DRIFTS C-H region.
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