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ABSTRACT:

The efficiency of a heterogeneous catalyst depends on the nature and the number of
catalytically active sites but these are often inhomogeneous. One possible solution is to
construct site-isolated catalysts in which most, if not all, of the sites are structurally
uniform and well-defined. Metal phosphides and sulfides form with distinct crystal
structures based on a range of component stoichiometries. Hence, incorporating active
components (i.e., the catalytically active metal) into this structure can regulate
geometric arrangements in a more reproducible manner where non-metal atoms act as
spacers around metal atoms to create isolated sites. A d-metal/p-block element strategy
can provide several advantages compared with other methods which generate discrete
active sites, including convenient synthesis, good process economics and improved
catalyst stability. Interestingly, the metal atoms in these systems still show typical
catalyst traits associated with the metal which opens up many possible catalytic
applications. This review presents several interesting synthesis methods for preparing
metal phosphides and sulfides and aims to draws links between geometric
structure/electronic properties and enhanced catalytic performance (i.e., enhanced
activity, selectivity and stability) for both petrochemical and fine chemical processes.

With precise knowledge of metal phosphide and sulfide structures/active sites, we
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envision the development of practically useful d-metal/p-block element catalysts from
powder formulations to more industrial type pellets. It should, however, be noted that
these materials are not without additional complexities. For example, metal phosphides
and sulfides can have complex surface chemistry and operating environment can induce

structural evolution. These factors also need to be carefully considered.

Keyword: Site isolation, d-metal/p-block elements, metal sulfides, metal phosphides,

heterogeneous catalysis

1. Introduction to topic

Challenges in terms of energy and the environment create pressure on the scientific
community to improve solutions through catalysis.! Owing to their robustness and
operational practicality, heterogeneous catalysts are widely employed for a broad range
of industrial process. However, these materials are far from perfect since they have
finite turnover numbers, limited lifetimes and offer imperfect selectivity. These issues
reflect the fact that heterogeneous catalysts, are highly complex materials which contain
a variety of potential active sites. Recently, there has been great interest in creating site-
isolated heterogeneous catalysts, where the active site does not form part of an extended
structure (i.e., a continuous metal ensemble) but is instead geometrically separated in
some manner.>® The active site may still involve multiple metal atoms (i.e., dimers or
trimers or larger clusters) or individual metal atoms. The latter eventuality represents
the highest utilization efficiency of the active metal and may be referred to as ‘single-
atom catalysis’. Site isolation changes the appearance of a catalyst to an adsorbate such
that it appears more like a series of independent active sites and this can be beneficial
(Fig. 1). For example, site-isolated metal atoms can create low-coordinate
environments and increase surface free energy,*® promoting chemical interactions with
the adsorbates.®’ However, many industrial processes rely upon supported metal
catalysts where the active sites are inherently less well defined. For example, a
multitude of sites such as steps, edges and terraces exist with the relative proportions

of these changing with particle size (and composition for a bimetallic system).8°



Researchers are thus interested in establishing ways of making supported metal type
catalysts more uniform, whilst also having the ability to control active site geometry.
Much effort have been dedicated to achieving site-isolation by maximizing
interactions between the metal atoms or supports.’® Although a mass-selected soft-
landing method is useful for preparing single-atom catalysts (and powerful for
fundamental studies), low-yields and high expense limits application in practice.!
Therefore, wet chemical techniques are often used to fix isolated metal atoms on the
support surface since metal precursors already contain the metal dispersed on an atomic
level.'?:13 A few studies have anchored metal atoms to defect sites of a support

1415 or ion-exchanged metals supported on zeolites.'® This can help avoid

surface
agglomeration in post-treatment processes but is generally restricted to low metal
loading (<1 wt.%) and may result in an uneven distribution of the active metal sites
which makes it difficult to reveal the catalytic mechanism.!” Atoms like nitrogen and
sulfur contain lone pairs of electrons which can coordinate metal atoms and serve as
coordination sites to stabilize and isolate more metal atoms.'® A spatial confinement
strategy using porous materials like metal-organic frameworks is another promising
approach to synthesize high metal loading site-isolated catalysts.?® An alternative
approach can involve combining a metal with a second metal element
(alloying/intermetallic) to enhance metal isolation degree which could be more
controllable, even with high metal loading.?>?* For instance, by alloying Cu atoms with
Pd by physical vapor deposition, Sykes et al. constructed single atom alloys (in which
Pd sites are totally isolated) and found the isolated Pd atoms facilitated H> activation
for selective hydrogenation.??. However, the complexity of the fabrication route renders

these techniques challenging for industry. It would therefore be desirable to find

alternative methods to create site-isolated catalysts.
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Fig.1 Left - Schematic diagram illustrating the change of surface free energy per metal atom with
metal particle size with/without support. The black line represents the surface free energy state of
metal particles at different scales, while the red line represents the energy state of the equivalent
supported atom/particle. The blue arrow represents the process of loading active metal on to the
support. Right - synthetic strategies for achieving isolated active metal atoms. Reproduced from ref
20. Copyright 2013 American Chemical Society.

Transition metal/p-block materials form with a range of transition metals (especially
in the VIII group) and p-block elements (especially non-metal elements in the first two
rows of p-block) with the most common being sulfides and phosphides.?>?4?° In the
1970s, Sauer et al. ?® reported that metal-rich phosphides, showed excellent
hydrogenation activity. More recently, synthetic developments since the late 1990’s
have generated a variety of d-metal/p-block materials with distinct crystal structures
based on component stoichiometry (MxNy).2 2" Hence, incorporating active
components into this structure can regulate geometric arrangements in a reproducible
manner where non-metal atoms act as spacers around metal atoms to create isolated
sites for heterogeneous catalysis. Interestingly, the metal atoms in these systems show
typical traits associated with metal functionality (i.e., active/effective for
hydrogenation/dehydrogenation). By varying the component ratio, researchers have an
interesting method to modify active site geometry. There is also a potential electronic
effect to explore by coupling a metal with a more electronegative p-block element and
this has been shown to be beneficial for certain application (see later).

In this review, we present a detailed survey of the following topics: (1) How metal
phosphides and sulfides represent a relatively simple way of creating uniform active
sites in a heterogeneous catalyst; (2) How these uniform active sites can be considered

as ‘site isolated’ by having p-block elements act largely as spacers around active metal



atoms; (3) Applicability of these systems to chemical processes of specific importance
for the petrochemical, fine chemical and energy sectors; (4) How to study such systems
through the combined use of experimental and theoretical approaches; (5) Extending

this methodology from powder formulations to more industrial type pellets.

2. Synthesis of metal phosphides and sulfides

The p-block elements, especially non-metal elements in the first two rows of p-block
(i.e., S, P, B, C and N) react with a variety of transition metals (i.e., Fe, Co, Ni, Pd, Pt)
to generate a multifarious class of chemical compounds, of which the most common
are metal phosphides and sulfides. These compounds can be fabricated in various forms
including bulk phase materials, supported form and even ultrathin two-dimensional
nanostructures. In section 2.1, we focus on synthesis methods which are primarily
aimed at preparing bulk phase compounds. For heterogeneous catalysis, it is obviously
desirable to increase the surface area of the active phase and hence supported systems
are generally preferred. Therefore, the synthesis of supported metal-P block compounds

will be specifically described in section 2.2.

2.1 Synthesis of unsupported metal phosphides and sulfides

2.1.1 Metal phosphides

Interest in the preparation of metal phosphides from P precursors first spiked in the
1970’s. Over the last 40 years, research into bulk phase metal phosphides continued,
although with more emphasis on nano-scaled materials. In this section, an overview
and discussion of the main synthetic techniques for the preparation of bulk phase metal
phosphides is provided. This includes traditional synthesis from pure elements,
reduction with phosphorus-containing compounds and the decomposition of
organometallic precursors. The latter of which is considered as a faster and more
tunable method for preparing bulk phase materials, although it is still generally efficient

when preparing nano-scaled compounds.

2.1.1.1 Synthesis from the elements



Bulk phase metal phosphides can be fabricated via a traditional solid-state route by
direct reaction of the elements, as described in the earliest studies (see Fig. 2A), such
as Table 1 - Entry 1.282° Using this method, many high purity metal phosphides can be
routinely prepared on a large scale. However, high temperatures and long reaction times
under vacuum or an inert atmosphere are necessary to work with pyrophoric P4 and
phosphine which thus creates a hazard and makes it a less attractive route.
In recent decades, solution-based methods (i.e., solvothermal synthesis) have become
more popular as they generally involve the use of softer reaction conditions and safer
reactants. In addition, a solution-based strategy also offers greater control over
dispersion and morphology of the metal phosphide which could be considered
important for heterogeneous catalysis. The first example described here (Table 1 - Entry
2)%, employed white phosphorus (P4) as a reagent (often in large excess relative to the
metal). White phosphorous is highly reactive and so dissolution in the reaction medium
(i.e., water, ethylenediamine, ammonia etc.) can help to precisely control the metal to
phosphorous stoichiometry. Carenco et al.3! described a novel synthesis of Ni>P at low
temperature by using labile P ligands, such as phosphine oxides or alkylphosphines.
This process is described by the “all-ripening” mechanism where the ligand solubilizes
the metal precursor to create a species which can react with P4. In principle, the reaction
can also occur directly on the surface of a metal nanoparticle (i.e, surface reaction
followed by P diffusion in the particle) and this is known as the “all-templating”
mechanism (Fig. 2B).%2 The approach could also be generalized to other metals
including Fe,** Rh3 and Cu®. The more stable red P can be also used in place of white

P4 to obtain phosphides in high purity (Table 1 - Entries 3-7)36-37-38:394041.42
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Fig. 2 (A) Schematic route from metal to metal phosphide nanoparticles via a traditional solid-state
route by direct reaction of the elements. T is reaction temperatures. y is the relative amount of P
observed at the end of the reaction in the crystalline nanoparticles, while y’ is the relative amount of
P in the intermediate step. Several values for y are possible, and they depend on the metal, according
to the M—P phase diagrams. Reproduced from ref 29. Copyright 2012 American Chemical Society.
(B) Description of the two main pathways including “all-ripening” and “all-template” process for
the conversion to NiP using white phosphorus as a “P” atom donor; Reproduced from ref 32.
Copyright 2011 American Chemical Society.

2.1.1.2 Simple reduction of phosphates or hypophosphite

The phosphidation of metal precursors followed by temperature-programmed
reduction of the resulting phosphate is a convenient strategy without expensive or
harmful precursors. This approach became popular after the synthesis of unsupported
MoP catalyst was first reported by Oyama et al. in 199827 and later.**** Bimetallic
formulations such as NiMoP samples have also been reported. Results revealed the
surface composition of MoP can be changed within a narrow range (Mo:P = 0.90-1.10)

4 The variation in surface

but without altering the bulk phase composition.
composition has implications for catalytic applications and highlights the need for
analysis by surface sensitive techniques in order to derive structure-performance

relationships. The reduction step is often slow and requires elevated temperatures (400-

1000°C)*6474849 gwing to the strong P=0 bond in a phosphate.



Neither the use of high temperature nor the appearance of extraneous species
contaminating the product are ideal, hence the development of a simple and green
preparation process at low temperature is desirable. The simplest phosphating agent
possible would be PH3 although, it is toxic, potentially lethal and creates serious
environmental concerns which mean direct phosphidation with this species is
impractical. As a result, ammonia (NH4H2PO.) or sodium (NaH>PO>) hypophosphites
are far more common phosphorus sources since they are simpler to handle. When
heating a hypophosphite to ca. 250°C, decomposition begins releasing PH3 which can
then react with the metal precursors to form a metal phosphide. According to this, some
groups have explored low temperature preparation using hypophosphites, which could
avoid sintering of the metal phosphide particles (Table 1 - Entry 9).%%%! Furthermore,
Miller et al.®> employed sodium hypophosphite to generate PH; by thermal
decomposition to convert metal oxides into a FeCo phosphide (metal oxides were
obtained via a hydrothermal reaction between Co(NO3)2-6H,O and FeCls). In this
system, neither a surfactant nor a template was necessary which represents a cost saving.
Also, low synthesis temperature is advantageous when targeting the controlled

construction of defined nanocrystals.

2.1.1.3 Decomposition of organophosphorus compounds

Aside from controlled morphology of phosphide materials, the need for high-surface-
area is pivotal for catalytic applications. Driven by this need, thermal decomposition of
organometallic compounds or reaction with organophosphine reagents have been
explored (Table 1 - Entries 10-12).53-%45%:% [n these cases, trioctylphosphine oxide
(TOPO) acts as a high boiling point solvent and a capping agent/ligand which inhibits
agglomeration of the nanoparticles, but is not thought to act as the P source.>’*® Tri-n-
octylphosphine (TOP) is a less expensive and less toxic compound than P(SiMe3); and
upon heating to ca. 300°C the C-P covalent bonds break to generate free phosphorus
which can react with metal precursors to form a metal phosphide (Table 1 - Entries 13-
14). %80 NiP nanoparticles can be derived from Ni?>* compounds like nickel

acetylacetonate using TOP as a source of phosphorus and oleylamine as a reducing



agent. The preparation process on both metal nanoparticles and model surface is shown
in Fig. 3A and B.%* On account of the strong coordination effect, TOP can effectively
promote the reaction and synthesize materials with anomalous structure (Table 1 - Entry
15).%2 A similar method could be extended to the preparation of bimetallic M—Sn
phosphide nanoparticles (M = Ni, Co and Fe), but with a metal chloride and
tributylphosphine (TBP) as opposed to an organometallic Ni precursor and TOP (Fig.
3C).%% Other organic phosphines (e.g. triphenylphosphine® or aminophosphines®)
can be used as P precursors, although in some cases carbon may be incorporated into

6 given that carbide

the resulting structure which may or may not be desirable,®
formation can greatly alter catalytic performance. In other words, linking structure and

catalytic performance becomes somewhat challenging.
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Fig.3 (A) Typical literature procedure for preparing Ni-P catalysts from tri-n-octylphosphine (TOP).
(B) Surface processing steps to study insertion of phosphorus from TOP into Ni. Reproduced from
ref 61. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Proposed growth
mechanism of M—Sn—P nanoparticles. (1) Formation of Sn-rich nanodroplets and further reaction
with Sn- and M-monomers. (2) Intermetallic M—Sn nanoparticle stabilized by oleylamine and
tributylphosphine (TBP). (3) Decomposition of TBP at 300°C at the surface of the nanoparticle. (4)
Diffusion of P into the nanoparticle and the resulting structures with different amounts of TBP.
Reproduced from ref 63. Copyright 2019 Royal Society of Chemistry.



Table 1. Methodologies and precursors used to form bulk phosphides or sulfides

Entry Material Metal Source of Method and reaction conditions
precursor P/S?
1 iron phosphorus®  Fe red P sealed evacuated silica tube followed
by heating to 900°C for 8 days
2 Co,P30 CoCl,'6H,O  white P 220°C for 24 h in aqueous ammonia
3 CusP3¢ CuCl red P hydrothermal synthesis at 200°C
4 Ni,P37 NiCl, red P a solvothermal process by heating at
hexahydrate 180°C for 20 h.
5 NisP48 metallic nickel red P reaction in an inert atmosphere at
powder 500°C
6 Zrp39 40,41 ZrCly NasP  from a solid-state metathesis at elevated
white/red P temperature of 1000°C
7 orthorhombic Fe anhydrous NasP an equivalent route with benzene as
phosphide*? FeCls solvent at 180-190°C
8 CoP?6 Co(NO3)2 (NH4);HPO4  in-situ calcination at 500°C for 6 h
and reduction in H; at 1000°C.
9 Ni or Fe NiCl; ora- NaH,PO: decomposition in a static protecting
phosphides®®-3! Fe;O3 atmosphere at 300°C
10 MHP53 MHQ(CO)lo P(SiMe3)3 2200C
11 FeP>* Fe(CO)s  or P(SiMes)s In TOPO at 270°C over 48 h
Fe(acac);
12 Ni,P, NijoP5>>%6 Ni(acac), TOP 320°C; 300°C
13 InP> InCl; withNa  TOP at only 250°C
14 Cd3P,%° Cd TOP heated at 250 °C with stirring under
inert atmosphere for about 10-12 h
15 NiP, CoP, FeP® Oxides TOP dissolution reprecipitation method
16 MnS"! MnCO; H2S by annealing at 800°C
17 FeS™ FesOs Ha.S the sulfidation at 200-300°C
18 Yolk-shell SnS” SnO, H.S a spray pyrolysis route

2 TOP = tri-n-octylphosphine

2.1.2 Metal sulfides

Although bulk phases require larger amounts of metals, synthesis of bulk metal

sulfides has still progressed significantly over the past decades. In terms of



nanostructured metal sulfides, there is interest in controlling composition and
optimizing morphology and crystal structure. It is also useful to consider the role of
quantum size effects in tuning electronic properties via changes to the valence band. In
pursuit of these goals, preparation strategies have become diverse and include reaction
in the gas phase or in organic solutions with/without template-assistance.
2.1.2.1 Treatment via inorganic sulfur compounds

The fabrication of active sulfide phases can involve the transformation of the metal
or catalytically inactive oxide phase with inorganic sulfur compounds including
gaseous HaS or solid reagents. In the recent period, our group®’ prepared a crystalline
Pd4S phase from an amorphous PdS sample via H» reduction treatment (see Fig. 4A).
Based on the phase diagram, palladium sulfide can form with a number of distinct
compositions/structures (i.e., PdS, Pdi6S7, Pd3S and PdsS). Reduction of amorphous
PdS at temperature of 150°C or higher resulted in the removal of a portion S from the
sample (primarily as H>S) to produce sulfur lean phases (i.e., PdisS7 and PdiS).
Depending on temperature, this treatment may result in a phase gradient across a
particle since it relies on either diffusion of hydrogen into or sulfur out of the bulk. For
example, reduction at 250°C generated a mixed core-shell structure with Pd4S existing
on the surface and Pdi6S7 in the bulk, whereas treatment at 350°C resulted in a pure
Pd4S phase. Hollow metal sulfides such as FeS, CoS, MnS and Ag>S were synthesized
via the sulfidation of the Fe, Co and Mn oxides using sulfur powder or Na,S.%8%° It is
also possible to prepare bimetallic sulfides from solid sulfur-containing compounds.
For example, NiS2/MoS; nanowires were synthesized by sulfiding a NiMoO4 nanowire
with S powder as source (Fig. 4B).”° Whilst more research has focused on using solid
state precursors, it is also possible to use H»S as the sulfur source so long as the metal
precursors are not vaporized during the fabrication (Table 1 - Entries 16-17).”%"2 CoS"
and CosSs,’* acicular nanotube arrays (ANTAs) were prepared from cobalt oxide and
Co(CO3)05(OH)x- 11H20 in an NaxS solution. The influence of S source on the structure
and morphology is an interesting phenomenon but with limited understanding to date.
Out with the transition metals, it is also possible to form tin sulfides using H>S (Table

1 - Entry 18).7



Fig. 4 (A) Conversion process from PdS to Pd4S with increasing reduction temperature to 350°C.
Reproduced from ref 67. Copyright 2018 Elsevier Inc. (B) Schematic illustration for the preparation
of NiS»/MoS,. Reproduced from ref 70. Copyright 2017 American Chemical Society.

2.1.2.2 Solvo-thermal decomposition

A solvothermal route is similar to a hydrothermal method but uses an organic solvent
as opposed to water. Dutta et al.”® have attempted to develop a general solvothermal
method to decompose the [Fe3(p3-O)(p2-O2CCH2Cl)s(H20)3:]NO3-H20 complex in the
presence of thiourea as solvent at 150°C which lead to the growth of needle-like FeS
structures. Ni doped Zno5Cdo.sS could also be fabricated by this method using ethanol
as the solvent, and (NH4),S as the vulcanizing agent.”” Xu et al.”® reported an
interesting study where FeS nanosheets with a carbon coated surface (C@FeS) could
be prepared via a simple surfactant-assisted technique where 1-dodecanethiol (DDT)
acted as both surfactant and sulfur source. The procedure required reacting Fe(acac)s
with an excess of DDT (Fe:DDT = 1:20) in oleylamine at 220°C before annealing at
400°C for 2 h in an Ar atmosphere. This approach is also suitable for a Cu-S system.
For instance, ordered CuxS nanowire arrays have been successfully made where the
diameter and length of CuxS nanowires were 40-120 nm and 700-1400 nm,
respectively.”® Cai et al.%° reported a facile approach to prepare a mixed hexagonal
CuS/CuzS nanotube. Here, synthesized Cu nanowires were treated with thiourea at
180-190°C in a solution of polyethylene glycol (PEG) under Ar by a solvothermal route.

Interestingly, a mixed CuS/Cu,S phase with ca. 32.3 wt% metallic Cu was obtained



after the treatment for 30 min, whereas 120 min was required to form a pure sulfide,

although both CuS and CuzS phases were observed.

2.2 Synthesis of supported metal phosphides and sulfides

Within the field of heterogeneous catalysis, supported materials are often required
since this benefits from improved active phase dispersion. In this section we discuss the
methods which can lead to well defined supported d-metal/p-block compounds (i.e., a
single metal phosphide or sulfide phase as opposed to a mixture of phases since this is
highly desirable for development of a structure-performance relationship). Similar to
the synthesis of bulk d-metal/p-block compounds, traditional solid-state strategies such
as reduction of p-block containing compounds and organometallic decomposition
routes can be employed. For convenience, an overview of synthetic methodologies are
presented in Table 2. It is important to acknowledge that the act of dispersing the active
phase introduces an interfacial region between the metal phosphide/sulfide and the
support material. This region may play a specific role in a catalytic reaction. Whilst
this aspect is only considered fleetingly throughout this review it should not be
dismissed out of hand.

Many researchers have sought to further optimize traditional solid-state strategies.
For example, Ding et al.8! developed a simpler and more efficient microwave heating
route for the preparation of carbon supported Ni phosphides including NisP4, NiP2 and
NiyP phases. The synthesis involved the impregnation of NiCl, precursors onto an
activated carbon, followed by milling with red P and subsequent microwave heating in
a flow of H> or Ar at 160-200°C for 10 min. Treatment in H» resulted in smaller particles
(10-20 nm) than Ar. This was attributed to the conversion of red P to more active white
P on microwave induced hot spots. This species could then react with H> to generate
PHj3 leading to facile phosphination. Importantly, the presence of microwave irradiation
enables synthesis at lower temperatures than conventional heating methods (Entries 1-
3 in Table 2).82:8384

As previously stated, phosphate reduction usually requires high temperatures to



break the strong phosphate bond (Table 2 — entries 4-7)8°8:878889.90 T4 gvercome this
issue, a sol—gel approach with the reduction of phosphates was used to synthesize SiO-
supported Ni phosphides.®* Ni/SiO, was first prepared by a sol-gel method before
NH4H2PO4 was then added via impregnation prior to calcination and reduction at 650°C
- lower than that required by two-step reduction of phosphates (~800°C).°>% Despite
650°C still being a relatively high reduction temperature, this method can yield a single
crystalline Ni,P phase, which is crucial for the preparation of uniform isolated metal
sites. Also, in this case, the sol—gel method contributed to a strong interaction of Ni
with the support, which improved Ni dispersion and sintering resistance. These points
are conducive for an effective and stable heterogeneous catalyst. When employing the
phosphate route, one should note Al,O3 is not an ideal support since strong interactions
can yield AIPOs instead of a metal phosphide.®* To lower the treatment temperature,
alternative precusors of phosphite or (hypo) phosphite have been extensively utilized
for the construction of metal phosphides. A pioneering work of supported metal (Fe,
Co, Ni, Ru, Mo, W, Rh, Pd, Pt) on alumina phosphides using phosphine (PH3) as the
phosphorus source were firstly reported by the group of Muetterties and Sauer,?®

followed by the preparation of NiP/Si0,%%

using this kind of method. Moreover, Bui
et al.¥’ directly reacted phosphite with Ni, W, Mo, Co, Fe salts on SiO; to obtain a
series of well-distributed and pure Ni,P, WP, MoP, CoP and FeP nanocrystals (650-
800°C necessary). Using this method, small particles can be formed even with active
phase loading of up to 10 wt.%.% That coupled with a relatively simple synthesis
should facilitate preparation of catalysts on a larger scale. But unfortunately, PH; was
toxic and lethal although at very low concentration, leading to that it was not directly
used however can be derived from hydrothermal NH4H>PO> or NaH>PO» solution
(Table 2 — entries 8-10).%9-100:101

Organic phosphorus compounds can be used to prepare Al,O3; supported phosphide
catalysts, which is advantageous since the reagents are more environmentally benign
and well-defined stoichiometries can be prepared (Table 2 - Entries 11-13).102103104 The

specific interactions which lead to the formation of AIPO4 are less significant with

organometallic precursors which enables the use of AlOs; as support. There are



disadvantages to working with organometallic precursors though, such as the need work
in the absence of oxygen and the combination of a hydrophobic precursor/solvent and
hydrophilic support which makes impregnation into pores tougher. Interesting
examples of this approach include the work of Liu and coworkers!%® who successfully
synthesized CoP and Co>P nanoparticles supported on CNTs via a facile thermal
decomposition method from TOP. Bimetallic Pd—Ni—P nanoparticles on carbon support
were fabricated from a mixture of Pd(acac),, Ni(acac),, tetrabutylammonium bromide
(TBAB), oleylamine (OLA), with TPP as P source and TOPO as solvent.'%® As
expected, this organic approach can be extended to the fabrication of supported metal
borides.’

Supported metal sulfides can be prepared by conventional gas phase sulfidation and
chemical vapor deposition (CVD) (Table 2 - Entries 14-18).108:109.110,111,112 Theqe
techniques typically utilize H2S or a vaporized S precursor to convert metal salts into
sulfides but at relatively high temperature (~700—1000°C). The temperature required
can be lowered to 150-300°C by using a plasma-enhanced CVD technique,!*>!* but
the injection method is a challenge, since the axial mode can lead to plasma arc
quenching, while the radial mode leads to uneven heating. Atomic layer deposition
(ALD) is a subclass of the CVD technique in which films are grown by exposing the
substrate surface to alternating precursors of gas molecules. Recently, ALD was used

to grow a few-layers of metal sulfides on SiO,/Si or AO;3 substrate!'>116:117

using H>S.
The thickness could be controlled from a monolayer to few-layers for MSz (M = Mo/W)
with tunable stoichiometry based on regulating the deposition time. The benefit of this
method is an ability to produce materials with layer-by-layer precision. However, the
deposition rate is relatively low, which makes it difficult to scale up. Not only the gas
phase depositions have been utilized for the preparation of supported nanoscale metal
sulfides, also employed the hydrothermal and solvothermal methods in the liquid phase
(Table 2 - Entries 19-22),118119120:121 in which the resource of non-metal element is still
solid, but need to dissolved in the solution. A pure and highly dispersed Pd4S phase was
prepared on CNF support by impregnation with PdASO4 followed by reduction in H at

250°C.12? The transformation of sulfate precursors in a sulfide was followed by high



energy XRD analysis. For preparation of MoSx,'?® N-doped carbon nanotubes (as the

template) were immersed in an aqueous HCI solution containing (NH4)2Mo0S4 before

the precursor was decomposed at 90°C.

Table 2. Methodologies and precursors used to form supported phosphides or sulfides

Entry Material Metal precursor ~ Source of P/S  Method and reaction conditions
1 NiP and Ni  foam or Ppowder chemical vapour deposition;
FeP/Ni foam®  Fe(NOs)3;-9H-O0, 450°C in Ar atmosphere
2 FeP FeCl3-6H,0 red P hydrothermal and gas-phase
nanorods/C%? phosphidization reactions; 500°C
3 MoP/SiO% (NH4)6M07024:4  NH4H2PO4 conventional heating method;
H>O 600°C
4 NixP/SiO2%8%¢  Ni(NOs3)2:6H,O  (NH4):HPO4  two-step programmed reduction of
phosphates; 500-900°C
5 NioP/SiO2%7:88  Ni(NO;3)2:6H,0  (NH4):HPO4  reduction of phosphates; 350-600°C
and passivated in 0.5% O,/He
6 NiMoP/SiO2%  (NH4)sM07024 (NH4);HPO4  reduction of phosphates;
Ni(NOs). 700°C and passivated in 1% O»/He
7 carbon xerogels metal nitrates (NH4):HPO4  one-pot pyrolysis and carbothermal
supported Fe;P, reduction; 800°C
COzP, Ni12P590
8 Pd;P/TiO, and PdCl, NH4H,PO, reduction of hypophosphide;
PdP»/TiO>% 500°C for 4 h in 20%H,/N,
9 Ru,P/Si0,!% RuCls NH4H,PO; reduction of hypophosphide; 500°C
and passivated in 1% O»/He
10 NiP,/C Ni(OH), NaH,PO, two-step rout a hydrothermal route;
nanosheets'"! 300°C
11 Ni,P!0? Ni foam TOP solvothermal method at 320°C
12 CoP/C'%3 cobalt(IT) TOP solvothermal method at 300°C
acetylacetonate
13 CoP/C cobalt(II) triphenylphos  heated in a sealed tube at 400°C for
core—shell!* acetylacetonate  phine 100 min
14 MoS,/ALO5'%®  (NH)sMo07024 H>S/H; conventional gas phase sulfidation;
4H,0 at 100-450 °C
15 Pd4S/C'® H,PdCl4 H>S/H; conventional gas phase sulfidation;
at 150-750 °C
16 NiC0:S4@CC'""  NiCl,'6H20 and sulfur powder annealing at 300°C
0 CoCl,6H,0
17 MnsS/C MnCl, H>S chemical vapour deposition;
Nanowires!!! at 673-1123 K
18 CoS/S-doped Co(TU)4(NO3)2 Co(TU)4(NOs;  solid-state thermolysis at 400,
GO'? complex )2 complex 500, and 600°C
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19 CoS/CNT!8 CoCly-6H,0 thioacetamide  solvothermal method at 140°C
in N, atmosphere

20 Co3S4/NCNT!'"?  CoCl,-6H,0 NasS and solvothermal method at 160°C
thioacetamide
21 FeCoS2/CNT!?  Fe(NOs);  and thioacetamide —solvothermal method at 90°C in an
Co(Ac) oil bath
22 Ni-Mo-S@C'"?'  Na;MoO4-2H,O  L-cysteine hydrothermal method at 200°C
NiSO4:6H,0

Interestingly, there are some synthetic methods which are only applicable for
supported d-metal/p-block compounds. These methods utilize a support material which
already contain the necessary p-block element (either naturally or by additional
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treatment). For example, Yu et a report a simple route to prepare in-plane BP/Co2P,

in which CoP nanoparticles selectively grew on the edges of the BP substrate (Fig. 5A),
in which Co,P reacted at the defects of BP nanosheets. Rodriguez-Ramos's group*?®
fabricated S-containing CNFs by treating the support in a mixture of HS and NH3 at
1100°C. Following impregnation, a stable Pd-S structure was observed. Supported Pd
nanoparticles were also impregnated onto a S-doped polymer [cross-linked poly(N,N’-
methylene bis(acrylamide))] and catalytic performance indicated that Pd acted as if
there was a strong Pd-S interaction, perhaps indicating sulfidation.'?® A schematic
illustration for this system is shown in Fig. 5B. Also, in some selected cases, metal
phosphosulfides, such as MnPS,*?’ FePSs3,'2® and CoPS!? can also be prepared. The
introduction of P and S can be stepwise or simultaneous. For example, S doped
CoP/Carbon cloth (prepared by precipitation deposition of Co(NO3)2-6H>0 with urea)
was treated with NaH2PO2-H>O powder before heating in the presence of S powder at
400°C in N, environment to create a mixed p-block element sample.!3® Recently,

bimetallic phosphosulfides such as NiFeSP/nickel foam catalysts were further

developed. 3!
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Fig. 5 (A) Schematic diagram of the synthesis mechanism of the BP/Co.P heterostructures.
Reproduced from ref 124. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B)
Schematic illustration for the preparation of Pd-S/SPMB. Reproduced from ref 126. Copyright 2019

American Chemical Society.

3. Properties of metal phosphides and sulfides

As described, p-block non-metal elements reacts with a broad range of transition or
main group metals to give a diverse class of materials. This is broadly appealing since
different metal:non-metal atomic ratios result in unique crystal structures. In other
words, different ratios create different geometric arrangements around metal atoms,
thus creating an element of site isolation or ensemble design. The nature of bonding
changes from ionic for the alkali/alkaline earth elements to metallic/covalent for

transition metals and then covalent for the metals in the main group.

3.1 Structural properties

3.1.1 Phosphides

Metal phosphides can form with a broad range of stoichiometries which offers a vast
array of structures. For example, at least eight stoichiometries are apparent for nickel
phosphide (i.e. metal-poor NiP, NiP2, NiP; and metal-rich Ni3P, NisP2, Ni;2Ps, NisPy).1%2
Measurements from electronic spectra suggest that the oxidation state of P in metal-rich
(x >y in MPy, such as M3P, MuP) or stoichiometric (x =y in MxPy, such as MP)
phosphides is P™!, with the ionicity increasing with decreasing metal content.'33134135

In contrast, metal-poor (x <y in MxPy) phosphides are more appropriately described by



covalent bonding where the electrons are localized and this follows the Zintl-Klemm

formalism®36-137

and accordingly the P center holds several oxidation states to up to
—3.1%8 n 1988, Schnering and Honle et al. provided a comprehensive description of the
structures of metal phosphides according to the ‘P units’ description.'® Different
stoichiometries give rise to disparate arrangements and thus diverse crystal structures
(Fig. 6),*® some of which resemble carbides or nitrides . For example, the structure of
MoP is similar to that of WC, where the nonmetal-containing prisms stack together. VP
shares the 3-MoN structure with lateral displacement of the prisms by half of the lattice
spacing.**® This is likely to be linked with the phosphorus atomic radii (0.109 nm)
which is substantially larger than C or N (0.071 nm; 0.065 nm) meaning that it cannot
coordinate well in the common octahedral structure formed by closed-packed metal
atoms.*’*® Instead, trigonal prismatic coordination is more prevalent with small non-
metal atoms usually found at the center of this prism surrounded by the metal atoms.*3
In this situation, the introduction of P slightly elongates M—M bonds as compared with
the corresponding metal crystal structure.’*! Liu and Rodriguez et al.}*? employed
spin-unrestricted DFT calculations to reveal an ensemble effect in NioP, where P
effectively dilutes/spaces out surface active Ni sites. Beyond a geometric effect, it is
also valuable to consider how the phosphide phase relates to other catalytic systems. In
a bimetallic or intermetallic system, the second metal definitely alters surface geometry
but both metals still possess metallic character. In the case of a phosphide, the surface
P atoms may introduce different character which can lead to the co-existence of both
proton-acceptor and hydride-acceptor centers on a single surface. Calculated results
also indicate that the M—M distances differs depending on the M/P ratio. Within the
PdP; structure, neighboring Pd atoms are separated by 280 pm which may imply that
these atoms behave as isolated atoms.”” Whilst many reports have studied bulk
properties of a metal phosphide, investigations of surface structure are relatively limited.
By employing FTIR studies over bulk and supported Mo phosphides, a CO adsorption
band was observed at 2037 cm™! assigned to CO adsorbed linearly on Mo®" sites (where

0 <0 < 2). This result demonstrated that interaction of CO on Mo terminated surfaces

was strong relative to P terminated surfaces, suggesting that catalytic behaviour was



associated with the former.'*® Shi and Zhang et al.** highlighted that in metal
phosphides with higher P content, partial negative charges distributed around P centers
on a P-terminated surface, attracts protons as a base which made discharge easier,
promoting its application in electrocatalytic reactions. Accordingly, a more detailed
understanding of surface structure for these materials would clearly be beneficial for

the development of structure performance relationships.

Crystal Structures of Transition Metal Phosphides

WC-type NiAs-type NbAs-type NaCl-type
Hexagonal Hexagonal Cubic Cubic
P Dgh *PBajmme ci-l, 2 Fotw
MoP VP B-NDP, i-TaP  UP, ThP, PuP, YP, ZiP

MnP-type NiP-type Fe,P-type o -
Orthorhombic Orthorhombic Orthorhombic M
Dan = Phwen P,.a P,..DL P

WP, CrP, MnP, FeP, CoP NIP Ni,P, Fe,P, Mn,P

Fig. 6 Structures of some transition metal phosphides. Reproduced from ref 48. Copyright 2009
Elsevier.

3.1.2 Sulfides

Sulfide materials actually show similar physical and chemical properties to the
aforementioned phosphides. For example, most metal sulfides and phosphides share
metal-metalloid bonds (written as M-S or M—P) with a strong metallic or covalent
interaction.!®® The composition and crystal structure of sulfides can also vary widely.
For example, the family of CuxSy materials include Cu:S, Cuio6S, CuisS, Cui.7sS,
Cui6S, Cui39S, Cui.12S, CuS and CuS: stoichiometries, which in turn determines the
active metal distribution on the termination surface.'*® In terms of structure, CuS exists

as a hexagonal structure containing layers of CuS3—Cu3S—CuS3 interacting by covalent



bonds (Fig. 7A-a).**" The crystal structure of CuzS shows a temperature dependence
and exists as a monoclinic structure below ca. 100°C, hexagonal in the range of 100-
440°C and a cubic phase is generated beyond 440°C (Fig. 7A b-d).}#814% The change of
crystal structure contributes to different atomic arrangements and a range of electronic
properties which would be expected to impact on catalytic properties. Similarly, the Ni—
S system also displays a wide range of stoichiometric compositions from Ni-rich to Ni-
deficient (i.e., NiSa, Ni3Sa, NiS, Ni3S2, Ni6Ss, Ni7Se, NigSs).1>® In separate studies Yu
et al. and Idris et al.®®152 reported that the crystal structures of stoichiometric Ni
sulfides also vary with temperature. The hexagonal a-NiS (based on the NiAs structure,
a=b=29.620 A and ¢ = 3.160 A, space group P63/mmc) forms at low temperature
(140°C) but transforms into the rhombohedral B-NiS structure (a =b =3.420 A and ¢ =
5.300 A, space group R3m,) with only a small increase in temperature (160-180°C).
Among the various cobalt sulfides, Co9Sg, C03S4, and CoS; have attracted broad interest.

Han et al.*>3

presented the crystal structures of a series of CoSx phases (Fig. 7B). In the
pyrite-type CoS: structure, Co is octahedrally coordinated with six S atoms but with a
mixed oxidation state of Co*"/Co**. The coexistence of Co®*/Co*" facilitates electron
transfer which can thus catalyze transformations (such as decomposition of H>O> to
produce a variety of reactive oxygen species). For CooSs, a cubic close-packed structure
(a=b=c=9.927 A, space group Fm-3m) was reported, in which 8/9 of Co atoms are
tetrahedrally coordinated and 1/9 of Co atoms sit at the center of an octahedra.'>1%1%6
This phenomenon mean that two distinct metal sites exist in the cubic structure. The
rich structural variation observed in sulfides creates a range of interesting materials
which maybe exhibit unique catalytic behavior.

The chalcogenides are more widely studied and can form layered structures, thus
potentially allowing access to active corner and edge sites which have emerged as the
prominent sites for various application. Mo sulfide exhibits a covalently bonded layered
structure, with weaker Van der Waals bonding between layers. MoS> can crystallize in
three crystallographic forms, two of which are naturally occurring (denoted as 2H and

3R) and one is synthetic (denoted as 1T). 2H belongs to the P63/mmc space group,™’

whereas the space groups of 3R and 1T are R3m®™® and P1 space group®®®, respectively.



SnxSy, 1s typical of a main-group sulfide and is composed of double layers of tightly
bound Sn—S atoms with Van der Waals interactions between adjacent layers. More
specifically, SnS crystallizes with a strongly distorted NaCl-octahedral structure, while

SnS; forms the layered structure of Pbl,.160-161
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Fig. 7 (A) Crystal structures of (a) covellite CuS (b) low-chalcocite (monoclinic) (¢) high-chalcocite
(hexagonal) (d) cubic-chalcocite (cubic) Cu,S. Reproduced with permission from ref 145. Copyright
2014 Royal Society of Chemistry. (B) Crystal structures of (a) CoSa, (b) C03Sa4, (¢) CosSs, (d) CoS4
tetrahedron and (¢) CoSe octahedron, respectively. Reproduced with permission from ref 153.

Copyright 2018 Royal Society of Chemistry.

Whilst knowledge of the bulk structure of d-metal/p-block compounds is useful,
additional insight into the surface structure is of arguably greater importance for
catalysis. It is not uncommon to observe changes in bond lengths and interlayer spacing
as a result of surface relaxation effects. DFT calculations offer an effective method for
exploring the magnitude of such effects. This is exemplified by the work of Miller et al.
who studied PdsS surfaces. 12 The crystal structure of PdsS was determined

t163 and a tetragonal unit cell was reported along

experimentally by Gronvold and Ros
with expected Pd-Pd (2.78-3.10 A) and Pd-S (2.34-2.48 A) bond length ranges. Based
on analysis of the bulk structure the S terminated Pd4S (100) surface would have S
atoms which protrude above Pd atoms by 0.46 A.1*° However, DFT calculations suggest
this value decreases to 0.42 A and is indicative of surface relaxation. Whilst this change
may appear small, it is important when considering the adsorption characteristics which

underpin catalytic mechanisms. More detailed consideration of the surface chemistry is

these materials would be of benefit.



3.2 Electronic properties

The electronic environment of d block metals will be influenced by the introduction
of light sp heteroatoms via the formation of strong covalent M—X bonds. The difference
in electronegativity between the two elements will generally result in a degree of charge
transfer from the metal to the non-metal. This influence can be explained according to
the Bronsted—Evans—Polanyi relationship, where the interstitial atoms arranged in the

right ordering favor alloying, 64165

3.2.1 Phosphides and sulfides

Despite many potential applications of metal phosphides in the catalytic field,
detailed insight into the electronic structure has remained elusive.
Early theoretical studies on Fe, Ni and Co phosphides suggested that back-bonding
took place from phosphorus to metal atoms which would contribute to a positively
charged P,%® although appears contrary to the difference in electronegativity. On
account of the catalytic behavior being strongly dependent on the degree of P back-
bonding and the occupancy in 3d states of the metal, an unambiguous understanding of
the electronic properties of phosphide systems is required. The electronic properties are
expected to be influenced by the electronegativity difference, the ratio of M to P as well
as the localised environment. Mar et al.'** examined the electronic structures of binary
MP, M>P and M3P phosphides (where M = Cr or Ni) by means of experiments including
X-ray photoelectron and absorption spectroscopy. The binding energy of phosphorus
2p3/2 and the energy of absorption decreased linearly with increasing difference in
electronegativity which implies improved charge transfer from the metal to P atoms
(estimated formal charge of -1). As mentioned already, the electronic structure of Ni,P
was evaluated by XPS and XANES. Measurements suggest that the BE is much smaller
in Ni phosphides than those of oxidized species (NixO and P>Os) which suggests Ni—P
bonds tolerate lower ionicity than Ni—O bonds (associated with lower difference of
electronegativity).**!14! Furthermore, the P centers in metal-rich phosphides adopt the

oxidation state of -1, although the ionic character tends to increase with increasing P



content meaning that P-rich phosphides have valence electrons that are more localized.
Consequently, P can hold several oxidation states from 0 to —3.!3° Interestingly, the
electronegativity of P is relatively low (2.19) compared with that of other light sp
elements such as sulfur (2.58), carbon (2.55) and nitrogen (3.04) and therefore the
electrons are to a certain extent localized in the vicinity of P atoms,?* leading to
semiconductor or insulator properties. By analyzing the electronic structures, for

instance, of a series of Co—P compounds, Yang et al.!*}

analyzed the charge density
distribution of CoxPy. Fig. 8 a—d displays the total charge density map in the (010) plane
for Co2P(I), (100) plane for Co2P(II), (010) plane for CoP, and (011) plane for CoP»,
respectively. It is clearly seen that weak covalent bonding exists between Co and P
atoms, originating from the interactions of s—p hybridization. Meanwhile, it can also be
observed that the charge density around P atoms shows a strong directional distribution
toward Co atoms with significant charge distribution overlap between Co and P atoms
in all samples, illustrating the existence of covalent bond between Co and P atom. Based
on the density of states (DOS) result, the lowest valence band of Co,P and CoP mostly
constitutes P 3s character, while the upper valence band is comprised of hybridization
of Co 3d and P 3p. No band gap near the Fermi level can be observed, suggesting
metallic nature of Co2P and CoP for metal rich materials whereas the P-rich CoP> and
CoP3 compounds possess semiconductor character based on the DOS at the Fermi level.

Furthermore, it is clear that the p—d hybridization of Co 3d and P 3p character gets

stronger with increasing of P content.
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plane of CoP (II) (b), (011) plane of CoP> (d). Reproduced with permission from ref 133. Copyright
2010 Elsevier B.V.

Over past decades, the metal sulfides have attracted wide attention owing to their
interesting electronic properties. The electron-rich S is expected to alter the electronic
state of a transition metal containing compound. For example, p—d orbital hybridization
between S and Re atom,'®”-1% Jeads to charge compensation from S p-obritals to &
Re—Re bonds which thus changes the optimized electronic states. This was confirmed
by Li and coworkers via calculation of the projected d-band densities of states.
Moreover, metal defect introduction, activates S and Re—Re bonds through the
formation of dangling bonds (Fig. 9) which achieve better catalytic activity.’®® The
same phenomenon was reported in the MoS system. The effect of sulfur modification
on the electronic properties extends to noble metals. Albani et al.1’® formed supported
Pds;S nanoparticles by inducing S into the Pd lattice after a mild treatment. According
to theoretical calculations, incorporation of S resulted in a downshift of the d-band DOS

for PdsS (202) and Pd3;S (001) to —1.80 and —1.90 eV (relative to the reference value for

Pd of —1.39 eV). This was in agreement with XPS observations and illustrates a shift
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in charge away from Pd. Song et a reported that NiS; possessed typical

semiconductor properties where the intrinsic charge compensation from S to Ni could

1.172, it is stated

manipulate the active electronic states. In a study by Subbaraman et a
that Ni2* is more active than other divalent cations (Co*", Fe**, Mn?") and this is
ascribed to the enhanced 3d—2p repulsion between the d-band of metal and p-band of
the coordinated electronegative ligand (S?°). Another example is ALO3; supported M-
Mo-S (M=Co or Ni),}”® in which the second metal atoms are generally located at the
edges of MoS;. It is found that Co or Ni play a role of electron donor to Mo atoms,

weakening the bond of Mo-S, and consequently producing S vacancy sites which play

a key role in hydrodesulfurization processes.
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In addition to the phosphide and sulfide phase, the nature of the support generally

plays a key role in the morphology, dispersion, and obviously in the catalytic activity
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of the prepared catalysts. For example, Lercher et a reported an unsupported Mo

sulfide catalyst formed slabs with 15-20 nm particle size, whereas supporting on a y-



ADOs phase generated a highly stable dispersed Mo sulfide with average stacking
degree of 1.6-1.9 nm. The support therefore facilitated higher dispersion which in turn
increased the proportion of active metal surface atoms and improved catalytic
performance. Besides, well-known that conventional supports are not a totally inert
substrates under reaction conditions (such as acidic character) and could allow the
migration of the active metals into its more external surface forming sub-superficial
spinels.}” In early reports, Topsee et al.}’® found that the CoMoS structures possessed
more intrinsic activity once considerably decreasing the interaction with AlOs3
substrate. Since then, the modulation of the interaction between the active phases with
support has been triggered the wide attention. Moreover, it is further realized that the
catalytic behaviour of MoS; materials is strongly dependent on the morphology and the
orientation, associating with the bound on the edge or basal planes decided by the
interaction with the support.}”” For instance, the preferential bonding is on the (111)
and (100) planes when carrier is selected as y-AlOs, as the relatively weak and
intermediate interactions as Bara et al. reported,'’® while the plane (110) presented
highly dispersed and oriented oxide particles with strong metal support interaction with

small stacked MoS; slabs.

3.3 Properties of other d-metal/p-block materials

Transition metals can also react with other p-block elements such as boron, carbon
or nitrogen to obtain the corresponding borides, carbides and nitrides. These materials
also display a large range of diversity in terms of composition and structure. Whilst

detailed discussion of carbides and nitrides fall out with the scope of this review,'’ it's
worth noting that when the radii ratio of non-metal to metal (rx/rm) is greater than 0.41
and less than 0.59, geometric structures are considered to be more stable (Hagg’s
rule).’8® In the case of borides, as the metal to boron ratio decreases, the evolvement of
boron structures from 1 and 2D clusters to extended 3D frameworks occurs. Nickel
borides are a fair example of a class of metal borides (MB’s)'®!, in which a boride layer

mainly consists of Ni2B and NiB, in which the former incorporates short linear B—B

chains, while the latter is composed of corrugated B—B bonds, in agreement with that



of monoclinic NisBs. The difference in NisB is the presence of longer B—B interatomic
distances, which suggest the boron atoms in this Ni trigonal prism are isolated.
Tungsten borides show similar diversity. In the case of W2B, the W.B-W:B structure
becomes the most stable, in which a W atom is fourfold coordinated by B atoms and
surrounded by three W atoms, while B atoms are coordinated with eight W atoms
located at the corners of an archimedian square antiprism.'8 Totally different from
W:B, WB-WB structures in WB are made of trigonal prisms consisting of W atoms
along with the B atoms located at the body center. This WB. structure is also based on
a monocapped trigonal prism arranged with eight B atoms surrounding the W atom,
with the sevenfold coordinated B atom surrounded by four W atoms and three B atoms.
Recently, Wang and coworkers presented work on ternary transition metal borides
(such as Ti2InB, and Ti>SnB.) based on both theoretical and experimental studies.!8
These borides crystallize with a hexagonal structure as opposed to the orthorhombic
one. For the LaBs, 6xB atoms form an octahedra occupying the corners of a simple
cubic lattice.'®*

In the case of metal borides, the diverse electrical properties mirror the complex
chemical bonding behavior. Our understanding of charge transfer between the boron
and transition metal is still highly questioned in view of first principle calculations and
photoelectron spectroscopy.'®® Specifically, first principle calculations®®18" suggest
total electron shift from the metal to boron based on the relative electronegativity.
However, the d electrons are, more often than not, incompletely polarized in the
opposite direction, leading to increased d electron population of the metal atoms. Until
recently, researchers proposed differing electron transfer including from boron to metal
for boron-poor TM borides (MBy, x < 2) and from metal to boron for boron-rich TM
borides (MBy, x > 2). The electronic structure of a NiB material was examined
experimentally and by calculations. The results confirmed transfer from B to Ni818°
originating from hybridization of s—d orbitals in the metal and s—p orbitals of boron.
Ma et al.?®® explored boron-rich Mo systems including MoB;, Mo2Bs, MoB3 and MoBa.
Based on total and partial density of states, the major orbital occupancy near the Fermi

level stems from Mo 4d electrons, suggesting metallicity, while significant



hybridization between the Mo 4d and B 2p orbitals results in a strong Mo-B covalent
bonding nature. Additionally, back-donation indeed occurred for all the compounds. It
is noteworthy that the same conclusion was obtained for both ZrB, and HfB, where the
bonding states of Zr/Hf-d and B-2p orbitals are responsible for the existence of covalent
bonding. %!

Interstitial carbides and nitrides are frequently investigated together because of the
similarity in structure, although these structurally differ from both phosphides and
sulfides. This is related to the atomic size of C (0.071 nm) or N (0.065 nm) which
enables occupation of interstitial sites between metal atoms.'®? There is presently
interest in binary molybdenum or tungsten-based materials.!*° The molybdenum
carbides display simple crystallographic structures.’®® The p-MozC is reported as a
hexagonal closed packed structure, whereas a-MoCi.x is face centered cubic. Demczyk
and coworkers found that the surface structure of passivated Mo2N differed from the
underlying structure from the bulk material, while 3-MoN adopted the NiAs structure

but with a series of closely related structural variants.%

3.4 Implications of properties for catalysis

The above observations/remarks suggest the inclusion of additional non-metal C,
N, P or S atoms can be beneficial for controlling and tuning metal reactivity. By bonding
heteroatoms to transition metals, changes in electronic properties are induced and/or
the geometry around the metal changes which could create unique behavior for catalysis.
In the terms of modulating geometric structure, the introduction of p-block elements
dilutes the transition metal atoms in a controlled manner if a single phase is formed (i.
e., NioP or NisP4).*® For example, detailed analysis reveals the presence of spatially
isolated nickel trimers which modifies the binding energies of organic intermediates
and assists in preventing undesired side reactions.*® This type of uniform surface site is
difficult to achieve in a bimetallic catalyst since a number of factors can influence the
distribution of the two components. Whilst in principle, an intermetallic system may

yield uniform surface sites, the second metal may not be inert (i.e., the surface may still



seem like a contiguous surface). By changing the M:P block ratio it is possible to
explore a variety of surface architectures. For example, the group of Wei changed the
geometry around active Ni sites by adding P, to explore the impact on the adsorption
state and hydrogenation of a C-C triple bond.!®® DFT calculations suggested that the
long distance of Ni—Ni in NiP inhibited the orbital hybridization of C=C from sp? to
sp’, and thus di-n(C=C) adsorption occurs on a single nickel atom, rather than
dissociated di-o(C=C) adsorption on multiple Ni atoms.

Electronic behavior also has an important effect on reactant adsorption. Through

experimental and theoretical methods. Liu et al.!”!

showed that intrinsic charge
compensation from non-metal heteratoms to metal bonds could influence active site
electronic properties, such that reactants like hydrogen adsorb with different strengths
which could improve catalytic traits. Furthermore, reports illustrate that catalytic
activity can be enhanced as a function of the content of heteroatoms (i.e. B) which is
attributable to the electronic influence of that heteroatom on the active metal.1%%" For
example, a range of Ni:B ratios were reported by Acosta et al.!% for the hydrogenation
of nitrobenzene and glucose. They found that the non-metal atoms introduced holes into
the Ni metal d band, which modified the electron population of the Fermi level, altering
the rate for dissociative chemisorption of hydrogen. More importantly, the interaction

between the transition metal and metalloid element led to an electron-deficient metal

and also generated a high energy barrier for subsurface species (i.e. hydride formation).

4 Catalytic applications of metal phosphides and sulfides

Metal phosphides and sulfides have been explored as potential catalytic materials for
various reactions, particularly for processes which are typically catalyzed by metals. In
some cases, the metal phosphides/sulfides may possess acid-base properties, redox
reversibility, capacitance, optical properties or high electric conduction, broadening
their potential range of applications. In this section, the focus is on the application of
these materials in processes including alkyne hydrogenation, hydrodesulfurization

(HDS), hydrodenitrogenation (HDN) and electro-/photo-catalysts for energy



conversion.

4.1 Gas phase alkyne hydrogenation

For many decades metal phosphides have been explored for gas phase alkyne
hydrogenation with the first studies reported in 1974 by the group of Sauer, who
investigated the hydrogenation of acetylene to ethylene reaction using Ni and Rh
phosphides.?® Ni,P was also reported to possess good catalytic performance for the
hydrogenation of butadiene to butane by Nozaki and co-workers in the 70s and
80s.199:200 However, the application of analogous materials featuring a precious group
metals such as Pd remained less well studied. Inspired by this, our group®® developed a
series of TiO; supported Pd phosphides (including Pd;P and PdP; phases) with a small
particle size of 4.0 nm using NH4H>PO» as phosphorous source. The catalytic results
showed that PdP; exhibits enhanced catalytic behavior in comparison with Pd;P for the
hydrogenation of acetylene under both non-competitive and competitive conditions (i.e.,
with or without ethylene co-fed along with acetylene). CO-FTIR characterization
indicated the incorporation of P helped to break up contiguous Pd sites (creating a more
discrete type of Pd site), with this effect being more pronounced for PdP; than Pd;P
(Fig. 10). This geometric alteration then in turn, effects the adsorption and desorption
of reactants/products and thus leads to improved activity and selectivity, relative to
monometallic Pd/TiOx catalysts.?! In addition, no evidence of deactivation for the
PdP, phase was observed for a longer 50 h time on stream test. Gas phase alkyne
hydrogenation catalysts tend to deactivate through alkyne oligomerization which leads
to blockage of active sites. Given that oligomerization occurs via alkyne coupling which
would require more than one adjacent adsorption site, it is perhaps not surprising that

Pd sites which are essentially diluted/spaced out by P atoms offer good stability.
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Fig. 10 (A) In situ FTIR spectra of palladium phosphide catalysts exposed to CO. 2% Pd3P/TiO»
(lower, black) and 2% PdP»/TiO; (upper, red). (B) Structures of PdP, (1 0 0), (0 1 0) and (0 0 1)
surfaces based on the crystal structure. Reproduced from ref 99. Copyright 2018 Elsevier.

Metal sulfides have also been explored by our group for gas phase alkyne
hydrogenation with a particular focus on palladium sulfide based materials. A series of
unsupported, bulk phase samples were prepared by exposing an amorphous commercial
PdS sample to hydrogen.®” During reduction at temperatures ranging from 150°C to
350°C, the sample lost sulfur, crystallized and underwent a gradual phase change to a
sulfur lean Pd4S phase (via an intermediate Pdi6S7 phase). The Pd4S phase displayed
excellent catalytic performance for acetylene hydrogenation with exceptionally high
ethylene selectivity. The strong catalytic properties were attributed to a site isolation
effect originating from the crystal structure of Pd4S. Although, it is also thought that the
change in Pd electronic state as a result of the metal-chalcogenide bonding favored
ethylene desorption. This therefore highlights how d-metal/p-block compounds can
lead to both interesting geometric and electronic properties. Although a bulk phase PdS
powder does not represented an efficient utilization of the expensive Pd metal, it serves
as a method for establishing clear structure-performance relationships and highlights
the value of the literature described in section 2.1 of this review.

Based on the need to more effectively utilize Pd, an equivalent material was prepared
on a carbon nanofiber support (note: detailed characterization by a variety of techniques
confirmed the same PdsS phase was present).'?>202:203  \With the supported sample,
ethyne or propyne (in the presence of the corresponding alkene) could be converted
with 95% and 86% alkene selectivity at full alkyne conversion which exceeds what was

achievable with a zero-valent Pd catalyst.?%? Like with the equivalent bulk phase sample,



this was related to the crystal structure of Pd4S which is thought to result in Pd atoms
which predominantly possess S atoms as the nearest neighbors to realize the effective
isolation relative to the ensembles in monometallic Pd catalyst (Fig. 11A).2°2 The state
of the art catalytic performance also extended to the elevated pressures required for
industrial application (80% ethylene or 85% propylene selectivity, see Fig. 11B) and
the formulation could be prepared with an egg-shell type distribution in pelletized
form.?” As with the Pd phosphide catalysts, no signs of deactivation were observed
over Pd4S sample for either bulk or supported samples. Other bulk phase sulfides (i.e.
Ni2S; and CuS) were explored and whilst the nickel analogue was observed to be active
it was less selective for acetylene hydrogenation.?”* Furthermore, the supported PdsS
phase was also studied in the partial hydrogenation of but-1-yne and but-2-yne to probe
the difference between external and internal alkynes. Regardless of the nature of the
alkyne, Pd4S offered exceptional alkene selectivity (92-93%). DFT calculations were
used to gain insight into the reaction mechanism (Fig. 11C) and indicted that the
reaction involved two Pd atoms which are separated from other Pd atoms by
neighboring S atoms. It is perhaps important to highlight here that the role of the P-
block element in this example is to create isolated sites, not necessarily isolated atoms.
The calculations also suggested the energy barrier for alkene desorption over Pd4S is

lower than that for alkene hydrogenation.?%*
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Fig. 11 (A) Pd4S unit cell viewed along the (001) plane. Reproduced with permission from ref 202.



Copyright 2017 Elsevier Inc. (B) Conversion, product selectivity versus time over Pd4S/CNF in (a)
ethyne/ethane mix and (b) propyne/propadiene/propene/propane mix. Reproduced with permission
from ref 203. Copyright 2016 Elsevier Inc. (C) Step-by-step hydrogenation mechanism of but-1-
yne to butane on the Pd4S (200) surface. Reproduced with permission from ref 204. Copyright 2020
Elsevier Inc.

4.2 Liquid phase hydrogenation of functionalized alkynes

On the other hand, metal-metalloid materials are also promising candidates for the
liquid-phase hydrogenation of functionalized alkynes. Nickel phosphides were once
fabricated by Corma and coworkers as a cheap and mild catalyst for the chemoselective
hydrogenation of alkynes such as undec-5-en-1-yne and p-(1-phenyl-ethynyl) styrene.
to cis-alkenes but with lower reactivity and Z/E ratio for internal alkenes.?®® The Ni:P
ratio was reported to be important with ratios of 3.5 or greater meaning that P blocked
the most unsaturated sites (acting as a poison) and also resulted in electron transfer from
Ni to P. Supported Ni—P nanoparticles including Nii2Ps, Ni2P, and NiP> derived from
hydrotalcite precursors have been also explored for the chemoselective hydrogenation
of phenylacetylene.'” The resulting Ni>P/Al,O3 sample exhibited much better styrene
selectivity (up to 88.2%) than Ni2Ps/Al,03 (48.0%), NiP2/Al,03 (65.9%) and N1/Al,03
(< 1%) catalysts. In situ CO-IR, EXAFS and DFT calculations revealed that the
incorporation of P extended the Ni-Ni bond length to 0.264 nm (Ni-Ni = 0.249 nm for
pure Ni) and withdrew electron density from Ni to create an electron deficient Ni site
(Ni®"). The combined geometric and electronic effects favored alkene desorption
although employing ethylene as a model substrate (Fig. 12).
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Fig. 12 (A) Normalized intensity of Ni K-edge XANES spectra (B) Ni K-edge position plotted
against Ni oxidation state (C) Fourier transform k3-weighted EXAFS spectra in R space (D) The
catalytic conversion and selectivity vs cycle number for the hydrogenation of phenylacetylene over
Ni,P/ALOs catalyst at 100°C; Atomic arrangement and chemical bonding of the preferential crystal
face of (E) Ni (111) face, (F) Ni12Ps (001) face, (G) Ni2P (001) face and (H) NiP» (001) face showing
the optimum adsorption state of ethylene (used as a model in place of styrene). Reproduced with
permission from ref 195. Copyright 2015 American Chemical Society.

Subsequently, Ni;P and NisPs active phases were further assessed in the
hydrogenation of 1-hexyne and 2-methyl-3-butyn-2-ol.%® It was found that the activity
and selectivity in the semi-hydrogenation of 1-hexyne over Ni,P and NisP4 didn’t link
to the Ni/P ratio. However, in the case of 2-methyl-3-butyn-2-ol the Ni,P based sample
exhibited a higher rate and lower selectivity. The P atoms were shown to create spatially
isolated Ni trimers which were beneficial for the desorption of alkene relative to a Ni
only catalyst (Fig. 13A and B). Zhao et al.?®® fabricated ultrasmall Pd—P NPs by
reduction of Pd(acac), and TPP as P source and tested the catalysts for performance in
the chemoselective hydrogenation of various terminal and internal alkynes. Electronic
deficient Pd was observed by XPS as a positive shift of BE of Pd (3d) relative to that
in monometallic Pd nanoparticles. This hindered the formation of palladium hydride
and this was linked to the excellent semi- and stereo-selectivity to alkene product. Pd-
P nanoparticles can be also obtained by low-temperature reduction of Pd(acac); in the
presence of P and Hp, as reported by Belykh et al. for the hydrogenation of mono- and
di-substituted acetylenic compounds.?’” By varying the P:Pd ratio, the triple bond
hydrogenation rate, relative to the double bond hydrogenation rate increased, resulting
in a significant boost in activity (8-9 fold), while maintaining high selectivity to the
corresponding alkenes. The same group also studied 2-methyl-3-butyn-2-ol

hydrogenation as a model substrate?®

and found modification with P improved the
activity and turnover number (relative to Pd catalyst) without any decrease in the
selectivity to 2-methyl-3-butene-2-ol at high conversion (95-98%). Furthermore, the
group of Zhao 2 investigated bimetallic (and trimetallic) phosphides of
Pd—Cu—(Ni)—P and explored the relationship between composition, morphology and

catalytic behavior for diphenylacetylene, and 1-phenyl-1-butyne hydrogenation. The



excellent catalytic activity and selectivity was attributed to synergistic effects between
Pd and P as well as the another metals (Cu or Ni) which lead to electron deficient of Pd.
The excellent performance of Pd sulfides for gas phase hydrogenation, described earlier,
also extends to liquid phase alkyne hydrogenation. Specifically, Albani et al.
demonstrated excellent activity, selectivity and stability for a Pd3S/C3N4 catalyst for the
liquid phase hydrogenation of 2-methyl-3-butyn-2-ol. 21 A molecular level
understanding for Pd3S/C3N4 was obtained through a combined experimental and DFT
approach which revealed the stellar catalytic behavior was linked to spatially-isolated
Pd sites relative to Pd metal (Fig. 13C). Importantly, this type of active site exists as a
result of the underlying PdsS structure. Beyond this particularly ensemble, the S atoms
were shown to impart a bifunctional mechanism by weakening binding of the organic
intermediates. The report also compared the Pds;S and PdsS phases and suggested that
whilst they were similar, the Pd3S phase, was more active for 2-methyl-3-butyn-2-ol
hydrogenation. This type of comparison is important because if the underlying surface
structure of the d-metal/p-block compound controls the active site geometry, then it is
perhaps not surprising that changes in substrate structure would reveal a preference for
different active sites. In other words, changing the d-metal/p-block element
stoichiometry offers a feasible and reproducible method by which the active site

geometry can potentially be fine-tuned.
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Fig. 13 (A) Top view of the Ni (111), NizP (NizP (0001)), NizP2 (0001) and NisP4 (NigP3 (0001))
surface termination. (B) Energy profiles for the hydrogenation of acetylene on the Ni(111),
NizP(0001), Ni3P2(0001) and NisP3(0001) surfaces. NisP3-1 and NigP3-2 indicate that the profiles
consider two different adsorption configurations of the acetylene molecule, forming P-CH-CH-P
and P-CH-CH-Ni intermediates, respectively. Reproduced from ref 38. Copyright 2018 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (C) Structure of Pd;S and Pd.S highlighting ‘Pd ensembles’
(as triangles in the image) and a comparison to pristine Pd surfaces. Reproduced from ref 210.
Copyright 2018 Nature.

4.3 Other reactions

Supported phosphides were originally developed for catalytic applications such as
hydrodesulfurization (HDS) or hydrodenitrogenation (HDN).!* For instance, in 2005, Liu

etal. 2!

investigated a Ni>P catalyst for HDS using thiophene as a representative reactant.
P atoms in NizP were shown to play a complex and important role. First and foremost, a
ligand type effect arose from the formation of Ni—P bonds which contributed to a high
ability to dissociate both thiophene and hydrogen. Secondly, an ensemble effect (created
by the introduction of P relative to monometallic Ni catalyst) decreased the number of
active sites but then suppressed deactivation caused by high coverage of the strongly

bound S. The P atoms also offered effective bonding for the thiophene and H atoms

necessary for hydrogenation. A similar mechanism/interpretation has also been suggested



for HDS* over MoP and for hydrodehalogenation reactions over Ni,P materials.?*>23

Furthermore, by monitoring the CO-FTIR spectrum, a blue shift from 2045 cm™ to 2100
cm™! occurred over a MoP/SiOz catalyst during the process of hydrodesulfurisation,
indicative of partial sulfidation of the surface suggesting the potential formation of a
multi p-block compound.?**

Regardless of whether used in HDN or HDS reactions, one crucial feature of Ni
phosphide catalysts is bifunctionality - metallic sites on Ni phosphide and acid sites
generated by residual phosphate on the support surface.*?'®> This bifunctionality can
be regulated by the changing the initial ratio of P to Ni. To take advantage of this, Zhang
and coworkers?'® explored supported nickel phosphides with different initial Ni/P
molar ratios (Ni/P = 1:3, 1:2, 1:1, and 1:0.75) as efficient one-pot conversion catalysts
for the cellulose to sorbitol reaction. The dual-site function was responsible for the
hydrolysis of cellulose to glucose and the subsequent hydrogenation of glucose to

sorbitol in a very high yield. Similarly, Fukuoka et al.?!

also employed the same nickel
phosphide catalysts for the conversion of cellulose in water. Over 60% sorbitol
production was obtained with high cellulose conversions. However, in contrast to
Zhang's conclusion, an amorphous Ni phosphide phase was identified with increasing
temperature, which was considered to be responsible for the high yield. Guaiacol can
be employed as reactant since it is an excellent model compound for species derived
from the lignin fraction of biomass. The hydrodeoxygenation (HDO) of guaiacol was
also investigated over Ni,P supported on various acidic supports.?®® The order of
activity of NioP catalysts was amorphous silica—alumina > USY zeolite embedded in a
silica—alumina matrix > the microporous zeolite ZSM-5. The phosphide catalysts
produced cresol and phenol products as the main products whereas, in contrast, a Si0>
supported catalyst favored benzene formation. This implies that the acid sites influence
the product distribution. Contact time measurements revealed that the main pathway
for the most active NizP/amorphous silica-alumina sample involved conversion of
guaiacol to the primary intermediate catechol before dehydroxylation to phenol.
Furfural is another biomass-derived platform molecule of interest. The gas-phase HDO

of furfural to yield value added products such as 2-methylfuran (MF) was explored over



transition metal phosphides. NioP was found to be the most promising catalyst although
varying the Ni:P ratio was reported to influence selectivity to MF and tetrahydro-2-
methylfuran.?®® Increasing P content appeared to weaken the interaction between the
furan ring and catalyst compared with the conventional zero-valent Ni metal, which
then contributed to less ring opening and ring hydrogenation activity. Interestingly, a
smaller Ni:P ratio also improved the interaction of the carbonyl group which enhanced
its conversion (note: electron-deficient Ni®" binds to the lone pairs of carbonyl O and
the electron-rich P> donates electrons to the antibonding orbitals of C=0 derived from
XPS and IR analysis-Fig. 14A and B). Importantly, P species can also act as Bronsted
acid sites which facilitate C1-O; hydrogenolysis of furfuryl alcohol to increase MF yield,
but a similar phenomenon is not observed in monometallic Ni catalyst (see Fig. 14C).
Golubeva et al.??® investigated in situ generation of nickel phosphide particles. NisP
and Nii2Ps phases were synthesized using oil-soluble precursors in toluene and water-
soluble precursors in ethanol, respectively. Both catalytic systems exhibited high
activity in the hydroprocessing of furfural. Notably, using toluene as a solvent, 2-
methylfuran was obtained as main product (highest selectivity of 77%), whereas ethyl
levulinate and 2-methylfuran were obtained with selectivity of 40% and 38%
respectively when ethanol was used a solvent. This can be ascribed to the existence of
both metal and acid sites for the catalyst formed in the ethanol system (note: the

hydrogen donor properties of ethanol are also expected to play a role).
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Fig. 14 (A) (a) Ni 2p and (b) P 2p core-level XP spectra of reduced NiP(x)/SiO:z (x =0, 0.33, 0.5,
1, and 2) (B) IR spectra of furfural adsorbed on reduced NiP catalysts (C) Effect of P on furfural
HDO over Ni and nickel phosphide catalysts (Catalyst=60 mg, T =180 °C, H,=20 ml/min,
furfural=0.001 ml/min in liquid). Reproduced with permission from ref 219. Copyright 2021

Elsevier Inc.

Hu and coworkers??! studied the hydrogenation activity of a bulk Ni»P sample using
1.5 wt.% heptene in toluene and 1.0 wt.% phenylacetylene in ethanol. This catalyst
displayed low activity but could be tuned by introducing TiO2 or CeO; additives in a
controlled amount. Gao et al.??? reduced the particle size of NixP to sub-nanosized
clusters with P-doped carbon for the chemoselective hydrogenation of nitroarenes. It
was found that electron transfer from P-doped carbon to the NixP clusters caused a
downshift of the d-band center of Ni which promoted H desorption on highly charged
antibonding orbitals of Ni—H. Meanwhile, the nitro group was preferentially adsorbed
on the surface of P-doped carbon owing to geometrical hindrance on NixP clusters that
contributed to good selectivity. Very recently, a single Ni,P phase was employed as a
novel non-noble-metal catalyst for the hydrogenation of nitrate to NH; under ambient
conditions.??® The introduction of P contributes to the Ni>P (001) facet possessing an H
saturation density that is one-fifth to one-sixth lower than that of Ni (111) and Pd (111).
The means the phosphide phase may be able to better accommodate the otherwise very

weakly coordinating nitrate ions and leads to 96% NH3 selectivity. There are also reports



of noble metal phosphides, being explored for other reactions. For instance, Furukawa
et al. demonstrated that phosphidation of Ru to form Ru;P improved activity 20-fold,
compared to metallic Pt, Pd, and Rh for toluene hydrogenation (Fig. 15A and B).?%*
Although the cost of precious metals (Fig. 15C) is very necessary to consider due to
their scarcity, but not the only variable, we still need to consider other factors such as
the source of P and the energy/material costs. The calculations (Fig. 15 D and E)
demonstrated that the angles between phenyl ring and aromatic C—H bonds in RuzP
were much larger than that in Ru surface, which led to the highly distorted and strongly
adsorbed toluene on RuzP with an sp3-like conformation, and thus enhanced the
catalytic activity. Our group??® reported a robust Ru phosphide (RuP) catalyst for
propane dehydrogenation. The P element acted as a structural promoter to reduce Ru
ensemble size which decreased the hydrogenolysis rate relative to Ru metal.
Additionally, increasing P/Ru ratio resulted in lower energy for Ru valence orbitals,
which weakened the metal-adsorbate energetics and decreased reactant coverages (Fig.
16), thus resulting in high propylene selectivity. Sulfur can also play a role in reducing
ensembles size by blocking part of the active metal surface during steam reforming of
methane. The as-obtained ensembles of free metal atoms are sufficient for the
conversion of adsorbed methane with steam, but too small to allow for the normal
nucleation of carbon whiskers and thus inhibit the formation of coke.??® The catalytic
behavior of amorphous metal borides for selective hydrogenation reactions is also well
documented. The reports by Li et al. indicated that catalytic activity was linked to boron

tl97

content'”’ and was associated with the electronic influence of B on the active metal but

also with the stable dispersion of small metal crystallites.??’
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Fig. 15 (a) Toluene conversion and (b) change in TOF upon phosphidation of various SiO»-
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from ref 224. Copyright 2018 American Chemical Society.
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(C) Ru ensemble size (dashed yellow line) for the most stable surface planes: (a) Ru (001), (b) RusP
(210), and (c) RuP (111). Ru atoms are shown in green, and P atoms are shown in purple.
Reproduced with permission from ref 225. Copyright 2020 American Chemical Society.

In recent years, metal phosphides and sulfides have been explored for energy

conversion applications. Liu et al. evaluated the activity of NiP (001) in the hydrogen



evolution reaction (HER)'*? and reported that the good electrocatalytic behavior obtained
was attributable to an ensemble effect. More specifically, the active Ni sites were diluted
by P atoms which could themselves act as proton-acceptor and hydride-acceptor centers
which helped facilitate the HER. Later, Luo and coworkers??® reported that FeP nanorod
arrays supported on carbon cloth could act as a binder-free 3D hydrogen evolution cathode
which possessed good activity and durability in acidic media but were also active in
neutral and alkaline medium. Similarly, Co phosphide has been touted as a promising next-
generation HER electrocatalyst with excellent catalytic properties as well as durability.?2°
Nickel phosphide materials have also been explored as photothermal catalysts for the CO»
hydrogenation reaction (note: photothermal indicates that the light source both activates
the photocatalyst and provides photothermal heating). A Ni;2Ps phase was identified as an
excellent material since the underlying crystal structure leads to well-dispersed Ni
nanoclusters that are spaced out by the P atoms (Fig. 17).2%° This sample also has the
added benefit of harvesting light intensely across the entire range of solar spectra which
leads to effective photothermal catalysis. Nij2Ps provided a CO production rate of 960 +

12 mmol g cat' h ™!, 100% selectivity and long-term stability. This concept was also

extended to CooP analogs.”’
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Fig. 17 XAS measurements. (a) Ni K-edge X-ray absorption near-edge structure (XANES) spectra,
with Ni Foil and NiO powder included as references. (b) R-space spectra. (c) Time-resolved in situ
XANES curves plotted in the simulated reaction condition (CO2:H»=5:1 gas flow, with a
temperature of 300 °C or 350 °C). Surface crystal structure perspective of Nii2Ps. (d, e) In the (001)



orientation. (f, g) in (010) orientation. Note the white spheres represent the P atoms, and Ni atom
with two different coordination environments are depicted as dark green and light green spheres,
respectively. Reproduced with permission from ref 230. Copyright 2020 Nature.

Due to attractive properties such as exceptional ionic conductivity and lower
migration energy, metal sulfides have emerged as a novel class of materials for energy

conversion. Lou et al.?3!

converted ‘onion-like’ Co4S3 particles into unique NiCo02S4
hollow structured shells through a subsequent cation-exchange reaction with Ni*" ions.
Benefiting from the unique shell architecture and robust matrix, the as-prepared
NiCo02S4 particles exhibit improved electrochemical performance as a battery-type

2 also

electrode with outstanding cycling life and enhanced energy density. This group?®
synthesized hierarchical Fe;—~S-filled porous carbon nanowires/reduced graphene
oxide. The material was efficient for sodium storage. Furthermore, CuigS was
suggested as a new anode material for Na-Ion batteries according.?®* Owing to the short
ionic diffusion length, the CuisS exhibited enhanced electrochemical properties and
structural stability (related to strong Cu—S bonds and octahedral interstitial sites for Na*
ions). Mo sulfide and main group metal sulfides (SnS microboxes) also display efficient
sodium storage property with good capacity and excellent cycling stability.?*?% Many
binary (CdS, ZnS, MoS,, SnS», Bi>S3, In2S3, CusS, NiS/NiS,, CoS»), ternary (ZnlnySa,
CdInzS4, CulnS;, CusSnSs, and CuGaS;), and quaternary (Cu2ZnSnSs4) metal sulfide
systems have also been considered as semiconductors for photocatalytic CO» reduction.?*®
Very recently, Patir et al.?3” successfully synthesized Cu-based multinary sulfide (M:CuxS,
M = Ni, Co, Mn or Zn) by a hot-injection method and used them as catalysts for the
photocatalytic H> evolution under simulated sunlight irradiation. The Ni:CuxS nanorods

were more active and provided more stable hydrogen evolution (4.0 mmol h' g!) than the

other systems studied.

5. Conclusion and perspective for future studies/applications

In this review, recent progress in preparing and utilizing metal phosphides and metal

sulfides have been summarized. Firstly, a diverse range of synthesis strategies have



been described. Bulk phase methods can yield high purity phases which can help to
elucidate structure-performance relationships since these materials are inherently easier
to characterize than dispersed phases. Although, it is important to consider the role of
surface chemistry which can be complex for these materials. Of course, for a
heterogeneous catalyst it is preferable to have a highly dispersed active phase since this
increases the number of active sites. Therefore, for a synthesis strategy to be considered
effective for preparation of a heterogeneous catalyst it should ideally produce a single
d-metal/p-block phase. It should also utilize both benign reagents (such as non-toxic
hypophosphite, organophosphorus/sulfur compounds, or even S or P doped oxides) and
synthesis conditions (i..e, low temperature). In this regard, solvothermal, precipitation
and phosphination/sulfidation methods represent the most viable synthesis strategies,
although template approaches are advantageous for fabricating metal-P block
compounds with specific morphology.

Alteration of the d-metal/p-block element ratio changes both the geometry and
electronic properties. In a metal-rich compound (i.e, PdsS or PdsS) the p-block element
acts as a spacer which creates specific metal ensembles. However, as the ratio decreases
you will gradually shift towards smaller ensembles and/or individual metal atoms. It is
therefore desirable to have synthesis methods which allow for the facile alteration of
the d-metal/p-block element ratio so that geometric changes to active sites can be
systematically studied. In terms of electronic properties, there is typically a difference
in electronegativity between the metal and the p-block compound.  As such, there will
be a degree of charge transfer from the metal to the non-metal which may create
electron deficient metal atoms which are highly active. The degree of charge transfer
will inevitably vary with the d-metal/p-block element stoichiometry. In other words,
across a range of compositions you are likely to see a combination of effects which
makes untangling electronic and geometric effects non-trivial. To aid with this, it is
necessary to employ a combination of experimental and theoretical techniques with
DOS, DFT calculations and XPS appearing especially helpful. The added advantage of
DFT calculations being that consideration of surface relaxation effects can be included.

It is also important to note these materials may undergo structural changes during



operation under catalytic conditions. Therefore, ex-situ characterization should also
be complimented by advanced in situ characterization methods such as XAS, XPS,
XRD and AC-STEM to name a few. This helps to ensure that structure-performance
relationships are based on an understanding of the catalyst under working conditions
and not misconceptions derived from ex-situ measurements.

To date, metal phosphides and sulfides have been examined for a variety of
applications, although many of these involve hydrogenation chemistry (i.e., HDS and
HDN). This links to the metal atoms retaining metal character. Particularly noteworthy
results have been achieved for the hydrogenation of unsaturated carbon-carbon bonds
in both gas and liquid phases reactions. In these cases, metal sulfides have been shown
to be especially selective but also highly active. Clear ensemble effects have been
shown with both metal sulfides and phosphides offering uniform active sites that are
simply not achievable in the absence of the p-block element. Whilst it can be argued
that some degree of ensemble control is possible through alloying it will not necessarily
be a uniform effect unless working with an intermetallic. Even then, the second metal
may play a more pivotal role than the p-block element in the catalytic mechanism.
Although, this remark is made with a degree of caution since literature includes
examples where the p-block element may be actively involved in mechanistic steps.

Much more work is necessary to fully explore the concept of site-isolation in metal
phosphides and sulfides, with special interest in alternative reactions (i.e., selective
oxidations, C—H activations etc.) and the ongoing work exploring energy conversion
where the interesting electronic properties of metal phosphides and sulfides seem
especially important. The current state of literature reviewed in this work suggests that
the rational design and synthesis of highly-efficient catalysts of practical use are
achievable by using transition metal/p-block materials. Hence this topic is of

widespread interest and importance.
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