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Abstract

Requirements for improved catalytic formulations is continuously driving research in sulfide-
based catalysis for biomass upgrading and heteroatom removal for cleaner fuels. The present
work proposes a surface-science approach for the understanding of the genesis of the active
(sulfide) phase in model P-doped MoS, catalysts supported on a-Al.Os single crystals. This
approach allows one to obtain a surface-dependent insight by varying the crystal orientations
of the support. Model phosphorus-doped catalysts are prepared via spin-coating of Mo-P
precursor solutions onto four a-Al,O3 crystal orientations, C(0001), A(1120), M(1010) and
R(1102), that exhibit different natures of surface —OH. *'P and ®*Mo liquid-state NMR are used
to give a comprehensive description of the Mo and P speciations of the phospho-molybdic
precursor solution. The speciation of the deposition solution is then correlated with the genesis
of the active MoS, phase. XPS quantification of the surface P/Mo ratio reveal a surface-
dependent phosphate aggregation driven by the amount of free phosphates in solution.
Phosphates aggregation decreases in the following order C(0001) >> M(1010) > A(1120),
R(1102). This evolution can be rationalized by an increasing strength of phosphate/surface
interactions on the different a-Al,O3 surface orientations from the C(0001) to the R(1102)
plane. Retardation of the sulfidation with temperature is observed for model catalysts with the
highest phosphate dispersion on the surface (A(1120), R(1102)), suggesting that phosphorus
strongly intervenes in the genesis of the active phase through a close intimacy between
phosphates and molybdates. The apparent (XPS-based) surface P/Mo ratio appears as a key
descriptor to quantify this retarding effect. It is proposed that retardation of sulfidation is driven
by two effects: i) a chemical inhibition through formation of hardly reducible mixed molybdo-
phosphate Al-O-Mo-P structures and ii) a physical inhibition with phosphate clusters inhibiting
the growth of MoS,. The sulfidation degree may thus be heterogeneous over the different
facets of y-Al,Os particles. The surface-dependent phosphorus doping on model a-Al;Os
supports can be used as a guide for the rational design of more efficient HDT catalysts on
industrial y-Al,O3 carrier.



1. Introduction

In the current industrial context, the demand for more efficient heterogeneous catalysts drives the
academic and industrial research towards a molecular-scale description of such materials. A very
important part of this description is devoted to the understanding of the role of the support on the
properties of the active phase upon different synthesis stages and on the overall catalytic activity. A
remarkable example in which considerable effort has been invested in understanding of the support
effect are hydrotreating catalysts. Hydrotreating is the industrial process designed for the removal of
heteroatoms (mainly sulfur) under hydrogen atmosphere. The development of hydrotreating technology
is a natural outcome from tightening environmental regulations, where a growing demand for cleaner
fuels require more efficient hydrotreating catalysts. The current EU fuel specification for the sulfur
content in oil fractions (Euro V, 2009) establishes a limit of 10 ppm of sulfur for diesel and gasolines!']
and Internal Marine Organization (IMO) a limit of 0.5 wt% for marine fuels since January 2020.(
Hydrotreating catalysts are also key players for upgrading biofuels namely through the removal of
oxygen (hydrodeoxygenation). The most active HDT catalysts are cobalt or nickel promoted MoS: or
WS, typically supported on y-Al203.8145:6] Nowadays, there is a general agreement regarding the
nature of the active phase, the promotion siteslf-19], the additives that enhance the hydrodesulfurization
(HDS) activity!'®-21l, and the structure of the porous support.[?223 However, despite this rather complete
description of HDT catalysts, the role that the support exerts on the genesis of the active phase is still
poorly understood, while it is a major player in the molecular design of optimized catalysts. Properties
such as slab length, stacking number and sulfidation degree of the sulfide active phase are influenced
to a great extent by the nature and strength of the active phase-support interactions.[?4-28 The influence
of the support on the aforementioned properties have been studied from different perspectives. For
instance, some research has been devoted to the surface chemistry of the support and its effect on the
active phasel?”29 while others focused on the influence of the surface orientation(26:3% (planes (111) or
(100) of y-Al20s, for instance). However, molecular-scale understanding of the role of the support cannot
be thoroughly accomplished using traditional polycrystalline alumina powder supports (y-Al203) since
this transition alumina exposes different surfaces and a wide variety of surface —OH groups (sorption
sites for the active precursors) which prevents a direct assessment of the individual reactivity of alumina
surface facets. Synthesis efforts have been carried out in order to control the proportion of the different
y-Al203 facets, but even in favorable cases,®"l the (110) plane remains largely predominant and varying

the proportion of the different y-Al2O3 facets will remains difficult.

Planar (model) surfaces traditionally used in surface-science studies are interesting surrogates for
powder supports in order to tackle the support effect since well-defined surfaces of varying surface
structure can be used.l3? Some research has been already conducted in that direction for alumina-based
hydrotreating catalysts using y-Al203 thin films grown on MgAIl20426.33] Basal-bonded MoS: slabs were
typically formed on the (111) and (110) planes of this support. Conversely, edge-bonded clusters were
found on the (100) y-Al20s plane. A transition from edge to basal-bonded MoS: was detected on the

(100) plane at 773 K sulfidation temperature, suggesting that the chemistry at the interface is not the



sole determinant factor on the orientation of the MoS: slabs and the outcome of the molecular-scale
description of active phase-support interactions appears multifactorial.®4! Moreover, the precise nature
of alumina thin films is still a matter of debate since Kresse et al.[35l showed with the help of DFT that
their structure and stoichiometry can be very different from y-Al2Os. Bara et al.?4 circumvented this issue
by using a-Al203 wafers of various orientations in order to mimic the surface chemistry of y-Al203.[24.2]
Four different a-Al203 orientations were used (A(1120), C(0001), M(1010), and R(1102)) and their
hydroxylated surface structures were compared to the speciation of surface hydroxyls (Al-OH) on y-
Al20s. Extensive experimental and modeling effort has been devoted to the description of the sorption
sites on the a-Al203 C(0001) plane, with predominantly OH groups bridging two 6-fold coordinated
aluminums (Alsc-p2-OH) that are also present on the (111) facet of y-Al203. The structure of the A(1120),
M(1010) and R(1102) planes have been less studied and therefore their surface structure is still a matter
of debate. Nonetheless, experimental and theoretical studies have been gathered to evidence —OH
groups singly, doubly and triply bound to 6-fold AIP* (i.e. Alec-p1-OH, Alsc-pu2-OH, Alsc-ps-OH) on the
A(1120) and M(1010) planes which are therefore reminiscent of the (111) and (100) facets of y-Al2Os.
Finally, singly coordinated —OH groups on 4-fold aluminum (Alsc-n1-OH) are exposed on the R(1102)
plane which can model the predominant (110) plane of y-Al2O3. The proposed relationship between o-
Al203 and y-Al203 surface structures is schematically depicted in Figure 1. Using this approach, it was
suggested that key features of hydrotreating catalysts such as the extent of Mo sulfidation as well as
MoS: orientation was surface-dependent and controlled by the strength of Mo/alumina interactions that
were ranked in the following increasing order C(0001) < A(1120), M(1010) < R(1102). The surface
speciation of the different a-Al203 crystal planes is key to understand the properties of the active phase

on such model catalysts.

This work aims at increasing the complexity of the model systems studied previously 2425 by adding
phosphorus in the catalyst composition. This dopant is widely used in industrial formulations since there
is general agreement that it leads to an increase in HDS activity!®¢+#2 by reducing the interactions
between the active phase and the support as phosphates block the basic surface Al -OH sites that
selectively interact with the Mo active phase. It has also been reported that phosphorus can improve Mo
dispersion.*3l Nonetheless, this beneficial effect is highly dependent on the P-loading and on the
incorporation method. For instance, co-impregnation of phosphorus and metal precursors modifies the
chemical structure of the deposited precursor by forming heteropolyanions,['%:38.401 which may have an
effect both on Mo dispersion and posterior catalyst activation. On the other hand, prior P-doping of the
support influences the acidity of the support.[36:37.44 The effect exerted by phosphorus is most probably
surface-dependent, since the interaction of phosphorus with alumina is controlled by the speciation of
the alumina sorption sites which are different on each crystal plane (see Figure 1). However, such

surface-dependent P-doping has never been investigated in the literature before.

In this work, phosphorus-doped model MoS: catalysts supported on four different crystal planes of a-
Al203 C(0001), A(1120), M(1010) and R(1102) were synthesized via spin-coating deposition in order to

mimic an aqueous-phase deposition on powder materials while keeping an homogeneous distribution

3



on planar supports as shown before.[*5461147] |n order to evaluate the surface-dependent P-doping with
various P/Mo ratio, the impregnation solution speciation was studied with liquid-state NMR and the
planar catalysts were characterized with XPS and TEM at the oxidic state and after subsequent
sulfidation at different temperatures in order to study the effect of phosphorus on Mo dispersion and
genesis of the active MoS: phase.

Al -n,-OH

Al -p,-OH

d\), -, -0H
i

A(1120) and
Al -p,-OH M(1010) planes

' 4

Figure 1. Schematic representation of the proposed relationship 24 between the crystal planes of y-

Al203 48 and a-Al203 491 through their converging sorption sites.

2. Materials and Methods

2.1 Preparation of model Mo(P)/ a-Al-O3 catalysts

2.1.1 Model a-Al,O3 wafers

The model HDS catalysts synthesized throughout this work were prepared on four different single-crystal
planes of a-Al20swafers: A(1120), C(0001), M(1010), and R(1102). These substrates are commercially
available: the A(1120) and R(1102) single crystals were provided by MaTecK Material Technologie &
Kristalle GmbH (Germany), with dimensions 1.0 cm x 1.0 cm x 0.50 mm (thickness). An average rugosity
of the crystals of Ra< 0.50 nm was reported by the provider. The C(0001) and M(1010) single crystals
were provided by SurfaceNet GmbH (Germany), with the same dimensions as the A(1120) and R(1102)
planes. In this latter case, the surface roughness measured in terms of average rugosity was Ra < 0.35

nm according to the specifications of the provider.



A standardized cleaning procedure for the single crystals was adopted as a first synthesis stage in order
to limit chemical contamination of the surfaces. The chemical cleaning was carried out prior to every
active phase deposition and its methodology was directly adopted from the procedure established by
the work of Tougerti et al.’% and Bara et al.l?! (successive washings with water, HNOs and NH3). The
cleaning step was automatized and was carried out by a synthesis robot (Zinsser Analytic), in order to
ensure a fully reproducible initial chemical state for the a-Al203 wafers. After the cleaning procedure was
completed, the crystals were dried under nitrogen flux and subsequently calcined in air at 700 °C for 14

hours inside a muffle oven.

2.1.2 Preparation of the Mo-P precursor solution

The precursor solutions were prepared using MoOs (Fluka, >99% purity) as molybdenum source, while
the phosphorus source was aqueous HsPO4 (Aldrich, >85 %v). Initially, three solutions with different
P/Mo molar ratio (0.11, 0.40 and 0.57) were prepared with the same Mo concentration of 0.1 M,
according to the protocol described by Costa et al.['*51 A fixed amount of MoOs (i.e. 1.439 g of MoO3
for 100 mL of solution) was dissolved in distilled water. Afterwards, the appropriate volume of HzPO4
(for instance, 83 pL for 100 mL of P/Mo = 0.11 solution) was added to the aqueous solution in order to
obtain the desired P/Mo molar ratio. The solutions were stirred and refluxed at 90 °C for two hours in
order to fully dissolve the Mo and P precursors. The final pH was measured for the three solutions,
yielding values of 1.9, 1.8 and 1.8 for the P/Mo = 0.11, 0.40 and 0.57 solutions, respectively. Finally, a
solution with P/Mo = 0.57 was also prepared using ammonium heptamolybdate (AHM, Merck, 99%
purity) as Mo source following the same protocol as described above with MoOs. The pH of the latter

solution yielded a value of 2.4.

2.1.3 Deposition of the precursor solution via spin-coating

The deposition of the Mo-P precursors was carried out by the spin-coating technique (commercial spin-
coater, Suss MicroTec) in which the wafer is rotated at a constant fixed speed during a defined time
while the precursor solution falls right above the wafer in motion, as seen in Figure 2. A suction pump
conveniently placed under the sample holder creates the necessary vacuum for the wafer to remain in
place despite the centrifugal force caused by the rotation. The rotation of the wafer was fixed at 1800
rom (0.5 second to reach this speed) during 45 seconds. At the start of the rotation, the precursor
solution was introduced by a syringe pump (kd Scientific), for a total volume of 150 L, at a speed of 10
uL.s™'. These parameters were established empirically in order to obtain a target Mo loading of about 3

atoms.nm=.

After Mo-P deposition, the wafers were directly calcined at 450 °C (without further drying) for two hours

in air inside a muffle furnace. The recovered samples are afterwards referred as “oxide state”.
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Figure 2. Scheme for the spin-coating deposition of the Mo-P precursor solution.

2.2 Sulfidation of model catalysts

Gas phase sulfidation of the model catalysts was performed in a glass reactor at atmospheric pressure
by heating the sample (at 15°C.min"") under a 2NL-h"" 15 % mol H2S/H: gas flow from room-temperature
to the sulfidation temperature ranging from 100 to 500 °C. This temperature was maintained for two
hours. After sulfidation, the system was cooled under Ar until 80 °C after the 100 °C sulfidation
temperature or until 150 °C for the other sulfidation temperatures, under a 2NL-h-' Ar flow. The system
was kept at this temperature for 1 hour in order to desorb the sulfur excess on the surface of the
catalysts. The catalysts were then transferred and conserved under Ar atmosphere into a storage

recipient filled with Ar before analysis. The recovered samples are afterwards referred as “sulfide state”.

For the sake of clarity, the samples prepared from MoOs will be referred to the a-Al20s crystal plane
used as support (A(1120), C(0001), M(1010), and R(1102)) followed by the P/Mo ratio of the precursor
solution (0.11, 0.40 and 0.57). All samples prepared from ammonium heptamolybdate (AHM) were
prepared with a P/Mo ratio of 0.57 and will be denoted plane-AHM. A summary of the respective samples
is displayed in Table 1.

Table 1. Summary of the different prepared samples

Mo precursor MoOs3 AHM

A-0.11 A-0.40 A-0.57 A-AHM
C-0.11 C-0.40 C-0.57 C-AHM
M-0.11 M-0.40 M-0.57 M-AHM
R-0.11 R-0.40 R-0.57 R-AHM

List of Samples




2.3 Nuclear Magnetic Resonance (NMR) analysis of the
precursor solutions

Liquid-state 3'"P NMR spectra were obtained on a Bruker Avance Il spectrometer equipped with a BBI
5 mm probe, operating at frequency of 202 MHz. The obtained chemical shifts were calibrated using the
signal of 10% H3PO4 (0 ppm) as external standard. The sequence 30° with inverse gated decoupling 3'P
was acquired with a 60s recycle delay and with a 'H decoupling Waltz 16. The number of scans was
1024 with an acquisition time of 1s. The spectra were processed with a zero-filling factor of 1 and with
an exponential decay corresponding to a 1 Hz line broadening in the transformed spectra. Only spectra

with the same line broadening are directly compared.

Liquid-state ®*“Mo NMR spectra were also obtained on a Bruker Avance |l spectrometer equipped with
a BBO low-gamma 10 mm probe, operating at frequency of 39.1 MHz. The obtained chemical shifts
were calibrated using the signal of 2M Na:MoO4 in D20 as external standard. The sequence zg 90°
%Mo was acquired with a 1s recycle delay. The number of scans was 21504 with an acquisition time of
1s. The spectra were processed with a zero-filling factor of 2 and with an exponential decay
corresponding to a 0 Hz line broadening in the transformed spectra. Only spectra with the same line

broadening are directly compared.

24 X-ray photoelectron spectroscopy (XPS) analysis of Mo and
P

The information of the chemical nature and the surface concentration of the different species in the
model catalytic system was obtained by XPS, in both oxide and sulfide states. The XPS spectra were
obtained with an Omicron (ESCA+) instrument using a monochromatic Al X-ray source (hv = 1486.6 eV)
with an accelerating voltage of 14 kV and a current of 20 mA (with an overall energy resolution of 0.8
eV). The spectra were collected at a takeoff angle of 90° under a pressure below 1-10° mbar at ambient
temperature. The analyzed area is about 1 mm?2 and three different spots were analyzed for each
sample. The quantitative results are the average of the three analyses for each sample. In order to
obtain high-resolution spectra, the analyzer operated at an energy of 20 eV for the selected elemental
scanning and 100 eV for the overall elemental survey. The scans were performed using a 0.1 eV step
over the selected elements. The surveyed regions were C1s, O1s, Al2p, Mo3d, P2p and S2p. The
obtained spectra for each scanned region were calibrated based on adventitious carbon, which is
independent of the nature of the surface being analyzed. In that sense, the C1s photopeak was
established at 284.6 eV, following the premises of Gandubert et al.5253 An electron flood-gun was
required in order to ensure the charge neutralization of the alumina substrate as it is an insulating
material that will undergo surface charging upon ejection of the photoelectrons. After spectra collection,
the mathematical decomposition of the different contributions was performed using the Casa XPS
software.l5 The decomposition of the obtained spectra was carried out using Gaussian-Lorentzian

functions, while the background subtraction was Shirley-type.



The surface density (in atoms-nm2) of molybdenum and phosphorus was calculated for each planar
catalyst according to the quantification model used by Tougerti et al.[5% derived from the work of Towle

et al.1® The expression for Mo surface density (respectively phosphorus) is given by:

AMozd Oalzp 2PA1203

[MO or P] surface — N (1)

AAlZp OMozd MWai203

Where Awmosd (respectively Arzp) and Aaizp are the total areas of the Mo3d (respectively P2p) and Al2p
XPS photopeak regions, oc,, and oye3q (0pzp) are the photoionization cross sections (0.441 for Al
8.19 for Mo and 1.0095 for P), paj03and MWaizo3 are the density and molar mass of a-Al203 (3.95 g-cm-

3and 102 g-mol'). A, is the average mean free path of Al photoelectrons in Al203 (3.28 nm!381),

The Mo3d XPS spectra of sulfided Mo-based catalysts can be decomposed into three contributions:
MoOs, MoOxSy and MoS2. By expressing the total Mo surface density as a sum of the areas
corresponding to the three Mo contributions, it is possible to express the relative percentage of MoS:

with respect to the rest of Mo species, as shown in the following expression:

AMOSZ

% MoS, = x 100 2)

Amos, T Amooys, T AMoo,

%MoS:2 will be referred hereto as sulfidation degree. Sulfided samples were transferred from the storage
recipient filled with Ar to the XPS vacuum chamber in air in less than ten seconds. It was duly checked

that the sulfidation degree was not modified by the transfer procedure.

2.5 Transmission Electron Microscopy (TEM)

TEM samples were obtained by scraping the surface of the model Mo(P) / a-Al2Os catalysts with a
stainless steel razor blade in order to obtain fragments of the model samples thin enough to carry out
transmission electron microscopy. The detached fragments were suspended into a drop of absolute
ethanol, which was then deposited on a carbon-coated Cu-grid for TEM analysis. Conventional TEM
images were collected with a JEOL 2010 microscope operating at 200 kV. The average MoS: slab length
and stacking number were obtained by measuring no less than 220 clusters per sample, using the
Imaged 1.45 software.l¥1 The slab length for each MoS: slab was obtained by manually measuring the
visible blackened stripes that contrasted with the lighter a-Al2Os background. The stacking number was

determined by quantification of visible stripe layers for every MoS: cluster.



3. Results

3.1 Speciation of Mo-P precursor solutions
3.1.1 3P NMR of MoQOs-based solutions

Mixed molybdate-phosphate precursor solutions were prepared from MoOs and HsPOs4 (Mo
concentration of 0.1 M). It is knownl'940.51.58-60] that this type of composition will lead to a variety of Mo-
containing compounds, including predominantly phospho-molybdic heteropolyanions (HPA). In order to
address the speciation of the impregnation solutions, liquid-state 3'P and °®*Mo NMR was carried out for
the three solutions with varying P/Mo ratio (P/Mo = 0.11, 0.40 and 0.57).

The quantitative 3'P NMR spectrum for each solution is shown in Figure 3. 3'P NMR analysis first
strongly suggests that all phosphorus in solution is detected (no precipitation for example), since the
relative total peak area (Z peaks on the figure normalized to the P/Mo = 0.11 case) is in agreement with

the P/Mo ratio introduced in the solution.
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Figure 3. Quantitative liquid-state 3'P NMR spectra of the P/Mo 0.11, 0.40 and 0.57 solutions prepared
with MoOs as molybdenum source (Mo concentration of 0.1 M) and HsPO4 as phosphorus source. The
measured solution pH was 1.9, 1.8 and 1.8 respectively. Peak chemical shifts are indicated in black.

peaks was normalized to the P/Mo = 0.11 spectrum for the sake of clarity. Schematic representation of



phospho-molybdic HPA are also shown (molybdenum octahedra in blue and phosphorus tetrahedra in

pink).

In order to ascribe the peaks observed in Figure 3, a summary of different phospho-molybdic species

and their respective 3'P chemical shifts reported in the literature is given in Table 2.

Table 2. Reported 3'P NMR chemical shifts for various phospho-molybdic species according to

different sources using HsPO4 85 wt% as standard.

O /ppm
Pettersson et van Veen et
Reference  Griboval et al.!®"! al.[58:62] Kraus and Prins!®?! al [60:64]

Phosphates 0.5 0.48 0.5* 0.5
P,Mo050,35°~ 2.0 1.86t0 2.35 * 2.0 20t023*
PMo0g03,°~ -0.9 -1.15t0-1.00 * - -1.1t00.9*
P,Mo0;g04,%~ -2.5 -2.53 - -2.4
PMo4;035°~ - -1.2t0-0.78 * - -1.14t0 0.9 *
PMo0,,0,40%” - -3.2 - -3.2

*The range corresponds to different protonation degrees

According to Table 2, phosphate groups should appear at around 0.5 ppm on the NMR spectra.
However, pH variations, as well as partial protonation may displace this chemical shift. It should be kept
in mind that this pH dependence on the chemical shift also applies for phospho-molybdic HPA, as shown
by van Veen et al.[®% Therefore, small variations of their NMR position (shown as a chemical shift range

in Table 2) is observed depending on the solution pH.

It can be noted in Figure 3 that increasing phosphorus contents in solution (e.g. higher P/Mo) leads to a
notorious increase in the broad signal at 0.53 ppm (free phosphates) and for P/Mo = 0.57, free
phosphates become, by large, the predominant phosphorus species. Therefore, 3'P NMR results show
that high phosphorus content in solution necessarily implies a large excess of free phosphates in such

solution.

According to Table 2, the signal at & =-0.93 ppm present in the three spectra displayed in Figure 3 can
be attributed to a lacunar Keggin PMoy0,,°~ species (chemical shift from -0.9 to -1.15 ppm,[61-64]
depending on its protonation degree). Moreover, the peak at -0.93 ppm is predominant for the P/Mo =
0.11 solution (Fig. 3, green) which is in good agreement with a P/Mo stoichiometry of 0.11 for the
PMo,0,,°~ HPA. However, according to literature data (Table 2), this signal could also correspond to
PMo,,0,5°". Hence, it is not possible to discriminate both species based on their chemical shift only and

the signal at 6 = -0.93 ppm is assigned to both species in Figure 3.
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In all solutions, a peak of varying intensity is also observed at a chemical shift of -2.46 ppm that can be
attributed to a dimeric Keggin structure P,Mo,50,,% HPA, since the values of chemical shift for this

species reported in Table 2 range from -2.45 to -2.53 ppm.

At high phosphorus content in solution (from P/Mo = 0.40), a rather broad signal appears at a chemical
shift of 1.91 ppm, ascribed to the Strandberg-type HPA P,Mos;0,3~ according to Table 2, and in
agreement with the P/Mo ratio for this HPA (P/Mo = 0.40). This change in the speciation with increasing
P content is also in concordance with the chemical equilibria proposed by Iwamoto and Grimblot!39

involving P,Mos0,5™ :
(44 — 14x) H* + 5 Mo0,0,,%™ + 14 H,P0,3* = 7 H,P,Mo050,3~ + 15 H,0 (2)
(13x — 18)H* + 15 H,0 + 9 H,P,M050,3~ = 5 PM0gO3,Hg 3~ + 13 H,PO2™* (x>1) (3)

In both equations, an increasing concentration of free phosphates will displace the equilibrium towards
the formation of the P2Mos Strandberg-type HPA.

The presence of a minor signal at 0.13 ppm should be noted as well. Pettersson et al.l58 suggested that
this species corresponded to a PMog-like isomer and established its range of chemical shift between
0.47 and 0.08 ppm. Alternatively, van Veen et al.l®0 suggested that this species was a PMos-type
heteropolyanion without firmly concluding. Either way, these previous studies strongly support the
hypothesis that this species is a phospho-molybdic HPA.

Finally, a very weak signal corresponding to the PMo12040% HPA is observed for the P/Mo = 0.11 solution

at around -3.2 ppm. This signal completely disappears at higher phosphorus contents.

In order to evaluate the effect of the Mo source on the speciation of the precursor solution, a solution
prepared with ammonium heptamolybdate (AHM) instead of MoOs with a P/Mo = 0.57 was characterized
by 3'P NMR. The natural (i.e. as prepared) pH of both solutions is noticeably different: 1.8 for the MoOs-
based solution and 2.4 for the AHM-based solution. Hence, a third solution synthesized from MoO3 was
pH-corrected to 2.4 with NH4OH in order to match the AHM condition. The obtained spectra are
displayed in Figure 4.

11
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Figure 4. Quantitative liquid-state 3'P NMR spectra of a P/Mo = 0.57 solution prepared : i) from MoOs3
with its intrinsic pH (blue, pH = 1.8), ii) from MoOs after correcting the pH (pink, pH = 2.4) and iii) from
AHM (black, pH = 2.4) as molybdenum sources and H3PO4 as phosphorus source.

As seen in Figure 4, the speciation of phosphorus-containing species prepared from AHM as Mo source
(pH = 2.4) is much simpler than for MoOs with its intrinsic pH (i.e. 1.8). In the former case, only the
P,Mo50,$™ Strandberg-type structure and free phosphates are found in solution. In addition, the amount
of free phosphates in solution drastically decreases under these conditions. Such an influence of the
Mo source cannot have a kinetic origin since Hervé et al.[%l showed that (poly)molybdates have a low
kinetic stability and a thermodynamic equilibrium should be reached whatever the Mo source. As a
matter of fact, when correcting the pH of the MoOs solution to 2.4 (Figure 4, pink) the same speciation
of phospho-molybdic species is observed with MoOs and AHM. Therefore, the solution pH (i.e.
thermodynamic parameter) is the driving force that will determine the phospho-molybdic speciation in
solution rather than the molybdenum source. The lower pH destabilizes Strandberg species in favor of
Keggin type HPAs.

The integration of the different peaks shown in Figure 3 and Figure 4 allows one to obtain a relative

percentage of each species for the four precursor solutions at their natural pH (Table 3).

Table 3. Relative proportion (in % of the total area of the NMR spectrum) of each species in the
different precursor solutions at their natural pH (Mo concentration of 0.1 M). The HxPO4*3
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concentration marked with an asterisk indicate the free phosphate concentration in solution calculated

from the initial P concentration and the relative proportion of free phosphates.

Precursor solution

Species P/Mo = 0.11 P/Mo =0.40 P/ Mo = 0.57 P/ Mo = 0.57
(MoO3) (MoO3) (MoO3) (AHM)
PO £ 9 59 67 37
04 (0.001 mol-L-")*  (0.02 mol-L-")*  (0.04 mol-L-)*  (0.02 mol-L")*
PMo12040 3 3 - - -
P2Mo18Osz2 - 4 3 3 -
PMogO3z4 ¢ and/or
PMo11039 7~ e 19 g -
Undefined HPA 15 4 2
P2Mos5023 & - 21 22 63

*Undefined HPA refers to the peak at 0.13 ppm previously reported by Pettersson et al.[58621 and van

Veen et al.l%8]

For the MoOs-based solution, and the lowest P/Mo ratio (P/Mo = 0.11), 91% of all phosphorus atoms
are incorporated into phospho-molybdic HPA while 9% remain as free phosphates. This tendency is
reversed after increasing the P/Mo ratio in solution to and above 0.40. Phosphorus is now mainly present
as free phosphates (about 70% of phosphorus species for P/Mo = 0.57 at the natural pH of 1.8).
Conversely, for the solution prepared from AHM at P/Mo = 0.57 (pH = 2.4), the amount of free
phosphates is below 40%.

The most important conclusion that can be drawn from the liquid-state 3'P NMR study of the four
solutions is that the speciation of the phosphorus-containing species can be controlled by playing both
with the initial P/Mo ratio and with the Mo precursor, while keeping the natural pH of the solution which
is typically the case in catalyst preparation. At low P/Mo ratios (i.e. 0.11), the impregnation solution
contains mostly phospho-molybdic HPA (75 %) while at high P/Mo ratio (i.e. 0.57) free phosphates are
the predominant species (70 %) for MoOs-based solutions. Solutions prepared from AHM at P/Mo =

0.57 show a considerably reduced amount of free phosphates.

3.1.2 9Mo NMR of MoOgs-based solution

The composition of the impregnation solution was also studied through liquid-state ®®*Mo NMR in order

to a have a more comprehensive view of the Mo speciation.

Whatever the Mo source (in absence of phosphorus), the stable Mo oxo-species in concentrated solution
and acidic pH such as those used in the present study is the heptamolybdate ion: Mo70245-. This
structure shows three non-equivalent MoOs octahedra and its ®*Mo NMR spectrum is expected to exhibit
three different signals. In fact, several authors!®7-%9 report these three contributions, schematized in
Figure 5 along with their chemical shifts: a small signal at a chemical shift of 210 ppm (green), and two
overlapping contributions at 32 (blue) and 15 (red) ppm. The monomolybdate MoQ4?, if present, would

yield a signal at 0 ppm since it is the reference used for ®*Mo NMR.
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Figure 5. Different ®*Mo NMR signals attributable to the Mo7024%- polyanion. Adapted from
Fedotov et al.167]

For the P,Mos0,5~ Strandberg-type structure, Fedotov et al.l¥”.7% report a chemical shift ranging from -

18 to -11 ppm, depending on the protonation degree.

Concerning the PMo,05,°~ lacunar Keggin structure, no information is reported in the literature regarding
its Mo NMR signal to the best of our knowledge. However, a chemical shift of -34/-35 ppm is reported
for P,Mo,504,°” 970 Since the structure of this dimeric P,Mo,50.,°” HPA is made of two
PMo,05,°” lacunar Keggin units, the Mo octahedra share the same electronic environment in both
species and the chemical shift for the monomeric PMoy05,°~ structure should approach the one of the
dimeric. In that sense, a signal for the lacunar PMo,0,,°~ Keggin structure appearing at around -30 ppm

will overlap with the corresponding Strandberg-type signal.

A summary of different phospho-molybdic species and their respective ®*Mo chemical shifts reported in

the literature is given in Table 4.

Liquid-state ®*Mo NMR was carried out for the three different precursor solutions (P/Mo =0.11, 0.40 and
0.57) prepared from MoOQs, in order to confirm the different contributions identified with 3'P NMR, and to
detect the possible presence of free molybdates (Mo7024 8- and MoOa %). The spectra for the three

different solutions are displayed in Figure 6.
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Table 4. Reported %*Mo NMR chemical shifts for various phospho-molybdic species using Na2MoO4
2M as standard.

O /ppm
Reference  Fedotov et al.®”’%  Maksimovskaya et al.’®!  Kazansky!®
Mo0,0,,5~ 15, 34, 210 34, 200-210 -
P,M050,5°~ -18 to -11* - -
P,Mo0;504,°%~ -34 - -35
PMo,,0,,3” 16 - 22

*The range corresponds to different protonation degrees

P/Mo =0.11

-25 ppm

P/Mo = 0.40

ol asmmad

I
. 1
200 150 100 50 2 0 -50 -100 -150

&/ppm

Figure 6. Liquid-state ®*Mo NMR spectra of the P/Mo = 0.11, 0.40 and 0.57 solutions prepared
with MoOs as molybdenum source and HsPO4 as phosphorus source. The reference (0 ppm) is a
2 M solution of Na2MoOs.

For the P/Mo = 0.11 solution (green), a predominant broad signal pointing at -15 ppm is observed along
with a shoulder at about 20 ppm. The main maximum can be assigned to the monomeric PMo,03,°~ or
PMo11039¢" lacunar Keggin structures in agreement with the 3'P NMR (Figure 3). The shoulder at about
20 ppm suggests the presence of free heptamolybdates in solution. In this case, the signal at 210 ppm

referenced in Figure 4 would be too weak to be detected. For the P/Mo = 0.40 and 0.57 solutions, one
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more symmetric signal is observed at around -25/-30 ppm. This unique signal may be the result of the
superposition of the %Mo NMR contributions of both lacunar Keggin PMo,03,°"and Strandberg-type
P,Mo:0,2~ HPA, which were detected via 3'P NMR. The signal at -25/-30 ppm becomes more symmetric

and narrower when increasing the P/Mo ratio in line with the decreasing contribution of PMo405,°~ HPA
(Table 3). More importantly, for these two solutions, the absence of a shoulder-type contribution at

around 20 ppm suggests the absence of free heptamolybdates for these solutions.

The %Mo NMR spectrum of the solution prepared from AHM (Figure 7) shows a symmetric signal
centered at around -20 ppm in full agreement with the 3'P NMR spectrum (Figure 4) showing only one
phospho-molybdic species, the Strandberg-type P.Mos HPA. The presence of free heptamolybdates
(~20 ppm) can be excluded. The slight downfield shift observed for the AHM-based solution with respect
to the solution prepared from MoOs may be explained either by different pH in both solutions (2.4 and
1.8 respectively), or by the remaining PMos and P2Mo1s species in MoOs-based solutions that may

overlap with the predominant P2Mos HPA.

-30 ppm

T T T T
200 150 100 50 0 -20 -50 -100 -150

Figure 7. Liquid-state ®*Mo NMR spectra of the P/Mo = 0.57 solution prepared from AHM (black,

pH = 2.4) and MoOs (blue, pH = 1.8) as molybdenum sources and H3PO4 as phosphorus source.

All the obtained liquid-state 3'P and %Mo NMR spectra allow us to conclude that the speciation of the
Mo-P impregnation solution depends both on the Mo source and the phosphorus loading if no pH

regulation is performed:
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e For MoOs as Mo source, a low P/Mo ratio in solution (0.11) will yield a solution with mostly
phospho-molybdic HPA (mainly lacunar Keggin PMog) and a minor amount of free phosphates,
and free molybdates (most probably as heptamolybdates).

e For MoOs as Mo source, the P speciation for a high P/Mo ratio in solution (0.57) will yield a
solution with a predominant contribution of free phosphates and a minor contribution of HPA.

e Changing the Mo source to AHM instead of MoOs, and keeping a high P/Mo ratio (0.57)
significantly changes the speciation of the solution with a predominant contribution of HPA
(Strandberg P2Mos) and a low amount of free phosphates.

Hence, the relative proportion of phospho-molybdic HPA and free phosphates can be finely tuned by
playing with the P content and Mo source.

3.2 Spin-coating of a pure phosphate solution on a-Al,O3 wafers

In order to better understand the interactions between phosphate and alumina, we first study the
deposition of phosphates on the different a-Al203 crystal planes. A spin-coating deposition experiment
was carried out on the four crystal planes (A(1120), C(0001), M(1010), and R(1102)) using a pure
phosphate solution (0.057 M phosphoric acid, pH adjusted to 1.8 with ammonium hydroxide). The
chosen concentration corresponds to the one for a solution with P/Mo = 0.57 used for P-doped-model
catalysts, which will be discussed below. The results of the surface atomic P/Al ratio obtained from XPS
analysis are displayed in Figure 8. The surface phosphorus densities obtained from these results (see
Equation 1) are available in Figure S.1 of Supporting Information.

0,25
0,20
0,15

0,10

Surface P/Al

0,05

0,00

Figure 8. Surface atomic phosphorus/aluminum ratio obtained with XPS on the A(1120), C(0001),
M(1010) and R(1102) crystal planes of a-Al203 after spin-coating deposition of a phosphate

solution. The samples were analyzed after calcination at 450 °C.
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The results in Figure 8 indicates a higher surface P/Al ratio on the A(1120) and R(1102) planes (ca.
0.20), a much lower ratio (ca. 0.05) on the C(0001) plane and an intermediate behavior for the M(1010)
plane. These results pinpoint either a surface selectivity in the dispersion of the phosphate species on
the different crystal planes or a selective adsorption during spin-coating deposition. In Figure S.1
(Supporting Information), the calculated P surface densities follow the same trend. It should be noticed
that these latter values are especially higher than those achieved by traditional wet impregnation
method: a 5 wt% P20s containing HDT catalyst (assuming a specific area of 280 m?/g) correspond to
less than 1 atoms P.nm-2. This can indicate that we are beyond a phosphorus monolayer. Next, such
differences between faces can hardly be explained by a selective adsorption of phosphates on the
surface since spin-coating is very close to a mere physical deposition on the surface (this will be
confirmed below for phosphomolybdate solutions). A more probable explanation for this selectivity is a
different phosphate aggregation on the surface (which can vary with the nature of the interactions
between these groups and the surface sorption sites). Different phosphate aggregation states can alter
the XPS quantification. Formation of large phosphate clusters dispersed on the surface should lead to
an attenuation of the P2p signal and consequently to an underestimation of P/Al. This tendency of
phosphate groups to aggregate into polyphosphate clusters has been already observed.l”!l Conversely,
the presence of small phosphate clusters covering the surface will lead mainly to an attenuation of the
Al signal and in turn to an overestimation of P/Al on the surface. This analysis also holds for the
calculations of P surface densities reported in Figure S1 since the model used for the determination of
P surface loadings (see experimental section) implies that the mean free path of Al2p photoelectrons and
P2p in the sorbed phase (3.2 nml58l) is much larger than the thickness of the sorbed phase (phosphates),
which would correspond to a homogenous and monolayer phosphate deposition. Such hypothesis is no
longer valid when there is surface aggregation (clustering) of the supported phase and results of Figure

S1 have to be taken as a qualitative guide only.

Hence, results of Figure 8 lead to the hypothesis of large phosphate clusters dispersed on the C(0001)
plane (lower P dispersion) while small particles would cover the whole surface on the R(1102) plane,
increasing P dispersion. Figure 8 can thus be used to rank the a-Al2Os crystal planes in terms of
phosphate aggregation: C(0001) >> M(1010) > A(1120), R(1102). Figure 9 gives a schematic view of
this conclusion. It can be concluded that phosphates interact differently with each crystal plane, which
would certainly play a role in the deposition of phospho-molybdic precursors, especially at high

phosphate contents in solution.

Moreover, these results are also in line with our previous work on molybdate deposition where it was
demonstrated that the C(0001) plane induced weak metal-support interactions leading to molybdate
aggregation. Smaller particles were obtained on the R(1102) plane indicating stronger metal-support
interactions. An intermediate and similar behavior was obtained with the A(1120) and M(1010) planes
that exhibit comparable surface structure. Very similar conclusions can be drawn from Figure 8 for
phosphates except from a distinct behavior for the A(1120) and M(1010) planes. In the latter case,

phosphate deposition appears more sensitive than molybdate regarding the surface chemistry but the
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present knowledge of the surface structure of both orientations does not allow us to rationalize this

Al Al Al Al Al
R A

C(0001) Plane R(1102) Plane

. Phosphate aggregate

Figure 9. Schematic representation of the dispersion of phosphate groups on the C(0001) and
R(1102) planes of a-Al203-

behavior.

3.3Spin coating of phospho-/molybdic solutions with varying P/Mo ratios and Mo

sources on a-Al,O3 wafers

Model catalysts were then prepared by spin-coating the Mo-P precursor solutions characterized in
Section 3.1 on the four different a-Al2Os crystal planes. XPS was also used to quantify their surface
P/Mo atomic ratio in the oxide state (after calcination at 450°C) and the results are displayed in Figure
10.

EA mC =M =R mSolution

6
o
B 5
O
=
o
§ 4
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O
§ »
<C
1
o |- | . l s
Initial PMo in | 0-17 0.40 0.57 0.57
solution Y
MoOs AHM

Figure 10. Average P/Mo atomic ratio obtained with XPS for the model catalysts in oxide state
(calcined at 450°C/2h) for different precursors solutions (MoOs or AHM based) with varying initial P/Mo
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ratio, supported on the A(1120), C(0001), M(1010) and R(1102) crystal planes of a-Al2Os. The red bar
gives the P/Mo ratio in solution. The average corresponds to three different samples per crystal plane

and precursor solution.

Firstly, it is worth noticing that regardless of the phosphorus content in the precursor solution, the
analyzed P/Mo atomic ratio on the surface is always higher than the initial P/Mo ratio in such solutions
(red bar). Another clear behavior shown in Figure 10 is the strong dependence of the surface P/Mo
atomic ratio with the a-Al2O3 crystal plane which is reminiscent of the results for pure phosphate
solutions (Figure 8). This selectivity is better evidenced at high initial P/Mo ratio in solution. The same
trend is obtained when plotting P/Al instead of P/Mo (see Figure S.2 of supporting information) since the

former ratio is often used as a descriptor of dispersion.['9]

As discussed in the previous section, this selectivity can most probably be explained by different
aggregation states on the surface. In order to discard a selective adsorption of P or Mo which is unlikely
with spin-coating, a comparative impregnation experience was carried out where a controlled amount of
Mo and P was drop casted on the a-Al2O3 wafers. Two impregnation solutions were chosen with P/Mo
= 0.57 and prepared from MoOs and AHM by dilution of the mother spin-coating solutions to 6.6 -10¢
mol-L-' for a target Mo loading of 4 atoms-nm-=2. XPS quantification of the P/Mo ratio (See Figure S.3 of
supporting information) show that the surface selectivity observed in Figure 10 is maintained after drop-
casting, while a complete control of Mo and P loading should lead to identical surface P/Mo ratio,
whatever the considered face. Hence, selective deposition of P vs. Mo can be discarded, while surface-
dependent aggregation is a more plausible hypothesis to explain the various P/Mo ratio on the different

crystal planes of a-Al2Os.

In order to discuss more precisely the evolution of the P/Mo ratio, the average surface atomic Mo/Al
ratio obtained by XPS is reported in Figure 11. In general, there is a tendency toward the decrease of
the Mo/Al ratio for the same surface orientation upon increasing phosphorus concentration in the
precursor solution, i.e. increasing initial P/Mo ratio. The type of Mo precursor (MoOs or AHM) does not
drastically alter the measured Mo loading. The only exception for this is the C(0001) plane at P/Mo =
0.11. However, variations of Mo/Al (Figure 11) are much smaller than variations of P/Mo (Figure 10).
Figure S.4 (Supporting Information) displays the Mo loading (in atoms.nm-2) calculated from Equation
1. In this case, the Mo surface concentration ranges from 1.5 to 4.5 atoms-nm-2, which would correspond
to weight loadings from 6 to 17 wt% Mo for a conventional catalyst supported on a powder y-Al2Os carrier
of about 280 m?g (these values are also on the same order of magnitude than Mo surface

concentrations encountered in HDT catalysts).
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Figure 11. Average surface atomic Mo/Al ratio (2-3 samples each) obtained by XPS for the model Mo-
P/ a-Al2O3 catalysts in oxide state (calcined at 450°C/2h) for different precursor solutions (MoOs or
AHM) with varying initial P/Mo ratio, supported on the A(1120), C(0001), M(1010) and R(1102) a-Al203

crystal planes. Error bars give the standard deviation obtained on 2-3 samples.

Combining the results of Figures 10 and 11, the large variation of P/Mo ratio observed on each a-Al203
surface orientation can be related mainly to variations of the P quantification (as already observed on
Fig. 8), rather than to the Mo one, which shows weaker fluctuations with the type of a-Al2Os facets.
Moreover, it was suggested above that the P/Al ratio (Figure S.2 and consequently the surface P/Mo
ratio, Figure 10) can be used as a descriptor of the surface-dependent phosphate aggregation. In line
with the results of Fig. 8 (pure phosphate adsorption), it can be concluded that low P/Mo ratio indicates
an underestimation of P loading explained by phosphate aggregation (typically, the C(0001) plane).
Conversely, a high P/Mo ratio suggests a high surface coverage with small phosphate clusters (typically

the R(1102) plane). P/Mo ratio can also be seen as an indicator of the P dispersion onto the surface.

It can also be noticed that the apparent surface-dependence of P/Mo is linked to the solution composition
(initial P/Mo ratio and type of Mo precursor), which can be correlated to the solution speciation (see
section 3.1). At low initial P/Mo ratios (e.g. 0.11), a weak variation of the surface P/Mo ratio can be linked
to a low amount of free phosphates in solution as shown by 3'P NMR (see Figure 2). At higher initial
P/Mo ratios (0.40 and 0.57-MoOQs3), a strong surface-dependence is observed, which is in line with a
large amount of free phosphates in solution (Figure 2). Moreover, it is interesting to compare the model

catalysts prepared from MoOs and AHM as Mo source for the same initial P/Mo ratio. In both solutions,
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the speciation of the precursor differs significantly (Figure 3), with a much larger amount of free
phosphates for MoOs-based solutions. According to Figure 10, model catalysts prepared from the latter
solution show a much larger surface-dependent P/Mo ratio than for AHM-based, where the R(1102)
plane is the only surface that stands out noticeably. This variation with the type of Mo precursor confirms
that the surface-dependent P/Mo ratio can be correlated to the amount of free phosphates in the
impregnation solution: the higher the relative phosphate proportion in solution with respect to HPA, the
higher the P/Mo surface dependence. As for the type of surfaces involved, Figure 10 shows that planes
A(1120) and R(1102) show a much higher atomic surface P/Mo ratio than the C(0001) and M(1010)
planes for the same initial P/Mo ratio. These results are somehow in line with the results displayed in

Figure 7 for the phosphate loading.

Hence, all these results converge to show that the presence of free phosphate groups in solution affects
the apparent surface P/Mo ratio on the different crystal planes which is used as a descriptor of the
surface aggregation. Therefore, phosphates adsorbed on the A(1120) and R(1102) planes are much
more dispersed than in the case of the C(0001) plane, which would tend to favor bigger phosphate

aggregates whereas the M(1010) plane shows an intermediate behavior.

These conclusions are in line with the works of van Veen et al.[®4 and Bergwerff et al.l’2, who observed
a strong and preferential adsorption of phosphate groups on powder y-Al2O3 with respect to Mo-P HPA.
-Phosphate adsorption on surfaces that exhibit strong metal-support interactions (A(1120) and R(1102)
planes) will lead to small phosphate clusters while weakly interacting surfaces (C(0001) plane) will
promote phosphate aggregation upon calcination. These differences are much less pronounced when

there is a reduced fraction of free phosphates in solution (AHM-based solutions or low P/Mo ratio).

As for Mo, phosphate adsorption will reduce the sorption sites for Mo.l’? In fact, van Veen et al.l64
suggested that for P loadings higher than 0.3 wt%, AIPO4 layers can build up on the surface of the
support, blocking the strongest adsorption sites from Mo precursors. This newly-formed AIPO4 layer has
a lower adsorption capacity than the original y-Al2O3 support. This can explain why the total apparent
Mo content (Fig. 11) decreases with the increase of initial P/Mo since consumption of sorption sites will

cause the aggregation of Mo.

3.4 Genesis of the active (sulfide) phase

The genesis of the active phase in HDT catalysts consists in the transformation of the oxidic precursor
into MoS2 nanoclusters (active phase) via H2S/H2 sulfidation. It has been shown by several authors that
the extent of this sulfidation is support and surface dependent?473.741 since the temperature at which
the MoOx clusters will be transformed into MoS:2 depends on the support. The sulfidation degree is then
a direct indicator of the strength of the active phase-support interactions: higher sulfidation degrees

obtained at lower temperatures imply weaker metal/support interactions.”® The presence of phosphorus
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can intervene in the evolution of the sulfidation trend, since it can affect Mo-O-Al interactions by blocking
Mo adsorption sites, 8771 by playing a role on the acidity of the support,37:38 or by intervening directly in
the architecture of the MoS: phase.*#4781 Moreover, we have shown above that phosphorus doping is
also dependent on the alumina surface orientation since XPS demonstrated a surface-dependent

aggregation of phosphates on the various a-Al203 wafers investigated.

All synthesized model Mo-P/a-Al2O3 catalysts were sulfided at different temperatures (100 to 500 °C) in
order to evaluate the evolution of the sulfidation degree (% MoSz2) within this temperature range. The
quantification of the sulfidation degree was performed via decomposition of the XPS signals for the
different Mo and S contributions according to the procedure described by Bara et al.l?% (see experimental

section).
3.4.1 Catalysts prepared using the P/Mo = 0.11 precursor solution

The sulfidation trend for the model catalysts prepared using the P/Mo = 0.11 solution is displayed in
Figure 12.
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Figure 12. Sulfidation degree (% MoS:2) determined via XPS at different temperatures of model Mo-
P/a-Al.O3 catalysts prepared using the P/Mo = 0.11 phospho-molybdic solution (from MoO3s) on the
C(0001), A(1120), M(1110) and R(1102) planes of a-Al203. Note: at 500 °C, results for planes A and M
are superposed, as well as for planes C and R. The continuous orange line corresponds to the trend
followed by the model catalysts prepared on the C(0001) plane, while the black dotted one

corresponds to a general trend for the model catalysts supported on the other crystal planes.

For all model catalysts prepared with the P/Mo = 0.11 precursor solution, sulfidation started around
100 °C. At this temperature, it is manifest that the catalyst on the C(0001) plane of a-Al203 is more
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sulfided (sulfidation degree of 24%) than the rest of the catalysts on the other crystal planes (sulfidation
degree between 6-10%). This is in agreement with the work of Bara et al.[?4l, in which model catalysts
(without phosphorus) supported on the C(0001) plane consistently exhibited higher sulfidation degrees,
especially at low sulfidation temperatures. The enhanced sulfidation degree on the C(0001) plane is
maintained up to 400 °C, reaching a maximum value of around 80% in agreement with what is found for
powder catalysts.l5% In that sense, the observed trend in sulfidation for low P-doped catalysts is the
same as for non-doped MoS: catalystsi??l which means that low P loadings have no significant effect on
the sulfidation of Mo oxides.

3.4.2 Catalysts prepared using the P/Mo = 0.57 precursor solution from
MoO:s.

In the case of the catalysts prepared with the highest P loading (P/Mo = 0.57, MoQ3), the trends for the

sulfidation degree for such model system are displayed in Figure 13.
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Figure 13. Sulfidation degree determined via XPS at different temperatures of model Mo-P/a-Al203
catalysts prepared using the P/Mo = 0.57 phospho-molybdic solution (from MoQs3), deposited on the
C(0001), A(1120), M(1010) and R(1102) planes of a-Al-O3 . The continuous orange and grey lines
correspond to the trends followed by the model catalysts prepared on the C(0001) and M(1010)
planes respectively, while the black dotted one corresponds to a general trend for the catalysts

supported on the A(1120) and R(1102) crystal planes.

Figure 12 shows that for high initial P/Mo ratio, the C(0001) plane always exhibits higher sulfidation
degree up to 400°C (even if the 200 °C temperature is less clear-cut). The 300 and 400°C temperatures

are also interesting since a change in the trend is observed. At 300°C, the situation observed for the
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P/Mo = 0.11 condition still holds: sulfidation is higher on the C(0001) plane (49%) while the other
A(1120), M(1010) and R(1102) orientations are lower and close (34-38 %). Conversely, at 400 °C
sulfidation for the M(1010) plane (66%) is very close to that of the C(0001) plane (72%) while the A(1120)
and R(1102) planes remains less sulfided (44-51%). Sulfidation at higher temperatures (500°C) levels
out for all orientations except for the A(1120) plane. Hence, three different behaviors for high initial P/Mo
ratio can be highlighted and are marked as trendlines in Figure 13: i) a constantly higher sulfidation
degree exhibited by plane C(0001), a constantly lower sulfidation degree exhibited by planes A(1120)
and R(1102) and an intermediate sulfidation degree for plane M(1010).

It is interesting to compare these results of sulfidation with the surface P/Mo ratio reported in Figure 10
for initial P/Mo = 0.57 in solution. Planes A(1120) and R(1102) show a remarkable delay in the evolution
of the sulfidation degree with respect to the C(0001) plane and Figure 10 shows that the former surface
have the highest surface P/Mo ratio. The M(1010) plane shows an intermediate sulfidation behavior with
a lower sulfidation degree with respect to the C(0001) plane up to 300°C and it shows an intermediate

P/Mo ratio in Figure 10.

Hence, the progress of sulfidation degree with the temperature can be directly correlated with the
surface P/Mo ratio given by XPS. It was suggested above that the surface P/Mo can be used as a
descriptor of the phosphate aggregation: high surface P/Mo implying small phosphate clusters covering
the surface. In that sense, the results discussed above allow us to propose that small phosphate
aggregates will decrease the sulfidation degree progress of planes A(1120) and R(1102), especially at

low sulfidation temperatures.

To better illustrate the phosphorus effect, the sulfidation degrees of model catalysts supported on the
R(1102) plane, which is the surface leading to the highest surface P/Mo ratio (see Fig. 10, MoOs), are
displayed in Figure 14 (with varying initial P/Mo ratio).
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Figure 14. Sulfidation degree determined via XPS at different temperatures of model Mo-P/a-Al203
catalysts prepared with phospho-molybdic solution (from MoQ3) of varying initial P/Mo ratio on the
R(1102) plane of a-Al203. The P-content is expressed as initial P/Mo ratio (see Fig. 10). Data points
for a P/Mo = 0 correspond to the sulfidation degrees obtained by Bara et al.?4! via classical
impregnation, as the Mo loadings are comparable with the ones in this work. The enclosed areas mark

the delaying phenomena at 300 and 400 °C sulfidation.

Once gain the most striking differences are observed between 300 and 400°C. At 300°C, there are two
groups of results: the larger sulfidation (50%) is observed without phosphorus while lower sulfidation
(31-34%) is observed in the presence of phosphorus whatever the P/Mo ratio. This demonstrates again
the delaying effect of phosphorus upon sulfidation. At 400°C, the inhibition is broken for a low initial
P/Mo ratio (0.11) with a sulfidation of 69% identical to the case without phosphorus, while a much lower
sulfidation of 51-56% is achieved for catalysts with higher P/Mo (0.40 and 0.57). At 500 °C, the

differences are again leveled out since all results converge to a similar sulfidation degree (75%).

3.4.3 Comparison of the catalysts prepared using MoO3s, and AHM as Mo source
using a P/Mo = 0.57 precursor solution

Catalysts prepared using the P/Mo = 0.57 precursor solution with AHM as Mo source are useful for
comparison with the ones prepared from MoOs, since i) the AHM-based phospho-molybdic solution
shows a reduced number of free phosphates (Figure 3) and ii) the use of AHM-based solutions leads to

a lower surface P/Mo ratio (Figure 10). The comparison of both sets of catalysts can give direct
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information of the effect of the presence of free phosphates in solution. The sulfidation trends for model
catalysts prepared on the A(1120) and R(1102) planes (i.e. those with the highest surface P/Mo ratio)
are displayed in Figure 15.
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Figure 15. Sulfidation degree determined via XPS at different temperatures of model Mo-P/a-Al203
catalysts prepared using two phospho-molybdic precursor solutions with an initial P/Mo molar ratio of
0.57 using either MoOs or AHM as Mo source and compared to one precursor solution (AHM) without
phosphorus, reported by Bara et al.24 deposited on the A(1120) (left) and R(1102) (right) planes of a-

Al20s.

As can be seen from Figure 15, sulfidation is delayed at 300 °C for model catalysts prepared on both
crystal planes from phosphorus-containing AHM and MoOs precursor solutions (red and green) with
respect to a non-doped solution (purple). However, at 400 °C, for both A(1120) and R(1102) orientations,
the catalysts prepared using AHM join the same trend as the non-doped catalysts while the inhibition is
still observed for the catalyst prepared with MoOs. These results confirm the previous conclusions drawn
above. A delay in sulfidation takes place whatever the surface P/Mo ratio as long as phosphorus is
present but a higher delay (i.e. at higher temperature) is observed for high surface P/Mo ratio (lower
clustering) resulting from the presence of a high amount of free phosphates characteristic of MoOs-
based solution with respect to AHM-based solutions. This delay is only overcome at sulfidation
temperatures high enough (500°C, Figure 14) to provide the sufficient energy for leveling out different

metal-support interactions.

3.4.4 Stacking number measurements via TEM analysis

TEM analyses of the model catalysts in the sulfide state were carried out in order to obtain information
about the support effect on the stacking of MoS: slabs under the presence of varying phosphorus
loadings. The model catalysts used for TEM analysis were sulfided at 400°C, since this is the

temperature showing the largest differences in sulfidation degrees among samples (see Fig. 12-15)
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besides being a very usual sulfidation temperature. The average stacking distribution of MoS2
nanoclusters obtained via analyses of the TEM images of model catalysts (Figure 16) is displayed in

Figure 17 for the catalysts prepared with low (P/Mo = 0.11) and high (P/Mo = 0.57) P content in solution
(from the MoQOs precursor).

Figure 16. Representative TEM images of model P-doped MoS: catalysts supported on the M(1010)
plane of a-Al20s. Left: low P-content (initial P/Mo = 0.11), Right: high P-content (initial P/Mo = 0.57)
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Figure 17. MoS:2 average stacking number for model P-doped MoS: catalysts supported on the
C(0001), A(1120), M(1010) and R(1102) planes of a-Al203, prepared with the P/Mo = 0.11 (left) and
P/Mo = 0.57 (right) precursor solutions from MoOs and sulfided at 400 °C.

First, it can be noted that the average stacking number (Table 5) for model catalysts prepared with a
low P content in solution is higher than for those prepared with a higher P content for all crystal planes,
which demonstrates a key role of phosphorus.
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Table 5. Average stacking number for model catalysts supported on the A(1120), C(0001), M(1010)
and R(1102) planes of a-Al203 prepared with the P/Mo = 0.11 and 0.57 precursor solutions.

P/Mo in solution A(1120) C(0001) M(1010) R(1102)
0.11 2.0 3.0 2.3 1.9
0.57 1.6 1.9 1.6 1.8

Second, for the model catalysts prepared with the P/Mo = 0.11 solution, MoS: slabs on the C(0001)
plane show a slightly higher stacking (about three slabs) than on the other planes where the distribution
is centered on two slabs. These results go in line with the two distinctive tendencies for sulfidation trends
discussed from Figure 12 where the C(0001) plane showed a unique and higher sulfidation degree. A

higher stacking for the C(0001) plane was also demonstrated in the absence of P.124

In the case of the model catalysts prepared from the P/Mo = 0.57 solution, a clear reduction in the
stacking for all the model catalysts is observed since single-slabs are predominant. Hansen et al.l’®
showed with in-situ TEM that multi-layered MoS: slabs grow through an homogenous nucleation of
mobile Mo species on top of previously formed single-layered MoS: particles. In the present case, it can
be assumed that in the presence of phosphorus aggregates, migration of mobile Mo species is
constrained leading to a diffusion-limited growth whatever the a-Al2O3 orientation. It has also to be noted
that the size of the slabs is almost constant for all orientations (i.e. about 4,2 + 0,9 nm, see Figure S.5

of supporting information).

Conversely, for conventional powder catalysts, it has been found that incorporating phosphorus tend to
slightly increases the average MoS: stacking number.[3980 Hence, the results presented here may be

specific to planar surfaces where porosity is absent.

4. Discussion: the role of phosphorus on Mo
adsorption and genesis of the active phase

Liquid state 3'P NMR show that Mo is mainly incorporated in phospho-molybdic HPA while the amount
of free phosphates increases with the initial solution P/Mo ratio. XPS quantification of the model catalysts
in their oxide state shows a strong surface-dependence of the surface P/Mo ratio: we demonstrate that
this strong dependence is a descriptor of the surface aggregation of phosphates. The nature of the
substrate (crystal plane), in conjunction with the amount of free phosphates in solution, are the

determining factors in this aggregation state.

Our results (Figure 7) show also that the phosphate aggregation is strongly dependent on the strength

of surface/adsorbate interaction, as shown before for molybdate adsorption.[?%1 Phosphates aggregation
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decreases in the following order C(0001) >> M(1010) > A(1120), R(1102) with the least interacting

surface (C plane) leading to the larger phosphate clusters.

Since phosphates and (heteropoly)molybdates are both oxoanions, they compete for the alumina
sorption sites (-OH2+ groups) during deposition.["2811 Accordingly, our results (Figure 9) show a slight
reduction in the apparent Mo loading at increased phosphorus concentrations in solution. This decrease
c-an be explained by a lower Mo dispersion which can be attributed to a blockage of the primary sorption
sites for Mo by phosphates, as a consequence of oxoanion competition.[’”! The differences in surface
P/Mo ratio are much lower in conditions where free phosphates are minor species in solution (AHM-

based solutions or low P/Mo ratio).

The surface-dependent aggregation is directly related to the nature of the —OH sorption sites on the

different a-Al203 orientations that are summarized in the introduction section (Figure 1).

It has been proposed that the R(1102) plane has only one type of surface OH: Alsc-u1-OHB that have
been reported to form strong bonds with oxoanions.?4 Since phosphates are preferentially adsorbed
with respect to molybdates,[2 the former will occupy first the strongest adsorption sites leading to a high

dispersion of phosphates and high P/Mo ratios analyzed with XPS.

On the contrary, the surface termination of the C(0001) plane is composed of Alsc-j2-OH sites that leads
to weaker oxoanion-surface interactions?¥ and consequently larger phosphate aggregation as well as

larger Mo particles (low surface P/Mo ratio).

The surface structure of the A(1120) and M(1010) planes has been proposed to be terminated with
singly, doubly and triply OH bound to 6-fold AI®* (i.e. Alec-p1-OH, Alec-p2-OH, Alsc-p3-OH) which would
have intermediate oxoanion-surface interactions with respect to the two previous planes.?*! However,
the results of the present work tend to show that the A(1120) and M(1010) planes have distinct behaviors
in terms of surface P/Mo ratio and sulfidation ratio. The A(1120) plane being close to the results for the
R(1102) plane while the M(1010) plane is intermediate in between the R(1102) and C(0001) planes.
Such distinct behavior cannot be explained in the present knowledge of the surface structure of both
surfaces. More work needs to be done on the surface structure of these two terminations at the

oxide/water interface using ab-initio molecular dynamics for example.[®

Regarding the sulfide phase, there is some agreement that phosphorus decreases the active phase-
support interactions, leading to more stacked MoS:2 clusters.3%8% |n the present work, the surface-
dependent sulfidation shows that the phosphorus effect is less straightforward. At high P content in
solution and high surface P/Mo ratio (precursor solution from MoOs with P/Mo = 0.57), an important
sulfidation delay and reduction in the stacking number of MoS: slabs is observed. While the stacking
number is reduced for all crystal planes, the delay in sulfidation is especially evident for planes A(1120)
and R(1102), which show a high phosphate dispersion and a large delay in the evolution of the
sulfidation ratio with temperature. A low-temperature delay in sulfidation degree was also reported by

van Haandel et al.[8% for Co-Mo-P and Mo-P dried, and most notably, calcined catalysts.
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At this point it is important to note that a significant difference between the model catalysts used in the
present work and traditional y-Al2Os porous catalysts is that the large amount of phosphates in solution
is entirely available and in contact with the surface of the support for planar substrates. Phosphates can
be distributed across the surface and possibly interact with all available surface —OH groups. Instead,
these large quantities would not be able to reach all sorption sites on a porous material as they are
preferentially adsorbed on the external surface of the extrudates.[’2 The influence of phosphates can
thus probably be intensified on model planar catalysts. In such a way, we can postulate that planar

surfaces enhance the phosphorus effect compared to what is expected on porous support.

In the particular case of the A(1120) and R(1102) planes, the phosphates are well dispersed, probably
as pure phosphates or AIPO4 layers, in close contact with Mo oxides particles after calcination. This
condition has previously been reported to favor the formation of a Mo phase strongly bonded to
phosphorus and alumina sorption sites (Al-O-Mo-O-P bonds), where Mo atoms are presumably harder
to reduce and sulfide to MoS2 when they are part of this polyatomic structure.[*478 Furthermore, a large
number of small phosphate particles covering the surface would also tend to confine the Mo particle and
impede their growth as MoS:2 during sulfidation. In other words, our results pinpoint a model in which
large phosphate dispersion will decrease the sulfidation ratio of the Mo active phase through a large
intimacy between phosphates and molybdates. Such proximity will lead to i) a chemical inhibition:
molybdo-phosphate mixed structures, via the polyatomic Mo phase (Al-O-Mo-O-P bonds), are less
reducible than pure molybdates, ii) a physical / diffusion inhibition: phosphates surround the Mo particle
and hinder the growth of the MoS: particle at low temperatures. The predominant occurrence of MoS:
single-slabs on the model catalysts prepared with the P/Mo = 0.57 solution seem to be in line with this
hypothesis: phosphorus aggregates tend to impede the growth of multi-layered MoS: slabs through
diffusion limitation of mobile Mo species. Higher sulfidation temperatures (500°C) are required to
overcome surface diffusion barrier and hence to sulfide the model catalysts supported up to an extent

of a similar phosphorus-free or mildly P-doped catalyst.

Conversely, for the C(0001) plane, large phosphate clusters highly disseminated on the surface will
result in a reduced phosphate/molybdate intimacy leading to a lower chemical and physical inhibition of

MoS:2 growth.

Figure 18 summarizes these findings for the emblematic cases of C(0001) and R(1102) planes.
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Figure 18. Schematic representation of molybdenum oxides (top), sulfides (bottom) and phosphates
adsorbed on the C(0001) and R(1102) planes of a-Al20s3 after spin-coating of a precursor solution with

initial P/Mo = 0.57, MoO3s as Mo source, calcination and further sulfidation.

In an effort to extend the results obtained with the a-Al2O3 system used in this work as a surrogate for
the traditional y-Al203 support, one can consider the a-Al203/ y-Al203 analogy proposed by Bara et al.[?4
(see Figure 19 left). A scheme of the selectivity in phosphorus doping during spin-coating deposition
and subsequent effect on the delayed sulfidation degree is presented below (Figure 19) based on the
results presented in this work and suggests a surface-dependent influence of phosphorus on the
predominant y-Al2O3 surfaces. More specifically, considering the proposed relationship between the
R(1102)/a-Al203 plane and the predominant (110)/y-Al203 plane, our results suggest that for P-doped
sulfide catalysts, the lowest sulfidation degree is achieved on the predominant (110) orientation of y-
Al20s.
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Figure 19. Scheme depicting the selectivity in the sulfidation degree for the different crystal planes
of y-Al203 in terms of a a-Al203/ y-Al203 analogy proposed by Bara et al.l?432] (same legend as
Figure 18)

4. Conclusions

Model P-doped MoS2/a-Al20s HDT catalysts were synthesized following an aqueous-phase surface-
science approach in order to study the surface dependent P doping and its influence on the genesis of
the active phase. Four different crystal planes of a-Alz203, C(0001), A(1120), M(1010) and R(1102), were
used as support for the model catalysts, as it has been postulated that their surface —OH speciation

mimic the surface OH speciation of traditional y-Al203 supports.

The planar model catalysts were prepared by spin-coating deposition of aqueous phospho-molybdic
solutions since this method can mimic aqueous-phase deposition on powder supports and bring a good

homogeneity of the active phase throughout the surface of the support.

Liquid-state NMR (3'P, ®®*Mo) was used to precisely study the Mo and P speciation in phospho-molybdic
precursor solutions for various P concentrations. This speciation is dependent both on the phosphorus
content and the nature of the Mo precursor. The solutions prepared from MoOs and rich in phosphorus
(P/Mo = 0.40 and 0.57) contained a large excess of free phosphates, as shown by liquid-state 3'P NMR
analysis. The other phosphorus-containing species were P-Mo heteropolyanions such as P,Mos0,35~
Strandberg-type HPA and lacunar Keggin PMo,05,°~. ®*Mo NMR showed almost no free molybdates in

the different solutions. Lower P/Mo ratio and solutions prepared from heptamolybdate showed a reduced
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proportion of free phosphates. Hence, the relative proportion of phospho-molybdic HPA and free

phosphates can be finely adjusted with the P content and Mo source of the impregnation solution.

XPS quantification of the surface P/Mo ratio on the model catalysts revealed a surface-dependent
aggregation of phosphates after spin-coating deposition with the following decreasing aggregation
order: C(0001) >> M(1010) > A(1120), R(1102). The surface hydroxyls of the A(1120) and R(1102)
planes interact more strongly with phosphates and molybdates than those of the C(0001) and M(1010)
planes, leading to an apparent higher surface P/Mo ratio, as phosphate dispersion is enhanced.
Interestingly, phosphate dispersion is also enhanced for the strongly interacting surfaces when the
concentration of free phosphates in the impregnation solution is high. Our results also confirm a
competition between phosphates and Mo HPA for alumina sorption sites leading to small phosphate
clusters covering the surface on the R(1102) plane and large phosphate clusters more disseminated on
the C(0001) plane.

The interaction between phosphate groups and the support transcends the oxide phase and impacts
the sulfide active phase significantly as well. Delayed sulfidation with respect to non-doped or mildly P-
doped model catalysts was observed in systems prepared with precursor solutions of high P/Mo ratio
(i.e. 0.57). This effect is enhanced for model catalysts prepared on the A(1120) and R(1102) planes
that show the highest surface P/Mo ratio (highest phosphate dispersion). Lower sulfidation is explained
via two distinctive effects related to intimacy between molybdates and phosphates in highly dispersed
systems: a) a chemical one through the formation of a mixed Mo-P phase in strong interaction with the
alumina support (Al-O-Mo-O-P bonds) that resists sulfidation and b) a physical one, related to phosphate
particles inhibiting MoS2 growth during the genesis of the active phase. Moreover, this retardation was

observed in addition to an overall reduction in the stacking number.

The surface-science approach adopted in this work with oriented a-Al203 wafers leads to an improved
understanding of phosphorus-doping on real powder catalysts based on y-Al2Os. The surface-dependent
P dispersion and its impact on the sulfidation of the MoS:2 active phase indicate that the sulfidation
degree of P-doped industrial catalysts may be heterogeneous over the different facets of y-Al2Os3

particles.
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