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Zusammenfassung

Für die Entfernung von Schwefel (Entschwefelung, engl, hydrodesulfurization, HDS)

und Stickstoff (Entstickung, engl, hydrodenitrogenation, HDN) aus Rohölfraktionen in

der Hydroraffination wird gewöhnlich Molybdändisulf id M0S2, promotiert mit Cobalt

oder Nickel, das auf einen v-Aluminiumoxid-Träger aufgebracht ist, als Katalysator

verwendet. Die Gegenwart von Phosphor in sulfidierten M0/AI2O3- und Ni-Mo/Al203-

Katalysatoren verbessert die Entstickungseigenschaften. Es ist unklar, warum Phosphor,

der als Phosphat zugesetzt wird, sich positiv auf die Hydrierung auswirkt. Eine

mögliche Erklärung ist, dass ein Teil des Phosphates durch Wasserstoff reduziert wird

und dabei mit Metallzentren an der Sulfid-Oberfläche reagiert, um kleine Bereiche,

bestehend aus Metallphosphiden, zu bilden, die eine höhere intrinsische Aktivität als

MoS2besitzen.

Zur Überprüfung dieser Hypothese wurden verschiedene Übergangsmetallphosphide

(Co2P, Ni2P, MoP, WP, C0M0Pund NiMoP) hergestellt. Dazu wurden aus wässrigen

Metallsalzlösungen mittels Ammoniumdihydrogenphosphat Niederschläge gefällt, die

nach anschliessendem Kalzinieren im Wasserstoffstrom reduziert wurden. Die

Reduktion wurde bei Temperaturen zwischen 823 und 1023 K durchgeführt. Die

Bildung der erwarteten Metallphosphide wurde durch Röntgenpulverdiffraktometrie

bestätigt. Zur Überprüfung der katalytischen Aktivität wurde die Entstickung von

o-Propylanilin bei einer Temperatur von 643 K und einem Druck von 3 MPauntersucht.

Es wurde angenommen, dass die Kantenatome im Falle des MoS2/Al203-Katalysators

und die Oberflächenatome im Falle des MoP-Katalysators die aktiven Zentren für die

Entstickungsreaktion darstellen. Aufgrund dieser Annahme wurde ein direkter

Vergleich der beiden Katalysatoren anhand der Turnover-Zahlen vorgenommen. Unter

denselben Reaktionsbedingungen (643 K, 3.0 MPa, Abwesenheit von H2S und gleiche

Fliessgeschwindigkeit) besitzt der MoP-Katalysator eine sechsmal höhere intrinsische

Aktivität wie der MoS2/Ai203-Katalysator. Dies bedeutet, dass die Bildung eines

Phosphides die verbesserte katalytische Leistung im Falle phosphathaltiger

Entstickungskatalysatoren erklären könnte.

Die anderen getesteten Phosphide waren ebenfalls katalytisch aktiv und besassen

Produktselektivitäten, die denen sulfidischer Katalysatoren ähnelten. Ausgehend von

der spezifischen Oberfläche eines jeden Katalysators wurden die intrinsischen
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Aktivitäten der verschiedenen Phosphide abgeschätzt. Der Einfluss von

Schwefelwasserstoff auf die Aktivität und die Selektivitäten wurde untersucht. Zur

Erzeugung des Schwefelwasserstoffs wurde dem flüssigen Reaktanden

Dimethyldisulfid beigemengt. Die Cobaltverbindungen, C02P und C0M0P, besassen die

geringste Aktivität. Ni2P und NiMoP waren demgegenüber aktiver, wobei aber Ni2P

eine irreversible Deaktivierung in der Gegenwart von H2S erfuhr. MoPund WPwaren

die aktivsten Katalysatoren; MoPhatte die höchste Aktivität. Ausser WPdeaktivierten

alle Phosphide in der Gegenwart von H2S. Dies kann dadurch erklärt werden, dass

entweder die aktiven Zentren reversibel durch stark adsorbierte H2S-Moleküle blockiert

wurden oder eine irreversible Rekonstruktion der Oberfläche stattfand.

Neben den ungeträgerten Übergangsmetallphosphiden wurde die Darstellung

geträgerter Phosphide untersucht. Es war möglich, Ni2P, Ni3P sowie Ni^Ps auf einem

amorphen Siliciumdioxid-Träger durch Reduktion eines oxidischen Precursors

herzustellen. Aufgrund der Resultate wurde angenommen, dass in einem ersten

Reaktionsschritt Nickelmetall gebildet wird, dass die Reduktion des Phosphates zu einer

flüchtigen Phosphorverbindung katalysiert. Diese Verbindung reagiert mit Nickel zu

verschiedenen Zwischenstufen, von denen zwei als Ni3P und Ni^Ps identifiziert werden

konnten. Der Träger übt einen starken Einfluss auf das Reduktionsverhalten aus: Bei der

Reduktion des ungeträgerten oxidischen Precursors bildet sich nur Ni2P, wohingegen

kein phasenreines M2P erhalten wird, wenn ein geträgerter Precursor, der das gleiche

stöchiometrische Verhältnis von Nickel zu Phosphor enthält, reduziert wird. Nur

ausgehend von einem Precursor, der eine überschüssige Menge an Phosphor in Form

von Phosphat enthält, lässt sich das gewünschte Ni2P auf dem Si02-Träger herstellen.

Neben dem Einfluss des Phosphorgehaltes sind der Einfluss der Reduktionstemperatur

und der Fliessgeschwindigkeit des Wasserstoffs untersucht worden, woraus sich ergab,

dass eine Mindesttemperatur und eine genügend schnelle Fliessgeschwindigkeit

erforderlich sind, umM2Pauf dem Träger darstellen zu können.

Es war möglich, die ungeträgerten Phosphide sowie die drei Nickelphosphide auf

dem Si02-Träger mittels 31P MAS NMR-Spektroskopie zu charakterisieren. Die

beobachteten chemischen Verschiebungen spiegeln das metallische Verhalten der

Phosphide wider und können als Knight-Verschiebungen interpretiert werden, wodurch

sie problemlos von Verschiebungen diamagnetischer Phosphate unterschieden werden

können. Die Verschiebungen, die im Falle von C02P und Ni2P beobachtet wurden,
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waren grösser als jene der molybdän- und wolframhaltigen Phosphide. Dies kann

dadurch erklärt werden, dass die 4d- und 5d-Metalle aufgrund ihrer höheren effektiven

Kernladung stärker kontrahierte Wellenfunktionen besitzen als die 3d-Metalle.

Dementsprechend ist die Wechselwirkung der Metalle mit den Phosphoratomen

schwächer und somrj; wird eine geringere Knight-Verschiebung beobachtet. Die

Verschiedenartigkeit der Kristallstrukturen und somit auch der elektronischen

Eigenschaften macht eine einfache Vorhersage der jeweiligen Verschiebung unmöglich.

Röntgenpulverdiffraktometrie ist nicht geeignet, sehr kleine Metallphosphid-Kristallite,

die sich in den Poren eines Trägers befinden, zu identifizieren, aber gerade solche

kleinen Kristallite spielen in der Katalyse eine wichtige Rolle. Da Festkörper-

Kernresonanzspektroskopie dazu geeignet ist, auch amorphe oder nanokristalline

Metallphosphide zu charakterisieren, könnte Festkörper-Kernresonanzspektroskopie

eine Alternative zu EXAFS (extended X-ray absorption fine structure) für die

Charakterisierung von Metallphosphiden auf Trägern darstellen.
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Abstract

MoS2 promoted with Co or Ni and supported on y-alumina is the catalyst of choice

for the removal of sulfur (hydrodesulfurization, HDS) and nitrogen

(hydrodenitrogenation, HDN) from oil fractions in the hydrotreating process. The

presence of phosphate in sulfided M0/AI2O3 and Ni-Mo/Al203 catalysts enhances the

hydrodenitrogenation activity. It is difficult to understand how phosphate can aid

hydrogénation. An explanation could be that part of the phosphate is reduced by

hydrogen and reacts with surface metal centers of the sulfide by the formation of small

domains of metal phosphides.

To check this hypothesis, different transition-metal phosphides (C02P, M2P, MoP,

WP, C0M0P, and NiMoP) were prepared by precipitation of aqueous solutions of metal

salt(s) and di-ammonium hydrogenphosphate, subsequent calcination, and reduction

with hydrogen. The reduction was performed at temperatures between 823 and 1023 K.

Powder X-ray diffraction measurements showed that the expected metal phosphides had

formed. The phosphides were tested in the hydrodenitrogenation (HDN) of

o-propylaniline at 643 K and 3 MPa. It was assumed that edge atoms in the case of the

M0S2/AI2O3 catalyst and surface atoms in the case of the MoP catalyst are the

catalytically active centers in the HDNreaction. From this assumption, a comparison

between the two catalyst types could be made by calculating their turnover numbers.

Under the same reaction conditions (643 K, 3.0 MPa, absence of H2S and the same flow

rate of the feed), the MoP catalyst was intrinsically six times more active than the

M0S2/AI2O3 catalyst. This means that phosphide formation might explain the improved

catalytic performance of phosphate-containing hydrodenitrogenation catalysts.

The other phosphides were catalytically active as well, with product selectivities

resembling those of sulfidic catalysts. Based on the surface area of each catalyst, the

relative intrinsic activities of the different phosphides were estimated. The influence of

H2S, generated in situ by adding dimethyl disulfide to the feed, was tested on the

activity and selectivities
.

The cobalt compounds, C02P and C0M0P, were the least

active catalysts. N12P and NiMoP performed better, but Ni2P irreversibly lost some of its

activity in the presence of H2S. MoPand WPwere the most active catalysts; MoPhad

the highest activity. Except for WP, all the phosphides lost activity in the presence of
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H2S. This can be explained by reversible blocking of active sites by strongly adsorbed

H2S molecules or by an irreversible surface reconstruction.

Apart from unsupported transition metal phosphides, the preparation of phosphides

on a support was studied. It was possible to prepare Ni2P, Ni3P, as well as M12P5 on an

amorphous silica carrier by reducing an oxidic precursor. It is assumed that in a first

step Ni metal is formed, that catalyzes the reduction of phosphate to a volatile P species.

This species probably reacts through different intermediates; two of them could be

identified as M3Pand Nii2P5. The support influences the reduction behavior very much

since the reduction of the unsupported oxidic precursor yielded only Ni2P, whereas no

pure Ni2P was obtained from the supported precursor containing the same

stoichiometric ratio of Ni and P. Only from a precursor that contained an excess amount

of phosphorus in the form of phosphate, the desired M2Pcould be obtained on the silica

support. Apart from the P loading, the influence of the reduction temperature and the

flow rate was studied. It was established that a minimum temperature and a sufficiently

high flow rate are necessary to obtain Ni2P on the silica support.

It was possible to characterize the unsupported phosphides as well as the three

different Ni phosphides on the Si02 support by 31P MASNMRspectroscopy. The

observed NMRshifts reflect the metallic behavior of the phosphides and are interpreted

as Knight shifts. The shifts of the phosphides are easily distinguishable from shifts

caused by diamagnetic phosphates. The shifts observed for Co2P and Ni2P are larger

than those of the Mo and W-containing phosphides. This can be explained by the fact

that 4d and 5d metals have more contracted wavefunctions than 3d metals due their

higher effective nuclear charge. Consequently, the metal interacts to a lesser extent with

the P atoms, and the Knight shift becomes smaller. The variety of structures and, thus,

of electronic structures make a straightforward prediction impossible.

X-ray diffraction is not a suitable technique to identify small metal phosphide

crystallites supported on pore walls of a carrier like Si02, but such small crystallites are

important for catalysis. Since solid state NMRspectroscopy can be used to characterize

amorphous or nanocrystalline metal phosphides, this technique could be an alternative

to EXAFS(extended X-ray absorption fine structure) for characterizing supported metal

phosphides.
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1 Introduction

1.1 Motivation

Hydrotreating is the catalytic conversion of organic sulfur-, nitrogen-, oxygen-, and

metal-containing molecules from crude oil at high hydrogen pressures and includes the

hydrogénation of unsaturated compounds and cracking of petroleum feedstocks to lower

molecular hydrocarbons. It plays an ever-increasing key role in the refinery [1, 2].

Hydrotreating capacity has been growing steadily at about 6%per year since 1976 and

represented already in 1994 nearly 50% of the total refining capacity [3]. The increased

application of hydrotreating can be ascribed to (i) the ever decreasing availability of

light crude oil and thus the increasing amount of heavy fractions that must be processed,

(ii) the trend to increase upgrading of feedstocks for improvement of downstream

processing such as catalytic reforming and catalytic cracking, and (iii) the increasing

demand for gas oils having low sulfur and nitrogen contents. In the near future, stricter

environmental legislation will require an even more efficient removal of S and N from

oil fractions. Conventional hydrotreating catalysts are not sufficiently effective for an

exhaustive heteroatom removal from heavy petroleum fractions. One possible way to

overcome these difficulties is to develop new, more active and selective, hydrotreating

catalysts.

Hydrotreating of petroleum feedstocks involves three important reactions:

hydrodesulfurization (HDS), hydrodenitrogenation (HDN), and hydrodemetallization

(HDM) for removal of organically-bound sulfur, nitrogen, and metals respectively.

Conventionally, sulfided CoMo and NiMo catalysts supported on Y-AI2O3 are used in

these reactions. They are prepared by impregnating alumina extrudates with solutions of

Co and Mo, respectively Ni and Mo, followed by drying, calcination at 673-773 K, and

sulfiding with H2S/H2 at 623-673 K. The active phase consists of MoS2 particles. MoS2

alone is already active. Yet, the addition of Co and Ni increases the activity

substantially and, thus, Co and Ni are added and considered promoters. Their promoting

effect is attributed mainly to the formation of the so-called Co-Mo-S and Ni-Mo-S

phases, which consist of MoS2 particles whose edges are decorated with Co and Ni

atoms [2, 4-6]. Co is mainly used as promoter for sulfided M0/AI2O3 in HDS, while Ni

is favored in HDN[7].



2

Another additive that is frequently used in the formulation of hydrotreating catalysts

is phosphorus [8-13]. In the various preparations, the preferred phosphorus-containing

precursors are phosphoric acid H3PO4 or phosphates such as di-ammonium

hydrogenphosphate (NH4)2HP04. These compounds are highly water-soluble and only

phosphorus oxo-species remain after their calcination on the support. It has been

demonstrated that phosphorus produces several effects [14]. It provides a more stable

impregnation solution and thus a better dispersion of the metal on the support [10, 11].

Phosphorus inhibits the formation of Ni(Co)Al204-like species that do not transform

into active species when treated with H2S [15]. Phosphate alters the acid strength

distribution on alumina and improves the thermal stability of Y-AI2O3 with respect to

sintering and phase transformation to CC-AI2O3 [16]. Thus, phosphate simplifies the

preparation of the catalyst and extends its lifetime through an improvement of the

mechanical and thermal properties. However, the most important aspect is the positive

effect phosphate has on the activity of the catalysts [17-20]. The effect phosphorus

shows on HDSis only small [14, 21-23] or may be even negative [24]. Positive effects

for phosphorus have been reported especially for HDNreactions [22, 25]. Jian and Prins

found that the effect of phosphorus depends on the nature of the reactants and

intermediates [26] (Fig. 1). Phosphorus induces a positive effect on the HDNreactions

of quinoline, o-propylaniline, and indole, but has a negative effect on pyridine,

piperidine, and decahydroquinoline HDNwhen catalyzed by NiMo{P}/Al203 [25-30].

It was found that phosphorus improves the activity for hydrogénation reactions of

aromatic rings, but has a negative effect on aliphatic C-N bond cleavage.

quinohne 1,2,3,4-tetrahydroquinohne o-propylanihne o-propylbenzene

1 i" 1 ^.cn
CO-OQ-CQ"—^cn

H
5,6,7,8-tetrahydroquinoline o-propylcyclohexylaimne o-propylcyclohexane

decahydroquinoline o-propylcyclohexene

Fig. 1 HDNreaction network of quinoline (adapted from [25])

Apart from the positive effects due to an increased metal dispersion and a

modification of the surface of the support, the question arises if phosphorus might be



3

directly involved in the reactions and if it acts as a primary promoter. Phosphate on a

support does not show any HDNactivity [31], only in combination with Mo and/or Ni

does it have a catalytic effect. Poulet et al. postulated that phosphate might react with

the support and the precursor particles to form P-O-Mo bridges that influence the

ordering of the stacked MoS2layers [32]. Furthermore, they concluded that some sulfide

species might by replaced by phosphide-like species, thus modifying the structure of the

active site. Also Jian and Prins inferred from their kinetic results that phosphorus might

modify the active sites of P-containing Mo and Ni-Mo catalysts and might be

incorporated at the edges of the MoS2 platelets [31]. Another indication of direct

involvement of phosphorus in the active component is the finding of Crajé et al. who

detected by Mössbauer spectroscopy a "Ni-(thio)phosphate" in Ni and Ni-Mo

hydrotreating catalysts [33]. This finding goes along with the results of Andreev et al.

who observed that NiPS3 is an efficient catalyst in the HDSof thiophene [34]. However,

Robinson et al. reported that MPS3decomposes into Ni2P under typical hydrotreating

conditions even in the presence of H2S [35]. They also prepared unsupported and

supported Ni2P and C02P from precursors containing Ni and Co phosphates under

hydrotreating conditions. These Mo-free catalysts were also active in the HDNof

quinoline. Unsupported and supported Ni2P has also been successfully used in selective

hydrogénation reactions [36-39]. Other phosphorus compounds, such as amorphous Ni-

P alloys prepared by electroless deposition are known to be good hydrogénation

catalysts as well [40-47].

Obviously, metal phosphides are active catalysts for hydrogénation and

hydrodenitrogenation reactions. The role of phosphorus in the hydrodenitrogenation

probably includes a direct involvement in the catalytic reaction. Phosphorus might

modify the active sites of the active MoS2phases or it might transform into catalytically

active phosphides. To shed light on this question we decided to prepare some transition

metal phosphides and test their HDNactivity. Recently, Li et al. demonstrated that

molybdenum phosphide MoPis an active hydrotreating catalyst [48]. They prepared the

catalyst by reducing a molybdenum oxide/phosphate precursor in flowing hydrogen. We

decided to adopt this method to prepare further transition metal phosphides and to test

them in the HDNof o-propylaniline.
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1.2 Phosphides

1.2.1 General

Phosphorus is the eleventh element in order of abundance in crustal rocks of the

earth, and occurs in terrestrial minerals exclusively in the form of phosphates [49].

However, there are some rare phosphide minerals of meteoritic origin. Schreibersite

(Fe,Ni)3P is present as a mineral in most iron meteorites. Other examples of phosphide

minerals are barringerite (Fe,Ni)2P, perryite (Fe,Ni)8(Si,P)3, and florenskyite

Fe(Ti,Ni)P, which also occur in meteorites only. The low abundance of phosphides in

terrestrial minerals is due to the reactivity of elemental phosphorus towards oxygen and

the stability of the resulting phosphates.

The chemistry of phosphorus and its compounds started in 1667 when Brand

prepared white phosphorus by evaporating urine and strongly heating the residue in the

absence of air [50]. The initially low yields of the process increased over the following

decades when the preparation became more efficient. In the 1800s, Pelletier further

developed a process invented by Scheele for the production of white phosphorus [50].

Bone ash was first reacted with sulfuric acid to produce Ca(H2P04)2, which was then

reacted at high temperatures with wood charcoal to form white phosphorus, Ca3(P04)2,

and CO. The improved preparation process made phosphorus easier accessible, so that

chemical and physical properties of phosphorus and its compounds could be studied

more extensively at the end of the 18th century. It was Pelletier who prepared the first

phosphides such as M5P2 by reacting metals with phosphorus vapors at red heat [51].

Almost all metals form phosphides, and over 200 different binary compounds are now

known (Table 1) [52-54]. In addition, ternary mixed-metal phosphides, phosphide

borides, phosphide nitrides, phosphide oxides, phosphide sulfides, and phosphide

selenides have been characterized.

1.2.2 Classification

A strict classification of phosphides is difficult, because they show a wide range of

crystal structures and often differ greatly in their physical and chemical properties.

Bond type is mostly uncertain, and in some cases, interpretation of structure can be in

terms of either covalent or ionic bonding. The majority of metal phosphides have metal

arsenide analogues, which usually resemble each other in properties and structure.
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Metal phosphides, arsenides, and nitrides frequently exhibit properties similar to those

of metal carbides, silicides, and germanides (see Ch. 1.2.4). A broad classification of

phosphides is possible according to their metal-to-phosphorus ratio (M/P): Metal-rich

phosphides (M/P > 1), monophosphides (M/P =1), and phosphorus-rich phosphides

(M/P < 1).

Table 1. Composition of well-characterized binary phosphides (taken from [54]).

AIP

AgP2 Ag3Pu

Au2P3

B13P2 BfrP BP

Ba3P2 Ba4P3 Ba3P4 BaP3 Ba3P14 BaP10

Be3P2 BeP2

Ca3P2 CaP Ca5P8 CaP3

Cd3P2 Cd7P10 CdgP? CdP2 CdP4

CeP CeP2

Co2P CoP CoP2 CoP3

Cr3P Cr12P7 CrP CrP2 CrP4

CsP Cs^ Cs3P7 Cs3Pu CsP7

Cu3P CuP2 Cu2P7

DyP

ErP

Eu3P2 Eu4P3 EuP Eu3P4 EuP2 EuP3 EuP7

Fe3P Fe2P FeP FeP2 FeP4

GaP

GdPGdP5

GeP GeP3 GeP5

Hf3P Hf2P Hf3P2 HfP HfP2

HoP

InPInP3

Ir2P IrP2 IrP3

K3P K^ KP K3P4 K^Pg KP15

LaP LaP2 LaP5 LaP7

Mg3P2MgP4

Mn3PMn2PMnPMnP4

Mo3PMo8P5 Mo+P-, MoPMoP2MoP4

Na3P NaP Na3P7 Na3Pu NaP5

Nb3P Nb5P2 Nb7P4 Nb8P5 Nb2P Nb6P5 NbP NbP2

Nb2P5

NdPNdPj

Ni3P NigP3 Ni5P2 Ni12P5 Ni2P Ni5P4 NiP NiP2 NiP3

OsP2 OsP4

Pd15P2 Pd6P Pd3P Pd7P3 PdP2 PdP3

PrP PrP2

Pt15P2Pt5P2PtP2

RbP Rb4P6 Rb2P5 PbP7

Re2P ReP Re3P4 Re6Pi3 Re2P5 Re^Pn

Rh2P Rh3P2 Rh^ RhP3

Ru2P RuPRuP2 RuP3 RuP4

ScP

SiP SiP2

SmP

Sn4P3 SnP Sn4P5 SnP3

Sr3P2 Sr5P4 SrP Sr3P4 SrP2 SrP3 Sr3P14

Ta3P Ta2P Ta5P3 TaP TaP2

TbP

Tc3P Tc2P3 TcP3 TcP4

ThPTh3P4Th2P„ThP7

Ti5P3 TiP Ti3P4 TiP2

TIP T1P5

UPU3P4 UP2

V3P V2P V12P7 V4P3 VP V4P7 VP2 VP7

W3PWPWP2

YP

YbP5

Zn3P2 ZnP ZnP2

Zr3P Zr2P Zr7P4 Zri4P9 ZrP ZrP2

1.2.3 Preparation

Phosphides can be prepared as bulk materials, thin films, or supported on a carrier

while the obtained phosphide may be crystalline or amorphous. Preparation methods for
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bulk materials are often interesting for studying the properties of a material and may be

useful for the preparation of single crystals.

1.2.3.1 Unsupported Phosphides

From elements. The most general preparative route to metal phosphides is to heat the

metal with the appropriate amount of red phosphorus at high temperature under inert

atmosphere or in an evacuated sealed quartz tube:

High temperatures are necessary to overcome the diffusion limitations of the solid-

state reaction [55]. The high phosphorus vapor pressure, especially in the case of

polyphosphides, makes thick-walled containers necessary. Since the diffusion of

phosphorus into the metal is rate-determining, Chemogorenko and Muchnik prepared

metal phosphides by a self-propagating high-temperature synthesis [56]. They pressed

metal and phosphorus powders into pellets that were ignited by a hot wire under inert

atmosphere. However, the resulting phosphides often are mixtures and may contain

unreacted starting material. For the synthesis of transition-metal polyphosphides high-

pressure techniques are sometimes useful [57, 58]. Phosphorus-rich phosphides tend to

be thermally less stable than the metal-rich phosphides. This thermal lability may be

exploited in order to prepare phosphides of lower P content by controlled

decomposition. Ternary phosphides can be prepared from the elements, but they can

also be prepared from the respective binary phosphides.

Kinetic hindrance that occurs during the vaporization of phosphorus may also be

reduced by adding traces of halogen or sulfur [59]. Chemical transport reactions have

also been used to prepare single crystals of phosphides [60]. For instance, MoPcan be

crystallized in the presence of HgBr2 as transport agent:

MoP(s) + y2 HgBr2 (g) ^ MoBr4 (g) + PBr3 (g) + %Hg(g)

Another technique used for the preparation of single crystals is the growth from a

flux. The flux acts as a solvent, thus lowering the melting point of the reactants if the

reactants have at least a small solubility in the flux. This is especially of advantage

when one of the reactants has a high melting point, while the other has a low melting

point and a high vapor pressure already at moderately high temperatures, as is the case

for P. Another advantage of a flux is that passivating surface layers may be dissolved,

which otherwise might slow down the reaction. A suitable flux for phosphides is molten
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tin; several binary and ternary phosphides have been synthesized in a tin flux [61-66].

One drawback of the flux method is the danger of contamination and unwanted ternary

or multinary compounds by incorporating constituents of the flux.

Due to the solubility of alkali metals in liquid ammonia, some alkali metal

phosphides have been prepared from liquid ammonia [67]. The phosphorus source can

be either another phosphide or white phosphorus. Once in solution, large condensed

units such as P193", P2i3", or P264" can be prepared from smaller ions [68, 69].

The preparation from the elements leads in most cases to crystalline products due to

the high temperatures applied. However, some metals and alloys can be prepared as

amorphous materials that possess interesting properties. For instance, cobalt and nickel

can form amorphous alloys with phosphorus. A typical preparation method is melt-

quenching. A melt of Ni and P is cooled down rapidly by splashing it on a fast rotating

copper drum that is kept at liquid nitrogen temperature. The high cooling rate leads to

the formation of an amorphous Ni-P alloy of a composition close to that of the melt at

its eutectic point, i.e. the phosphorus content is about 19 at-% for Ni-P.

Electrolysis of fused salts. Chêne prepared several transition metal phosphides such

as Fe2P, Co2P, M03P, MoP, and WPby high-temperature electrolysis of molten

phosphates and metal oxides [70]. For instance, tungsten phosphide WPwas prepared

by electrolysis (voltage 5 V, current 20 A) at 1073 K of a melt composed of NaPÛ3,

WO3, and NaCl (fluxing agent). Phosphides of different stoichiometrics have been

prepared by changing the composition of the melt and altering the parameters of the

electrolysis such as voltage and deposition time.

Chemical reduction. Metal phosphates or mixtures of a metal oxide with a phosphate

can be reduced chemically at elevated temperatures. Reducing agents that can be used

are e.g. carbon, phosphorus, and hydrogen.

Ca3 (P04)2 +8 C
1473K

)Ca3P2+8 CO

15 CuO+ llP
teaf

)5 Cu3P+ 3 P205

Fe2P207 + 7 H2
1073K

> 2 FeP + 7 H20

The use of carbon is problematic, because the resulting phosphide may be

contaminated by carbon or carbides [52]. Phosphorus can be used in a self-propagating

reaction to reduce metal oxides [71]. However, the resulting phosphide may be

contaminated with phosphates or residual oxides. Contamination is not a problem when

hydrogen is used for reduction:
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M°x + y P2°5-^T^MP2y +(* + 5y)H20

If the reduction is performed in flowing hydrogen, the reaction product water is

removed effectively. The method is useful for the preparation of monophosphides and

metal-rich phosphides [35, 36, 38, 48, 72-78]. It is less suited for the preparation of

polyphosphides, because these decompose at elevated temperatures in flowing hydrogen

because of their thermal lability.

Metal phosphides can also be prepared by treating metal oxides or metals with pure

phosphine PH3 or a mixture of PH3 and H2 at high temperatures [79-81].

Ga203 + 2 PH3
873'1223K

) 2 GaP+ 3 H20

PH3 decomposes at higher temperatures to hydrogen and molecular phosphorus

species [82]:

4 PH3 ^ P4 +6 H2 and P4 ^ 2 P2

The equilibria and their dependence on pressure and temperature are not fully

understood because also other species like phosphorus subhydrides are involved in the

equilibria [82].

Metathesis reactions. Borides, suicides, pnictides, and chalcogenides MEy(E = B, Si,

P, As, O, S) can be prepared by metathetical reactions between a reactive compound

M'Ey and an anhydrous metal halide MX„ [83].

n MEy+MXn^nMX+ MEy

Phosphides have been prepared from Ca3P2 and Na3P as the phosphorus source [84-

86]. Hector and Parkin prepared several transition-metal phosphides by reacting Na3P

under anhydrous conditions with transition-metal chlorides such as ZrCU, CrCl2,

M0CI5, WCI4, and NiCl2. In an open vessel, the self-propagating reaction may be

initiated either mechanically by grinding or thermally by a hot filament. The reaction

proceeds rapidly while reaching reaction temperatures in excess of 1300 K. The

products obtained were the same when the reaction was performed in sealed quartz

ampoules upon heating the reactants to 823 K for 4 h. The NaCl formed was removed

by washing the reaction product with dry methanol. In most cases, only one crystalline

phosphide was detected by XRD[86].
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Metathetical reactions with Na3P have been performed in solvents such as toluene or

diglyme under reflux conditions [87-90]. Reactions of metal halides with Na3P or P4

have been performed in different solvents under solvothermal conditions in an autoclave

[91, 92]. The solvent in general helps dissipating the released energy, while the type of

solvent influences particle properties such as particle size and shape. Because of the

lower temperature, the reaction proceeds more controlled, but the resulting products are

nanocrystalline or amorphous and contamination may be a problem.

1.2.3.2 Thin Films

The following methods are suited especially for the preparation of thin films, as they

are important for optoelectronic applications and protective coatings.

Chemical vapor deposition. Chemical vapor deposition (CVD) and metal-organic

chemical vapor deposition (MOCVD) are widely used methods to grow thin films on a

substrate [93]. These techniques are used to fabricate semiconductor devices, made

from GaAs, GaP, and InP [94, 95]. A typical example is the reaction of trimethyl

gallium with phosphine to gallium phosphide and methane:

Ga(CH3 )3 + PH3
heat

) GaP+ 3 CH4

GaP grows as a thin film on a substrate that is heated sufficiently high for the

reaction to take place. The quality of the thin film is influenced by factors such as the

gas flow rate and the temperature gradient between gas phase and substrate. Binary

compounds can be prepared either from two molecular precursors, each containing one

of the two constituents, or from single-source precursors containing both constituents in

a single molecule. Thin films of transition-metal phosphides, such as TiP, CoP, MoP,

and NbP, have been prepared by CVDand MOCVD[96-103], as for instance:

MC1„ + PC13 + H2
623~773K

)MP Films (M = Ti, Zr, Nb, Ta, Mo, W),

[Cr(CO)5(PH3)] 47^gK )CrP films
,

[TiCl4(H2PC6Hn)2] 6230-87p3K )TiP films
.

The second and the third reaction are example of phosphides prepared from single-

source precursors.

Sputtering. Besides chemical vapor deposition, other preparation methods, such as

sputtering, plasma arc spraying, and molecular beam epitaxy, have been used to prepare

thin films [93]. Amorphous and crystalline films of nickel and zinc phosphide were
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prepared by reactive sputtering in an atmosphere containing PH3 [104-106]. Molecular

beam epitaxy (MBE) is a sophisticated deposition technique performed in ultra high

vacuum to grow compound semiconductors. In MBEthe substrate is placed in an UHV

chamber with direct line of sight to several elemental species, each of which is in an

evaporation furnace acting as an effusion cell. The process is becoming increasingly

important for the industrial production of high-quality phosphide devices [93,107].

Electrolytic and electroless deposition. Thin films of Ni-P and Co-P alloys can be

deposited from aqueous solutions onto a substrate either by electroplating or by

electroless deposition. Electroplating can only be applied to conducting substrates

acting as an electrode in the electrolytic process, whereas the electroless deposition can

be used for non-conducting substrates as well. Typically, in both applications the bath

contains a nickel salt, e.g. nickel sulfate Ni3(S04)2«H20, and the salt of an oxo-acid of

phosphorus among other additives. The process parameters such as salt concentrations

and bath temperature influence the composition and quality of the usually amorphous

films. Whereas electroplating is a reduction of Ni2+ ions and oxo-anions of phosphorus

by the electric current, in the electroless process a chemical reducing agent such as

sodium hypophosphite NaH2P02 is used that also acts as the phosphorus source. The

electroless deposition is an autocatalytic reaction that starts with the reduction of Ni2+ to

Ni° by the hypophosphite ions. The formed Ni° then catalyzes the further reduction. In

both processes, the composition of the film can be controlled to some extent by the

reaction parameters, thus yielding usually films with a phosphorus content between 8

and 13 wt%.

1.2.3.3 Supported Phosphides

In catalytic research, single crystals and thin films are interesting for the study of

fundamental properties. Since the catalytic activity of a material is directly related to its

active surface area, industrial catalysts should have high surface areas. The usual way to

increase the active surface area of a catalyst is to disperse the active component on a

porous carrier that has a high surface area. Several methods exist for the preparation of

supported phosphides [108, 109]. These methods are often similar to those described in

the previous chapters. However, they have to be adapted to the problem of introducing

the active component into the pore system of the carrier. The carrier can be any material

that has a high surface area and is thermally and chemically stable. The active
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component should interact to some extent with the carrier to stabilize the phase on the

support to prevent sintering of the particles during the catalytic reaction. Frequently

used supports are y-Al203, amorphous Si02, and activated carbon, although other

compounds such as MgO, TiÛ2, Zr02, and SiC have been used.

Supported catalysts may be prepared by selective removal of a component from a

non-porous phase containing a precursor of the active component(s) and the support,

e.g. a co-precipitate. Another possibility is the separate application of a precursor of the

catalytically active material(s) onto a pre-existing support by impregnation,

precipitation, adsorption, or ion exchange. Apart from introducing the precursor onto

the support, the preparation of heterogeneous catalysts usually requires steps of drying,

calcination, and activation.

Supported phosphides have been prepared by several authors, mostly with the

purpose to study the catalytic properties of the phosphides. In most cases, Y-AI2O3 and

amorphous SiÛ2 were used as the support. Depending on the reaction conditions either

amorphous or crystalline phosphides were obtained. Muetterties and Sauer prepared

phosphides of several transition metals, viz. Ru, Rh, Pd, Pt, Ni, and Mo, supported on

Y-AI2O3 [37]. By depositing a metal carbon yl or complex on the support, they

introduced the metal on the carrier, which was then treated with PH3 at around 473 K.

The obtained phosphides were mostly amorphous. Nozaki prepared crystalline Ni2P on

an alumina support from a mixture of Ni3(PÛ4)2 with an alumina sol that was dried,

calcined and reduced in a flow of H2 [38]. Reduction in flowing H2 of a metal precursor

containing a phosphate was also used by Robinson et al. who prepared crystalline Ni2P

and C02P on different supports [35]. The precursors were introduced by impregnating

the support sequentially with aqueous solutions of the respective metal nitrate and a

phosphate. Lukehart et al. prepared different transition metal phosphides such as Ni2P,

Fe2P, RuP, and RI12P in a silica xerogel matrix [110]. They used single-source metal-

organic precursors that had at least one bifunctional phosphine ligand containing a

Si(OR)3 functional group. This functional group ensured the homogeneous

incorporation of the molecular precursor into the silica matrix, which was prepared by

conventional sol-gel chemistry. The molecularly doped xerogel was finally reduced in a

flow of H2 yielding a metal phosphide/Si02 nanocomposite. Instead of reducing a

precursor in flowing H2, other authors prepared amorphous Ni-P alloys by deposition-

precipitation onto a silica or alumina support [45, 111, 112]. The method is principally
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the same as described in Ch. 1.2.3.2 for the electroless deposition of thin films of

amorphous Ni-P alloys. To obtain a better dispersion, the support can be impregnated

first with a Ni salt solution. After drying and calcination, the impregnated Ni2+ ions are

reduced to form the nuclei of the actual electroless deposition that follows [113]. The

same authors demonstrated that it is possible to incorporate tungsten into the amorphous

Ni-P alloy by adding Na2WÛ4to the plating solution.

1.2.4 Properties

Phosphides are compounds of phosphorus with elements of lower electronegativity.

Thus, the P atoms of a compound MP* form the anionic part with the mean oxidation

state q(Vx) = -q(M). Depending on the ratio M/P, it follows that (i) for phosphorus-

rich phosphides 3x > q(M), (ii) for monophosphides 3x = q(M), and (iii) for metal-rich

phosphides 3x < q(M). For polyphosphides P-P bonds are observed, whereas in metal-

rich phosphides electrons are available for metal-metal bonds. What is described here is

the Zintl-Klemm concept and the Mooser-Pearson extended (8-iV) rule [114]. Generally,

for a compound AmB„ an electron transfer A —>Ap+, B —>Bq~ (\mp\ = \nq\) to the more

electronegative element B forms pseudo-elements A*, B* that show the structural

principles of the corresponding isoelectronic elements [67]. Alternatively, one can

derive from the number of valence electrons eA and eß, according to the equation

meA+ neB + k = Sn, which accounts for the number of electrons in A-A and B-B bonds

as well as the number of electrons e* that are not involved in localized bonds.

The P-P bond lengths in polyphosphides vary from 2.15 to 2.30 A and may be

compared with those of single bonds in black phosphorus (Jp_p = 2.23 À). According to

their structures and physical properties, the polyphosphides are covalent compounds.

All valence electrons are in localized states and, therefore, these compounds are mostly

insulators or semiconductors, although exceptions exist. Typically, phosphorus-rich

phosphides have lower melting points and lower thermal stabilities than the

monophosphides or metal-rich phosphides. Alkali metals, alkaline earth metals, and

lanthanides form phosphides with largely ionic character. A typical reaction of these

salt-like compounds is their smooth hydrolysis to give PH3.

The metal-rich varieties of the transition metal phosphides (M/P> 1) have many

features in common with the so-called refractory hard metals, i.e. transition-metal
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carbides, nitrides, and borides. They are hard, brittle, electrical conductors and have

high thermal stabilities and resistance to chemical attack [52, 54, 84, 97, 115, 116].

However, in general, phosphides tend to have lower melting points and lower stabilities,

and to be less hard than the corresponding suicides, borides, and other metallides. They

are dark-colored and insoluble in water. Many metal-rich phosphides are not attacked

by dilute acids and bases. In the compounds MP* the M-M interactions become

increasingly important with decreasing x. This is indicated by the M-Mdistances that

are usually only slightly greater than those found in pure metals. With decreasing

phosphorus content, the densities usually increase, e.g. M0P4 - 3.9 g-cm" , M0P2 -

5.4 g-cm"1, MoP- 7.2 gem"1, Mo3P- 9.1 g-cm"1, Mo- 10.2 g-cm"1 [54].

The structures of the metal-rich phosphides are primarily governed by the Matom

arrangement, whose octahedral and trigonal prismatic holes are partially filled by

isolated P atoms. Trigonal prismatic coordination dominates and is frequently extended

up to ninefold coordination by additional atoms above the rectangular prism faces (Fig.

2 and 3). Trigonal prismatic coordination is found e.g. in MoP, while tricapped trigonal

prismatic coordination is found in several compounds such as Fe3P, M3P, M2P, C02P,

and RU2P.

Fig. 2 Tricapped trigonal prism (top view) Fig. 3 Tricapped trigonal prism (side view)

1.2.5 Applications and Uses

Phosphine, produced in large quantities by hydrolyzing metal phosphides, is used in

pest control [54, 93]. The most important phosphorus compounds used are aluminum

phosphide AIP and magnesium phosphide Mg3P2. Compared with pure PH3, these have

the advantage of being much safer to use. Aluminum phosphide AIP and calcium
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phosphide Ca3P2 are used as rodenticides, especially for voles. Zinc phosphide Zn3P2 is

used to prepare poison bait for rodent control.

The phosphides of iron, copper, and tin are used in metallurgical processes. Iron

phosphide (ferrophosphorus) is used in by far the largest quantities. Ferrophosphorus is

produced as a byproduct in the manufacture of yellow phosphorus. The main

application is in the foundry and steel industries. Phosphorus contents of up to 1.5%

improve the flow properties of cast iron and increase its wear resistance. The

phosphides of copper and tin are mainly used as deoxidants in the production of the

corresponding metals, as constituents of phosphor bronzes, and hard solders (brazing

materials).

Gallium phosphide GaP, indium phosphide InP, and the mixed compounds with their

respective arsenides are important semiconductors, e.g. in the manufacture of light-

emitting diodes. For quaternary solid solutions, such as Ga^Ini^ASyPi-y, the energy gap,

and therefore the wavelength of the emitted light, depends on the composition. The

wavelength of the emitted light can be changed by varying x and y [117, 118].

One of the most important applications of electroless nickel-phosphorus films is in

the data storage industry. This is primarily due to their corrosion protection, hardness,

polishability and magnetic characteristics. At high phosphorus levels, electroless nickel

deposits are non-magnetic. This is a prerequisite for an underlayer for magnetic

recording media and computer hard drives on which subsequently the storage medium is

deposited [119]. Electroless nickel-phosphorus and cobalt-phosphorus coatings have

good wear resistance because of their high hardness and natural lubricity. This, coupled

with the uniformity of the electroless deposit, makes these alloys an ideal wear surface

in many sliding-wear applications [120].

1.3 Scope of the Thesis

As described in Ch. 1.2.3 several methods exist for the preparation of metal

phosphides. The most promising synthetic route is the reduction of metal

oxide/phosphate mixtures in flowing H2 at elevated temperatures. The method allows

both the preparation of unsupported (Ch. 3 and 4) as well as supported phosphides (Ch.

5). The obtained phosphides were identified by powder X-ray diffractometry.

Additionally, the prepared phosphides were characterized by 31P solid-state NMR

spectroscopy (Ch. 6).
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Since hydrotreating reactions are performed under reductive conditions, one can

expect that phosphides, obtained by reduction, are stable towards reduction. The

phosphate effect, i.e. the promoting effect of phosphate, is especially observed in HDN.

Therefore, the phosphides were tested by using o-propylaniline as model compound

(Ch. 3 and 4). o-Propylaniline is an important intermediate in the HDNnetwork of

quinoline (Fig. 1).
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2 Characterization Methods

2.1 FT RamanSpectroscopy

Raman and infrared spectroscopy are techniques for studying the vibrational

behavior of a substance [1]. Raman spectroscopy is based on a physical principle that

was predicted in the early 1920s by Smekal and for the first time experimentally

observed by Ramanwho also gave name to the effect. Despite its initial success, Raman

spectroscopy was never as important as infrared spectroscopy became in the following

years. However, the discovery of lasers in the 1960s and more recently the development

of Fourier-transform Ramanmethods has stimulated new interest [2].

If monochromatic radiation is directed onto a transparent specimen, most radiation

will pass trough the sample without interaction. However, a small portion of light will

be scattered. The scattered light consists mostly of an elastically scattered component,

i.e. the frequency v of the scattered light is the same as that of the incident beam Vo

(Rayleigh scattering). In addition, very weak side bands are observed that occur in pairs

around Vo at positive and negative frequency shifts Vs (Raman scattering) (Fig. 4).

Ramanscattering
Stokes

'. wwvméUBBÈwvwm». «*««.«-*.

incident radiation \

Ramanscattering
anti-Stokes

vB+ = vn + V,

Fig. 4 Scattering of light.

Bands shifted to lower frequencies are called Stokes bands, whereas those shifted to

higher frequencies are called anti-Stokes bands. The intensity of elastically scattered

light is already low, but the intensity of the Raman scattering is even three to five orders

of magnitude lower (Fig. 5).
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Fig. 5 Schematic spectrum with Stokes and anti-Stokes Ramanbands around the Rayleigh line. Intensities

are relative to the incident light.

The classical explanation of the Raman effect considers that a molecule possesses a

polarizability a that can be envisaged as the ease with which an electron cloud responds

to an electric field. When a system is irradiated by monochromatic light that can be

described as an oscillating electric field, it will induce a dipole that is vibrating at the

frequency of the incident light. Whenthe irradiated molecule is vibrating at a frequency

vs the vibration is Raman active if the polarizability varies as a function of the distance

between the nuclei, i.e. i^-) ï 0 with q as normal coordinate.

Rayleigh ' i

i

hv0
WWW-*-

Ï

J

ï

WA/V»

hvR

v

wmr*

hv0

hvR

J

hvs
r

s
J i ; r

Stokes anti-Stokes

Virtual

states

Vibrational states

v=l

v = 0

Fig. 6 Schematic representation of the energy levels of Rayleigh and Ramanscattenng.

The Raman effect can also be interpreted from a quantum mechanical point of view.

When a photon impinges on a molecule, Raman scattenng is described as an excitation

of the molecule to a virtual state lower in energy than a real electronic transition

accompanied by a change in vibrational energy hvs (Fig. 6). At room temperature, the
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thermal population of vibrational excited states is low, but not zero. Therefore, the

initial state is the ground state (v = 0), and the scattered photon vR_ will have a lower

energy (lower frequency) than the exciting photon Vo. A small fraction of the molecules

is in a vibrationally excited state (v = 1). Raman scattering from vibrationally excited

molecules leaves the molecule in the ground state. The scattered photon appears at

higher energy /iVr+. This anti-Stokes-shifted Raman spectrum is always weaker than the

Stokes-shifted spectrum but contains the same frequency information. The intensity

ratio is given by the Boltzmann equation.

x-y-z stage

ïÔ Deflecting prism

Fig. 7 Schematic of a FT Ramanspectrometer

(top view).

Fig. 8 Sample chamber, 180° backscattering

geometry (side view).

Nowadays Raman spectrometers contain a laser as the source of monochromatic

radiation. Dispersive Raman spectrometers consist of a monochromator, e.g. a grating,

and a detector such as a photomultiplier or a CCDdetector. A more recent development

is the Fourier-transform Raman spectrometer. In this type of instrument, the scattered

light is processed with an interferometer. The experimental setup of a FT Raman

spectrometer is shown in Fig. 7. Most commonly, a Nd-doped yttrium aluminum garnet

(Nd:YAG) laser is used that produces monochromatic radiation of a wavelength in the

near infrared (MR) range at 1064 nm (9398 cm"1). The laser beam is directed onto the

sample by deflecting prisms and the scattered light is then collected over a wide optical

aperture. Solid samples are pressed in small metal sample holders that can be positioned

by an x-y-z stage. Liquid samples are measured in glass tubes. The radiation is

measured in the backscattering geometry (Fig. 8). As mentioned above, radiation
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collected from the sample is predominantly composed of reflected and elastically

scattered light. To eliminate or block this unwanted contribution filters are used. The

radiation is detected by a liquid-nitrogen cooled germanium detector that is sensitive to

radiation in the NTR range. The output from the detector is amplified and fed into an

analog-to-digital converter and the fast Fourier processor that is controlled by a

computer.

2.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique for measuring the change in

weight of a substance as a function of temperature or time. A typical TGApattern for a

simple decomposition reaction is shown in Fig. 9.

Weight

W,

W,

~ft~

AW

_^_

T, Tf Temperature

Fig. 9 Schematic TGApattern for a single step decomposition reaction.

A small amount of a substance is heated at a constant rate, typically in the range 1 to

20 K-min"1 in a crucible made from an inert substance, e.g. OC-AI2O3. A single-step

reaction takes place between two temperatures 7i and 7>, while the weight changes from

W, to Wf, resulting in a weight loss AW=WrW{. The weight loss can be used for

quantitative calculations of compositional changes. Temperatures 7i and Tf depend on

variables such as the heating rate and the atmosphere above the sample. The TGA

experiment may be performed under static conditions as well as in a flowing

atmosphere, using inert gases such as nitrogen or argon or reactive gases such as air,

oxygen, or hydrogen. The TGAexperiment in air is important for the study of catalysts,

because it mimics the calcination that is often performed on catalyst precursors. If

thermogravimetry is coupled with calorimetric or other thermal methods, it can be

decided if a reaction is endothermic or exothermic. Moreover, thermal events such as
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melting and phase transitions can be detected as well, which do not involve changes in

weight.

2.3 Temperature-Programmed Reduction

Temperature-programmed reduction (TPR) is a technique providing information on

the reduction behavior of materials. Many materials in catalysis are prepared by

reducing an oxidic precursor, which makes TPR an interesting tool for characterization.

A sample (10 to 200 mg) is placed in a reactor made of quartz, in between two plugs of

quartz wool (Fig. 10).

Outlet

Gas mixture

5%H2/Ar

i

Reference m

Sample X

Quartz reactor

with sample

Temperature
controller

Cold trap

Fig. 10 Schematic representation of the experimental TPRsetup.

The reactor is placed in an oven that is connected to a programmable temperature

controller, which heats the reactor at a rate of typically 5 to 15 K-min"1. A thermal

conductivity detector (TCD) measures the hydrogen content of the reduction gas

mixture. The reduction gas is a mixture of typically 5-10% H2 in Ar to optimize the

difference in thermal conductivity between reactant and carrier gas. To measure the H2

consumption the gas stream is split into two streams, one flowing directly to the TCD

(reference) while the other flows over the sample first. The difference in the content

between the two streams is measured in a Wheatstone-bridge setup. The result of a TPR

experiment is a plot of the hydrogen consumption as a function of temperature. The

amount of consumed H2 is determined by integrating the area under the curve and

comparing the result with that obtained for a reference compound such as Ag20.
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2.4 X-Ray Powder Diffractometry

The wavelength of X-rays has the same order of magnitude as the distances between

atoms in crystalline solids. The crystal lattice acts as a three-dimensional grid so that

incoming X-rays are scattered. A diffraction pattern is obtained only when constructive

interference of the scattered radiation occurs. The grid may be divided up into sets of

planes of various orientations. A useful concept is to regard the lattice planes as mirrors

at which some of the incoming X-rays are reflected. Constructive interference occurs

then when reflected beams are in phase (Fig. 11).

Fig. 11 Reflection of X-rays from two lattice planes, d is the interplanar spacing. The angle 9 is the

glancing angle.

The difference in path x between the waves scattered in B and D is equal to AB + BC

= 2d sin 0. For the two waves to be in phase, x must equal an integral number of the

wavelength. This relation is Bragg's law:

2d sin 0 = nA, with A = wavelength of the X-rays and n = order of reflection

Polycrystalline materials contain a large number of crystallites at every possible

orientation. If a beam of monochromatic X-rays, e.g. Cu Ka radiation, impinges on a

powder sample, a number of lattice planes is always oriented in such a way that Bragg's

law is fulfilled. The diffracted beams form the surface of a cone with an opening angle

of 40 (Fig. 12). The diffracted beams may be detected either by film or by a detector

such as a Geiger counter. Film methods are little used nowadays. Instruments that use a

detector to measure the position and relative intensity of a diffraction pattern of a

polycrystalline material are called powder diffractometers. To enhance the intensity and

resolution of the diffraction maxima different types of focusing arrangements may be

used. The most widely used geometry is the Bragg-Brentano type of diffractometer
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(Fig. 13). In the Bragg-Brentano diffractometer the flat sample is irradiated by a

divergent beam of X-rays. The X-ray source, the sample, and the detector are always

located on the perimeter of the focusing circle. The detector moves around the sample at

a constant distance. To ensure that the focusing effect is also produced at a constant

distance, the flat sample is moved in such a way that it is tangent to focusing circles of

variable radii for different values of 20.

Source (Cu)

Filter (Ni)

Detector

Fig. 12 Cone of diffracted radiation of lattice planes at the Bragg angle 9.

Focussing
circle

Source

Detector

Goniometer

circle

Fig. 13 Focusing geometry of the Bragg-Brentano diffractometer (adapted from [3]).
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2.5 Nitrogen Adsorption

The Brunauer-Emmet-Teller (BET) method is the most generally used method for

the determination of specific surface areas. It is based on the adsorption of small inert

sorbate molecules (N2 or Ar) on the material. It is assumed that multilayer adsorption is

possible, that the heat of adsorption for the first layer is constant, and that the heat of

adsorption in the second and all other layers is constant too, but different from the first

layer and approximately equal to the heat of condensation. From its conception, the

BET theory extends the Langmuir model to multilayer adsorption. Thus, the surface is

composed of stacks of adsorbed molecules. The BET equation is usually rearranged into

the linear form

P
_

1
,
M) P

{p0-p)V cVmono cVmo„0 p0

where V is the volume of gas (STP) adsorbed, Vmono is the volume of gas (STP)

adsorbed in the monolayer and p0 is the vapor pressure above a macroscopically thick

layer of the pure liquid on the surface [4]. The quantity c is equal to [exp-(A77d-

Hvap)]/RT, in which A77d is the enthalpy of adsorption in the first layer and 77vap is the

heat of vaporization. The BET method leads to correct values of the surface area of

solids if the range of the partial pressure is limited from/?/po 0.05 to 0.3. In the practical

application of the BET method, the volume of adsorbed gas is measured at constant

temperature as a function of the partial pressure and p/V(po-p) is plotted against p/po-

Hence, the BET surface area is calculated from A = Vmono-am"NA/22414 where am is the

average area occupied by a N2 molecule (am = 16.2 Â2) and Na is the Avogadro

constant.

2.6 Solid State Nuclear Magnetic Resonance Spectroscopy

Many nuclei possess a spin angular momentum that is characterized by the nuclear

spin-quantum number 7. By the laws of angular momentum, a nucleus with spin-

quantum number 7 has 27+ 1 states. These states are labeled by the magnetic quantum

number m\ where m\ has one of the following values: -I, -7+1, ... 7-1, +7. Thus, a

spin-1/2 nucleus, e.g. 31P, is a two-level system with states m\ = +1/2 and mi = -1/2. In

the presence of an externally applied static field, these states become non-degenerate

due to the Zeeman interaction (Fig. 14a). The two states refer to either a parallel or anti-
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parallel orientation of the component |iz of the angular momentum relative to the

applied magnetic field Bo- The energy separation of the two states is given by

AE = y-^B0 (Fig. 14b) and corresponds to the Larmor frequency Vl with

^~1^^o ~nvL where h is the Planck constant. The application of electromagnetic

radiation of the frequency Vl can induce transitions between the two states (resonance

condition).

(a)

z,B0

ml = + ¥2

m. = - V2

. mx = - V2

AE == y (hJ2n) B0

"*-*
ml = + V2

Fig. 14 (a) Possible orientations of the magnetic moments of a nucleus with / = 1/2, (b) energy levels of a

nuclear spin with / = 1/2 in dependence of the applied magnetic field B0.

The chemical shift 5 reflects the magnetic shielding of a nucleus by its electronic

environment. Like the Zeeman interaction, the chemical shift is proportional to the

strength of the applied magnetic field. As the resonance frequency of a bare nucleus

cannot be measured directly, chemical shifts are typically reported relative to the

resonance peak of a reference compound vref. Chemical shifts are usually expressed in

dimensionless units as parts per million (ppm) according to the following expression:

8 (ppm) = ^LxlO6
'ref

Both diamagnetic and paramagnetic effects contribute to the chemical shift. The

chemical shift is described by a tensor that reflects the orientation-dependence of the

interaction of the electronic environment with the external magnetic field. In the NMR

spectroscopy of liquids, rapid molecular tumbling averages out this orientation-

dependence and produces a narrow line at a position known as the isotropic chemical

shift Oiso, which reflects the average electronic environment of the nucleus. In spectra of

powdered solid samples, however, all orientations of a given site relative to the

magnetic field B0 are present. When the local symmetry is lower than cubic, most of
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these orientations have slightly different resonance frequencies. This leads to a broad

lineshape known as powder pattern from which the principal values (on, Ô22, 833) of the

chemical shift tensor can be extracted (Fig. 15a).

(d)

(c)

ib)

(a)

x5

\
K

33

vrot=15kHz

1 \

1 \

1 \
/ \

vrot = 10 kHz

vrot = 5 kHz

static

1822 |8n

Fig. 15 Calculated solid-state NMRspectral powder patterns for n = 0.5 under (a) static conditions and

(b)-(d) MASconditions at different spinning rates vrot. The isotropic chemical shift Siso is indicated by a

vertical dashed line and arrows indicate the positions of the principal values of the chemical shift tensor.
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The three values describe the anisotropy of the chemical shift (CSA), and they may

be correlated with site symmetry and chemical bonding. An equivalent set of linear

combinations of the three principal values is also frequently used and consists of the

previously mentioned isotropic chemical shift 8iS0, the anisotropy parameter Scsa, and

an asymmetry parameter r\, which are defined as follows:

Isotropic chemical shift 81S0 = -j(ôn + ô22 + ô33 )

Chemical shift anisotropy parameter 8CSA = 533 - 81S0

2 S

Asymmetry parameter n =
22 n with |ô33 -ô1S0|>|ôn -81S0|>|ô22 -Ô1S0|

ö33-o1So

Another important interaction in solid-state NMRis the through-space dipolar

interaction between the magnetic moments of two nuclei. As in the case of the chemical

shift interaction, the direct dipolar interaction is anisotropic; it depends on the

orientation of the internuclear vector with respect to the static field Bq. In addition to the

direct dipolar interaction, there is also an indirect dipolar-coupling mechanism, which

involves bonding electrons. Nuclei with a spin-quantum number 7 greater than Vi

possess a nuclear electric quadrupole moment that will interact with the electric field

gradient present in the sample due to an asymmetric distribution of electrons around the

nucleus. This interaction is known as the quadrupolar interaction and has anisotropic

properties like the chemical shift.

While the above interactions contain structural and dynamical information, the

presence of more than one of them, as is generally the case, can lead to spectra too

broad and complex to interpret. Fortunately, solid-state NMRspectra can be simplified

by applying techniques such as magic angle spinning (MAS). If a sample is spun about

an axis that has an angle 0 of 54.74° with respect to the magnetic field Bo and if the

rotation is significantly faster than the width of the powder pattern (in Hz), the

anisotropic portions of the chemical shift, the dipolar, and the first-order quadrupolar

interactions will disappear, leaving a narrow line at the position of the isotropic

chemical shift 8ISO (Fig. 15b-d). Even if the sample is not spun that rapidly, resolution

can still be improved because the powder pattern will break up into relatively narrow

lines spaced at integer multiples of the rotation frequency (spinning sidebands). The

chemical-shift anisotropy parameters can be determined either from the static powder

pattern or from the relative intensities of the sidebands in an MASspectrum.
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Apart from the interactions mentioned above that broaden static solid state spectra, in

metals another interaction that can influence the spectra is the hyperfine coupling

between nuclear magnetic moments and the magnetic moments of conduction electrons.

This produces a shift that is known as the Knight shift. The NMRfrequency of a

nucleus in a diamagnetic insulating salt is different from that in a metal for the same

value of the applied static magnetic field. This difference arises from the polarization of

the conduction electrons in the metal, which contribute an extra magnetic field, and

therefore shift the resonance frequency. This shift may be several orders of magnitude

larger than in diamagnetic compounds. The Knight shift is due to the fact that

conduction electrons in the s state have a probability density at the site of the nucleus.

Since each electron has a spin and magnetic moment, the contact interaction produces a

local field at the nucleus. In an externally applied magnetic field the conduction electron

system acquires a magnetization proportional to the magnetic susceptibility of the

conduction electron system. This susceptibility is the temperature-independent Pauli

susceptibility (Fig. 16). The product of Pauli susceptibility and the average s electron

density probability at the Fermi level is in first approximation directly proportional to

the observed Knight shift (Fermi contact interaction term). The direct contact interaction

is the major contribution in light metals. In heavy and transition metals, electrons in p

and d Orbitals can make large contributions by the orbital (Van Vleck) paramagnetism

and by coupling of the d orbitals with the core s orbitals (core polarization). The orbital

paramagnetism is usually positive and temperature independent, whereas the core

polarization can be of either sign.

In cubic metals, only an isotropic Knight shift can be observed. In noncubic metals

the Knight shift changes as a function of the crystal orientation to the magnetic field

(Knight shift anisotropy). The accurate measurement of Knight shifts in powders proves

to be difficult, since in addition to the dipolar and quadrupolar broadening also a

susceptibility broadening is observed. The application of magic angle spinning (MAS)

eliminates the dipolar broadening and partly suppresses the effect of the susceptibility

broadening if the spinning rate is sufficiently high .



33

Energy E

Fermi level

Parallel

to field
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Fig. 16 Density of states of a gas of free electrons with magnetic moments parallel (f) and anti-parallel

(|) to a magnetic field B0 (adapted from [5]).

2.7 Catalytic Test

As catalytic test reaction the hydrodenitrogenation (HDN) of o-propylaniline at a

temperature of 643 K and a total pressure of 3 MPawas used. o-Propylaniline was used

as the reactant because it is a good model compound to study all the relevant reactions

important to HDN(see Ch. 1).

Ho

*NH 643 K> 3 MPa

C9-hydrocarbons + NH3

The experiments were carried out in a continuous-flow reactor. The experimental

setup is depicted schematically in Fig. 17 and was designed by M. Flechsenhar and

modified by F. Rota. Typically, 50 to 500 mg of a sample were mixed with 8 g SiC to

ensure a good heat transfer. This mixture was placed as a fixed bed in a tubular stainless

steel reactor. The fixed bed was hold in place by a metal rod and quartz wool. Above

and below the fixed bed two more layers of SiC were added to achieve plug-flow

conditions. The reactor was heated by an oven to a temperature of 643 K. The catalytic

test was performed at a pressure of 3 MPa that was held constant by a back pressure

regulator. The liquid reactant was fed to the reactor by means of a high-pressure syringe

pump (Isco, Model 500D), with n-octane as the solvent. n-Octane was also added to

mimic the hydrocarbons present in real petroleum feeds. A second syringe pump of the
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same type allowed changing to another feed of different composition without

interrupting the reaction. Variation of space time was achieved by changing the flow

rate while keeping the ratio between liquid feed and H2 gas flow constant. The product

stream was analyzed online with a Varian gas Chromatograph (Model 3800) equipped

with a 30 m DB-5 fused silica capillary column (J&W Scientific, 0.32 mminner

diameter, 0.25 urn film thickness) and a FID detector. rc-Heptane was used as internal

standard. The actual sampling was done by a 6-port valve that allowed to take

representative samples on-line. The initial reactant partial pressure of o-propylaniline

was 3 kPa. To study the HDNreaction of OPAin the presence of H2S (6 kPa) dimethyl

disulfide (DMDS) was used as an additive in the feed that was fed to the reactor by the

second pump. DMDSis used instead of H2S because it is a liquid that can be easily

added to the feed and decomposes under the reaction conditions to methane and H2S.

H,C
3 \

S—S
\
CH,

+ 3H, > 2 H2S + 2 CH4

The liquid products were collected downstream in a condenser that was periodically

emptied.

Oven + reactor

Gas Chromatograph

Liquid trap

PumpA

->-
Mass flow controller

-Lk
PumpB

u-o

IXt
Pressure regulator

Liquid feed

without DMDS

Hydrogen

Liquid feed

with DMDS

Gaseous compounds

PC

Liquid compounds

Fig. 17 Experimental setup for the catalytic test.
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Weight time was defined as t = mcJntot, where mcat denotes the catalyst weight and

ntot the total molar flow to the reactor. Variation of reaction conditions was achieved by

changing the flow rates while keeping the ratio between liquid feed and H2 gas flow

constant, thus modifying the weight time. The weight time was calculated using the

following equations:

x =
^l g-min

mol
weight-time

withri^-^n^
deduct

0 -V
r feed educt •

. 1 T 7 r^ m

deduct =^TZ Wlth Veduel=F-%Wtalucl
"*

educt

m

It follows %=
cat

Pfeed-F-%Wteduc, Pu

"*
educt P educt

pfeed denotes the averaged density of the liquid feed that was at about 0.72 g-ml"1.

F is the flow rate pumped by the syringe pump. ptot refers to the total pressure andpeduct

to the partial pressure of the evaporated liquid reactant. Meduct is the molar weight of the

reactant.
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3 Formation, Structure, and HDNActivity of Unsupported

Molybdenum Phosphide

3.1 Introduction

Transition metal sulfides are widely used as catalysts in the field of

hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) [1-3] (see Ch. 1.1). The

removal of sulfur- and nitrogen-containing compounds from fuels is essential for the

SO2 and NOx abatement. In view of a more stringent environmental legislation more

effort must be made to lower the levels of sulfur and nitrogen in fuels. To meet these

future demands, existing catalysts either have to be improved for which a detailed

understanding of structure and catalytic action is required, or alternative catalysts have

to be found. Beside the sulfides of transition metals, carbides and nitrides have been

tested and proved to be catalytically active as well [4-7]. In comparison with sulfidic

HDNcatalysts, molybdenum nitrides behave more like metals resulting in a higher

selectivity to hydrogenolysis products [5].

In contrast to the extent of research spent on nitrides and carbides, transition metal

phosphides have been less explored [8, 9]. Phosphides or mixed phosphide sulfides

have only been considered as HDNor HDScatalysts in a few cases, such as M2Pin the

HDNof quinoline [10] and NiPS3 in the HDSof thiophene [11]. Recently molybdenum

phosphide, MoP, has been prepared by a new method and tested for catalytic activity in

the HDNof quinoline [12]. In all these cases phosphides proved to be catalytically

active.

Phosphorus in the form of phosphate is also used as promoter in commercial

hydrotreating catalysts, which contain sulfided Ni (or Co) and Mo on an alumina

support [13, 14]. In the last two decades, phosphorus has been especially incorporated in

MM0/AI2O3 hydrodenitrogenation (HDN) catalysts [15] because industrial performance

as well as studies with model compounds demonstrated a substantial promotional effect

of phosphorus in such catalysts in HDN[15-18] whereas only a weak promotional

effect in HDSwas observed [16, 18, 19].

Phosphorus is introduced during catalyst preparation in the impregnation solution in

the form of phosphate, and in this form it reacts with molybdate to phosphomolybdate,

thus enhancing the Mo solubility and stability in solution [20]. Apart from this
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industrially very important, physical effect, phosphate also influences the catalysis.

Many studies have tried to explain the catalytic function of phosphorus in NiMoP/AI2O3

HDNcatalysts [16, 18, 21]. Jian and Prins showed that the effect of phosphate depends

on the reaction type [22]. Phosphate strongly increases the rates of hydrogénation

reactions such as the hydrogénation of aniline, benzene, and cyclohexene. How

phosphate can improve the hydrogénation capacity of a NiMo/Al203 catalyst is not

immediately clear. A kinetic study showed that phosphate increases the rate constant of

the hydrogénation of o-propylaniline as well as its adsorption constant [23]. This

indicates that phosphate changes the nature of the sites.

One idea, already suggested some years ago [10, 24], is that phosphate may react

with Ni-MoS2 to form a catalyst with (partly) phosphide-like character. To test this idea,

we have prepared pure MoPby a method published recently [12], and tested it in the

HDNof o-propylaniline. o-Propylaniline is a simple test molecule but nevertheless it

allows to study several reactions involved in the HDN of N-containing aromatic

compounds (hydrogénation of the phenyl ring, hydrogenolysis of the C(sp )-N bond,

elimination of NH3 from cyclohexylamine, and hydrogénation of cyclohexene), and all

these reactions have been well studied [23]. Our aim was to test the capability of MoP

compared to classical M0S2 catalysts. To make a reasonable comparison between two

different catalysts possible, we estimated for both catalysts the number of active centers

at the surface.

3.2 Experimental

3.2.1 Preparation and Characterization of the Catalysts

Molybdenum phosphide was prepared as follows: 4.0 g of ammonium

heptamolybdate (NH4)ôMo7024 • 4H2O (3.24 mmol, Fluka, puriss. p.a.) and 3.0 g of

di-ammonium hydrogen phosphate (NFi4)2HP04 (22.72 mmol, Fluka, puriss. p.a.) were

dissolved in deionized water to give a total volume of 15 ml solution. After evaporation

of water, the obtained white solid was calcined in air at 773 K for 5 h and subsequently

reduced in a stream of H2 (99.999%, 150 ml-min"1) at 923 K (heating rate 1 K-min"1).

During this sequence, the color of the sample changes from white via dark blue

(calcination) to black (reduction). Finally, the surface of the samples was passivated in a
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flow of 0.5% 02/He (30 ml-min"1) for 2 h at room temperature. The passivated MoPcan

be handled in air.

A M0/Y-AI2O3 catalyst in the oxidic form with 8%Moloading was prepared by pore

volume impregnation of Y-AI2O3 extradâtes (Condea, 210m2-g"1, pore volume 0.45

ml-g"1) with a solution prepared from (NH06Mo7O24-4H2O. The impregnated sample

was dried at 393 K for 9 h and then calcined in air at 773 K (5 h, heating rate 2 K-min"1).

The calcined sample was crashed and sieved after which the 63-125 |im fraction was

used for the catalytic testing.

Fourier transform Ramanmeasurements were carried out with a Ramanmodule FRA

106/S equipped with a liquid nitrogen cooled Ge detector, a Nd:YAG laser (1064 nm,

500 mW), and a CaF2 beamsplitter. The instrument was attached to a Braker EQUINOX

55 spectrometer; data collection and processing were controlled by the OPUS 2.2

Software (Braker). Spectra were recorded at 2 cm"1 resolution, and the number of

accumulated scans for each sample was 1024 scans. Solids were measured in aluminum

sample cups and solutions in glass tubes in the 180° scattering geometry. Since the pH

of an aqueous solution of (NHO6M07O24• 4H2O and (NH4)2HP04, prepared as

described above, is 8.5, molybdate and phosphate reference solutions were adjusted to

this value by adding ammonia.

Thermogravimetric analyses were performed on a Mettler Toledo TGA/SDTA851e

instrument in flowing air at a heating rate of 10 K-min"1 to 973 K. STAR6 5.1 Software

(Mettler Toledo) was used for data evaluation. XRDmeasurements were done with a

STOE STADI P powder diffractometer (Cu Kai radiation, Ge monochromator, PSD

detector). For the measurements, the sample was filled into a 0.1 mmcapillary.

Nitrogen adsorption isotherms were measured at 77 K with a Micromeritics ASAP

2000M instrument. The surface area was determined by the BET method.

3.2.2 HDNActivity Measurements

The catalytic tests for the HDNof o-propylaniline were carried out in a continuous-

flow microreactor at a total pressure of 3.0 MPa. A sample of 0.3 g MoP or 0.05 g

M0/Y-AI2O3 catalyst diluted with 8 g SiC was used for each reaction. To remove oxygen

from the surface of the passivated MoPcatalyst, the catalyst was activated in situ with

H2 at 673 K and 0.1 MPafor 3 h. In the case of the Mo/y-A1203 catalyst the sample was

activated by sulfidation in a 10% H2S/H2 flow (35 ml-min"1) at 673 K for 4 h. The liquid
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reactant was fed to the reactor by means of a high-pressure pump, with n-octane as the

solvent. The catalyst was stabilized at 643 K and 3.0 MPafor 12 h before samples were

taken. Variation of space time was achieved by changing the flow rate while keeping

the ratio between liquid feed and H2 gas flow constant. The product stream was

analyzed online with a Varian 3800 gas Chromatograph equipped with a FID detector.

The initial reactant partial pressure of o-propylaniline was 3 kPa. The experiments were

either carried out in the absence of H2S or at a partial H2S pressure of 3 kPa by adding

dimethyl disulfide to the feed. n-Heptane was used as internal standard. Further details

can be found in Ref. [23].

3.3 Results and Discussion

3.3.1 Preparation and Characterization

Raman spectra of the educts and of a reaction intermediate of MoPare shown in Fig.

18 and compiled in Table 2. The Raman spectram of an aqueous solution of

(NH4)6Mo7024-4H20 (Fig. 18a) shows bands at 895, 840, and 315 cm"1. These bands are

due to the vs(Mo=0), Vas(Mo=0), and S(Mo02) vibrations of the MoO^ anion [25],

respectively, which forms from Mo70^ at a pH value of 8.5 by several hydration and

deprotonation steps [26] (Fig. 19). The Raman spectram of an aqueous solution of

(NH4)2HP04 is shown in Fig. 18b. The band with the highest intensity at 986 cm'1 is

due to the vs(P=0) vibration of the HPO^ anion and is the most characteristic

vibrational feature of this anion [27]. The Raman spectram clearly shows that the

HPO^ anion is the main component of the solution. Based on the p7Ca values of

phosphoric acid, H3PO4, [28], an aqueous solution of (NH4)2HP04 should contain the

HPOf and H2PO^ anions in a ratio of 0.86 : 0.13.

The more intense bands of spectra (a) and (b) are present in spectrum (c) as well, but

in addition there are new bands at 1047, 955, 924, 531, and 213 cm"1 (Fig. 18c). These

bands can be assigned to the phosphomolybdate P2M05O23 anion [29]. The only

difference between our spectram and that reported by Lyhamn and Pettersson is the

position of the band with highest intensity, which we observe at 932 cm"1 rather than at

924 cm"1. However, the general appearance is the same in both cases. From the results

presented so far, we conclude that an aqueous solution of (NHO6M07O24• 4H2O and
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(NHO2HPO4 contains the Mo04~, HP04~, and P2Mo5023~ anions as the main

components (Fig. 19).

(a)

AV [Cm1] [P2Mo5°23]6" ani0n

Fig. 18 FT Raman spectra of aqueous solutions of Fig. 19 Mo-containing anions present in

(NH4)6Mo7024-4H20, c(Mo)=1.51 mol-1"1 (a); solution.

(NH4)2HP04, c(P)=1.51 mol-1"1 (b);
(NH4)6Mo7024-4H20 and (NH4)2HP04, c(Mo) =

c(P) = 1.51 mol-1"1 (c); Raman spectrum of sample
(c) after evaporation (d).

Upon evaporation, a white solid is obtained. The Raman spectrum of this material is

shown in Fig. 18d. The bands at 951 and 920 cm'1 can again be assigned to the

P2Mo5023~ anion, where slight shifts in the positions of the bands must be taken into

account comparing solution with solid-state spectra. While bands related to the MoO^"

anion cannot be observed anymore, the new bands at 929 and 871 cm"1 are due to

v(Mo-O) stretching vibrations of the Mo7024 anion in the solid state. An unequivocal

assignment of the bands at 364 and 219 cm"1 is difficult, because the P2Mo5023~ as well

as the Mo70^ ion exhibit bands in this region. Vibrational features due to the presence

of free phosphate are mostly obscured by the bands of heptamolybdate, because the

Raman intensity of the latter is much higher than those of the phosphates. Since the
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stractural chemistry of phosphates is very rich, i.e. polyphosphate chains and rings of

different lengths can be formed by condensation processes, the presence of

polyphosphates is likely. In this case additional bands due to v(P-O) and 0XPO2)

vibrations of polyphosphates are expected in the spectral regions 850-1100 cm"1, 500-

550 cm"1, and 350-400 cm"1, as well as around 200 cm"1.

Table 2 Ramanbands and assignments of the spectra shown in Fig. 18.

(NH4)6Mo7024-4H2Oa (NH4)2HP04
(NH4)6Mo7024-4H20 / white solid after

(NH4)2HPQ4 evaporation
assignment

895 (vs)

840 (w)

315 (m)

1072 (w*) 1099 (br) v(P-O)

1047 (w) 1039 (w)

986 (vs) 986 (m) vs(P-0), HPOf

955 (m) 951 (sh) v(Mo-O) / v(P-O)

924 (vs) 929 (vs)

920 (vs)

895 (s) vs(Mo-0), MoOj-

874 (sh) 871 (s) v(Mo-0)/v(P-0)

863 (w) vs(P-(OH))/vs(P-(OH)2)

856 (sh) v(Mo-0)/v(P-0)

vas(Mo-0), MoOf

595 (w/br) o(P02) /

572 (w/br) 6(Mo02 )

536 (w) 531 (w/br) 533 (w)

505 (w/br)

395 (w) 392 (w) 395 (m)

367 (m) 364 (m)

315 (m) ô(Mo02), MoO^-

244 (sh) 0(P02 ) /

219 (s) ô(Mo02 )

213 (s) 213 (sh)
"

Mo7Oj4 decomposes in solution at pH = 8.5 to Mo04 .

*
(vs) = very strong, (s) = strong, (m) = medium, (w) = weak, (sh) = shoulder, (br) = broad

Our TGAmeasurements are also in favor of the presence of polyphosphate species.

For a mixture, containing only (NH4)öMo7024 and (NH4)2HP04, the expected weight

loss is about 30 wt%, according to

2 (NH4)6Mo7024-4H20 + 14 (NH4)2HP04 ->14 Mo03-7P205 +40 NH3+35 H20
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The weight loss in the case of the white solid, however, is 19%. This can only be

explained by the condensation of HxP04x~3) anions (x = 1-3) to polyphosphate chains

and rings during the evaporation process, accompanied by the loss of H2Oand NH3.

Calcination of the white Mo-P-O precursor leads to the formation of a dark blue,

amorphous compound. The dark blue color has also been observed in other

molybdenum compounds, e.g. molybdenum phosphate glasses [30]. This phenomenon

may be explained by the formation of Mo5+ centers during calcination accompanied by

the loss of oxygen. The blue color results from intervalence charge-transfer transitions

between Mo5+ and Mo6+ centers [31].

Bridge and Patel [32] discussed in their studies on the vitreous Mo-P-0 system a

structural model for Mo-P-0 glasses containing 50 mol% Mo. They proposed a

stracture of an interlinked network of proximate MoOôoctahedra and PO4 tetrahedra.

The model shows a high occurrence of M0O6octahedra separated by only a single PO4

group. The high homogeneity of Mo and P atoms in the amorphous oxidic precursor

means low diffusion path lengths in the formation of the MoP stracture which may

explain why the reduction to the MoPphase takes place at low temperatures.

Reduction of the blue compound in H2 yields the black MoP material. The XRD

pattern of the passivated MoP catalyst (Fig. 20) is in accordance with literature data

reported for the crystalline solid-state compound MoP [33]. Molybdenum phosphide

crystallizes in the hexagonal tungsten carbide (WC) stracture; each molybdenum atom

is trigonal-prismatically surrounded by six phosphorus atoms, and vice versa (Fig. 21).

In contrast to the layered stracture of M0S2, the three-dimensional structure of MoP

allows a much better definition of the ratio of surface to bulk centers.

3.3.2 Activity Measurements

Prior to the determination of the catalyst activity, the MoPsample was reactivated in

a H2 flow at 673 K for 3 h. Activity measurements in the o-propylaniline HDNwere

performed in the absence and presence of H2S. The results are displayed in Fig. 22. In

the presence of H2S, the HDNactivity is clearly lower. The influence of H2S becomes

immediately effective implying a fast blocking of surface catalytic sites. No

deactivation was observed within 72 h.



44

28 [degrees]

Fig. 20 Powder XRDpattern of the passivated MoPcatalyst.

Fig. 21 Structure of molybdenum phosphide.

The product selectivities are shown in Fig. 23. Propylcyclohexane,

propylcyclohexenes, and propylbenzene are the main products, while hydrogenolysis

products, such as ethylbenzene, toluene, and benzene, could not be detected. This

property is different from the molybdenum nitrides. They behave more like metals and

hydrogenolysis products are formed in significant amounts during catalysis [5]. The

product distribution in the HDNreaction of o-propylaniline over the MoP catalyst

resembles very much that one over phosphate-promoted sulfidic NiMo/Al203 but is

different from that over M0/AI2O3 catalysts [23]. Fig. 24 shows the HDNreaction

network for the reaction of o-propylaniline over the MoP catalyst. The same kind of
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network has been reported for NiMo{P}/Al203 catalysts [23, 34]. The influence of H2S

is mainly a decrease in activity; the product distribution shows only minor changes.

30 -,

Space time [g-min-mol ]

Fig. 22 HDNconversion of o-propylaniline over MoPin the presence and absence of H2S.

I 0.5 ^

CD

10 15

Conversion [%]

20 25

Fig. 23 Selectivities of products formed during the HDNof o-propylaniline over MoPin the absence

(open symbols) and presence (closed symbols) of H2S.

3.3.3 Comparison between MoPand MoS2Catalysts

In order to estimate how the activity of MoPcompares with that of M0S2in the HDN

reaction we made a comparison of the activity for both catalyst types. Wecompared the

supported M0S2 catalyst with an unsupported MoP catalyst because preliminary

experiments in which we tried to prepare supported MoP catalysts with the same

method as used for the unsupported MoP did not succeed. According to X-ray



46

diffraction, Mometal formed on the support under these conditions. However, although

it might seem more straightforward to compare a supported catalyst with a supported

model catalyst, this does not necessarily mean that this is the best way of estimating the

intrinsic potential of MoP. Whennothing is known about the geometry of MoPparticles

on a support, the comparison of the activity of these particles with those of M0S2

particles on a support is meaningless.

NH2

o-propylaniline

•^

propylbenzene

propylcyclohexene

\^NH2
2-propylcyclohexylamine propylcyclohexane

Fig. 24 HDNreaction network of o-propylaniline.

Due to their different structures, MoP and M0S2 cannot directly be compared. We

based our comparison on an estimation of the number of active metal centers at the

surface. One gram of our supported M0S2 catalyst (8 wt% Mo on Y-AI2O3) contains

5.02-10 Mo atoms. Assuming hexagonal M0S2 platelets with a diameter of

approximately 25 A, as proposed by Shido and Prins on the basis of EXAFS

measurements [35], one platelet contains 61 Moatoms of which 24 atoms are located at

the edges. Thus, 1 g catalyst contains 1.98-1020 Moedge centers.

The number of surface Mo atoms in the unsupported MoPcatalyst can be calculated

if it is assumed that low index crystal planes, e.g. the (lOlO) or the (OOOl) crystal

planes, constitute the surface of MoP. In that case each surface Mo atom occupies an

area of 10.3 Â2 [33]. According to our BET measurements, the mesoporous surface area

of the MoP catalyst is 2m2-g~1. Thus, one gram of unsupported MoP would have
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1.94-10 Mo surface atoms, which is only 10% of the number of edge atoms in 1 g of

the supported M0S2catalyst.

Weassume that edge atoms in the case of the M0S2/AI2O3 catalyst and surface atoms

in the case of the MoPcatalyst are the catalytically active centers in the HDNreaction.

This allows making a direct comparison between the two catalyst types by calculating

the turnover numbers. Under the same reaction conditions (643 K, 3.0 MPa, absence of

H2S and at a flow rate of 5.26-10"8 mol-s"1), the o-propylaniline conversion is 6.9% for

0.05 g M0S2/AI2O3 and 24.9% for 0.3 g MoP. Taking into account the amounts of

catalyst used in the reaction and their number of Mo surface centers, this gives a

turnover number of 2.2-10"4 molecules-(Mo center)"1-s"1 for the M0S2 catalyst and of

13.6-10"4 molecules-(Mo center)" ^s"1 for the MoP catalyst. Thus, the MoP catalyst is

intrinsically six times more active than the M0S2/AI2O3 catalyst.

Even if these values should be treated with care, they unequivocally demonstrate that

MoPhas an intrinsically higher activity than M0S2 for the HDNof o-propylaniline at

643 K and 3.0 MPatotal pressure. This leaves the possibility open that small amounts of

MoP on the surface of the sulfidic catalysts explain the phosphate effect in the HDN

reaction over sulfidic NiMo{P}/Ai203 catalysts. The addition of phosphate to HDN

catalysts is known to have a strong promoting effect for HDN. After having

demonstrated that MoP is intrinsically more active than M0S2, we suggest that MoP

surface species might form from M0S2and phosphate under the reductive conditions of

the HDNreaction.

Usually Ni is present as a promoter in supported M0S2 HDNcatalysts. Since the

selectivity of MoP resembles that of a NiMoP/A^Os catalyst and not that of a

M0S2/AI2O3 catalyst, nickel phosphide may be formed instead of or in addition to MoP.

The preparation of nickel phosphide and the determination of its catalytic activity in the

HDN of o-propylaniline will, therefore, be the next step in our investigation of

transition metal phosphide catalysts (see Ch. 4).
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4 Binary and Ternary Transition-Metal Phosphides as

HDNCatalysts

4.1 Introduction

Transition-metal phosphides have a wide range of interesting chemical and physical

properties [1, 2] (see Ch. 1). Phosphides may be classified in various ways, the usual

being based on the stoichiometry, i.e., metal-rich phosphides (M/P > 1),

monophosphides (M/P =1), and phosphoras-rich phosphides (M/P < 1). Due to the

thermal and chemical instability of phosphoras-rich phosphides, applications are more

often reported for phosphides with a ratio of M/P> 1. Metal-rich phosphides and,

similarly, monophosphides are usually hard, brittle substances with a relatively high

thermal and electrical conductivity and thermal stability [3]. Thus, transition-metal

phosphides are applied as protective refractory coatings in electric lamps [4], as oxygen

barrier layers in capacitors [5], and in coatings that are resistant to wear and corrosion

[6](seeCh. 1.2.5).

Research on transition-metal phosphides in the field of heterogeneous catalysis

focuses mainly on hydrogénation catalysis. The potential application of supported and

unsupported crystalline transition-metal phosphides in hydrogénation catalysis was

reported by various authors [7-10]. Furthermore, amorphous nickel phosphorus alloys

can be used as selective hydrogénation catalysts with a high activity [11-15]. However,

the amorphous catalysts deactivate at elevated temperatures due to the formation of less

active crystalline compounds [16]. Another drawback of the amorphous metal alloys is

their sensitivity to sulfur-containing compounds, which leads to their deactivation [17].

Yet, the sulfur resistance of a catalyst is an important aspect of hydrodenitrogenation

catalysis, because sulfur is always present in crude oil. Only few publications deal with

the application of transition-metal phosphides in hydrodesulfurization or

hydrodenitrogenation catalysis. Robinson et al. showed that dinickel phosphide (M2P)

and dicobalt phosphide (C02P) are formed from the respective metal phosphates under

reductive conditions, even in the presence of sulfur, and that these phosphides are active

catalysts in the HDNof quinoline [18]. Molybdenum phosphide (MoP) was prepared

recently by reducing an amorphous molybdenum phosphate precursor and tested for

catalytic activity in the HDNof quinoline [19]. Using the same synthetic approach we
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prepared an unsupported MoPcatalyst in a previous study and found that the catalyst

was more active than an A^Os-supported M0S2 catalyst in the HDNof o-propylaniline

[20] (see Ch. 3). Despite the fact that o-propylaniline is a simple test molecule, it has

enabled the in-depth study of several reactions involved in the HDNof N-containing

aromatic compounds (hydrogénation of the phenyl ring, hydrogenolysis of the C(sp )-N

bond, elimination of NH3 from cyclohexylamine, and hydrogénation of cyclohexene)

[21-24].

Weprepared different binary transition-metal phosphides, viz., C02P, Ni2P, MoPand

WP, by reducing an appropriate precursor in a flow of H2. The preparation procedures

were based on those reported in the literature [7, 9, 19, 20, 25, 26]. The promoting effect

of Co and Ni is known from HDS and HDNcatalysis with MoS2-type catalysts. To

determine whether Co and Ni have similar effects on MoP, we also prepared the ternary

phosphides C0M0P and NiMoP. All the phosphides were tested in the HDN of

o-propylaniline at 643 K and 3.0 MPain the presence and absence of H2S.

4.2 Experimental

4.2.1 Preparation of the Catalysts

The general procedure for preparing the phosphides was as follows: Di-ammonium

hydrogen phosphate (NH4)2HP04 was dissolved in deionized water. Subsequently a

solution of ammonium heptamolybdate (NHO6M07O24• 4H2O, ammonium

metatungstate (NHOöHjW^o • xR20 (jc = 18), nickel nitrate Ni(N03)2 • 6H20, or

cobalt nitrate Co(N03)2 6H2O was added (all Fluka, puriss. p.a.). In the case of the two

ternary phosphides, first a solution of ammonium heptamolybdate

(NHO6M07O24• 4H20 followed by a solution of nickel nitrate Ni(N03)2 • 6H20 or

cobalt nitrate Co(N03)2 • 6H2O was added to the phosphate solution. For all the

compounds, the amounts of metal salt(s) and phosphate were chosen according to the

stoichiometry of the corresponding phosphide.

After evaporation of the water, the obtained solid was calcined in air at 773 K for 5 h

and then reduced in a stream of H2 (99.999%, 300 ml-min"1) at 823 K (Co2P, Ni2P),

923 K (MoP, WP, NiMoP), and 1023 K (C0M0P) (heating rate 1 K-min"1). Finally, the

surface of the samples was passivated in a flow of 0.5% 02/He (30 ml-min"1) for 2 h at

room temperature. The passivated phosphides can be handled in air.
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XRDmeasurements were done with a Siemens D-5000 powder X-ray diffractometer

(Cu Ka radiation). For the measurements, a sample was pressed into a flatbed sample

holder. Nitrogen adsorption isotherms were measured at 77 K with a Micromeritics

ASAP 2010 or a Micromeritics Tristar 3000 instrument. The surface area was

determined according to the BET method.

4.2.2 HDNActivity Measurements

The catalytic tests for the HDNof o-propylaniline were carried out in a continuous-

flow microreactor at a total pressure of 3.0 MPa. A sample (0.05-0.4 g) of the catalyst

(Table 3), diluted with 8 g SiC, was used for each reaction. To remove the oxygen from

the surface of the passivated catalysts, the catalysts were activated in situ with H2 at

673 K and 0.2 MPafor 3 h. The liquid reactant was fed into the reactor by means of a

high-pressure pump with rc-octane as the solvent. A second pump made it possible to

change to a feed of a different composition without interrupting the reaction. The

catalyst was stabilized at 643 K and 3.0 MPa for at least 12 h before samples were

taken. Variation of space time was achieved by changing the flow rate while keeping

the ratio between the liquid feed and the H2 gas flow constant. The product stream was

analyzed on-line with a gas Chromatograph equipped with a FID detector; n-heptane

was the internal standard. Each set of experimental conditions was maintained for at

least 4 h.

The initial reactant partial pressure of o-propylaniline was 3 kPa. To study the HDN

reaction of OPAin the presence of H2S (6 kPa), dimethyl disulfide (DMDS) was added

to the feed that was pumped into the reactor by the second pump. After activation, each

catalyst was studied in the absence of H2S; the reaction was continued in the presence of

H2S by switching to the feed containing DMDS. Finally, DMDSwas removed so that

we could monitor the behavior of the catalyst again in the absence of H2S. After

removing DMDS, the catalysts were left to stabilize for 12 h before being subjected to

one set of flow conditions for 12 h to check for further changes.

4.3 Results and Discussion

4.3.1 Characterization of the Phosphide Catalysts

The XRDpatterns of all the synthesized phosphides (Figs. 25-27) are in agreement

with literature data [27]. C0M0Pwas the major component in a mixture, accompanied
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by small amounts of an unidentified crystalline phase. NiMoP contained small amounts

of MoP. In all the other cases, only one crystalline phase was detected. The surface

areas, as determined by N2 adsorption, ranged from 1 to 8 m2-g"1 (Table 3).

Co2P

-> ' ^*^*)frn^mA^<^iiM))Wi^ßf W

28 [degrees]

Fig. 25 Powder XRDpatterns of the passivated Co2P and Ni2P catalysts.

29 [degrees]

Fig. 26 Powder XRDpatterns of the passivated MoPand WPcatalysts.

4.3.2 Activity Measurements

Prior to the determination of the catalytic activity, the sample was reactivated in a H2

flow at 673 K for 3 h. Table 3 gives the amounts of catalyst. Amounts were adjusted to

obtain comparable activities for the different catalysts at the beginning of the reaction.

Activity measurements for the o-propylaniline HDNwere performed in the absence,
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then in the presence of H2S, and again in the absence of H2S. Each experiment was

performed in a continuous flow of feed while maintaining a constant total pressure of

3.0 MPa. The results of the activity measurements are presented in Figs. 28 to 33. All

the phosphides were active catalysts in the HDNof o-propylaniline. However, when

H2S was introduced into the system, the catalysts behaved differently. With increasing

space time the activity curves of all the catalysts level off the closer they get to

equilibrium conditions. Below 20% conversion all the curves show a linear trend, i.e.,

differential behavior can be assumed.
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Fig. 27 Powder XRD patterns of the passivated C0M0P and NiMoP catalysts (reflections due to

impurities are marked by asterisks).

C02P and M2Pshowed a clearly lower activity in the presence of H2S (Figs. 28 and

29), i.e., the catalysts underwent deactivation. The deactivation appears to be partially

irreversible; after the removal of H2S, the activity increased again but did not reach its

former level.

Table 3 Amounts of catalyst used for the activity test; BET surface areas of the catalysts.

Catalyst Amount [mg] BET surface area [m -g" ]

3

1

2

6

5

Co2P 150

Ni2P 400

MoP 200

WP 300

C0M0P 100

NiMoP 50



56

Space time [g min mol1]

Fig. 28 HDNconversion of o-propylamhne over Co2P in the absence (a) and presence (b) of H2S and

after removal of H2S (c)

Space time [g min mol1]

Fig. 29 HDNconversion of o-propylanihne over Ni2P in the absence (a) and presence (b) of H2S and after

removal of H2S (c)

The activity of MoPwas lower mthe presence of H2S. However, after the removal of

H2S the activity increased to a higher level than that before the addition of H2S. The

activity of WPeven increased in the presence of H2S compared with the activity before

the addition of H2S. After the removal of H2S, the activity of the WPcatalyst remained

on a higher level.
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Space time [g-mm-mol1]

Fig. 30 HDNconversion of o-propylaniline over MoP in the absence (a) and presence (b) of H2S and

after removal of H2S (c).

0 10 20

Space time [g min-mof1]

Fig. 31 HDNconversion of o-propylaniline over WPin the absence (a) and presence (b) of H2S and after

removal of H2S (c).

The smallest influence of H2S on catalytic behavior was observed for C0M0Pand

NiMoP. The activity of both these catalysts was somewhat lower in the presence of H2S

and returned almost to its original level after the removal of H2S.
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Fig. 32 HDNconversion of o-propylaniline over NiMoP in the absence (a) and presence (b) of H2S and

after removal of H2S (c).

0 5 10 15

Space time [g-min-mof1]

Fig. 33 HDNconversion of o-propylaniline over CoMoPin the absence (a) and presence (b) of H2S and

after removal of H2S (c).

4.3.3 Product Selectivities

For all the catalysts, the main products of the o-propylaniline HDN were

propylcyclohexane (PCH), propylcyclohexenes (PCHE), propylbenzene (PB), and

butylcyclopentane (BCP). The product selectivities, in the absence and presence of H2S,

plotted against the conversion are shown in Figs. 34 to 38. Hydrogenolysis products,

such as ethylbenzene, toluene, and benzene, were not observed. This behavior differs
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from that of the molybdenum nitrides, as reported by Lee et al. [28]. When they tested

M02N in the HDNof quinoline, o-propylaniline was formed as an important reaction

intermediate, which reacted further to N-free compounds. However, they also detected

significant amounts of products, such as ethylbenzene, toluene, and benzene.

Conversion [%]

Fig. 34 Selectivities of products formed during the HDNof o-propylaniline over Co2P in the absence

(closed symbols) and presence (open symbols) of H2S.
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Fig. 35 Selectivities of products formed during the HDNof o-propylaniline over Ni2P in the absence

(closed symbols) and presence (open symbols) of H2S.

These products formed as a result of the hydrogenolysis of C-C-bonds in the alkyl

chain from the intermediate o-propylaniline. Thus, M02Nbehaves more like a metallic
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catalyst with good hydrogenolysis properties. In our study, the products were the same

as those observed for the HDNof o-propylaniline over sulfidic catalysts [29, 30].
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Fig. 36 Selectivities of products formed during the HDNof o-propylaniline over MoP in the absence

(closed symbols) and presence (open symbols) of H2S.

Conversion [%]

Fig. 37 Selectivities of products formed during the HDNof o-propylaniline over WPin the absence

(closed symbols) and presence (open symbols) of H2S.

The reaction network of o-propylaniline is shown in Fig. 40. Hydrogénation of the

aromatic ring system is the main reaction pathway and leads to the formation of PCHE,

PCH, and BCP as secondary reaction products. The intermediate

propylcyclohexylamine was not detected because of its high reactivity [30]. However,

Rota and Prins reported that the structurally very similar intermediate
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methylcyclohexylamine in the HDNof o-toluidine was observed under certain reaction

conditions [24]. Propylcyclohexylamine either reacts via ß-Hofmann elimination to

propylcyclohexenes, or it reacts to propylcyclohexane. The latter can be formed directly

by C-N bond hydrogenolysis from PCHAor by C-S bond hydrogenolysis from a thiol

that is formed by replacing the amino group of PCHAby a thiol group in a nucleophilic

substitution. It was shown that the intermediate thiol is present in the HDN of

methylcyclohexylamine [23].

90
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30
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Fig. 38 Selectivities of products formed during the HDNof o-propylaniline over CoMoPin the absence

(closed symbols) and presence (open symbols) of H2S.

A/A PCH

/ PCHE

•/O PB
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Fig. 39 Selectivities of products formed during the HDNof o-propylaniline over NiMoP in the absence

(closed symbols) and presence (open symbols) of H2S.
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In the HDNof o-propylaniline over a sulfided NiMo/A^C^ catalyst, it was shown

that PB forms mainly as a primary reaction product through C-N bond hydrogenolysis

and that the dehydrogenation of PCHEto PB occurs to a much lesser extent as long as

sufficient amine (o-propylaniline) is present [30].

NH2

o-propylaniline (OPA) propylbenzene (PB)

butylcyclopentane (BCP)

propylcyclohexene (PCHE)

NH2

2-propylcyclohexylamine (PCHA) propylcyclohexane (PCH)

Fig. 40 HDNreaction network of o-propylaniline.

For all the phosphides, the product selectivity of PB in the absence of H2S did not

change or changed very slightly with conversion. Thus, we assume that, under our

reaction conditions, PB forms mainly through direct C-N bond hydrogenolysis. The

influence of H2S on the hydrogenolysis reaction to PB was usually not very prominent,

i.e., no change or only a small decrease in the PB selectivity was observed. An

exception is C02P, where the selectivity of PB formation increased in the presence of

H2S (Fig. 34). At the same time, the selectivities of PCHand BCPalso increased, while

less PCHEwas formed. Since the total activity of C02P is much lower in the presence of

H2S, it implies that the hydrogénation of the aromatic ring system is inhibited to a

greater extent than the hydrogenolysis of the C(sp2)-N-bond and the other reactions.

In the case of M2P, only two flow conditions were measured in the presence of H2S.

Hence, the product selectivities measured in the presence of H2S can only be regarded

as trends. The formation of PCHEimproved, whereas the formation of PCH was

inhibited in the presence of H2S.
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In the case of MoP, more PCHEwas formed in the presence of H2S, whereas the

formation of PCHstrongly decreased and less PB was produced. There was a relatively

small decrease in the total activity, which means that the absolute amount of PCHE

formed is even higher than under the same flow conditions in the absence of H2S. The

addition of H2S therefore favors the elimination pathway from PCHAto PCHE. In

contrast to MoP, the selectivity of PCHE for WPdecreased, while that of PCH

increased when H2S was added to the feed. The effect on PB is not very strong. The

parallel increase in total activity implies either that new sites are formed or that existing

sites are modified.

The influence of H2S on the product selectivities of C0M0Pand NiMoP was not very

pronounced (Figs. 38 and 39). This fact together with the weak influence of H2S on the

activities of the catalysts, led to the conclusion that the interaction of H2S with the

surface of C0M0Pand NiMoP is weak. If a chemical reaction with the surface had

occurred, then the selectivities would have changed.

4.3.4 Comparison of the Phosphide Catalysts

In order to compare the activities of the different phosphides in the HDNreaction,

we compared the activities of all catalysts based on their surface area. The stmctures of

the phosphides are all different [1]. C02P constitutes its own structure type. C0M0P

crystallizes in the same stracture type but with half of the Co atoms replaced by Mo

atoms in an ordered fashion. M2Pand NiMoP belong to the Fe2P stracture type. In the

NiMoP stracture half of the Ni atoms are replaced by Mo atoms, but the Mo and Ni

atoms form a different stracture pattern than the Mo and Co atoms in the C0M0P

structure. The Co2P and Fe2P stracture types show certain similarities and both consist

of interlinked tricapped trigonal prisms centered by P atoms. The metal atoms of all the

structures show metal-metal interactions, because the M-M-distances are only slightly

larger than in the pure metals. MoPcrystallizes in the WCstructure type, which can be

described as comer-sharing stacks of trigonal prisms of P atoms centered by Mo atoms.

WPcrystallizes in the MnPstructure type, which can be understood as a variant of the

NiAs stracture with strongly distorted octahedral and trigonal prismatic coordination

polyhedra. MoP and WPboth contain trigonal prismatic coordination polyhedra, but

since the metal-to-phosphoras ratio is 1:1 in MoPand WPno tricapped trigonal prisms

are present.
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All the phosphides were unsupported. None of the structures is a layered one, as is

the case for M0S2. Therefore, we assumed that the activities of the catalysts are

proportional to their surface areas, implying that the activity of the surface sites is

similar for different crystallographic surface planes. Thus, we made a direct comparison

between the different catalysts by calculating their activities normalized to the surface

areas. The o-propylaniline conversions under the same reaction conditions (643 K,

3.0 MPa, flow rate = 7.84-10"7 mol(OPA)/s) are presented in Table 4. Under the flow

conditions chosen, we assumed differential behavior. Taking into account the amounts

of catalyst used in the reaction and the surface areas (s. Table 3), normalized activities

can be calculated for the different catalysts (Table 4).

Table 4 Conversion under the same reaction conditions (flow rate of o-propylaniline = 4.7 • 1017

molecules(OPA) • s"1) and activities normalized to the surface (see text).

Catalyst Conversion [% 1 Normalized Activity [1016 molecules-m^s1]

before with

H2S

after before with

H2S

after

Co2P 4.6 0.6 0.9 4.8 0.6 0.9

Ni2P 4.9 0.5 2.5 5.8 0.6 2.9

MoP 16.0 10.0 20.5 18.8 11.8 24.1

WP 21.5 30.0 31.0 5.6 7.8 8.1

C0M0P 2.2 1.7 2.0 2.1 1.6 1.9

NiMoP 2.8 2.5 2.6 3.3 2.9 3.1

According to this estimation MoP is by far the most active catalyst when H2S is

absent, followed by M2P, WP, and C02P. The least active catalysts are NiMoP and

C0M0P. Introducing H2S leads to a strong decrease in the activity of M2P and C02P,

which are the least active catalysts in the presence of H2S. MoPand WPare now most

active, followed by NiMoP and C0M0P. After the removal of H2S, MoPand WPremain

the most active catalysts. Ni2P recovers some of its activity and has a similar activity as

NiMoP followed by C0M0P, whereas the activity of C02P hardly changes.

The deactivation of C02P and N12P is irreversible to a certain extent. A possible

explanation for the lower activity might be the formation of a Ni or Co sulfide, e.g.,

M3S2 and C09S8, which are known for their poor catalytic activity [31]. A recent article

describes the reaction of [Co]" cluster ions with H2S in the gas phase [32]. Depending on

the type of cluster, the authors found that most clusters easily added S or exchanged P

for S, whereas some did not react at all. However, Mangnus et al. reported that, under
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TPR/TPS conditions, Co2P forms as the only product detectable by XRD from

Co3(P04)2 • 8H20 [33]. The formation of Co2P as well as of Ni2P from the respective

phosphates in a H2S/H2 atmosphere was also observed by Robinson et al. [18]. This

means that M2Pand C02P are more stable than any sulfide that could be formed in the

presence of H2S. The formation of C0PS3 and NiPS3 is also unlikely, because Robinson

et al. found that these compounds decompose to C02P and Ni2P under the reaction

conditions. That still leaves the possibility that the adsorption of H2S to the surface is so

strong that, even after removal of H2S from the feed, some H2S molecules remain

adsorbed on the surface, thus diminishing the number of active sites.

The direct comparison of the structurally related C0M0Pand NiMoP with C02P and

Ni2P shows that the latter were more active in the absence of H2S at the beginning of the

test. However, when H2S is introduced, C0M0Pand NiMoP are more active than C02P

and M2P and remain so even after H2S was removed, i.e., Mo may have a beneficial

effect under these conditions. Since this effect is evident only after H2S was added to

the system, H2S may have induced a reconstruction of the surface. Surface Co atoms

may react to form less active Co sulfides, which block the more active Moactive sites.

Pure MoP shows a decrease in activity in the presence of H2S, but when H2S is

removed the activity increases to a higher level than that at the beginning of the

reaction. WPeven shows higher activity in the presence of H2S with a further increase

after the removal of H2S. The decrease in the activity of MoP in the presence of H2S

was explained by the adsorption of H2S. However, the increase in the activity of MoPas

well as that of WPafter the removal of H2S implies that more active sites were formed

and/or that the sites were modified by H2S. In Ch. 3 it was shown that MoP is more

active than Y-A^C^-supported MoS2 [20]. If M0S2had formed on the surface of MoP,

then the number of active sites would have been higher than on Y-AI2O3, i.e., MoP

would act as a support, providing a better dispersion of the M0S2phase than on Y-AI2O3.

Another possible explanation is the formation of a new mixed Mo-containing phase

with the participation of both P and S. Poulet et al. and Jian and Prins proposed the

participation of P in the M0S2 surface stracture for supported phosphate-containing

MoS2 catalysts [30, 34]. They claimed that this modification would lead to active sites

with different catalytic properties. Interestingly, MoPand M0S2 show certain structural

similarities. In both structures, Mo is trigonal prismatically coordinated by 6 P or S

atoms; both structures have similar interatomic distances (first coordination shells in
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MoS2: d(Mo-S) = 2.43 À, d(Mo-Mo) = 3.16 À; in MoP: d(Mo-P) = 2.45 À, d(Mo-Mo)

= 3.19-3.22 Â), the major difference being that MoS2 has a layered stracture.

Unfortunately, there are no reports of defined ternary Mo-P-S or W-P-S phases in the

literature, which might have been further evidence of such phases in the catalyst.

However, the chemical properties of P and S as well as the similarities of the MoPand

M0S2structures leave the possibility open for the existence of a mixed Mo-P-S phase.

4.3.5 Conclusions

Six different transition-metal phosphides were prepared and tested under the same

conditions in the HDNof OPA at 643 K and 3 MPa. From this comparison, it is

concluded that the cobalt compounds, C02P and C0M0P, were the least active catalysts.

M2Pand NiMoP performed better, but M2Pirreversibly lost some of its activity in the

presence of H2S. MoP and WPwere the most active catalysts; MoP had the highest

activity. Except for WP, all the phosphides lost activity in the presence of H2S. This can

be explained by reversible blocking of active sites by strongly adsorbed H2S molecules

or by an irreversible surface reconstruction. The change in activity and selectivity in the

presence of H2S and after the H2S was removed indicates a change in the surface

stracture.
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5 Preparation and P NMRCharacterization of Nickel

Phosphides on Silica

5.7 Introduction

Catalysts containing metallic nickel are widely used as hydrogénation catalysts [1].

By adding elements such as phosphoras or boron, Ni catalysts can be chemically

modified [2]. This type of modification may lead to the formation of alloys or

intermetallic compounds, the structural or electronic properties of which differ from the

pure metal [3, 4]. Depending on the preparation method, the resulting catalyst contains

either an amorphous Ni-P alloy or a nickel phosphide of defined stoichiometry, e.g.

Ni2P.

The phase diagram of nickel and phosphoras is very complex [5]. Eleven phases

have been reported in the literature with compositions ranging from Ni3P to NiP3. In the

Ni-rich region of the phase diagram (< 40 at% P), the phases Ni3P, a-NisP2, Y-Nii2P5,

and M2P are reported to be stable up to temperatures between 1173 and 1273 K. The

solid solubility of P in Ni is limited and reaches a maximum of 0.32 at% P at 1146 K

[5]. Up to 25 at% P (= Ni3P) no thermodynamically stable phases have been reported.

However, this compositional range is accessible through the amorphous Ni-P alloys.

Amorphous Ni-P alloys are prepared for the most part by rapid quenching of melts

[6] or by a process known as electroless chemical deposition, i.e. the autocatalytic

reduction of Ni2+ ions by hypophosphite ions H2PO2* [7] (see Ch. 1.2.3). Unsupported

amorphous Ni-P alloys can be prepared by both methods [8], whereas supported

amorphous Ni-P alloys can be prepared by electroless chemical deposition only [9, 10].

The amorphous catalysts show an enhanced activity compared with crystalline Ni

catalysts [3]. However, the amorphous character of the catalysts is an inherent problem.

Since these phases are metastable, they tend to crystallize at elevated temperatures,

which goes along with sintering and deactivation [10]. The crystallization product

consists mainly of Ni mixed with Ni3P since the P content tends to be rather low

(<20at%P)[ll].

Preparation methods of stoichiometrically defined crystalline Ni-P compounds

include the direct reaction from the elements at high temperatures [12] as well as the

reduction of precursors containing nickel phosphates in a flow of H2 at moderately high
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temperatures [13]. The reduction in H2 gas has been employed to prepare unsupported

as well as supported nickel phosphide catalysts that were tested in hydrogénation and

hydrodenitrogenation reactions [14-17]. Those catalysts mainly contain Ni2P as the

active component.

In Ch. 4 the results are described of the study on the activity of a number of

transition-metal phosphides in the removal of nitrogen (hydrodenitrogenation) from

o-propylaniline [18]. All the tested compounds were active. However, they were

unsupported with the consequence that the surface area was rather low. To increase the

active surface area, the dispersion of the phosphides on a high-surface carrier such as

Y-AI2O3 or S1O2 is desirable. Among the unsupported transition-metal phosphides,

crystalline M2P forms easiest at a fairly low reduction temperature. Therefore, we

studied the preparation of M2Pon a support. Y-AI2O3 is known to react with phosphate

to form aluminum phosphates on the surface [19, 20]. The formation of aluminum

phosphates competes with the formation of phosphides, because the stability of

aluminum phosphates towards reduction is very high [19]. Therefore, we started with

amorphous SiC>2 as the support, which interacts to a lesser extent with phosphates. By

adapting the reaction parameters of the reduction in H2 gas, M2Psupported on SiC>2 was

prepared and identified by powder X-ray diffraction as well as by 31P MASNMR

spectroscopy.

5.2 Experimental

5.2.1 Synthesis

Unsupported M2P was prepared as follows: Di-ammonium hydrogen phosphate

(NHl)2HP04 was dissolved in deionized water, and then a solution of nickel nitrate

Ni(NC>3)2 • 6H2O was added (all Fluka, puriss. p.a.). The amounts of the nickel salt and

phosphate were chosen according to the stoichiometry of the corresponding nickel

phosphide, Ni2P. After evaporation of the water, the obtained solid was calcined in air at

773 K for 5 h and then reduced in a stream of H2 (99.999%, 300 ml-min"1) at 823 K [14,

15, 17].

Supported phosphides were prepared by pore volume impregnation of a silica

support. The silica support (chromatography gel, C-560, CUChemie Uetikon, surface

9 1 1

area 500 m -g" , pore volume 1 ml-g" ) was first ground, sieved (63-90 |im), and then
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dried for 12 h at 423 K. In a first impregnation step, an aqueous solution of 1.125 M

Ni(NC>3)2 " 6H20 was added drop by drop to the support. After drying at 423 K for 5 h,

an 0.562 Maqueous solution of (NH^HPC^ was added. The loadings were calculated

from the amounts used in the impregnation procedure. The Ni loading of the calcined

precursors was 5.9% and the P loading 1.5%, 1.7%, or 2.0%. After drying at 423 K for

5 h the impregnated support was calcined at 623 K for 5 h. Reduction of the obtained

precursor was done at 1023 K (heating rate 2 K-min"1) in a flow of a 5%H2/N2 mixture

or in pure H2 at a flow rate between 10 and 600 ml/min. Reduction conditions are

summarized in Table 5. Finally, the surface of the samples was passivated in a flow of

0.5% 02/He (20 ml-min"1) for 2 h at room temperature. The samples prepared in the

TPR instrument (see below) were not passivated. The calcined silica-supported samples

are designated according to the increasing percentage of P as NiPn.5, NP0.55, and NP065;

the number is the P/Ni atomic ratio.

Table 5 Synthesis conditions for Ni2P and supported samples and the products as detected by XRD

including their crystallite size.

Sample Temperature
Program3

Flow [ml-min ] Gas Products" Crystallite

Sizec [nm]

Unsupported NiP0 5 823 300 H2 Ni2P 70

NiPos 473 / 723d 300 H2 Ni 10

NiP05 523 / 1023 10 5%H2/N2 Ni3P 25

NiP05 523 /1023 50 5%H2/N2 Ni12P5 25

NiP„55 523 /1023 50 5%H2/N2 Ni12P5

Ni2P

30

50

NiPo55 523 /1023 200 5%H2/N2 Ni12P5

Ni2P

30

50

NiPo55 523 /1023 600 5%H2/N2 Ni12P5

Ni2P

30

50

NiP065 523 /1023 200 5%H2/N2 Ni2P 45

The temperature was increased from RT to the first indicated temperature (in K) at 2 K-min and then to

the final temperature at 1 K-min"1. The unsupported NiP05 sample was heated to 823 K at 1 K-min"
.

b
As observed by XRD.

c

According to the Scherrer equation: d = 0.9 A, (ßi/2 cos 9)"1 with d = mean crystallite size in nm, X - X-

ray wavelength in nm, ßi/2 - full width at half maximum of a peak in radians, and 0 = reflection angle in

degrees.
This sample was left at 723 K for 60 min. All the other were left at the final reduction temperature for

15 min.

5.2.2 Characterization

XRD measurements were carried out with a Siemens D-5000 powder X-ray

diffractometer (Cu Ka radiation) with Bragg-Brentano geometry. A sample was pressed
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into a flat-bed sample holder, which was rotated during the measurement. All the

patterns were compared with calculated patterns using the software PowderCell 2.3

[21]. The single crystal data of M3P, M12P5, and Ni2P were used as stracture input files

[22]. The PowderCell software facilitates the full pattern fitting of observed powder

patterns, and mixtures of crystalline phases can be analyzed in terms of composition.

The weight percentage of a phase is given by the ratio of the sum of its integrated

intensities and the total intensity of all the phases, taking the densities (as calculated by

the PowderCell software) and the cell volumes of all the phases into consideration. The

relative errors were estimated to be 10%. The mean crystallite size of a phase was

estimated according to the Scherrer equation.

Temperature-programmed reduction experiments were carried out with a

Micromeritics AutoChem 2910 apparatus. For the measurements, a sample was placed

in a quartz U-tube and reduced in a flow of a 4.8% H2/Ar mixture. 31P NMRspectra

were obtained with an Advance 400 WBBraker spectrometer equipped with a magic-

angle-spinning probe. The 31P NMRfrequency was 161.9 MHz and 85% phosphoric

acid was used as an external reference. Samples were ground; in the case of the

unsupported Ni2P they were mixed with 50 wt% of pure silica powder to provide

electrical insulation between the metallic particles and, thus, to avoid the appearance of

eddy currents within the sample. The resulting samples were packed in a 4 mmdiameter

rotor and spun at 10 to 15 kHz. The spectra were obtained by Fourier transforming the

free induction decay signals. Spectra were acquired using a single 1.8-us pulse causing

a flip angle of about Til A and a recycle time of 1 s. The measurements were performed at

room temperature with 1800 scans. The 31P shift anisotropy was determined from the

spinning sideband intensities in the MASspectra [23]. Spectra were simulated using a

modified version of the Braker Winfit program [24].

5.3 Results

5.3.1 Preparation of Unsupported Ni2P

The preparation of unsupported dinickel phosphide, Ni2P, by reduction in flowing H2

gas is straightforward [14, 15]. An appropriate amount of an aqueous solution of

Ni(N03)2 • 6H2O was added to an aqueous solution of (NHi^HPCU so that a mixture

results containing nickel and phosphorus in a ratio of 2:1. Upon addition of the nickel-
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containing solution a light green precipitate was formed that contained different nickel

phosphates, e.g. Ni3(P04)2-8H20 or (NHONiPCv^O, as reported in literature [25].

Upon drying and calcination volatile compounds such as H2O, NH3, and nitrous gases

were expelled. The resulting light brown solid consisted of NiO and nickel phosphates

of different composition. Nevertheless, from this heterogeneous mixture only Ni2P

formed upon reduction in a flow of H2 gas while heating to 823 K at a heating rate of

1 K-min"1 (Fig. 41), since no other phases were detected in the XRDpowder pattern.

However, the preparation of M2Psupported on amorphous silica was more complicated.

3
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Fig. 41 XRDpowder patterns of unsupported Ni2P: calculated (a) and observed (b).

5.3.2 Preparation of Supported Nickel Phosphides

Oxidic precursors of supported nickel phosphides were prepared by pore volume

impregnation. Two impregnation steps were necessary to introduce Ni and P onto the

S1O2 support, because in a one-step impregnation an insoluble precipitate of nickel

phosphate forms on mixing aqueous solutions of Ni(NC>3)2 • 6H2O and (NHi^HPC^, as

described above for the unsupported Ni2P. The impregnation was started with the

Ni(NC>3)2 • 6H2O solution to achieve good dispersion of the Ni2+ cations on the SiC>2

surface. After an intermediate drying step the (NH^HPCUsolution was added to the

support. Further drying and calcination at 623 K yielded the supported precursor.

When the NiPo.5 precursor was reduced in pure H2 gas at 723 K, no Ni2P was

detected in the XRDpattern. Only cubic Ni metal was formed (Fig. 42a). To determine
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whether phosphate was still present, we measured the TPR profile of the reduced and

passivated N1P05 sample up to 1023 K (Fig. 43a). In the TPRprofile, only one signal at

367 K was observed, which can be attributed to the reduction of (surface) Ni oxide

formed during or after the passivation. The consumption of H2 showed that about 30%

of the Ni was present as Ni2+. No further signal was detected up to 1023 K.

3

sL
>>

'55
c

c
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26 [degrees]

reduced at different flow rates and
-1

Fig. 42 Observed XRD powder patterns of the sample NiP05 r

temperatures: 300 ml-min4 H2 / 723 K (a), 10 ml-min"1 5%H2/N2 / 1023 K (c), 50 ml-min"1 5%H2/N2 /

1023 K (e); calculated patterns of Ni3P (b) and Ni12P5 (d).

Whenwe performed a TPRexperiment on the oxidic NiP0 5 precursor, we observed a

TPRprofile with two maxima around 610 and 830 K and a shoulder around 880 K (Fig.

43b). The sample contained 128 umol Ni2+ and 64 umol phosphate species with P in

oxidation state of 5+. If Ni2+ and P5+ are reduced to Ni° and P°, then a total H2

consumption of 288 umol is expected. The experimentally observed peak areas

correspond to a H2 consumption of 300 umol, in agreement with the theoretically

expected value within the experimental error of 10%.

Fig. 43c shows the TPR profile of the unsupported NiPo 5 precursor. The reduction

started at about 600 K and was finished at about 920 K. The H2 consumption

2+
corresponded to a complete reduction to Ni2P. The sample contained 380 umol Ni and
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190 umol phosphate species with P in an oxidation state of 5+. Thus, the expected total

H2 consumption is 855 umol H2, which is in good agreement with the experimentally

observed value of 882 umol H2. Four features can be distinguished in this TPR profile:

a shoulder at 660 K, two large peaks with maxima around 750 and 820 K, and a smaller

peak at 890 K. A comparison with the TPR profile of the supported NiPos sample

shows that the support has a strong influence on the reduction behavior. The TPR

results show that the reduction of supported NiP0.5 was complete around 930 K.

Therefore, we performed subsequent reductions up to 1023 K.

x5 (a)

400

1 1 1

600 800

Temperature [K]
1000

Fig. 43 TPRprofiles of (a) NiP0 5 (after reduction at 723 K in 300 ml-ml"1 H2 for 1 h and passivation), (b)

the oxidic NiP05 precursor (1023 K, 2 K-min"1, 50 ml-min"1 4.8% H2/Ar), and (c) the unsupported oxidic

NiP05 precursor (1023 K, 10 K-min"1, 50 ml-min"1 4.8% H2/Ar).

The increase in temperature led to the formation of different Ni phosphides. The type

of Ni phosphide that formed depended strongly on the gas flow rate. With a low flow

rate, Ni3P formed (Fig. 42c), and in the 20 range from 40° to 48° a broad reflection was

present underneath the reflections of Ni3P. When the flow rate of the reducing agent

was increased to 50 ml-min"1, the formation of Ni^Ps was observed (Fig. 42e).

Nevertheless, we were not able to obtain the desired Ni2P product. Therefore, we

increased the amount of phosphate in the precursor relative to Ni. If a reactive P species

forms in the gas phase and reacts with the Ni, then an increase in the concentration of

this volatile species might have a beneficial effect on the P content of the eventual

nickel phosphide.
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Figs. 44a-c show the XRDpatterns of the materials obtained from the oxidic NiPo.55

precursor after reduction to 1023 K in 5% H2/N2 at a flow rate between 50 and

600 ml-min"1. All three samples contain a mixture of Ni2P and Ni^Ps- The Ni2P to

M12P5 ratio was higher as the flow rate was increased. The samples obtained for flow

rates of 200 and 600 ml-min" had more or less the same composition and contained

80% Ni2P and 20% M12P5, whereas the sample obtained at 50 ml-min"1 contained 50%

Ni2P and 50% M12P5. M2Pwas the only phosphide obtained with the NiPo.65 precursor

with an even higher P content than the other precursors in combination with the

sufficiently high flow rate of 200 ml-min"1 (Fig. 44d). According to the estimated

crystallite sizes given in Table 5, all supported samples contain nickel phosphide

particles that are smaller than those of the unsupported M2Psample.

g^<lfll^>VY^'^>l''l^»',Vl,V>MlW»v^*^

26 [degrees]

Fig. 44 Observed XRDpowder patterns of the samples NiPo.55 (a-c), and NiP0.65 (d) reduced to 1023 K in

a flow of 5%N2/H2 at the flow rates indicated. [* - Ni12P5, - Ni2P].

The influence of the flow rate on the reduction behavior was also observed in the

TPRprofiles of the supported and unsupported NiPo.5 samples (Fig. 45). Compared with

the results shown in Fig. 3b, the influence of the lower flow rate on the TPR profile of

the supported N1P0.5 sample can be clearly seen (Fig. 45b). The reduction begins at

600 K and is finished at around 1100 K. The overall shape of the two profiles is very

similar, but all the maxima are shifted towards higher temperatures (660, 880, 930, and
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1080 K) and the profile is stretched. On the other hand, the TPRprofile of unsupported

NiPos was barely affected by a lower flow rate. The reduction started at 580 K and was

finished at 900 K.
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Fig. 45 TPR profiles of the oxidic NiP0 5 precursor (a) and of the unsupported oxidic NiP0 5 precursor (b)

up to 1173 K at a heating rate of 5 K-min"1 and a flow rate of 10 ml-min"1 4.8% H2/Ar.

5.3.3 31P MASNMRResults

Phosphoras contains only one isotope 31P with a nuclear spin of I = V2. This and the

high magnetic moment (which results in a high sensitivity) make it an interesting

nucleus for NMRspectroscopy. Solid state NMRgives insight into the stracture of

solids and enables us to probe the local environment of a nucleus. Unlike X-ray

diffraction, NMRspectroscopy is not restricted to materials with long-range order but

can also be applied to amorphous substances. In our samples, phosphoras is present as

crystalline phosphides and in the form of phosphates. As a first step, we wanted to find

out whether 31P MASNMRdistinguishes between the different species. On the basis of

our XRD results, we measured the 31P MASNMRspectra of those samples that

contained crystalline Ni phosphides (Ni3P, Ni^Ps, Ni2P). The observed spectra are

shown in Figs. 46 to 48.

The NMRshift range from +500 to +5000 ppm revealed only one sideband pattern

with an isotropic chemical shift of 1797 ± 5 ppm for the N1P05 sample containing M3P

supported on Si02 (Fig. 46). The spectra of all the measured phosphides showed strong
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distortions of the base line, and first order phase corrections were necessary in most

cases.

Table 6 31P MASNMRResults.

Sample vrot [kHz] 8isoa [ppm] FWHM"[kHz] ôcsAa [ppm]

Ni3P/Si02 10 1796 1.0 -135 0.9

Ni3P/Si02 13 1798 1.0 -136 0.9

Ni12P5/Si02 10 1941 1.8 173 0.1

2259 1.4 241 0.4

Ni,2P5/Si02 13 1938 1.8 168 0.1

2264 1.3 241 0.4

Ni2P/Si02 10 1487 1.0 -271 0

4081 2.5 -73 0.85

Ni2P 10 1487 1.2 -284 0.55

4076 4.1 120 0.7

a

<$so> <$;sa> and n are defined by the principal elements (<$,) of the chemical shift tensor as ^so = l/3(<5ji +

<%2 + 40; 3:sa = <%3 - 40; n=(Sn- ^i)/(<%3-4o) with \S33 -SlS0\ >\Sn -Slso\ >\S22 -S1S0\.
'

Full width at half maximum.

(b) 13 kHz

10 kHz

»An»^*V<a*

2000 1900 1800 1700 1600

[ppm]

Fig. 46 31P MAS NMRspectra of Ni3P/Si02

(NiP05; 10 ml-min"1 5% H2/N2, 1023 K) at two

different spinning rates (a - 10 kHz, b - 13 kHz).
Centerbands are indicated by triangles. Simulated

NMRspectra are displayed below each trace.

Using the Winfit software, the

centerband with the sideband pattern was

fitted according to the method of

Herzfeld und Berger [23]. Table 6

presents the values of the fitted

parameters (isotropic chemical shift ôiS0,

chemical shift anisotropy 5csa,

asymmetry parameter r\), which describe

the chemical shift anisotropy, as well as

the observed linewidths for all the

reported spectra.

Fig. 47 shows the two sideband

patterns that were observed at two

different spinning rates for the NiPo.s

sample that contained Ni^Ps supported

on SiÛ2. The isotropic chemical shifts

were 1940 and 2262 ± 5 ppm. The fitted
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spectra are plotted below the experimental spectra. Two sideband patterns were

observed for the unsupported Ni2P as well as for the Ni2P supported on Si02.

13 kHz

llllWM i»«Ii*>^w

2500 2400 2300 2200 2100 2000 1900 1800 1700

[ppm]

Fig. 47 31P MASNMRspectra of Ni12P5/Si02 (NiP05; 50 ml-min"1 5% H2/N2, 1023 K) at two different

spinning rates (a - 10 kHz, b - 13 kHz). Centerbands are indicated by triangles. Simulated NMRspectra
are displayed below each trace.

Fig. 48 shows the spectra obtained for both materials at a spinning rate of 10 kHz.

The isotropic chemical shifts are 1487 and 4081 ppm (supported) and 1487 and

4076 ppm (unsupported). The relative intensities of the sideband pattern of the signal of

unsupported Ni2P at 1487 ppm differs significantly from that of supported M2P, as

indicated by the asymmetry parameter r\ = 0 for the supported M2Pand r] = 0.55 for the

unsupported Ni2P. Other samples containing supported M2P yielded asymmetry

parameter values between 0 and 0.1. The sideband pattern around the band at 4081 ppm

was also detected for the other supported Ni2P samples. However, in unsupported Ni2P,
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the centerband of the respective pattern is shifted to 4076 ppm, and the fitting gives a

different chemical shift anisotropy as well a slightly different value for i\. Especially in

the case of the unsupported Ni2P a large linewidth caused a strong overlap of the bands

so that the baseline was not well defined (Fig. 48c).

4300 4200 4100 4000 3900

[ppm]

1800 1700 1600 1500 1400 1300 1200

[ppm]

Fig. 48 31P MASNMRspectra of (a, b) Ni2P/Si02 (NiP0.65; 200 ml-min"1 5% H2/N2, 1023 K) and (c, d)

unsupported Ni2P at a spinning rate of 10 kHz. Centerbands are indicated by triangles. Simulated NMR

spectra are displayed below each trace.

No further signals were detected in the unsupported Ni2P. In all the supported

samples, additional peaks were detected in the region around and below 0 ppm. Three

signals at around +2, -8, and -21 ppm, typical of phosphate species such as HqPO/ "n)",

P2O74", and (P03")n, were usually detected [26, 27]. No signals were detected below -30

ppm, indicating that no silicon phosphates were formed (characterized by chemical

shifts from -30 to -50 ppm) [28].

5.4 Discussion

All the TPRprofiles have a small peak in commonbetween 600 and 660 K (Figs. 43

and 45), which is attributed to the reduction of NiO [29]. NiO should be present in all

the samples because of the surplus Ni2+ compared with the amount of phosphate that is

present as PO43", P2O74", or (P03_)n after calcination [25, 30]. For instance, if one

assumes that the phosphate species present after calcination is diphosphate P2O7 ", then
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two Ni
+

ions will be sufficient to compensate for the negative charge of the

diphosphate anions. Since the atomic ratio Ni/P is 2:1, 50% of the Ni2+ ions must

compensate their charges by O2" ions or hydroxyl species (from the aqueous

impregnation solution or from the silica surface). Louis et al. detected NiO, Ni(OHh,

and nickel phyllosilicates on Si02 samples impregnated with a Ni(NÛ3)2 • 6H2O

solution [31]. They also observed that most of the H2 consumption for a Si02-supported

Ni sample, prepared in a similar manner as ours, occurred at around 653 K. This would

explain why Ni was detected as the only crystalline phase in the sample that was

reduced at 723 K (Figs. 42a and 43a), because the reduction temperature was high

enough to reduce NiO but not phosphate. It is not clear why H2 consumption in the TPR

of the reduced and passivated NiPo.5 sample was not observed at higher temperatures.

Only Ni was detected by XRD, so it is assumed that phosphate is still present. The fact

that H2 consumption was not observed at higher temperatures (Fig. 43a) implies that

either no phosphate was left on the support, or that some of the phosphate reacted with

the Si02 surface to silicon phosphates, which may be highly stable against reduction.

Krawietz et al. reported the formation of silicon phosphates, e.g. SisO(P04)6, SiP207,

and SiHP3Oio, in a study of solid phosphoric acid catalysts prepared by impregnating

Si02 with H3PO4 followed by calcination [28]. Assuming that the formed Ni acts as a

hydrogénation catalyst, then it is not unlikely that phosphate is no longer present after

reduction. A temperature of 723 K would be high enough to catalyze the reduction of

the phosphate to volatile P species such as phosphines PxHy but would be too low for

the formed PxHy to react with Ni metal to a phosphide. Since the TPR profiles of the

precursors show considerable consumption of H2 at higher temperatures, we conclude

that a minimum temperature is necessary for the reduction as well as for the formation

of nickel phosphides.

The H2 concentration may also have an effect on the reduction behavior. A higher H2

concentration would lead to a higher reaction rate for a reaction that has a positive order

in H2. The use of pure H2 might cause local heating and sintering of the precursor

particles. Bigger particles are harder to reduce since the H2 must diffuse into the bulk

and the formed water must leave the bulk. Therefore, we diluted the H2 as in the TPR

experiments. In the case of supported molybdenum and iron oxides, H2/N2 gas mixtures

may lead to the formation of nitrides. However, it has been reported that Ni nitrides are

not stable in the presence of H2 above 440 K [32, 33].
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Not only the composition of the reduction gas, but also the flow rate has a strong

effect on the reduction behavior of supported catalysts. The reason is that upon

reduction, water forms from the oxidic Ni and phosphate species and that the pores of

the support hinder the diffusion of the H20. The higher the vapor pressure of H2O

within the pores, the more the equilibria are shifted to the side of the oxidic Ni and

phosphate species:

NiO + H2^Ni + H20

P205+5H2-P2+5H20

or FxOfy-5xy +2.5jc H2 ^|P2 +(5;c-y) H20 + (2y-5;c)OH~

The influence of the flow rate on the reduction rate was clearly demonstrated by

Burratin et al. when they studied the product properties of Si02-supported Ni obtained

by reduction in H2/Ar [34]. They concluded that an increase in the flow rate facilitates

the quicker removal of the water formed upon reduction. This shifts the maximum of

the reduction to lower temperatures. In addition, they found that the formed Ni particles

are smaller, because the removal of water diminishes the sintering of the NiO particles

of the precursor. This holds for the reduction of all supported oxidic systems when H2O

forms. This is shown clearly by comparing Figs. 43b,c and 45a,b. The unsupported

NiPos samples are hardly influenced by the flow rate, whereas the temperature maxima

of the supported samples shift to higher values at a lower flow rate. The higher

reduction rate as well as the formation of smaller particles in our system indicates that

more volatile P species are formed at a higher rate, which diffuse more easily into the

Ni particles.

The exact reduction product of phosphate in our reaction is not known, but the

reduction must proceed in several steps and volatile species such as elemental P (P4) or

phosphines PxHy are probably formed. At higher temperatures, thermodynamics predict

that elemental phosphorus is present in the form of P4 molecules in equilibrium with P2

molecules [35]. Phosphines PxHy decompose at higher temperatures to elemental P and

H2. This decomposition may be catalyzed by Ni particles that are formed first; Ryndin

et al. observed that Ni particles on alumina decompose ASPI13 to benzene and As [36].

The formed As reacted at pressures of 6 to 40 bar and temperatures of 423 to 473 K

with the Ni particles but not with the support and formed NiAs. If a temperature of 423

to 473 K is sufficient for As to diffuse into Ni particles, then it should be possible for P

to react with Ni.
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In the case of amorphous Ni-P alloys supported on Si02, Li et al. showed that a

broad signal around 45°20 in the XRDpattern corresponds to an amorphous Ni-P phase

[10]. Their samples were prepared by electroless plating and contained less than 25 at%

P, lower than the P content in our samples. After annealing at higher temperatures, they

did not observe any formation of M3Pbelow 873 K. However, in an earlier publication

the same group reported the detection of M3P after an oxidation-reduction cycle of an

unsupported amorphous Ni-P alloy (20 at% P) at 553 K [11]. We conclude that the

higher P content of our samples and the proposed formation of reactive P species lead to

the formation of M3Pin our sample.

The reaction of P with Ni proceeds through a sequence of intermediates, the first

being Ni3P. In the Ni-P phase diagram, M3P is the Ni phosphide with the lowest P

content close to Ni metal [35]. From the phase diagram, M5P2 is expected to form if the

P content is increased. However, we detected M12P5, but not M5P2. The stracture and

chemistry of M5P2 are not fully understood. A phase of the composition Ni5P2 was first

described by Konstantinow who observed a low-temperature and a high-temperature

modification [37]. Nowotny and Henglein confirmed the existence of NisP2 by XRD

[38]. Neither Saini et al [39] nor Larsson [22] were able to determine the crystal

stracture of this phase. Furthermore, Larsson corrected the composition of the NisP2

phase in his study to M2.55P. Other authors detected NisP2 when they annealed

amorphous Ni-P alloys [40]. Pittermann and Ripper found that the P content of

electrodeposited Ni-P alloys determines which crystalline Ni phases form upon heating.

They detected the formation of Ni and M3Pfor alloys with P contents below 20 at% and

the formation of Ni5P2 for P contents between 20 and 29 at%. The M5P2 phase was

metastable, however, and decomposed to M3Pand Ni^Ps at 930 K. For even higher P

contents, the amorphous phase transformed directly to mixtures of M12P5 and Ni2P.

Other authors reported that Ni5P2 has a large homogeneity range [5]. All these reports

indicate that a phase with a composition close to NisP2 probably exists, but that the

thermodynamic stability range of this phase is not clear. Metastable M5P2, as observed

by Pittermann and Ripper, may also have formed during the reduction of our samples,

but its thermal lability may have hindered us from detecting it.

Rundqvist and Larsson showed that the structures of M3Pand M12P5 are very similar

(Figs. 49 and 50) [41]. Both phosphides crystallize in a tetragonal stracture with similar

lattice constants (Table 7).
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Table 7 Crystallographic data of the phosphides.

Compound
Structure

Type
Space Group3 Lattice constants [A]c

Ni3P Fe3P 82(74)

^i,2P5 Ni12P5 87(/4/m)

Ni2P Fe2P 189(P62m)

8 a = b = 8.954, c = 4.386

2 a = b = 8.646, c = 5.070

3 a = b = 5.859, c = 3.382; y = 120°

Space group number and short Hermann-Mauguin symbol according to the International Tables for

Crystallography.
b

Formula units per unit cell.

c

Angles are given only when they deviate from 90°.

Fig. 49 Projection of the Ni3P structure along the c

axis (2x2 unit cells). Atoms outside the lines

indicating the cell edges were added to emphasize
the structure motif. Ni atoms are presented as

spheres located at the corners of polyhedra formed

around the P atoms.

Fig. 50 Projection of the Nii2P5 structure along the

c axis (2x2 unit cells). Atoms outside the lines

indicating the cell edges were added to emphasize
the structure motif. Ni atoms are presented as gray

spheres located at the corners of polyhedra formed

around the P atoms on %h sites. P atoms at the 2a

sites are shown as dark gray spheres.

The unit cell of Ni3P contains eight formula units, i.e. twenty-four Ni and eight P

atoms, whereas the unit cell of Nii2Ps contains two formula units, i.e. twenty-four Ni

atoms and ten P atoms. The Ni3P structure has P atoms on only one crystallographic site

and each P atom is coordinated by nine Ni atoms that form a distorted tricapped trigonal

prism (Table 8). The two sites in Ni^Ps have coordination numbers of ten and eight

(Table 8). The ten Ni atoms form an irregular polyhedron, whereas the eight Ni atoms

are located on the comers of a cube. This cubic coordination is clearly seen in the

projection of the Ni]2Ps structure at the centers and comers of the unit cells (Fig. 50).

The occupation ratio of the two P sites in Nii2Ps is four, as given by the ratio of the

sites' multiplicities (Table 8). Again comparing Nii2Ps and M3P(= Nii2P4), Nii2Ps has
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an additional P atom, which is located at the cubic site. A comparison of the structures

of Ni3P with M12P5 reveals empty channels in Ni3P, whereas in M12P5 they are filled

with the cubic P sites (Fig. 50). The channels in M3P are rather narrow but can be

widened by small displacements of some of the Ni atoms, so that the cubic sites of the

M12P5 structure form. Although N13P and Ni^Ps do not share a direct boundary in the

phase diagram, it is likely that a kinetically controlled transformation from M3P to

NÙ2P5 takes place when P atoms diffuse into the empty channels of the Ni3P stracture.

Table 8 Site symmetries and P-M distances in the local environment of P atoms.

Compound Atom Position" Distances

P-M [Â]
3x2.21

6 x 2.46

6 x 2.27

3x2.37

4 x 2.23-2.24

2 x 2.43

2 x 2.46

2 x 2.60

8 x 2.25

2x2.21

3 x 2.28-2.29

4 x 2.32-2.34
a

Number and letter refer to the multiplicity and Wyckoff letter of the respective crystallographic position.
The site symmetry of the crystallographic position (Hermann-Mauguin notation) is given in parentheses.

Ni12P5 forms a direct phase boundary with Ni2P up to high temperatures [35]. When

M2P is written as Ni^Pô, it is obvious that the introduction of another P atom into

NinPs gives the correct composition. However, the stracture of Ni2P differs

considerably from that of M12P5. The Ni2P stracture can be visualized as being made up

of building blocks of two different tricapped trigonal prisms that form stacks. The stacks

are connected by sharing edges and faces with the surrounding stacks (Fig. 51). The

large differences between the two structures make a complete rearrangement of the Ni

and P atoms necessary. This may explain why the formation of M2Pis difficult in the

supported materials if Ni^Ps forms first. If Ni^Ps does not form, however, then the

direct formation of Ni2P from Ni or N13P and P is easily accomplished, as seen for the

unsupported NiPo.5, where no phase other than M2Pwas detected (Fig. 41). The fact that

only Ni2P forms from the unsupported precursor may be due to the more homogeneous

distribution of Ni and P when N12P is prepared in one step. The two-step preparation of

the supported precursor and the strong interaction of Ni2+ ions with the Si02 surface

might lead to the segregation of the Ni and phosphate species. As can be seen from the

N12P P(D 2c (6)

p(2) lb (62m)

Ni12P5 P(l) &h (m)

P(2) 2a (Aim)

Ni3P P 8#(1)
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TPR measurements at high flow rate, the reduction of the supported and unsupported

NiPo.5 precursors starts at different temperatures, 520 K and 600 K, respectively but is

complete at a about the same temperature (Figs. 43b and c). However, the relative H2

consumption of the first peak is higher for the supported NiPo.5. The supported sample

contains smaller NiO particles, which start to reduce at around 520 K, whereas the

surface reduction of bigger, unsupported NiO particles starts at around 600 K.

Alternatively, more NiO may be present in the supported sample than in the

unsupported sample with the consequence that in the supported sample Ni
+

and

phosphate ions are more separated. The increased segregation may be another reason

that Ni2P does not form easily on the support. The reactive P compounds must diffuse to

the Ni particles to react with them.

Fig. 51 Ni2P structure (3x3x2 unit cells). Atoms outside the lines indicating the cell edges were added to

emphasize the structure motif. Ni atoms are presented as light gray spheres located at the corners of

polyhedra formed around the P atoms. Polyhedra around P atoms on 2c sites are dark gray; polyhedra
around P atoms on le sites are light gray.

As described in Ch. 1 phosphides can be classified according to their metal-to-

phosphorus ratio [42, 43]. Phosphorus-rich phosphides (M/P < 1) tend to have ionic

character and P-P bonds are often observed. The monophosphides and metal-rich

phosphides (M/P > 1), on the other hand, usually show metallic or semiconductive

behavior. Transition-metal monophosphides usually have metallic character [44]. The

metal-metal distances are slightly larger (10-30%) than those of the pure metal, whereas

in metal-rich phosphides, the M-M distances are usually closer to those of the pure
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metal [42]. The three Ni phosphides, Ni3P, Nii2Ps, and M2Pthat were observed in this

study belong to the metal-rich phosphides. Their crystal stractures have been published

[22, 41, 45], and site symmetries of the P atoms and P-M distances are listed in Table 8.

As described above, the structures of the three phosphides differ, and the M3Pstracture

contains one crystallographic P site, whereas in the stractures of M2Pand Ni^Ps two P

sites are distinguishable. As a consequence, one signal is observed in M3P and two

NMRsignals are observed in M2Pand Ni^Ps.

The shortest metal-metal distances in Ni3P, Ni^Ps, and Ni2P are 2.44, 2.53, and

2.61 Â, respectively, while the shortest M-Mdistance in Ni metal is 2.49 Â. The short

M-Mdistances imply strong metal bonding, which should result in metallic properties

such as metallic conductivity. This was confirmed for M2P by Shirotani et al. [46].

Despite the high P content, NiP, MP2, and MP3 were also shown to be metallic

conductors. The magnetic susceptibility of M2P, N13P, and other Ni phosphides hardly

depends on temperature; thus, these materials are classified as Pauli paramagnets, which

provides further evidence of their metallic character [46, 47].

The metallic character of the Ni phosphides explains why the observed NMRsignals

are so high (Table 6). In diamagnetic phosphorus compounds, the shifts are in the range

of 200 to -500 ppm [43]. The shift in metals is one order of magnitude larger than that

in diamagnetic compounds [48]. This so-called Knight shift is caused by the density of

unpaired conduction electrons at the position of the NMR-observed nuclei in metallic

compounds [48] (see Ch. 2). Since each electron has a spin and magnetic moment, the

contact interaction produces a local field at the nucleus. In an externally applied

magnetic field the conduction electron system acquires a magnetization proportional to

the magnetic susceptibility of the conduction electron system. This susceptibility is the

temperature-independent Pauli susceptibility. The product of Pauli susceptibility and the

average s electron density probability at the Fermi level is in first approximation

directly proportional to the observed Knight shift (Fermi contact interaction term). The

direct contact interaction is the major contribution in light metals. In heavy and

transition metals, electrons in p and d orbitals can make large contributions by the

orbital (Van Vleck) paramagnetism and by coupling of the d orbitals with the core s

orbitals (core polarization) [48]. The orbital paramagnetism is usually positive and also

temperature-independent, whereas the value of the core polarization can be positive or

negative. In cubic metals only an isotropic Knight shift is observed. In noncubic metals
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the Knight shift depends on the crystal orientation relative to the magnetic field (Knight

shift anisotropy) [48]. It is difficult to measure Knight shifts in powders accurately,

because in addition to the dipolar and quadrupolar broadening, susceptibility broadening

is also observed [49]. The application of magic angle spinning (MAS) eliminates the

dipolar broadening and partly suppresses the effect of the susceptibility broadening if

the spinning rate is sufficiently high [50].

A large number of 31P MAS NMRstudies on insulating and semiconducting

phosphides have been published [51-54], but only few MASNMRstudies on alloys

such as transition-metal phosphides. To the best of our knowledge, Ni3P is the only Ni

phosphide that has been characterized by 31P MASNMR[55]. Furo et al. reported an

average Knight shift of 1790 ppm for Ni3P, which is close to our value. Hines et al.

reported that the 31P Knight shift in Niioo-xPx alloys (18 < x < 22) prepared by rapid melt

quenching decreases proportionally with increasing P contents [56]. The value

extrapolated for an alloy of composition M75P25 (= M3P) corresponded to that of

crystalline NisP. Bakonyi et al. assumed that a further increase in the P concentration

would lead to even smaller Knight shifts [57]. Based on this assumption, they rejected

the reported susceptibilities of Ni2P since they were higher than that of NisP [47, 58-60].

Our results show that their assumption is too simple, because we observed that one of

the Knight shifts for Ni2P and both of the Knight shifts of Ni^Ps are larger than that of

Ni3P, despite the higher P content (Table 2). Hence, the greater susceptibility of Ni2P is

correct. The susceptibility is an integral property of the whole structure. In the M2P

stracture two different crystallographic P sites are present and, thus, two NMRsignals

are observed. The relative occurrence of the two sites should be reflected in the ratio of

their signal intensities. The ratio between the intensities of the sideband pattern at

around 4078 ppm and that at 1487 ppm is around 1.6 ± 0.2 for the unsupported as well

as the supported M2Psamples, which is in moderate agreement with the expected value

of two. Effects due to the paramagnetic nature of the samples might explain the

deviation (see below). The observed Knight shifts are correlated not only to the Pauli

susceptibility but also to the average spin density. The electronic properties must be

very different at the two P sites because the difference between the Knight shifts is very

large in M2P. In NÙ2P5 the difference is much smaller but large enough to observe two

signals as expected from the crystal stracture. Although the sites of M12P5 differ to a

much greater extent than those in M2P, which are both tricapped trigonal prismatic, the
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difference in their electronic properties appears to be nevertheless smaller. The intensity

ratio between the two signals should be four according to the relative occurrence of the

two sites in the stracture model of M12P5. The value found for the different samples

containing M12P5 is 4 ± 0.5.

The particle sizes of the nickel phosphides supported on SiÛ2 described here were

large enough to enable the identification of the nickel phosphide formed by XRD. In

catalysis, however, one is interested in highly dispersed catalytic materials, and these

often have XRD lines that are too broad to be observed. For such well-dispersed

systems, the MASNMRtechnique might offer the possibility to identify small particles,

because NMRspectroscopy is not restricted to materials with long-range order. The

samples described in this work contain rather large particles as indicated by the

crystallite sizes given in Table 5. From the point of view of catalytic performance, the

particles are unfavorably large. However, this size made it possible to detect the

different nickel phosphides by XRD and to correlate these results with the NMR

spectra. This allowed us to collect NMRdata that can be used in future studies for the

characterization of metal phosphide particles, which are too small to be detected by

XRD. Another technique that may be used to identify small particles is EXAFS. This

technique requires synchrotron radiation, however, and is thus less general applicable.

Furthermore, the detection of different metal phosphide phases in the same sample can

hardly be done by EXAFS. The MASsolid state NMRof 31P thus proved to be very

helpful in identifying the nickel phosphides formed (Fig. 42).

NMRspectroscopy can be used to quantify the different species from their integrated

signal intensities. However, problems arise when paramagnetic species are present,

because the short relaxation times may cause loss of signal intensity during the

detector's dead time and base line distortions [20]. Furthermore, the proximity of a

paramagnetic ion to a P nucleus might broaden its NMRline beyond observability so

that some fractions become NMRinvisible. Therefore, we cannot exclude that phases

exist in our supported samples that are XRD invisible because of their amorphous

nature and NMRinvisible because of their proximity to a paramagnetic center.

Therefore, we refrained from a quantitative analysis of the NMRdata. Nevertheless, the

quantitative analysis of paramagnetic species is possible when the spin echo mapping

technique is applied, as shown by Tuel et al. for paramagnetic phosphate-based catalysts
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[61]. Spin echo experiments of supported phosphide catalysts might be done in a future

project.
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Fig. 52 Overview of the observed 31P MASNMRspectra of (a) Ni3P/Si02, (b) Ni12P5/Si02, (c) Ni2P/Si02,
and (d) unsupported Ni2P.

5.5 Conclusions

It is possible to prepare N12P, N13P, as well as Ni^Ps supported on Si02 by reducing

an oxidic precursor by varying the reduction parameters and the P loading. In a first step

Ni metal is formed that catalyzes the reduction of phosphate to a reactive P species. This

species probably reacts through different intermediates; two of them could be identified

as Ni3P and Nii2Ps. The support influences the reduction behavior very much since the

reduction of the unsupported oxidic NiPo 5 precursor yielded only Ni2P, whereas no pure
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Ni2P was obtained from the supported NiP05 precursor, but only from the NiPo 65

precursor under optimized reaction conditions. It was possible to characterize the three

different Ni phosphides by 31P MASNMRspectroscopy. The large NMRshifts are

interpreted as Knight shifts and are easily distinguishable from shifts caused by

diamagnetic phosphates. X-ray diffraction is not a suitable technique to identify small

metal phosphide crystallites supported on a carrier like SiÛ2, but such small crystallites

are important for catalysis. Since solid state NMRcan be used to characterize

amorphous or nanocrystalline metal phosphides, solid state NMRcould be an

alternative to EXAFSfor characterizing supported metal phosphides.
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6 31P NMR Characterization of Binary and Ternary

Phosphides of Co, Ni, Moand W

6.1 Introduction

Supported catalysts contain small particles of an active component for which

standard characterization techniques, such as XRD, cannot be used. NMRspectroscopy

is not restricted to materials with long-range order and is therefore, in principle, a

promising technique. The study of NMRshifts in phosphides began as early as the

1960s [1-3]. Most measurements were performed under static conditions and resulted in

broad lines. The problems due to dipolar and susceptibility broadening can be overcome

by the magic-angle spinning (MAS) technique (see Ch. 2), but, only few examples of

MASNMRstudies on transition-metal phosphides have been reported [4-6]. Therefore,

several transition-metal phosphides were prepared, such as Ni2P, C02P, C0M0P, MoP,

WP, and MM0P2, in order to learn more about the observed NMRshifts. Apart from

NiMoP2, these phosphides are fairly good to good catalysts for hydrodenitrogenation [7]

(see Ch. 4).

6.2 Experimental

The preparation of most phosphides was already described in Ch. 4.2. NiMoP2 was

prepared in the same manner as NiMoP except that a higher amount of phosphate was

added. After evaporation of the water, the obtained solid was calcined in air at 773 K for

5 h and then reduced in a stream of H2 (99.999%, 300 ml-min"1) at 923 K (NiMoP2)

(heating rate 1 K-min"1). The reaction conditions for the preparation of the other

phosphides were the same as described in Ch. 4.2. Finally, the surface of the samples

was passivated in a flow of 0.5% 02/He (20 ml-min"1) for 2 h at room temperature. XRD

measurements were done with a Siemens D-5000 powder X-ray diffractometer (Cu Ka

radiation) with Bragg-Brentano geometry. The 31P NMRfrequency was 161.9 MHzand

85% phosphoric acid was used as an external reference. Samples were ground; in the

case of the unsupported M2P they were mixed with 50 wt% of pure silica powder to

provide electrical insulation between the metallic particles and, thus, to avoid the

appearance of eddy currents within the sample. The resulting samples were packed in a

4 mmdiameter rotor and spun at 10 to 15 kHz. The spectra were obtained by Fourier
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transforming the free induction decay signals. Spectra were acquired using a single 1.8-

us pulse causing a flip angle of about 7t/4 and a recycle time of 1 s. The measurements

were performed at room temperature with 1800 scans. The 31P shift anisotropy was

determined from the spinning sideband intensities in the MASspectra. Spectra were

simulated using a modified version of the Braker Winfit program.

6.3 Results

The XRDpatterns of all the synthesized phosphides are in agreement with literature

data [8] (see Ch. 4). Small amounts of an unidentified crystalline phase accompanied

CoMoP, while NiMoP2 contained small amounts of MoPand M2P(Fig. 53).
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Fig. 53 XRDpowder pattern of NiMoP2: (a) observed and (b) calculated. The observed XRDpowder

patterns of MoP(c) and Ni2P (d) are shown for comparison.

In all the other cases, only one crystalline phase was detected. A commercial sample

of MoP, prepared by high-temperature reaction from the elements, was characterized by

XRDas well (Fig. 54). Figures 55 to 60 show the 31P MASNMRspectra obtained for

the phosphides prepared by reduction. Figure 3 contains also the P NMRspectram of

the MoP sample from Alfa. The isotropic shifts of the signals were obtained by

comparing spectra measured at different spinning rates. Using a modified version of the

Braker Winfit software, the centerband and the sideband pattern were fitted [9]. Table 9

lists the values of the fitted parameters (isotropic chemical shift 8iS0, chemical shift

anisotropy Ôcsa, asymmetry parameter r\, and linewidth).
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Fig. 54 XRD powder pattern of a MoP sample
from Alfa. Dotted lines mark reflections of MoP.

The gray box at the top is a magnification of the

low intensity region of the pattern at the bottom

showing the weak reflections of the Mo4P3

impurity.

Fig. 55 31P MASNMRspectra of (a) a highly

crystalline sample of MoP (obtained from Alfa)

(spinning rate 15 kHz) and (b) of the sample of

MoP prepared by reduction in a flow of H2

(spinning rate 10 kHz). Fitted NMRspectra are

displayed below each trace.

700 600 500 400 300 200

[ppm]

100 -100

31
Fig. 56 P NMRspectra of WP(spinning rate 10 kHz): (a) observed and (b) fitted.
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CoMoP (b)
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Fig. 57 P NMRspectra of (a) Co2P (spinning rate 15 kHz) and (b) CoMoP(spinning rate 10 kHz).

Fitted NMRspectra are shown below each trace.

4300 4200 4100 4000 3900 1800 1700 1600 1500 1400 1300 1200

[ppm] [PPml

Fig. 58 31P MASNMRspectra of Ni2P at a spinning rate of 10 kHz (the centerbands are marked by

triangles). Upper traces experimental data, lower traces fitted spectra.
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,31
Fig. 59 P NMRspectra of NiMoP2 (spinning rate 15 kHz): (a) observed and (b) fitted.
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Fig. 60 31P MASNMRspectra of NiMoP at spinning rates of 12 5 and 15 kHz The centerband of the

spectrum of NiMoP is marked by the letter A and sidebands by A* An additional signal is marked by the

letter B (see text) The centerband of the MoPimpurity is marked by a triangle Upper traces experimental
data, lower traces fitted spectra (MoP = dotted line)

Table 9 31P MASNMRresults for the phosphides

Sample Vrot (kHz) S1S0a (ppm) FWHM"(kHz) ôcsAa (ppm) r|d

MoP 10 214 54 299 01

WP 10 257 20 269 0 45

Co2P 15 1839 10 0 148 0 85

CoMoP 10 318 40 -68 07

Ni2P 10 1487 12 -284 0 55

4076 41 120 07

NiMoP 15 97 60 - -

NiMoP2 15 1059 23 176 0 15

a

4o> 4sa> and n are defined by the principal elements (4) of the chemical shift tensor as 4o = l/3(<5ii +

4> + Ss3), Scsa = <%3 - 4o. V = (<%2 - <5ii)/(4r4o) with |<%3 - 40| >\Sn- 40| > |42 - 40|

Full width at half maximum

For companson, the 31P NMRspectra of the calcined precursors were measured in the

range from -500 to 500 ppm. No signal was detected for the precursors of C02P and

CoMoPin this region. The observed shifts of the precursors are shown in Table 10.

Table 10 31P MASNMRresults for the precursors
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Precursor of vrot (kHz) 51S0a (ppm)

MoP 10 -4.0

WP 10 -3.0/-14 8

Co2P 10 no signal

CoMoP 10 no signal

Ni2P 10 -6.9

NiMoP 10 -1.3/-17.2

NiMoP2 15 -8.8

a

4o = isotropic chemical shift.

6.4 Discussion

Many transition-metal monophosphides and metal-rich phosphides (M/P > 1) show

metallic behavior [1, 2]. They exhibit a variety of stractures (Table 11 and Figs. 61-65).

The structures of MoP and N12P are shown in Ch. 3.3 and 5.4, respectively. All the

phosphides contain isolated P atoms that are separated from each other by metal atoms.

The shortest P-P distances (2.78 Â) are found in WP, in which infinite zigzag chains of

phosphoras atoms traverse the stracture. Still, the distance is clearly larger than the P-P

distance in black phosphorus (2.23 A). In general, however, the P-P distances exceed

3 A (Table 12). The shortest metal-metal distances are slightly larger (2 to 17%) than

those of the pure metals (Table 12). Only mN1M0P2the N1-N1 distance is with 3.33 À

noticeably larger than in pure Ni metal (dNi-Ni = 2.49 Â), because the bigger Mo atoms

push the smaller Ni atoms apart.

Table 11 Crystallographic data of the phosphides [10].

Compound Structure Type Space Group" Zb Lattice constants [Â]c

MoP WC 187(P6m2) 1 a = b = 3.321, c = 3.207; y = 120°

WP MnP 62 ( Pnma ) 4 a = 5.731, b = 3.248, c = 6.227

Co2P Co2Si 62 ( Pnma ) 4 a = 5.646, b = 3.513, c = 6.608

CoMoP Co2Si 62 ( Pnma ) 4 a = 5.827, b = 3.711, c = 6.780

Ni2P Fe2P 189 (P62m) 3 a = b = 5.859, c = 3.382; y = 120°

N1M0P Fe2P 189 (P62m) 3 a = b = 5.861, c = 3.704; y = 120°

NiMoP2 NiMoP2 l94(P63/mmc) 2 a = b = 3.329, c = 11.220; y = 120°

3

Space group number and short Hermann-Mauguin symbol according to the International Tables for

Crystallography
b

Formula units per unit cell.
c

Angles are given only when deviating from 90°.
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Table 12 Site symmetries, homo- and heteronuclear distances in the local environment of P atoms, and

shortest metal-metal distance.

Compound Atom Position" Distances Distances Shortest Distance

P-X [Â] P-Pb [Â] M-Mc [Â]

MoP Mo la (6m2)
- - 3.20 (Mo-Mo)

P
ld(6m2) 6 x 2.45 2 x 3.20

6 x 3.22

-

WP W Ac(m) - - 2.86 (W-W)
P Ac (m) 1 x 2.47

2 x 2.49

2x2.51

1x2.54

2 x 2.78

2 x 3.25

4x3.59

2 x 3.68

2 x 4.06

Co2P Co(l) Ac (m) - - 2.54 (Co-Co)

Co(2) Ac (m) - - -

P Ac (m) 1x2.14

3 x 2.23-2.24

1 x 2.29

2 x 2.40

2 x 2.54

2 x 3.27

2x3.51

2 x 3.68

4 x 3.74

2 x 3.75

CoMoP Co Ac (m) - - 2.63 (Co-Co)
2.76 (Co-Mo)

Mo Ac (m) - - 2.99 (Mo-Mo)
P Ac (m) 4x2.23-2.31 (Co)

5 x 2.39-2.62 (Mo)

2x3.41

2 x 3.70

4 x 3.87

Ni2P Ni(l) 3/(m2m) - - 2.54 (Ni-Ni)

Ni(2) 3g (m2m) - - -

P(l) 2c (6) 3x2.21

6 x 2.46

5x3.38

6 x 3.78

"

P(2) lb (62m) 6 x 2.27

3 x 2.37

2x3.38

12x3.78

-

NiMoP Ni 3f(m2m) - - 2.54 (Ni-Ni)
2.70 (Ni-Mo)

Mo 3g (mlm) - - 2.81 (Mo-Mo)

P(l) 2c (6) 3 x 2.24 (Ni)
6 x 2.56 (Mo)

3x3.38

2 x 3.70

6x3.78

P(2) lb (62m) 6 x 2.36 (Ni)
3 x 2.43 (Mo)

2 x 3.70

12x3.86

~

NiMoP2 Ni 2a ( 3m)
- - 3.33 (Ni-Ni)

2.81 (Ni-Mo)
Mo 2b(6m2)

- - 3.33 (Mo-Mo)

P 4/(3m) 3 x 2.30 (Ni)

3 x 2.46 (Mo)

1 x 3.07

3x3.19

6 x 3.33

Number and letter refer to the multiplicity and Wyckoff letter of the respective crystallographic position.
The site symmetry of the crystallographic position (Hermann-Mauguin notation) is given in parentheses.
b

Pwack: P-P 2.22-2.24 À
b

Mometai,bcc: Mo-Mo 2.73 Â, Wmetaljbcc: W-W2.73 Â, Comem,hcp: Co-Co 2.50 Â, Nimetal,fcc: Ni-Ni 2.49 Â
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Fig. 61 Structure of WP. Phosphorus atoms are light gray, tungsten atoms are dark gray. The coordination

environment of phosphorus is emphasized. Phosphorus is located in distorted trigonal PW6prisms.

Fig. 62 Structure of Co2P. Phosphorus atoms are light gray, cobalt atoms are medium gray. The

coordination environment of phosphorus is emphasized. Phosphorus is located in tricapped trigonal PCo9

prisms.
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Fig. 63 Structure of CoMoP. Phosphorus atoms are light gray, cobalt atoms are medium gray, and

molybdenum atoms are dark gray. The coordination environment of phosphorus is emphasized.

Phosphorus is located in tricapped trigonal P(Co4Mo5) prisms.

Fig. 64 Structure of NiMoP. Phosphorus atoms are light gray, nickel atoms are medium gray, and

molybdenum atoms are dark gray. The coordination environments of phosphorus are emphasized.

Phosphorus is located at two different sites either in tricapped trigonal P(Ni6Mo3) prisms (medium gray)
or in tricapped P(Ni3Mo6) (light gray).
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Fig. 65 Structure of NiMoP2. Phosphorus atoms are light gray, nickel atoms are medium gray, and

molybdenum atoms are dark gray. The coordination environments of phosphorus, nickel, and

molybdenum are emphasized. Phosphorus is located in trigonal P(Ni3Mo3) prisms (light gray). Nickel and

molybdenum are each surrounded by six phosphorus atoms that form NiP6 octahedra (medium gray) and

trigonal MoP6prisms (dark gray), respectively.

The transition-metal monophosphides exhibit a rich structural chemistry that includes

several different structure types that are similar but clearly differentiated. MoP is the

only monophosphide that crystallizes in the tungsten carbide (WC) structure type (see

Ch. 3.3) [11]. Mo is surrounded by a trigonal prism of six P atoms and vice versa. The

prisms form stacks that share edges with the three surrounding stacks. WPcrystallizes

along with other monophosphides such as CrP, CoP, and RuP in the MnPstructure type,

which is an orthorombically distorted Ni As structure (Fig. 61) [12]. Each Watom is

surrounded by a distorted octahedron of six P atoms, whereas each P atom is surrounded

by a distorted trigonal prism of six Watoms.

The other metal-rich phosphides Co2P, CoMoP, Ni2P, and NiMoP all contain

phosphorus in a tricapped trigonal prismatic environment. Co2P (Fig. 62) and CoMoP

(Fig. 63) crystallize in the Co2Si structure type [13, 14], while Ni2P (see Ch. 5.4) and

NiMoP (Fig. 64) crystallize in the Fe2P structure type [15, 16]. In both structure types,

the tricapped trigonal prisms form stacks along one of the crystallographic axes. In Co2P

and CoMoP only one crystallographic P site exists, while in Ni2P and NiMoP two

different crystallographic sites are present. The structures of C02P and Ni2P can also be

described by a structural model based on an ideal hexagonal close-packing of the metal

atoms [17, 18], while the phosphorus atoms form sites that are tetrahedrally surrounded
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by four P atoms or pyramidally by five P atoms. In C02P and Ni2P the stractures differ

from each other by the way in which the tetrahedral and pyramidal sites are filled with

metal atoms. The pyramidal sites are larger than the tetrahedral sites. Therefore, in

CoMoPand NiMoP the bigger Mo atoms replace those Co and Ni atoms in the Co2P

and Ni2P stracture that are located at the pyramidal sites. The result is that in CoMoP

the arrangement of the Co and Moatoms is different from that of the Ni and Mo atoms

in the NiMoP structure.

NiMoP2 is a ternary phosphide with a metal-to-phosphorus ratio of one and

crystallizes in its own hexagonal stracture type [19]. The phosphorus environment is

trigonal prismatic and consists of three Mo and three Ni atoms. Ni is octahedrally

surrounded by six P atoms, while Mo is surrounded by a trigonal prism of phosphoras.

Moand Ni atoms form infinite -Ni-Mo-Ni-Mo- chains along the c-axis.

In all stractures, the short M-Mdistances imply strong metal-metal bonding, which

results in metallic conductivity. The magnetic susceptibility of Ni2P and other

phosphides hardly depends on temperature, which is further proof of their metallic

character and shows that they can be classified as Pauli paramagnets [1, 3, 20, 21]. The

metallic character of the phosphides explains why the observed NMRsignals are shifted

to such high values (Table 9) that can be clearly distinguished from that of the

phosphate-containing precursors (Table 10). In a first approximation, the observed

Knight shift (Fermi contact interaction term) is proportional to the product of Pauli

susceptibility and average s electron density probability at the Fermi level [22]. In

heavier elements and transition metals, electrons in the p and d orbitals can make large

contributions by the orbital (Van Vleck) paramagnetism and by coupling of the d

orbitals with the core s orbitals (core polarization) [22]. The orbital paramagnetism is

usually positive and does not depend on temperature, whereas the value of the core

polarization can be positive or negative.

In M2Ptwo P sites are present in the stracture, and, consequently, for M2Ptwo NMR

signals were observed. C02P has the same M/P ratio as Ni2P but crystallizes in the

orthorhombic Co2Si stracture with only one P site. The influence of the structure on the

Knight shift is clear, because C02P has a Knight shift similar to that of M3P [22] but a

susceptibility that is about 10 times larger than that of Ni3P [21, 23]. If compounds have

the same stracture type, then they may have a similar s electron density, and the Knight

shift might be proportional to the susceptibility. CoMoP crystallizes in the same
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structure type as C02P, but half of the Co atoms are replaced by Moatoms in an ordered

fashion. The reported Pauli susceptibilities are 6.25-10"4emu/mol (C02P) and

1.67-10"4emu/mol (CoMoP) [21], and the Knight shifts are 1839 and 318 ppm,

respectively (Table 1).

A lower Knight shift is also observed in other compounds that contain 4d and 5d

metals such as MoP(214 ppm) and WP(257 ppm). Only one P site exists in MoPthat is

trigonal prismatically surrounded by 6 Moatoms. In WPalso only one P site exists that

is surrounded by six Watoms that form a distorted trigonal prism. The rather small

shifts lead to the question as to whether MoPand WPare metallic at all and whether the

observed shift is not a "normal" chemical shift. Ripley, however, reported that MoPand

WPhave metallic conductivity [24] and Jones reported that WPshows a Knight shift

that is not dependent on temperature [2]. MM0P2has its own stracture type: each P

atom is coordinated by three Ni and three Mo atoms that form a trigonal prism. The

shift of 1059 ppm is higher than the shifts of CoMoPand NiMoP. NiMoP crystallizes in

the Fe2P stracture like Ni2P, from which it can be derived by replacing half of the Ni

atoms by Mo atoms. The two P sites should lead to the observation of two NMR

signals. Wada et al. found only one signal at 70 ppm, which is probably the

consequence of their static measurement conditions, which resulted in broad lines [25].

The observed shift of our NiMoP sample is 97 ppm and another signal might be around

50 ppm. However, already the larger signal at 97 ppm is not well resolved. Therefore, it

cannot be said where the second signal is located. Further problems arise from the fact

that the strong sidebands of the MoPimpurity overlap at different spinning rates with

the signals of NiMoP.

Under MASconditions the linewidths of most NMRsignals were narrowed to values

between 1 and 4 kHz; only the NMRsignals of NiMoP and C02P had linewidths of 6

and 10 kHz, respectively. Tomaselli et al. reported for InP that the observed line

broadening under MASconditions was due mainly to unresolved scalar and anisotropic

couplings between 31P and 113/115In [26]. This may also be the case for Co2P, but 59Co

has a strong quadrapole moment and is 100% abundant. The spinning rate of 15 kHz

may have been insufficient to suppress the dipolar-quadrupolar interactions between P

and 59Co or second-order quadrupolar interactions that do not disappear under MAS

conditions may have induced the broadened line signal. Another broadening mechanism

is caused by imperfections that induce magnetic inhomogeneities in the crystal,
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resulting in an isotropic line shift contribution [5]. This might be the case for NiMoP.

-51

The linewidth of MoP as prepared by reduction was 5.4 kHz, whereas the P MAS

NMRsignal of MoPobtained from the Alfa company was only 1 kHz (Fig. 55). The

isotropic shifts and the anisotropies of both samples were virtually the same. The MoP

from the Alfa company was not pure but contained an considerable amount of M04P3

(ca. 10%) which gave rise to the additional signals indicated in Fig. 55a. M04P3

crystallizes in its own stracture type and contains six different P positions [27, 28] of

which at least three could be found at 280, 328, and 368 ppm. The fit of the NMR

spectram of the MoPsample prepared by us was made by assuming a small peak at 272

ppm. Comparing this value with the values found for M04P3 we tentatively assign the

peak at 272 ppm to an impurity of M04P3.

6.5 Conclusions

The 31P NMRshift reflects the metallic behavior of the phosphides. The shifts

observed for C02P and Ni2P are larger than those of the Mo and W-containing

phosphides. This can be explained by the fact that 4d and 5d metals have more

contracted wavefunctions than 3d metals due their higher effective nuclear charge.

Consequently, the metal interacts to a lesser extent with the P atoms, and the Knight

shift becomes smaller. The variety of structures and, thus, of electronic structures make

a straightforward prediction impossible. Nevertheless, 31P MASNMRproved to be a

useful tool in characterizing different transition-metal phosphides and an alternative to

the characterization of small metal phosphide particles supported on a carrier, when a

standard characterization technique like XRDcannot be used.
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7 Concluding Remarks

A number of transition metal phosphides was prepared by a simple reduction

method. The preparation of the binary compounds C02P, Ni2P, MoP, and WP, and of the

ternary compounds NiMoP and CoMoPwas accomplished. From all the phosphides

studied, M2Pand C02P required the lowest reduction temperature (823 K). Binary and

ternary phosphides containing Mo or Wrequired higher reduction temperatures (923

and 1023 K). NiMoP2 was only obtained in a mixture with MoPand M2P. The reaction

conditions such as reduction temperature, heating rate, and hydrogen flow rate have a

strong influence on the product composition. This could be observed when studying the

reduction of the Ni oxide/phosphate precursor supported on amorphous silica in order to

prepare supported Ni2P. Depending on the reaction conditions, especially the P loading

and hydrogen flow rate, different nickel-phosphorus phases such as Ni3P, M12P5, and

M2Pwere obtained. The problem to prepare N12P on a silica support was attributed to

the interaction of the Ni2+ and phosphate ions with the surface of the SiC>2 and to

diffusion problems due to the porous structure of the support that inhibits the removal of

the formed water. This means also that for a successful preparation the constituents

should be in close vicinity to each other. Nevertheless, it should be kept in mind that

also the unsupported precursors of M2Pand C02P are heterogeneous mixture containing

metal oxides and phosphates and there the preparation is straightforward.

For future experiments, other preparation methods than the reduction in flowing

hydrogen should be taken into consideration (see Ch. 1). Phosphine PH3, pure or mixed

with H2, might be used to treat supported metal oxides in order to obtain supported

metal phosphides, analogue to the sulfidation of supported metal oxides by H2S/H2

yielding the respective metal sulfides. An alternative preparative route might be to

prepare first a highly dispersed metal on a support, which is then treated with a

P-containing compound such as phosphine PH3 or triphenylphosphine PPI13. The

elementorganic approach was successfully applied by Ryndin et al. in the preparation of

Ni As supported on Y-AI2O3 [1]. They treated Ni particles supported on alumina with

AsPh3 suspended in heptane in an autoclave that was pressurized with hydrogen. The

temperature that was sufficient to accomplish the formation of NiAs was as low as

373 K. Since the reaction was performed under a hydrogen pressure of 0.6 to 3 MPa, a

higher hydrogen pressure might be beneficial for the preparation of phosphides. An
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indication for that is the successful preparation of supported N12P and C02P under a

hydrogen pressure of 3 MPaat a temperature of only 653 K by Robinson et al. [2]. They

prepared their phosphides m the same reactor system as used to study the HDNof

quinoline. Due to the limitations of the oven in our experimental setup, we could not

reach temperatures above 673 K. When we studied the HDNof the oxidic unreduced

MoP precursor we observed that the activity increased steadily over a penod of four

days (Fig. 66). It is not clear if this increase was caused by the formation of MoP.

0 100 200 300

Weight time [g min mol ']

Fig. 66 HDNconversion of o-propylanihne over the oxidic precursor of MoP(300 mg) in the absence of

H2S at 643 K and 3 MPa Numbers indicate the order m which the conversions were measured over a

period of four days It can be clearly seen that the activity increased strongly during the measurement.

In contrast to this, the phosphides that were tested in the HDNof o-propylanihne

were stable under the reaction conditions, i.e. they stabilized within a short time without

undergoing strong changes in activity. All the phosphides were active HDNcatalysts

and possessed a selectivity behavior similar to that of M0S2. No products due to

hydrogenolysis reactions could be observed as expected for pure metals or as reported

for nitrides like M02N[3]. Metal-phosphorus distances and structural properties of the

phosphides resemble those of sulfides more than those of carbides and nitrides.

Phosphoras has a larger radius than carbon and nitrogen and is an element of the third

penod like sulfur. Especially, the stracture of MoPhas a strong resemblance to that of

M0S2. Both compounds contain Moatoms ma tngonal pnsmatic environment. For both

compounds the connectivity of the pnsms is the same within a layer, but mMoPthe

layers form a "three-dimensional" stracture, whereas mM0S2 the layers form platelets

that are only interacting weakly by van-der-Waals forces. Since for M0S2 the active
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sites are assumed to be located at the edge of the M0S2platelets, only a small number of

the total number of Mo atoms in the platelet can participate in the catalytic reaction. A

MoPparticle that contains the same number of Mo atoms should contain more active

sites if it assumed that all Moatoms at the surface participate in the reaction. This might

be one reason why MoPwas more active than M0S2supported on alumina (see Ch. 3).

The high activity of MoP and the activity of the other phosphides leave the

possibility open that during the HDNreaction MoPmight form during the activation of

a conventional M0S2 catalyst if phosphate is added during catalyst preparation. If Ni or

Co is added as promoter, the formation of Ni2P and C02P seems possible as well.

However, apart from the formation of pure phosphides, one may also assume that mixed

metal phosphide/sulfide phases form. Although Ni- and Co-containing phases such as

NiPS3 and C0PS3 are described in literature, no such phase is reported for Mo. As

already mentioned above, the distances in MoPand M0S2 and their structural features

are very similar. Therefore, it seems possible that compounds of the general

composition MoPxSy might exist and form under HDNreaction conditions. One might

try to prepare bulk compounds of this composition by reducing a precursor containing

molybdate, phosphate, and sulfate in a flow of hydrogen or to treat MoPwith pure H2S.

In the course of our experiments, we also recorded the 31P MASNMRspectra of the

different phosphides. Wecould establish the chemical shifts of these compounds. The

shifts cover a large range and are clearly distinguishable from each other. P MAS

NMRproved to be a useful tool in characterizing different transition-metal phosphides

and a welcome method for the characterization of small metal phosphide particles

supported on a carrier. It was not in the scope of this thesis to develop an understanding

for the factors that influence the chemical shift. However, it is clear that no

straightforward relation between composition and shift exists, as demonstrated for M3P,

N12P5, and M2P. It will be useful to measure in future experiments also the NMR

spectra of the metals involved. Especially, 59Co should be an interesting nucleus for this

purpose, because it is the only naturally occurring isotope of cobalt in combination with

a large gyromagnetic ratio. However, it might be problematic that it also possesses a

strong quadrupolar moment.
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