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1. INTRODUCTION

The quest for nanoscaling has extended beyond traditional
metal oxides'™* and metal(0),” as exemplified by the huge
development of “quantum dots” chalcogenide nanoparticles, in
terms of both preparative methods and applications.®™ During
the past decade, less common nanoscaled nitrides and carbides
were also investigated. Their tremendous catalytic properties
were a driving force for innovative research targeting novel
nanomaterials, which resulted from original fabrication routes.'”

In contrast, metal phosphides and metal borides remain
mostly exotic for chemists, despite a specific set of properties
that already supplied the worldwide industrial market with
phosphide semiconductors'"'* and catalysts,"> but also with
bulk boride refractory conductive ceramics,'* hard magnets,15
superconductors,'® and hard materials.'* Fundamental property
aspects of bulk metal borides and metal phos}ghides are also the
focus of many researchers: conduction,”*® luminescence,
field emission,” thermoelectric™’ and magnetic*' properties,
ultrahardness,”**> and behaviors as diffusion barriers®* are
among the current hot topics. Like for many other materials
before, novel properties or performance improvements have
emerged from nanoscaling. Especially, catalysis>~>” and the
energy harnessing”® ' field occupy center stage of inves-
tigations into nanoscaled metal borides and metal phosphides.
These new and exciting properties stand as the primary driving
force for a 10-year-old research effort, focused on the design of
new chemical synthesis approaches, which would allow
downscaling these materials to the nanoregime.

Although few reviews have treated nanoscaled metal
phosphides for specific topics such as lithium batteries, >
catalysis,> or solid state synthesis under pressure,>* no
extensive critical review has been provided. To our knowledge,
nanoscaled crystalline metal borides have never been reviewed
so far, contrary to amorphous metal—boron alloys.*>*>~%" If
this could certainly justify separate reviews on both systems,
one could wonder why we are combining both compound
families in a single report. The answer lies in the bonding
scheme of metal borides and phosphides: most of them share
metal—metalloid bonds (M—B or M—P) with a strong covalent
component.®® These bonds are usually stronger than those
observed in metal carbides and nitrides.’® They are also often
combined with strong and highly covalent metalloid—metalloid
bonds (B—B or P—P). These specific features provide metal
borides and metal phosphides with unique properties,
complemented by a wide range of comg)ositions, crystal
structures, and accessible electronic states,*® which allow us
to envision a myriad of novel discoveries.

Chemical colloidal routes toward nanophosphides are
currently developed, and the resulting nanoparticles reach a
high degree of sophistication in terms of composition, crystal
structure, monodispersity, and morphology, as exemplified by
the ones using tri-n-octylphopshine as a “P” source.*' ~** Many
innovative approaches have been and still are being explored,
including the choice of highly reactive metal and phosphorus
precursors.*”>® However, a sound understanding of reaction
pathways is still missing, although it is mandatory to trigger a
rational improvement of these routes and to identify new levers
for an accurate control of the resulting materials. In
comparison, nanoborides seem still in their infancy: colloidal
routes have addressed amorphous nanoparticles, but very few
attain nanocrystalline state.*'~>® Therefore, materials chemists
are relying on more expensive approaches involving hard-to-
handle gaseous precursors,”” pressurized vessels,>* high energy
ball-milling,58 etc. Besides cost issues, one of the main
difficulties of these methods is the challenge of tuning the
final nanomaterial characteristics. Indeed, the key experimental
levers are not readily accessible and cannot be easily adjusted,
thus resulting in mainly sub-micrometer-size particles. Although
these systems are not strictly nanoscaled (many of them do not
bear any dimension below 100 nm), they will be considered in
this review, because they are the object of most current
developments. Moreover, their syntheses can stimulate
interesting reflections for further downscaling.

The first aim of the present review is to shed light on and to
offer a critical look at the routes toward nanoscaled metal
borides successfully explored, mainly within the last decade, and
to show the exquisite control that can be reached by colloidal
syntheses for metal phosphide nanoparticles.

The second aim is to answer an apparently simple question:
Why have chemists seemingly just touched upon the fabrication
of nanoscaled metal borides, as compared to metal phosphides?
We will show that two main answers can be provided. First, the
intrinsic bonding scheme of metal borides sets them apart due
to the stronger B—B and M-B covalent bonds. These
characteristics avoid long-range ordering of the glassy state,
unless harsh conditions are provided for crystallization. This
often means high temperatures which are not compatible with
the isolation of nanostructured systems that are intrinsically
metastable. The second answer is the nearly total absence of
highly reactive boron sources that could decompose through a
simple pathway to provide boron atoms. As a case in point, the
crystal structures of usual crystalline forms of elemental
phosphorus and boron are pictured in Figure 1. White
phosphorus is a molecular species soluble in apolar solvents,
highly reactive, and suitable as a P source for synthesis of metal
phosphides at low temperature. On the contrary, a-boron is a
covalent solid that is strongly inert and resists solubilization,
and for which crystallization from the amorphous phase, made
of disordered B, clusters, occurs only in extreme pressure and
temperature conditions.” This simple example illustrates a
simple statement: nanomaterials chemists dealing with boron
must always struggle with the B source and harsh synthesis
conditions. The same holds true for other B based compounds,
such as boron nitride and carbon boron nitrides, although these
metal-free materials are not considered herein (for a recent
review, see ref 60). Up to now, several processes have been
examined, while innovative approaches are under development
as ground-breaking concepts for a fundamental leap in the
direction of nanoscaled borides. In this perspective, the
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Figure 1. Crystal structures of P and B polymorphs.

background knowledge on metal phosphides might enlighten
the boride way.

In order to provide the reader with sufficient background, the
second section of this review deals with a short historical survey
of metal borides and metal phosphides, a comparative
discussion of their main structural and bonding features
including most recent works, and their bulk conduction
properties, as well as the characterization techniques dedicated
to nanoborides and nanophosphides. The third section is a
critical report on the different approaches developed for the
synthesis of nanoscaled metal borides. The fourth section is a
rational survey of the most recent colloidal routes toward metal
phosphide nanoparticles. The fifth section examines the
different properties that have emerged from nanoscaled metal
borides and metal phosphides. Finally, the sixth section aims at
identifying the perspectives for the next few years in this
scientific area: technological bottlenecks are identified, and
several worthy fields of investigation are highlighted. Because
the topic of nanoscaled metal borides and metal phosphides is
relatively young, this review includes mainly reports from the
current century. This survey not only is dedicated to specialists
who may find herein a critical look at the related literature, but
also aims at raising the interest in some exotic materials of a
broader range of scientists belonging to a multidisciplinary
community, including solid state and nanomaterials chemistry
and physics, organic chemistry, organometallic chemistry, and
experimental and theoritical sciences.

2. INTRODUCTORY BACKGROUND

The chemistry and bonding scheme of metal borides and metal
phosphides is closely related to the atomic radii and
electronegativity of the metalloids: r(B) = 0.85 A, r(P) =
1.10 A, ¥(B) = 2.0, y(P) = 2.2 in the Pauling scale.

2.1. Nomenclature

In the nomenclature proposed by G. de Morveau, A. Lavoisier,
C. Berthollet, and A. de Foucroy,®’ “metal phosphide”
designates any compound that contains phosphorus and one
or several metals, but no oxygen. Its general formula is M,P,.
According to the modern nomenclature, a phosphide is a
compound of phosphorus with one or several less electro-
negative element(s). However, by extension and by habit,
metal—phosphorus compounds where the metal is more
electronegative than P, such as Au,P; [¢(P) = 2.2, y(Au) =
2.5 in the Pauling scale], are still called “metal phosphide”.

Boron is a “younger” element, formally identified by J. J.
Berzelius in 1824. As a consequence, the metal borides are
absent from Morveau et al. nomenclature, where only borate
compounds were mentioned. Binary metal boride (MB)
general formula is M,B, and like in the metal phosphide
(MP) case, MB does not contain oxygen.

Ternary M,B,P, alloys and alloys of MB or MP with another
nonmetallic element such as nitrogen, carbon, or sulfur are
possible. By convention, the compound is usually named after
the most electronegative element.

2.2. Instructive Genesis of Metal Phosphides and Metal
Borides

Binary metal borides are encountered with nearly all main-
group elements and d-group and rare earth metals. The notable
exceptions are zinc, cadmium, mercury, gallium, indium,
thallium, tin, and lead.>®*° Binary combinations with a given
element often exhibit various composmons that can range from
M;B to MBg. 340 Numerous ternary 263 or quaternary o4
compounds are also known. It should be mentioned that
elements with low affinity with boron in binary compounds can
be incorporated into ternary structures (e.g, Ga and Zn in
Ni,;,GaBg, Ni,;Zn,B,,). 626365 Phosphorus on the other side is
known to form at least one stable combination with every main-
group and d-group metals (for example, InP, Cu;P), while most
of the rare earth metals were also found to form phosphide (for
example, Eu,P,;).°*®” Many metal phosphides accept several
stoichiometries, providing a large number of structures for
binary metal phosphides. Ternary (and more) structures are
also known for several metals (for example, MnCoP4), along
with amorphous alloys (for example, Fe,Cr,P).*® Interestingly,
MBs and MPs were originally man-made matenals First reports
of preparation originate from France and Germany.

2.2.1. Metal Borides: A Challenging Topic in Materials
Synthesis. The first MBs reported were iron and platinum
borides which were prepared by C. Descotils and L. Gemlin at
the beginning of the 19th century. Boric acid was reacted with
fine metallic powders by carboreduction, which led to carbon
contamination. It was recognized as early as in 1827 by
Lassaigne that H, was thus a better reducing agent to avoid the
competitive formation of carbides.®””°

Preparative methods for bulk metal borides have been first
reviewed in the 1950s and 1960s by a number of reports from
Kiessling, Samsonov et al.,, and Schwarzkopf et al. followed by
Gilles and Greenwood.”'”’* Difficulties raised by the
preparation of metal borides when they were discovered were
quite similar to those encountered nowadays. In particular,
scientists are facing the absence of a reactive elemental boron
source. Actually, boron had not even been properly isolated
when borides were identified. Von Crell, Gay-Lussac, Thenard,
and Davy”>””” discovered elemental boron in its amorphous
state with strong contaminations from the reactants during the
first decade of the 19th century, by reducing boron oxide B,O;
or boric acid (B(OH),) by potassium or iron or by electrolysis.
One century later, Moissan obtamed purer boron by reducing
boron oxide with magnesium.”® The first sample of pure
elemental boron (>99%) was reported in 1909 by Weintraub.”
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http://pubs.acs.org/action/showImage?doi=10.1021/cr400020d&iName=master.img-001.jpg&w=406&h=105

Chemical Reviews

MEMOIRES
t £

OBSERVATIONS
DE CHIMIE
DE BERTRAND PELLETIER,

Doctear en Médecine , Membre du Collige do
Pharmacie, de I'lnstitut national de France,
des Sociétés de Médecine de Paris, de Turin,
de Londres, elc ete.

Pecueillis ot mis en ordre, par Cwancus Pacsaring,
Pharmacien , ot Stoncor jease, docteur eo médecine,
e s ciderant Acadbmie do Chirargie, secréisine ghadk
nl de la Socidrd de Médecine de Parks, membes do colles
de Brasalles, de Lyes, wic. sic.

TOME SECOND.

4 PARIS,

Cueriemson, librire de la Socidid de Midaci
rue des Matharins, 0. 38
Frcu , librsire, mime ree , ‘maisom do Chani.
Thes 'l‘-mnu !uum hl:..u In'hllr!dl ls Secidrd
e-Feuille, s*. lu
hﬁw,uukuw.ﬂ-m-.n-‘ul persa,

e
£

Ax VIpx sa ngrvssigre—ingh

Combi.  Lorsque j'ai publié la premitre ilnrtiu de
Shiren du mon travail sur la con inaison du ph

S aveo les métaux , jannongai que je m'oc-
méallia

MEMOIRE

Sur le phosphore , faisant suite aux ex~
périences sur la combinaison du phos-
phore avec les substances métalligues (1)

* L

3

cupois des moyens de le combiner an plamb-
et & I'étain dans des proporlions plus grandes
que je n"avois pu le faire ; j'y suis enfin par-
venu , mais cela n'a été qu'aprés une longue
suile dexpénenct.a et aprh m'étre excfoé et

h 'H '. le i:

Ces combinaisons nouvelles en chnme ¢qui
ent paru long-tems impraticables, sur-tout
d'aprés les tentatives infructueuses du cé-
lébre Margral , seront on ne peut plus fa<
ciles & faire , en suivant les procédés que jo
" wvais indiquer.

Celui que j'ai déjh rendu public consistoit
4 fondre dans un creuset un mélange de par
tics égales dacide phosphorique vitreux ,

E——

(1) Al r7gs.

Figure 2. Cover and first page of B. Pelletier’s report on metal phosphide.

%% Tentative translation: “About Phosphorus, following the experiments on

combining phosphorus with metallic compounds. When I first reported on the combination of phosphorus with metals, I stated that I intended to
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here.”

Metal borides are typically synthesized b A the solid state
reaction between the elemental constituents.” The method is
still commonly employed in order to obtain novel composi-
tions, structures, and properties.** Energetic ball milling can
activate the reaction between boron and metals such as
chromium, titanium, or zirconium, yielding submicrometer size
particles.*”®" The so-called borothermal reduction is another
common route based on the combination of metal oxide and
boron.*® The latter acts as both reductant and boron source
and must be used in excess stoichiometry (eq 1) because boron
oxide evolves as a side-product. In certain cases, the
composition within binary compounds is controlled by
adjusting the initial reactant ratio, for instance in the NDbB-
Nb,B,~NbB,, WB-W,B; and Cr;B;—CrB-CrB, systems.*>**

3Nb,O;(s) + 22B(s) — 6NbB,(s) + SB,O;, (1)

Reactions of boron with metal(0) or metal oxide are usually
highly exothermic. As a result, after an initiating step typically
above 200 °C,%>% temperature self-sustains, if not increases.
These so-called self-propagating high temperature syntheses
(SHS) have the advantage of low energy consumption, but they
must be carefully controlled for safety concerns. Other solid
state reactions have been used such as reduction of metal oxide
by boron carbide B,C or carbothermal reduction of metal oxide
and boron oxide.*®

Most of the aforementioned solid state approaches suffer
from the incorporation of “foreign” species in the resulting
compound. Pollution from the reaction container (crucible),
the reactants (carbon, metal additives as reducing agents), and
the atmosphere (traces of water and oxygen) is related to the
high temperatures required to perform these reactions with
inert elemental boron. As a landmark, the reader should bear in
mind the very high melting points of the various boron

polymorphs (above 2000 °C). The related Tammann temper-
ature (ca. 0.5 times the melting point),** above which bulk-to-
surface atom migration can occur in the grains, is also high.
Very high temperatures (usually between 1000 and 1800 °C)
are thus required for solid state reactions between the pure
elements, even with amorphous boron. Besides contamination
problems, reaching such high temperatures can also be costly
and challenging. Moreover, isolating kinetic products in such
conditions might turn out to be an illusory task.

Since the 19th century, the inertness of elemental boron and
the very high synthesis temperatures required have been the
milestones paving the search for alternative synthetic processes
that clearly distinguish themselves from the metal phosphide
situation. Combining the constitutive elements into metal flux
(aluminum, copper, gallium, tin, and their mixtures) efficiently
decreases the reaction temperature, provides homogeneous
compounds, and allows the growth of single crystals.*>*®
Additional information about this wide ranging topic can be
found in the recent review of Kanatzidis, Péttgen, and
Jeitschko.®” High temperature electrolysis of metal salts in
molten alkali borates or boric oxide is also a popular synthetic
route.*® The common drawback of these techniques lies in the
possible contamination by the metal bath or the electrolyte.®”

The use of other, more reactive, boron sources was addressed
early on, in 1909 by Weintraub who reduced boron halides by
hydrogen for the first production of pure boron (>99%).
Pioneering works on room temperature precipitation of
amorphous metal—boron alloys in solutions started in the
1950s with the study of metal chloride reduction by
borohydrides.*”*® When heated under inert atmosphere, the
amorphous powders undergo crystallization. Bulk Co,B,”'~**
Fe,B, and FeB,”* and mixtures of M, M,B, and M,B (M = Co,
Ni, Fe),”>® were obtained between 400 and 580 °C. Today,

dx.doi.org/10.1021/cr400020d | Chem. Rev. XXXX, XXX, XXX—XXX
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represent boron atoms (boron polyhedra); big spheres represent yttrium atoms.

the identification of reactive boron sources like boron halides
and borohydrides is still a strong bottleneck for the
development of nanostructured borides.

In addition to the difficulties related to the inertness of
elemental boron and the high temperatures of synthesis, one
should also consider the poor stability of metal-rich borides in
air or in the presence of moisture. In this perspective, one
understands why platinum boride remained one of the only
known borides for decades: this metal both catalyzes the
reduction of the starting materials (such as boric acid) in the
presence of H, and carbon, and yields robust metal borides.

2.2.2. Metal Phosphides: Materials from the New Era
of Chemistry. In Berlin, Andreas Marggraf (1709—1782)
prepared zinc phosphide, after having isolated pure zinc (the
discovery for which he is the most known today).”” During the
same century, in the chaos of the French Revolution in Paris,
Bertrand Pelletier (1761—1797) prepared a series of 20 metal
phosphides from several experimental routes.”® Notably, he

added small pieces of white phosphorus on silver and nickel
heated near their melting point and identified the Ag,P and
Ni,P compounds, using a balance as the sole quantitative
instrument of characterization. He reported these reactions in
1792 (although the report was published after his death by his
colleagues in 1798) in a series of writings that, as a 220 year old
text, exhibited a particularly modern approach to inorganic
chemistry (Figure 2).°*° In this report, Pelletier proposed
several routes to bulk MPs, including the direct reaction of cuts
of P, on melted metals.

However, no immediate use was found for metal phosphides,
which remained for centuries in the books mainly as curiosities.
Nevertheless, since these early reports and until the 1960s,
other metal phosphides have been prepared and used in
metallurgy and as pesticides, and their structures have been
characterized by crystallography.®’”

Indeed, most of the syntheses of metal phosphides were
done at high temperature and/or high pressure, suitable for
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decomposing or vaporizing the precursors and to yield
crystalline noncontaminated bulk materials,*® whose thermody-
namic data have been reviewed.'” They typically involved
sequences of annealing and grinding (so-called “heat and beat”
method of synthesis). The reactions were conducted either in
sealed ampules, in molten metal flux,®” or by arc melting. Very
few syntheses were conducted in a solvent, and in these cases
ammonia was used.'®" White phosphorus, red phosphorus, and
alkali phosphide were used as phosphorus sources. Alter-
natively, reduction'® by H, or carbon or electrolysis of
phosphates also provided metal phosphides.®®

2.3. Metal Boride and Metal Phosphide Crystallographic
Structures

Crystallographic structures are often classified through the B or
P substructures. Because their specific structural features impact
directly both the synthesis processes and the resulting
properties, a short description is provided in the following
section. In a pedagogical purpose, we provide below a few
examples of trends that can be found in metal borides and
metal phosphides, and by comparison of the two families. Our
intent is not to give a full overview of the very rich panel of
crystallographic structures, as this was done in the past in
extensive ways,>>*06%67711037106 4 4 o5 this does not enter in
the scope of describing the nanoscaled recent developments of
these materials.

2.3.1. Metal Boride Crystallographic Structures. Metal
borides exhibit a huge compositional and structural diversity
(ca. 540 entries in the 2010 ICDD database for binary
compounds with the exception of H, C, N, P, O, §, Se, F, Cl, Br
after removal of the duplicates). Upon an increase in the boron
to metal ratio, the B sublattice evolves from isolated clusters to
extended one-, two-, and then three-dimensional boron
frameworks. Nickel borides are a case in point for metal-rich
MBs (from NiyB to NiB,; NiB; has also been recently
suggested'®”) (Figure 3). Ni;B contains boron atoms within Ni
trigonal prisms which are isolated as suggested by the long B—B
distances. Ni,B is made of linear chains of short B—B bonds;
NiB and monoclinic Ni,B; incorporate corrugated B—B chains
with boron—boron distances close to those of elemental boron
(ca. 175 pm).

The B sublattice experiences growing complexity upon an
increase of B content in boron-rich alloys (from MB, to MBy).
Yttrium borides nicely exemplify this behavior (Figure 4). In
metal diboride YB,, boron atoms associate into a layered
hexagonal framework. In YB,, these boron layers are
interconnected. YBg has a typical cubic structure made of By
octahedra connected together through a B—B bond. YB, is
made of connected cuboctahedra, while the structural unit of
YB,; and YBs, is the B,, icosahedron.'® YBy (Figure S)
illustrates the ultimate complexity that metal-rich borides can
reach.'® This structure is also based on B, icosahedra arranged
in a 3-dimensional network. B—B bonds in boron-rich borides
are short, and their values are very close to those observed in
elemental boron.

Diborides of main group and rare earth metals exhibit a
layered honeycomb structure. The typical strong ionic character
of M—B bonds with such elements in MB, (97% and 92% of
ionicity in, respectively, MgB,, AIB,)'**'® leads to a (B"),
lattice isoelectronic to graphite which explains the sheet-like
structure. For transition metal borides of a given stoichiometry,
different crystal structures are encountered depending on the
metal. This was qualitatively rationalized by Burdett et al."">'"!

2.34 nm

Figure 5. One single cell of YBg. Small spheres (polyhedra) represent
boron atoms (B, icosahedra); big spheres represent yttrium atoms.

for transition metal tetraborides MB, and diborides MB, with
M-B bonds of partially covalent nature (e.g., 22%, 52%, and
80% of M—B bond ionicity in, respectively, TiB,, NbB,, and
HfB,).'” For instance, by moving from Ti to Re (Figure 6),
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Figure 6. Crystal structures of transition metal diborides TiB,, ReB,,
and OsB,. Small spheres represent boron atoms; large spheres
represent Ti, Re, or Os atoms.

diborides experience a change from the layered boron
honeycomb AIB,-type structure described above (Ti, V, Cr,
Mn, Zr, Nb, Mo, Hf) to puckered boron sheets (Tc, Re). By
doing so, the coordination number of the metal decreases from
12 to 8, and the M—M distance through boron sheets increases.
This correlates with an increase in the population of an
intersheet M—M antibonding band as the d electron count
increases. This change in band filling can be accounted, at least
partially, for the change in the diboride structure as the metal
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Database: http://srdata.nist.gov/xps/Default.aspx.
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Figure 8. Average P—P bond (pm) in various MP structures. (Adapted with permission from ref 67. Copyright 1988 American Chemical Society.) d,
corresponds to the P—P distance in Py, which is a near strain-free compound.

group number increases. Interestingly, T. Fehlner proposed an phosphides, the structure of Ni,P is depicted in Figure 7. Ni—

extension of this qualitative solid state approach to the case of
molecular metallaboranes.''> From the point of view of the
materials synthesis, it is interesting to note that the typical
strength and directionality of B—B bonds usually imply high
energy input to trigger the crystallization of boron-rich solids
that exhibit extended B—B frameworks.'®

2.3.2. Metal Phosphide Crystallographic Structures. A
very complete description of MPs structures was done by
Schnering and Honle in 1988.°” As an example of metal-rich

Ni bonds are only slightly elongated compared with those of Ni
fcc, and Ni—P bonds are short, resulting in a quite dense
structure made of a succession of strongly connected Ni;P, and
Ni;P planes along the ¢ axis.

In metal phosphides, phosphorus has a lower catenation
tendency than boron. For instance, P atoms in Ni,P are isolated
into the metal lattice (d(P—P) = 340 pm, 153% of the mean
value in elemental phosphorus),” while Ni,B is made of
covalent B—B bond chains (d(B—B) = 212 pm, 121% of the
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mean value in elemental boron). Similarly, MP, contains chains
of P—P bonds while MB, incorporates B sheets (graphite-like
or puckered-like). As for boron, the extent of P networking
increases with the metalloid content. P units exhibit a wide
variety in terms of building blocks (cages, dumbbell, etc.) and
superstructures (1D to 3D chains). The description of
structural families in MPs with higher P content is at least as
arduous as in MBs. Especially, more diversity is observed for a
given stoichiometry, which might be related to the more
diffusive orbitals of P compared to B and the hypervalence
tendency of phosphorus. As a result, P frameworks show high
flexibility. P—P—P angles ranging from 60° to 120° and varying
P—P distances were observed, depending on the metal
environment and on the M/P ratio. Unsaturated P—P bonds
were even found in M,P,; phosphides (M = K, Rb, Cs),
resulting in planar isometric Pg rings and very short P—P bonds
(215 pm).

As discussed below in subsection 2.5.3, metal-metalloid
bonds usually show higher ionicity in MPs than MBs because of
the higher electronegativity of P. Consequently, Schnering and
Honle®” described the P framework according to P units. Such
formalism was precluded for most metal borides because of
their strongly covalent M—B bonds. The wide variety of P units
in terms of charges (ranging from [P]* to [Py5]7),
substructures (cages, dumbbell, etc.), and superstructures (1D
to 3D chains) was highlighted (Figure 8).

The purpose here is not to give a detailed account of all the
possible structures. As an example, the case of MP, alkali
polyphosphides, formulated as (M*)(P,”) and built on P,~
anions, is illustrated in Figure 9. The smallest cations lead to
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(NaP,) (RBP-)
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Figure 9. Structural flexibility: the example of MP, alkali phosphides.
(Adapted with permission from ref 67. Copyright 1988 American
Chemical Society.) Yellow represents phosphorus; green represents

alkali.

helical chains while the largest ones yield connected P, cages.
The K" cation is both too large for the helical chain cages and
too small for the connected P, cages: the reaction of potassium
and phosphorus (K/P = 1/7) leads to mixtures of phosphides
with lower and higher P contents. While a complete description
of the existing structures would have been out of the topic of
this review, this only example illustrated both the variety of
structures and the existence of structural constraints in MPs.

2.4. Quest for Original Structures: Latest Developments

2.4.1. New Developments for Bulk Metal Borides. The
main driving force of the research effort on metal borides lies in

their specific properties, such as their mechanical behaviors,
some of them being superhard or considered as potential
ultrahard materials.”*'*>'°® Also, superconductivity,"”'® ther-
moelectric™’ and specific magnetic behaviors®' are in the focus
of metal boride research. Many of these properties arise from
the interplay between a strong extended boron covalent
framework and the metal lattice. Therefore, a big part of
current work is dedicated to the understanding of the complex
interaction between both sublattices. As mentioned above,
these phases often require high temperature to undergo
crystallization. In such conditions, isolating nanoscaled phases
which are metastable in essence is an arduous task. In addition,
the use of bulk compounds permits an easier identification of
the impact of the crystal structure on the properties, and it
discards nanoscaling effects. This is the reason why the search
for novel bulk phases of metal borides is so active nowa-
days.**%* Metal flux syntheses,”” the use of mineralizers in solid
state reactions,''* and combustion syntheses®>''>''¢ (self-
propagating high-temperature synthesis) are some of the most
recent developments in synthetic processes. A growing number
of studies is also focused on metal-rich borides, exhibiting
magnetic properties in particular.64 Numerous ternary (e.g,
Ni,AlBg, Ni;,GaBg, NijosGagBs®> B1,Ga;Niy,™) or quater-
nary (e.g, TigFe,Ru 4B, TigFesRu, 4By, Ti7Fe4Ru18B864)
compounds were recently uncovered. Among metal-rich
systems, one should mention 7-borides with cubic crystal
structure formula (MM),;B, which represents a large group of
about 80 representatives. The main component M is
typically a first row 3d transition metal (Ni, Co, Cr) while
the choice for M is larger (Al, Ga, Sn, Ti, V, Ir, Er, Ly, and so
forth).""®*"?° A wide nonstoichiometry range is observed in
these compounds, and higher boron contents usually result
from the substitution of metals by B, tetrahedra.''®'* -
Borides are often encountered during alloy hardening by
boriding or at grain boundaries.'>'~'**

2.4.2. New Developments for Bulk Metal Phosphides.
Even though the major part of the contemporary work on metal
phosphide deals with nanoparticles or nanoscaled forms of
matter, bulk metal phosphides are still under investigation.
Among major results of the past decades, new bulk phases were
prepared, and concerned binary phosphide containing poorly
accessible metals such as uranium (UP,)'>® or made under
strenuous conditions such as high temperatures (NiSPZ).IZG
Ternary phases were, however, the most investigated:
Ti,PTe,,'*""?® La,Zn, P, (containing isolated P* syecies),129
Zr,PTe,,"*° BaGa,P,,"*' Eu,Ga,P,,"** SmIr;;P,,,">> LnRuP,
(Ln = Pr, Nd, Sm, Tb, Dy, Er)"* and other Ir-rich ternary
phosphide,"** and NaGe;P;, featuring an unusual [Ge;P,] ring
where each Ge has a different formal oxidation state,'>® were
recently obtained and characterized. The quaternary alloy
Rb,Sn¢P,Se,, was synthesized and described as a metallic
composite structure containing conducting SnsSeg and
insulating layers P,Ses.'’” Defective structures such as
ZnGeP,"® and RENi, P, (RE = La, Ce, Pr) with nickel
deficiency"*® were also studied. In another approach, molecular
gas-phase precursor P(SiH;); was utilized for the preparation of
monocrystalline Si;AlP on a Si substrate."*® Preparations of
binary phosphides keep being improved and were achieved for
several phases usin% a lithium metaphosphate melt (AIP, CrP,
NbP, MoP, WP)'*! or a solid-stated reduction route (Fe—P
binary and ternary alloy powders)."** Lastly, preferential
magnetic alignments were studied in polycrystalline MnP
samples.'*
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Figure 10. Crystal structure of CoB and CoP. Gray spheres represent boron or phosphorus atoms; blue spheres represent cobalt atoms.

2.4.3. Contribution of Calculations: Thermodynamics,
New Phases, and Properties. Thermodynamic knowledge
was improved with the publication of updated M—P phase
diagrams (Rb—P,'** K—P,"** Na—P,'*® Cs—P,'*” Ni—p'**'*#),
Relative stabilities of different boride phases have also been
investigated.’'*°™'>5 Among metal phosphides, the Ni—P
system was particularly studied in the Ni-rich side.'>® Heat
capacity of InP was also determined.">” Recently, first-principle
studies were devoted to the phase transitions of several binary
phosphides (Co—P,"*® InP,"*>%° GaP,'® BP,'®® and AIP'®)
and ternary phosphides such as LaFe,P),'®" and Au,MP,
ternary alloys (M = Pb, T, Hg)."*>

First principle calculations also become of utmost
importance in order to shed some light on structure—property
relationships in metal borides and phosphides. Especially,
theory is nowadays an invaluable help in the understanding of
electronic and mechanical properties of these materials (see
subsection 2.5),!0%10015271SS1S81637165 g oy studies are mainly
dedicated to well crystallized systems. Only few modelization
works have been conducted as to the effect of nanoscaling on
the properties of borides.'®® Few theoretical studies were
devoted to the electronic structure of amorphous M—B and
M-P alloys."””"'7> Another very active research field where
theory now has a strong input is the area of superhard
materials, especially for boron-containing systems. Ab initio
calculations are used not only to evaluate mechanical
properties,"®>'% but also to predict or identify new superhard
phases based on heavy transition metal borides.'>>'76717

2.5. Bonding and Electronic Structure in Metal Borides and
Phosphides

Interestingly, phosphorus (y(P) = 2.19) and boron (y(B) =
2.04) elements exhibit a relatively low difference of electro-
negativity with most metals, if compared with carbon (¥(C) =
2.55), sulfur (y(S) = 2.58), nitrogen (y(N) = 3.04), or oxygen
(x(O) = 3.44). Consequently, electronic delocalization is
expected to a varying extent in metal borides and phosphides.

2.5.1. Case in Point: Cobalt Monoboride and Mono-
phosphide. As an illustration and starting point for the
comparison between metal borides and metal phosphides, one
can consider the case of compositionally and structurally related
CoB and CoP (Figure 10). CoB is isostructural to the
previously described NiB. It contains zigzag B—B chains. The
same metalloid structural unit exists in CoP. In both
compounds, the Co—Co distances are similar (260 pm) and
close to those observed in elemental cobalt (251 pm).
Differences are observed between borides and phosphides for
bonds involving metalloid atoms: the B—B bonds (192 pm,
110% of the mean length in elemental boron) are much shorter
than the P—P bonds (270 pm, 121% of the mean length in the
different allotropes of elemental phosphorus). Modelizations
provide deeper insights into the bonding scheme and show
strong covalent interactions between boron atoms,'””"** while
only weak covalent bonding occurs between phosphorus
atoms'*® as confirmed by XPS measurements.'®" Actually, the
nearest neighbors of metalloid atoms are boron atoms in CoB
and metal atoms in CoP. This clearly shows that covalency in
the metalloid sublattice is much more pronounced in borides.
As to metal-metalloid interaction, again, calculations and
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electron density maps suggest higher covalency for metal—
boron bonds than metal—phosphorus bonds.'**'">'%1$2 Xpg
data'®" suggest charge separation [Co®”*][P®”] which agrees
with the classical view [Co'*][P"].%”

The comparison between CoB, CoP, and more ionic
compounds (for instance, CoO: Co—Co distances are 301
pm, which is larger than Co—Co in Co, CoB, and CoP)
highlights bonding similarities between both metalloid based
systems, which can be considered as involving covalent bonds
to varying extent between metalloid atoms on one side and
metal—metalloid centers on the other side. The most striking
difference between the bonding schemes of metal borides and
phosphides is the higher covalency occurring in metal borides,
especially within the metalloid sublattice. Since considering
only one case might be somehow simplistic and could not
provide sufficient knowledge background for understanding the
relationship between structure, property, and available synthetic
pathways, we provide in the following more details about the
nature of the bonds and the trends observed in both families.

2.5.2. Metal-Metal and Metalloid—Metalloid Bonds.
2.5.2.1. Metal Borides. Two general features must be
highlighted for metal borides. First, strong electron delocaliza-
tion often occurs in the M—M sublattice as highlighted by ab
initio and DFT calculations.'®'** This metallic cohesion in the
M sublattice prevails as long as the distances between metal
atoms are close to those observed in the parent metal (usually
MB,, x < 6). Second and most importantly, a strong covalency
always prevails in the B sublattice with short, rigid, and
directional B—B bonds, as long as the boron content enables
the formation of an extended boron framework (x > 0.5 in
MB,). The covalent character of B—B bonds is clearly reflected
in the short B—B distances (175—210 pm) close to those
observed in elemental boron (ca. 175 pm). Electron localization
between boron atoms was also highlighted by numerous first
principle calculations.'*®!"*'3%182 Actually, the main contribu-
tion to the cohesion energy of metal borides with extended
boron frameworks comes from the B—B bond sublattice.'%

2.5.2.2. Metal Phosphides. According to XPS,'8'~'®?
XANES,'® and first principle calculations,"**'** electron
delocalization in the metal sublattice of phosphides is the
most common case for lower transition metal phosphides M;P,
M,P, and MP. Nevertheless, the extent of delocalization is
rapidly decreasing as the P content increases, and most of the
diphosphides are semiconductors."" This trend might be related
to the ionic character of MPs for which phosphorus atoms drag
most of the valence electron density."*® Also, strong over-
lapping between P and M orbitals allows significant electron
backdonation from M to P. The poor P—P interaction
highlighted for CoP is strengthened in phosphides with higher
P content. Similarly, short P—P distances down to a minimum
of 215 pm are found in P,* finite chain structures such as M,P;
(M =K, Rb, Cs), MyP, (M = Sr, Ba), and MP, (M = Pr, Nd)
(Figure 8)."*

2.5.3. Metal—Metalloid Bonds: From Covalency to
lonicity. The oxidation degree of the metal in a metal boride
or phosphide lattice is easy neither to define, nor to connect
with the experimental properties. Some tendencies are
highlighted in the following, which shed light on the behaviors
of MBs and MPs discussed in section S.

2.5.3.1. Metal Borides. More often than not, the polarization
of M—B bonds is not complete. Actually, the amount and
direction of electron transfer between a transition metal and
boron has been questioned since the earliest works and

monographs dedicated to borides.>®”""**'*5 Tt is still highly
debated nowadays, especially in view of the most recent first
principle calculations and state of the art photoelectron
spectroscopy. Until recently, the consensus was that two
behaviors of electron transfer should be distinguished: from M
to B in boron-rich systems (MB,, x > 2) and from B to M for
metal-rich borides (MB,, x < 2).

The case of boron-rich borides is relatively intuitive because
it is in agreement with the electronegativity scales as suggested
by P’auling.lM_186 This was especially shown for metal
hexaborides MB; and diborides MB,. Metal hexaborides MB
are a simple case in which the boron network was treated in the
framework of the molecular orbital theory by considering 2s
and 2p boron orbitals.**'®” In this model, the orbitals of Bg
octahedra fragments are divided into three families: (i) 7
bonding, and (ii) 6 nonbonding outwardly oriented orbitals and
(iii) 11 nonbonding orbitals pointing out of the octahedral
vertices. The 7 bonding orbitals require 14 electrons per Bg
unit. The second orbital family ensures bonding between
neighboring octahedra and requires 6 electrons per By unit.
Therefore, one B¢ unit requires 20 electrons to reach the most
stable closed shell configuration. As a result, the metal sublattice
must provide 2 additional electrons to each octahedron, leading
to the configuration [M**][B¢*]. Of course, real cases are less
simple: the metal strongly influences the band diagram, and
complete electron transfer does not always occur.'®*'** As
another example, metal diborides discussed above in subsection
2.3.1 should probably be formulated as [M?**][B%],. In a first
approximation, the covalency—ionicity balance of M—B bonds
in metal diborides can be linked to relative electronegativities.
For strongly electropositive metals such as Mg and Al, ionicity
prevails (97% and 92% of ionicity for M—B bonds in,
respectively, MgB,, AlB,).'*®'% The 3d transition metals lead
to higher covalency (22% of ionicity for TiB,). Inside the first
transition series, only a slight ionicity modification is expected
because of the low change in electronegativity difference Ay
between metal and boron.'*'®° Instead, M—B bonds in ZrB,
and HfB, show higher ionicity than TiB, because of increased
Ay 109185

The situation of metal-rich borides is much less straightfor-
ward. On the arguments of magnetic and MdJssbauer
measurements and metal binding energy shifts observed by
X-ray photoelectron spectroscopy, the metal was considered to
be electronically enriched."”>'”" This argument is still often
used to rationalize the differences of catalytic properties
between pure metals, metal phosphides, and metal borides,
especially for nickel based systems.'”> However, recent works
suggest that this statement should be reconsidered. Indeed,
most of the first principle calculations'>>'** show that the total
electron transfer should occur from metal to boron in relation
with relative electronegativities. However, the subgroup of the d
electrons is polarized in the opposite direction, providing metal
atoms with increased d population while they are globally
electronically deficient. Data of high resolution X-ray photo-
electron spectroscopy and X-ray Auger electron spectroscopy
were thoroughly discussed by S. Diplas et al.'"*>'*>'** The
authors pointed at the risk of misinterpretation about binding
energy shifts and showed that more reliable data might be
retrieved from metal satellite intensities, initial state and final
state Auger parameters. Experimental results for amorphous
NiB were in agreement with calculations on the crystalline
compound and showed that back-donation occurs in these
systems as in transition metal alloys,"””'**™"7 due to
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hybridization between metal s—d and boron s—p orbitals.
These recent highlights still require validation on other metals
and stoichiometries.!”>!”? However, it is interesting to note
that this interpretation might conciliate both views because it
would be in agreement on one side with the classical
electronegativity View,lg4_186 on the other side with the XPS,
magnetic, and Méssbauer measurements.*®'*° It is noteworthy
that Diplas et al.'"**'**'** pointed at the similarity of the d
electron density of states between Ni—B, Ni—P on one side and
Pt on the other side: metal borides and metal phosphides can
behave in some cases in the same manner as noble metals. This
is one reason why these systems are highly attractive for
catalysis.

2.5.3.2. Metal Phosphides. As already mentioned, metal
phosphides are classified according to the nature of the P units:
dumbbells, cages, chains, tubes, etc.%” The structure of Ni,P was
already depicted in Figure 7. XPS surface binding energies
(BEs) of Ni 2p;, are in the same range in Ni fcc and Ni,P, as
are P 2p;/, BE in elemental P and Ni,P (Figure 7). These BE
values are much smaller than those of oxidized species (Ni,O
and P,0;). Therefore, Ni—P bonds and more generally metal—
phosphorus bonds bear lower ionicity than metal—oxygen
bonds, in relation with lower Ay. XPS'®'~'** and XANES'®
measurements suggest that phosphorus in M;P, M,P, and MP
holds the oxidation state P!~ although the ionic character tends
to increase as the P content increases.'>*'®*%% Sl P-rich
metal phosphides are valence compounds in the sense that
valence electrons are essentially localized,”” so that MPs can be
roughly described in the framework of the Zintl-Klemm
formalism®”'**'° in relative agreement with experimental
crystal structures.®”?% Consequently, the P center can be
ascribed with a formal charge and can adopt several oxidation
degrees ranging from 0 to —3.*” Such a description, although
valid for ionic MBs like alkali borides, usually fails for other
metal borides.'” Indeed, the higher covalency of M—B bonds
and the electron delocalization in the metal sublattice prevent
an ionic description for B/M elemental ratio lower than 6.

2.5.4. Electrical Behavior of Bulk MBs and MPs. The
various electrical behaviors of metal borides reflect the
complexity of the chemical bonding in these systems. The
case of metal hexaborides is relatively straightforward because
of the strong ionicity of the M—B bonds in these compounds.
When the band structure is calculated by taking into account
only boron atoms usinsg the linear combination of atomic
orbitals approximation,®>'®” the closed shell configuration is
reached for divalent hexaborides which might behave as
insulators. As a matter of fact, CaB;, SrBy, and BaBg are
semiconductors with band gaps much smaller than expected
from this simple consideration because the metal impacts the
band structure of the boron sublattice. Also, divalent
hexaborides, as well as other borides obtained at high
temperature, are often subjected to nonstoichiometry or
incorporation of impurities during synthesis. It is therefore
relatively difficult to retrieve reliable experimental data.
Hexaborides of trivalent metals (LaB;, EuBg, etc.)*® are
conductors because the additional electron is not monopolized
by the boron framework. Interestingly, transition metal borides
are metallic compounds, and they are often more conductive
than the parent metal.”®" It is noteworthy that the density of
states (DOS) of transition metal diborides exhibits a sharp
valley close to the Fermi level (Figure 11) which can explain
the superior stability versus oxidation of these compounds
compared to other metal-like systems.'>?°> When this
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Figure 11. Total and site projected density of states of (a) ZrB, and
(b) HfB,. Both compounds have the honeycomb AIB, structure. The
finite DOS at the Fermi level highlights the metallic behavior of both
materials while the sharp valley is accounted for by the excellent
thermal and chemical resistance of these ultrahigh temperature
ceramics.'®® Reprinted with permission from ref 165. Copyright
2011 John Wiley and Sons, Inc.

pseudogap is located at the Fermi level (TiB,, ZrB,, HfB,),
the finite DOS ensures metallic behavior with high electronic
conductivity, while empty antibonding states are somehow
separated from full bonding states, which results in the typical
cohesive features of insulators such as high melting point and
chemical inertness. Besides metallic conductivity, metal borides
can also possess interesting superconductivity properties. As the
flagship of this family of compounds, magnesium diboride
MgB, has been shown by Nagamatsu et al.'® in 2001 to exhibit
superconductivity. This conventional BCS superconductor has
a high critical temperature of 39 K that substantially limits the
cryogenic requirements for its use and explains its fast industrial
development and commercialization.”**~>%

Most of the metal phosphides are semiconductors or
insulators, because their electrons are localized in the vicinity
of phosphorus atoms; however, some of them (usually the most
metal-rich ones) exhibit a metallic character (Table 1). The
electronic properties of the material depend obviously on
several factors: (i) the difference of electronegativity between
M and P, (ii) the M/P ratio, and (iii) the crystallographic
structure which defines the local environment of M and P. The
spin configuration also can play a role in some metal
phosphides, and complicates their study through ab initio
calculation. Moreover, few bulk metal phosphides such as
LiFeP and NaFeP are known as superconductive, as recently
reviewed.>*®
2.6. From Bulk to Nanoscale MPs and MBs:
Characterization Tools

In this section, an overview and discussion of the main
characterization techniques for MBs and MPs is provided
(Figure 12). Most of them were primarily developed for bulk
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Table 1. Nonexhaustive List of Metallic and Semiconducting
Metal Phosphides''

very low band gap

phosphides medium band gap phosphides
metallic band
phosphides phosphide gap phosphide band gap
TiP, TiP, AlP 2.50
VP, VP, BP 2.20
CiP, Cd[Si,Ge,Sn] [2.20, 1.80,
P, 1.50]
MnP MnP, 0.14  Zn[Si,Ge,Sn] [2.30, 2.20,
D, 2.10]
FeD, Fe,P FeP, 037  ZngP, 1.32
7P, CoP,, -, 045 InP 127
CoP;
MoP, NiP, 0.50 In, 3PSe; 155
a-WP,, WP,  PdP, 0.60  GaP 224
PtP, 060  GaAsggsPors 1.44

materials but are still efficient when dealing with nanoscaled
compounds. Similarly, most of the existing databases deal with
the bulk compounds. It is noteworthy that B. Albert and H.
Hillebrecht published recently a critical review on bulk boron-
rich borides*® and provided a concise yet precise overview of
related characterization techniques. Note that, as a light
element, boron requires some specific techniques for accurate
analysis of the metal borides.

2.6.1. Chemical Analysis. Although a prerequisite to
understand structure—property relationships, the evaluation of
the exact composition of metal borides can turn into a complex
and time-consuming process because of their typical thermal
and chemical inertness.”*” The use of techniques which require

specimen dissolution such as inductive coupled plasma optical
emission spectroscopy must be considered with care. Hope-
fully, nanoscaled metal borides are much more reactive than
their bulk counterpart, and their analysis is much more
straightforward.” Quantification of boron by energy-dispersive
X-ray spectroscopy (EDS) or wavelength-dispersive X-ray
spectroscopy (WDS) is facing the typical problems of low-Z
elements analysis: boron has a low fluorescence yield, the
emitted X-rays have a low energy and can be absorbed by the
specimen itself before reaching the detector, and the B Ka peak
overlaps with the C Ka peak (often difficult to avoid from
contamination) and L-M-N lines of heavier elements.”?* >'°
However, the development of low voltage (2—S5 kV) scanning
electron microscopes, new windows, and sensitive high
resolution detectors allows now quantitative evaluation of the
boron content in an SEM.*"'~*'* Ultimately, chemical analysis
of magnesium diboride on a scale ranging from micrometers to
nanometers was performed through a sophisticated combina-
tion of EDS spectroscopy and mapping in an SEM, in a
scanning transmission electron microscope (STEM), and with
electron energy-loss mapping (electron spectroscopic imaging
ESI) through energy-filtered TEM (EFTEM).208721°

2.6.2. X-ray and Neutron Diffraction. The resolution of
phosphide and boride crystal structures is usually conceived
through single crystal or powder X-ray diffraction. Again, boron
turns out to be an elusive element. Indeed, B atoms bear poor
electron density, and their X-ray atomic scattering factor is
consequently low. Positive localization of boron and the
determination of partial occupancies are therefore sometimes
problematic. Neutron diffraction might be more suited to study
the structure of borides because of the high neutron scattering
length of ''B.*"> However, ''B enriched samples must be used
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Figure 12. Most suited techniques for the characterization of the electronic structure, crystal and local structures, morphology, and composition of
metal borides and metal phosphides both at the macroscale and at the nano/microscale. The most important contribution of DFT calculations to the
interpretation of the different techniques is also shown. The metal—metalloid systems (MBs or MPs) which are the most studied by each technique
are also tentatively outlined. Boron is a light element and requires some specific techniques for accurate analysis. For instance, EDS is hardly suitable
for boron determination while EELS is especially dedicated to boron based compounds.
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because '°B absorbs neutrons too strongly, which is the reason
why boron is often involved in neutron capture applications.”"*

2.6.3. Electron Microscopy. Scanning electron micros-
copy is essentially dedicated to surface imaging and chemical
analysis when coupled with EDS. On the other hand, besides
the aforementioned coupling with chemical analysis, trans-
mission electron microscopy supports structure resolution on
thin bulk materials with characterizations in diffraction
(selected area electron diffraction SAED) or in image modes
(high resolution transmission electron microscopy HRTEM,
Figure 13).>'¢ Of course, the resolution of TEM is particularly
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Figure 13. HRTEM images of bulk Na,B,, for different defocus values.
Simulated pictures are superimposed.”'® Reprinted with permission
from ref 216. Copyright 2000 John Wiley and Sons, Inc.

suited to the analysis of nanoscaled matter. This technique
must be used with care when specimens are prone to beam-
damage. For instance, amorphous Ni—B alloys were recently
studied by HRTEM.>'”*'® Nanodomains of elemental nickel
segregated in a boron matrix were identified. However, the use
of harsh observation conditions (acceleration voltage of 300
kV) might cause crystallization of the inherently metastable
amorphous nanoalloy. Alterations during the observation of
these reactive systems cannot be ruled out except by studying
them under different energy input conditions.

2.6.4. X-ray Photoelectron Spectroscopy (XPS), Auger
Electron Spectroscopy (AES), and X-ray Absorption
Spectroscopy (XANES, EXAFS). As described above, XPS
was used for the investigation of bonding into metal borides

and phosphides. Shortly, binding energy shifts for the metal are

small and should be considered with care by taking into
account not only charge transfer but also hybridization or
changes in the coordination.'®'™'*> More information might be
retrieved from metal satellite peaks and Auger parameters
obtained from X-ray-induced Auger electron spectroscopy
(AES).'*V'¥>1%* Unfortunately, boron does not exhibit a
sharp B KLL Auger peak and is not suitable for such
analysis.'”* Furthermore, its XPS B 1s peak is experiencing
only a slight shift when boron is incorporated into metal
borides and is therefore difficult to interpret. As discussed in
subsection 2.5, recent studies of nickel-metalloid systems
based on XPS and AES were focused on the metal gart and
combined with first principle calculations.'®"**'** These
results suggested that charge transfer occurs usually from the
metal to boron but at a lesser extent than in metal
phosphides.'®

The small number of X-ray absorption spectroscopy (XAS)
studies reported on metal borides is probably due to the soft X-
ray energy range of the B K edge at 180 eV. In these conditions,
most of the incident photons can be absorbed. XAS
measurements focused on boron therefore require high flux
sources, low pressure, and/or high sensitivity detectors. It is
noteworthy that this limitation can be turned into an advantage
since it provides a way to discriminate between bulk and surface
states by recording XAS spectra through collection of the X-ray
fluorescence yield or the total electron yield*'*>*" Surface
oxidation can then be highlighted on XANES spectra with a
typical boron oxide peak at 194.0 eV.**' The density of state of
metal hexaborides was also probed by interpreting XANES and
EXAFS with the help of calculations.”****" Actually, the metal
center is much easier to probe by XAS and was the object of
some studies, even if only few of them were dedicated to
crystalline metal borides.”*' ~>*° The strongest research effort in
XAS was focused on binary or ternary amorphous alloys to
probe pair distributions.”****

Altogether, several experimental techniques have allowed the
investigation of the bonding in metal phosphides. XPS and
XANES spectroscopy were used for the investigation of MP,
M,P, and M,P structures.'®***' As can be seen in Figure 14
(left), binding energies of metal-rich phosphides and the pure
metal are very similar. However, the decrease of the satellite
intensity testifies of the presence of phosphorus (Figure 14,
right). These satellites originate from plasmon loss processes,
which are less efficient when the cross-section diminishes. The
presence of phosphorus was then explained by a depletion of
the valence electrons around the metal, meaning that
phosphorus attracts electrons from the metal in these
structures.

More generally, there is a correlation between the difference
of electronegativity, the stoichiometry, and the spectroscopic
properties, especially P 2p;/, binding energies and P K-edge
absorption energies (Figure 15). Concerning binding energies,
it has been shown that intra-atomic (charge variation of the
atom) and interatomic (coordination effect) effects are
responsible for the shift: intra-atomic ones are generally
dominant, but the extended nature of the bonding in MP,
and MP; makes the other ones also significant.”** Coming back
to the case of molecular species, the shift in metal phosphide
according to interatomic effect is reminiscent of the high ability
of phosphine ligands to bind transition metal centers because of
adequate orbitals levels (covalency of the bonds) but also
because of extended electron delocalization between the metal
and the phosphorus center due to donation and back-donation
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in the bonding and antibonding in the diffuse P orbitals.
However, Blanchard et al. refute the necessity of back-bonding
for the stabilization of the structure on the profit of changes of
coordination environment. They conclude to a —1 charge of
the phosphorus in the three series discussed (MP, M,P, M;P),
and suggest that catalytic activity could be tuned by tuning the
electron counts, that is, by using ternary alloys.

Similarly, XPS and XANES studies were also done on
MP,As,., alloy (M = Co, Fe, Cr) and suggested that the use of
arsenic would allow a considerable tunability of the electronic
structure without modification of the metal.'®®

2.6.5. Electron Energy Loss Spectroscopy (EELS).
Electron energy loss spectroscopy (EELS) is a technique
usually mounted on a transmission electron microscope that is
especially suited to the characterization of light elements which
are difficult to deal with or even to detect by EDS into a TEM
or SEM. The primary use of EELS in the field of metal borides
is the quantification of boron as well as carbon or oxygen
impurities. EELS is a routine techni%ue for chemical analysis of
elemental boron,>**723° Mng,2 6-238 Feg,B,239 SrB,,**°
CaBé,BS’241 and La.Bé,242 among others. Beyond quantification,
EELS provides also valuable information about the coordina-
tion sphere and the electronic state of boron in metal borides.
In particular, the energy-loss near edge structure (ELNES) of
the By ionization edge is sensitive to the density of unoccupied
states above the Fermi level and can be used primarily as a
fingerprint of the boron framework (Figure 16).2%72% The
nature of the metal associated with boron can also modify the
ELNES spectrum because it changes the DOS, as shown for
metal diborides or hexaborides (Figure 16). K. Hofmann, B.
Albert et al., and Gao et al. nicely demonstrated the beneficial

contribution of DFT calculations to simulate near-edge
structure studies and guide experimental interpretation.>**~>*¢
Consequently, ELNES can circumvent the low sensitivity of
XRD toward boron and becomes the first tool for structure
resolution, while X-ray powder diffraction is used to refine the
primary structure.”****® Another strong advantage of EELS
over other techniques is its coupling with TEM that can
provide high spatial resolution with the possibility to record
EELS spectrum on areas of the subnanometer scale in scanning
TEM (STEM) mode. This technique is especially suitable for
nanoscale materials to probe composition inhomogeneity and
surface effects (oxidation for instance).>>*****\**> Alterna-
tively, energy-filtered TEM (EFTEM) can be used to provide
elemental mapping at the nanometer scale.****749230

2.6.6. Nuclear Magnetic Resonance (NMR) Spectros-
copy and ab Initio Calculations. With the development of
the DFT codes, in particular for the prediction of NMR shifts,
joint studies with DFT calculations and NMR measurements
have provided structural insights into solid-state materials, such
as nanostructured boron-carbon-nitrides by combined *C, *N,
and "B NMR;*" alkaline earth boronates by combined 'H,
1B, 13C, and **Ca NMR;*** or GaP nanotubes with “Ga and
31p NMR.2S?

Boron and phosphorus are particularly well suited for solid-
state NMR investigations (static or at magic-angle spinning).
"B and *'P nuclei have spins of, respectively, >/, and '/,, high
natural abundances of, respectively, 80.1% and 100%, and
relatively high gyromagnetic ratios of, respectively, 8.585 X 107
and 10.829 X 107 rad s T~
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Figure 16. EELS spectra with energy-loss near-edge structure
(ELNES) of metal diborides, metal hexaborides, and metal
dodecaborides with the representation of boron structural units,
respectively, boron sheets, B4 octahedra, and B, cuboctahedra.
Reprinted with permission from ref 243. Copyright 2002 John Wiley
and Sons, Inc.

"B is a quadrupolar nucleus and as such leads to relatively
broad signals in magic-angle spinning NMR studies. Coupling
NMR measurements with the DFT-calculated chemical shifts is
therefore a useful approach that provides deep insight into the
structure of boron based materials. This was especially
demonstrated on boron carbides,>>**>> boron nitride polymeric
precursors,”**>%” LiBH,/carbon foams,>*® and hierarchically
nanostructured boron-carbon-nitrides.”®' Many metal borides
possess high electrical conductivity. This complicates NMR
experiments which are particularly difficult to perform on
strongly paramagnetic and electrically conductive samples,
because of the skin effect, for example. Nevertheless, modern
NMR devices and sequences allow us to measure significant
signals also from these paramagnetic media. Because of the high
conductivity of borides, their solid state NMR spectra often
exhibit Knight shifts.>***®° These shifts, together with spin—
lattice relaxation rates and electric field gradients, are not only

useful for probing the crystallographic structure, but they also
provide valuable information on the charge distribution around
the nuclei and the density of state (DOS) close to the Fermi
level 526262 The occurrence of superconductivity was also
investigated bzf B NMR on ternary rare earth diborides
RERuB,”*™%% and MgBZ.ZG(’_ZG9 Analyses with regard to
predictions from DFT calculations have proved to provide deep
insights into the DOS structure, for instance of transition metal
diborides,””® metal rare earth hexaborides (LaB,, PrB,
SmBﬁ),271 rthenium borides,>”**”3 yttrium b01'ides,262’274’275
dodecaborides,276 lanthanum hexaboride,””” and rare earth
metal silicide borides.*® Other nuclei than "'B can be used.””®
For instance, superconductivity in MgB, was probed by ** Mg
NMR,>”??*% local environment for vanadium in vanadium
borides was studied by the Knight shifts in >V NMR
spectra,”**?®! and site occupancies of sodium in Na,B,, were
obtained by combining different sequences in **Na solid state
NMR (Figure 17).2%6 Coupling of "B (Figure 17), *Si, and ¥Y
solid state NMR was also performed.”® It is noteworthy that
crushing the sample into a powder is usually a convenient
method to limit conductivity and restrain the skin effect of
metal borides. Hopefully, nanoscaled materials are less prone to
this behavior and easier to analyze using NMR.>!

Because of low spin value and large shift range, solid-state
NMR investigations (static or at magic-angle spinning) of *'P
are especially easy to interpret. Metal phosphides are also less
prone to Knight shifts than metal borides because of their lower
conductivity. A correlation between *'P NMR shifts and
electronic structure calculated by DFT could thus be found for
a family of transition-metal phosphides including V, Fe, Co, and
Ni atoms, with various M/P ratios.”®> The instance of
monoclinic NiP,, a metal phosphide particularly investigated
as a negative electrode for Li batteries, is illustrated in Figure
18. DFT calculation of the bulk structure allowed a good
interpretation of the static NMR spectra. Additionally,
interpretation of the projected density of state (DOS)
confirmed a Ni** (d®) oxidation state with an empty band
localized in the Ni(d,2,?) orbital. As a consequence, only very
weak &-type interactions exist in the interlayer direction (Figure
18, right). The study of the reaction of bulk NiP, with Li
furthermore highlighted that phosphorus was the main redox
center for the first-step insertion, which goes through the
breaking of the weak interlayer P—P bond.*** Prior to this
study, it was also shown that shuttling between two oxidation
states of the phosphorus in CoP; electrodes, between Li;P and
LiP compounds, was responsible for their reversible lithium
uptakes.”™

Altogether, these particular cases illustrate the very high
redox flexibility of the metal phosphides and its consequences
on their reactivity. The redox state of the metal can easily
change in the presence of an incoming species, and both the
metal and the phosphorus can be involved in reactive steps.

The similarities in terms of bonding scheme between metal
borides and metal phosphides clearly validate a comparison
between the synthetic approaches of both systems. Maybe the
strongest difference between the two families of “covalent
alloys” is the extent of covalency which is larger in metal
borides. The straightforward consequence is that crystalline
metal borides usually require harsher synthetic conditions than
metal phosphides. Therefore, materials scientists are still in the
early stage of the synthetic process of metal borides in general
and nanoscaled metal borides in particular. In the next section,
the different approaches toward nanostructured metal borides
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Figure 17. (a) **Na triple quantum MAS NMR spectrum of Na,B,s (experiment and simulation) highlighting two nonequivalent sodium sites,>
Reprinted with permission from ref 216. Copyright 2000 John Wiley and Sons, Inc. (b)
*7> Reprinted with permission from ref 275. Copyright 2009 Elsevier.

which disproves the former view of single site “NaB,”.**
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Figure 18. Left: Experimental and calculated static *'P NMR spectra of NiP,. Middle: DOS calculation. Right: Projection views of the crystal
structure in the interlayer direction (top) and in the chain direction (bottom).”®® Reprinted with permission from ref 283. Copyright 2008 American

Chemical Society.

known up to now are presented. The following section
addresses the specific case of colloidal synthesis of nanoscaled

metal phosphides.

3. NANOSCALED METAL BORIDES

As is often the case with nanomaterials, one should keep in
mind that materials scientists were dealing with nanostructured
metal borides well before the “nanowave” and the systematic
use of electron microscopy as the definite proof of their
synthesis. In particular, some examples developed in the
following subsections highlight “hints” that nanoscaled metal
borides were obtained in the 1980s and 1990s.2*® Nevertheless,
most of the research efforts targeting nanostructures of metal
borides have been made during the past decade.

Several top-down approaches have been studied to yield
nanoscaled metal borides. Especially, superconductive MgB,
nanowires, bridges, and meanders were obtained by electron

beam lithography,”®”**® and a combination of photolithog-

raphy, ion-beam-milling, and focused ion beam.*** However,
most of the ways explored up to now to reach nanoscaled metal
borides rely on “chemical” bottom-up approaches, in the sense
that they are based on reactions between a metal and a boron
molecular or solid precursor. Figure 19 aims at summarizing
these different synthetic processes in terms of the temperature
used and of the typical length scale of the resulting metal
borides. Most of these approaches yield particle size between
30 and 100 nm. A few points deserve highlights. First, only one
process recently highlighted, namely colloidal synthesis in salt
melts, is suitable to reach sub-10-nm crystalline nanoparticles
(nanocrystals).”" Second, although performed at high temper-
atures usually favoring crystal growth (1300 °C), some
methods (e.g, borothermal reduction and synthesis in metal
flux) can yield small nanoparticles of ca. 20—40 nm.*”>>%*%
Third, among this variety of syntheses, only three provide

dx.doi.org/10.1021/cr400020d | Chem. Rev. XXXX, XXX, XXX—XXX


http://pubs.acs.org/action/showImage?doi=10.1021/cr400020d&iName=master.img-017.jpg&w=304&h=218
http://pubs.acs.org/action/showImage?doi=10.1021/cr400020d&iName=master.img-018.jpg&w=458&h=181

Chemical Reviews

Size \ SRAPET": transition metals
(nm) SRAPET?: rare earth metals, Mg-assisted
SRAPET’: NaBl isted
SRAPET® aEH Mg arly
300 | Mechano- SRAPET*: NaBHq/Mg-Iz-assisted
synthesis
-
ﬁ/
Decomposition of Preceramic routes
metal borohydrides
100 e
90
80 |Amorphous SRAPET'
piissas Organic solvents
70 | colloidal autogeneous pressure metal-catalyzed
60§ Caoida’ synima 10 nan::!?uct res,
in water or In organic solvent PLD and HPCVD ( ures)
50 | organic (MgB;)
solvents
" SRAPET* % lid reacti
‘apor-sol reas ons
30 (MgB.) Baro!he_rmul
[Mechano- Salt melts reduction
20 i [
NaBH, pressure synthesis Metal flux
10 aned in salt melts
0 SRAPET®

-
—
9,

O AW 480 ol 1 O 4® o o, PSP 70
I} Reactions with reactive vapor phases
[I] Reactions under pressure (solid state or liquid state)
[ Solid state ions at pheric p
[T Liquid phase reactions at high temperature
[ Liquid phase synthesis of nanocrystals at atmospheric pressure

[[] Liquid phase of P at ic pi

Figure 19. Typical temperature used and particle size achieved by the
different techniques of nanoscaled metal borides synthesis: SRAPET,
solid state reaction under autogenous pressure at elevated temper-
ature; PVD, physical vapor deposition; CVD, chemical vapor
deposition; HPCVD, hybrid physical chemical vapor deposition. The
different processes are explored in the next sections.

particle size control (CVD of nanowires,”" precipitation of
amorphous nanoparticles,”>">*> and colloidal synthesis in salt
melts®!). The following section describes the different
approaches, points out trends emerging over a few years, and
provides a comparative discussion of each processes.

3.1. Variety of Boron Precursors

As discussed above, the electronic state of metal borides is still
highly debated and should probably be discussed case by case.
Nevertheless, reported syntheses of borides are still dictated by
the common belief that both metal and boron should be at their
ground oxidation state in order to bind together into boride
crystalline frameworks. Up to now, this way of thinking boride
crystallization had a direct impact on the choice of boron and
metal precursors. The chemical processes involved are indeed
selected in order to provide both B(0) and M(0) in the course
of the reaction. As a result, only few boron sources were
investigated for the production of nanoscaled metal borides.
They can be classified according to their composition, which in
turn is related to their redox reactivity: boron—metal alloys,
elemental boron, boranes (boron hydride clusters), borohy-
drides, boron halides, boron—oxygen compounds, and
molecular single sources. Although amorphous preceramics
might be considered as single sources, they are always
polymeric and often ill-defined species. Consequently, they
are not treated as molecular single sources here, but their use
will be covered in subsection 3.4.

3.1.1. Metal-Boron Alloys and Metal Borides. The first
class of B donors is composed of metal—boron alloys and metal
borides (MgB,). Copper—boron alloys are poorly stable and
decompose in the presence of Cu—Ti alloys to yield more
stable titanium diboride TiB,.** MgB, was also reported as
boron donor for the synthesis of TiB, from TiCl, according to
eq 2% In this case, Mg(0) is used as secondary species to

ensure reduction of the metal chloride. Although the process is
described by the authors as belonging to solid state chemistry
routes, it should be noticed that both titanium chloride and
magnesium are liquid in the conditions of the experiment (650
°C in sealed vessel). Therefore, the reaction medium is most
likely a heterogeneous mixture.

TiCl,(1) + MgB,(s) + Mg(l)

650 °C, sealed vessel
—— " TiB,(s) + 2MgCL(s) @)

3.1.2. Elemental Boron. The use of boron for the synthesis
of nanoscaled borides is most of the time associated with
metal(0) as M precursors, so that no redox reaction is required.
It is especially used for multiple target molecular beam epitaxy
(MBE) (eq 3).>** In addition, it can also act as a solid template
and a reactant to be combined with a gaseous metal. This is
especially the case of the synthesis of MgB, nanowires
produced by reacting Mg vapors with elemental boron
nanowires (eq 4).233’23 298
500 °C, MBE
_—

Ca(g) + 3B(g) CaB,(s) (3)

950—1050 °C, vapor—solid reaction

Mg(g) + 2B(s) MgB,(s) (4

For use with oxidized metal sources (metal oxides or chlorides),
additional reductants such as Na>> or Mg* are provided to
ensure the formation of formal M(0) (egs 5 and 6).

TiCl,(sol) + 2B(s) + 4Na(s)

400 °C, sealed vessel
————— TiB,(s) + 4NaCl(s) (3)

La,0,(s) + 12B(s) + 3Mg(s)
500 °C, I, sealed vessel
———————— > 2LaB¢(s) + 3MgO(s) (6)

Although boron is used as both B source and reductant in so-
called borothermal reduction of metal oxides for the synthesis
of bulk borides, such a process is only scarcely reported for the
production of nanostructures. The reason for this lack of
investigation in the nanoarea is the strong exothermicity of the
reaction which yields high temperature in the medium. Thus,
unrestricted crystal growth occurs and nanostructured materials
cannot be isolated. Borothermal reduction of oxides was
nevertheless recently highlighted as a suitable process to yield
nanoscale niobium diboride (eq 7)**° or cerium hexaboride**°
when the starting materials themselves are nanostructured.

NbO,(s) + 4B(s) “—% NbB,(s) + —B,0,(g)
™)
3.1.3. Boranes. Some boron hydride clusters (Table 2),
namely diborane B,H, pentaborane BsH,, and decaborane
B, H,, are widely involved as volatile precursors in chemical
vapor deposition processes (CVD). These mild reductive

Table 2. Boranes Used for the Synthesis of Nanostructured
Metal Borides

melting boiling vapor pressure at 25
name formula  point (°C)  point (°C) °C (Torr)
diborane B,H, —165.5 —92.5
pentaborane  BH, —46.6 S8 209°1°
decaborane BoH, 929 213 0.2°"
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species can be used with either M(0) (Hf(s) toward HfB,,**
Mg(g) toward MgB,**' ~>**), metal oxides,*>*****"*%or metal
chlorides.””**" MgB, is a special case where additional
reductive atmosphere provided by H, is required to avoid
oxidation of elemental magnesium and magnesium diboride
upon exposure to oxygen traces.®® N. N. Greenwood
intensively studied the thermal decomposition of gaseous
boranes which go throuO%h a complex series of interconversions
between B.H, species.””’ %

3.1.4. Borohydrides. Alkali borohydrides (LiBH,, NaBH,,
KBH,) are economical, solid species which do not suffer from
the same safety issues as toxic gaseous boranes. They were
considered as early as 1951 for the production of borides and
for hydrogen production.”®*'* Alkali borohydrides, especially
LiBH, and NaBH,, are currently intensively studied for
chemical H, storage.** H, evolution occurs upon pyrolysis
or hydrolysis.

The full pyrolysis process is described by eq 8 and involves a
comg}ix stepwise mechanism which is still under investiga-
tion.

LiBH,(s) — LiH(s) + 1.SH,(g) + B(s) (8)

Hydride abstraction from the BH,™ anion occurs above 480 °C
for LiBH, which has the lowest decomposition temperature
among alkali borohydrides.*** NaBH, decomposition starts at
ca. 500 °C following eqs 9 and 10.

NaBH,(s) — BH,(g) + NaH(s) 9)

BH,(s) — B(s) + 1.5SH,(s) (10)

Solutions of borohydride in protic solvents are metastable
and decompose in the course of minutes or hours. In water,
BH," is hydrolyzed into borates or boric acid depending on the
pH (pK,(B(OH);(s)/BO, (aq)) = 9.2) according to eqs 11
and 12.

BH4_(aq) + 2H20(1) - 4H2(g) + BOZ_(aq) (11)

BO, (aq) + H,0(1) + H*(aq) — B(OH),(aq) (12)

The notation “BO, ™ is actually an oversimplification because
of the complex behavior of boron in aqueous solution. Indeed,
borates are often encountered as clusters with nuclearities
depending on both concentration and acido-basic condi-
tions.>"> The most famous borate is of course the tetrameric
anion [B,05(OH),]*” found in the mineral borax. As suggested
by eqs 11 and 12, the rate of borohydride hydrolysis depends
strongly on pH and increases in acidic medium. Hydrolysis is
also catalyzed by additives, especially metal (boride) nano-
particles. This can have a serious impact on the aqueous
precipitation of metal borides and will be discussed in detail in
subsection 3.8.

In the framework of metal boride synthesis, hydridoborates
are used because of their strong reducing reactivity and because
the products of their decomposition or oxidation are borane, or
even boron, which combine with metals at relatively low
temperature (eq 13).”' %%

2CoCl,(aq) + 4NaBH,(aq) + 9H,0(1)

room temperature

———— Co,B(s, amorphous) + 4NaCl(aq)
+ 12.5H,(g) + 3B(OH);(aq) (13)

Additional reductants can also be used, such as LiH (eq
14).3% or Mg (eq 15).*'°
TiCly(s) + 2LiBH,(aq) + LiH(s)
room temperature, mechanosynthesis

TiB,(s) + 3LiCl(s)
+ 4.5H,(g) (14)

VCl,(1) + 2NaBH,(s) + Mg(s)

650 °C, sealed vessel
D VB,(s) + 2NaCl(s) + MgCL(s)

+ 4H,(g) (15)

Borohydrides in organic protic solvents such as alcohols
readily yield borate ether derivatives BH,_,(OR),>"7*'® which
are the reactive species for metal reduction and production of
metal borides.

3.1.5. Boron Halogenides. Boron chloride BCL*" is
another popular gaseous boron source, commonly used for
CVD processes. A reductive atmosphere is supplied by a
mixture of hydrogen and a vectorizing gas to ensure reduction
of the boron halide and the metal chlorides or oxides if
required.**°7>** This process is mainly involved in the
production of rare earth hexaborides and MgB,. Titanium
diboride was also reported from the reaction between BCl; and
TiCl, in the presence of Na vapor (eq 16).>"” Use of BBr; was
investigated for the synthesis of nanoscaled TiB, from
titanium(0) under autogenous pressure.325 The reaction is
assisted by sodium(0), presumably to reduce the boron source

(eq 17).
TiCl,(g) + 2BCly(g) + 10Na(g)

1000 °C, gas phase combustion

TiB,(s) + 10NaCl(s) (16)

Ti(s) + 2BBr(g) + 6Na(l)
400 °C, sealed vessel
———— TiB,(s) + 6NaBr(s) (17)
To our knowledge, boron iodide BI; was only reported twice
by the same group in the course of metal boride production, for
the synthesis of Fe;B nanowires from Fel, at 800 °C.*****° No
additional reductant was required (eq 18) because of the lower
decomposition tem;)erature of BI;**” and Fel,, especially
compared to BCl,.>* Decomposition of the precursors yields
boron(0) and iron(0) according to eqs 19 and 20, which
combine together into Fe;B. Noteworthy, iron as intermediate
species might act as a catalyst for BI; decomposition and could
fasten nucleation and growth of Fe;B.

BI(g) + 3Fel,(s) — Fe,B + 4.51,(g) (18)
BL(g) — B + 1.51,(g) (19)
Fel,(g) — Fe + L,(g) (20)

3.1.6. Boron—Oxygen Species (Boron Oxide and Boric
Acid). Boron oxide and boric acid are also reported as boron
sources, although classified as carcinogenic, mutagenic, and
reprotoxic chemicals. When heated, B,O; has a significant
vapor pressure reaching 344 Pa at 1527 °C.**®* B(OH),
dehydrates under atmospheric pressure between 150 and 200
°C to yield B,0,.%? If the reaction is conducted with B(OH),
in a closed vessel above these temperatures, a wet atmosphere
is in contact with the reactants. The impact of water as
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additional species is usually neglected, and B(OH), is
considered as being equivalent to B,O;. Boron (hydr)oxide is
combined with oxidized metal species, such as metal oxides,
chlorides, carbonates, and nitrates.>***>*° As for boron
halides, an additional reactant such as carbon or magnesium
is added to ensure reduction of both boron and metal
components (eq 21°*° and 22**").

La,0,(s) + 6B,05(s) + 21Mg(s)

500 °C, I, sealed vessel
———— 5 2T.aBg(s) + 18MgO(s) (21)

LaCl,-7H,0(s) + 3B,0,(s) + 21Mg(s)

500 °C, sealed vessel
————> LaBg(s) + 1.5MgCL (s) + 16MgO(s)

+ 7H,(g) (22)

Wang et al. observed recently that the formation of LaBg from
La, 03 Mg, and I, could be achieved at lower temperature by
using B(OH); instead of B,0,.**” The authors suggested that
water as a side product might have a noticeable role in the
enhanced kinetics of the reaction. Water might catalyze the
highly exothermic reaction between Mg and I,, yielding Mgl,
and a strong temperature increase. This would be highly
favorable to the reduction of La,O; and the in situ formed
B,0;. Combination of the resulting lanthanum(0) with
boron(0) into LaB would also be fastened by the increase in
interior temperature.

3.1.7. Molecular Single Source. Some reports have been
provided concerning the use of noncommercial molecular
single source precursors composed of both metal and boron for
the production of borides. Metal borohydrides [Hf-
(BH,),,***7**" Ti(BH,);(dme)*** (dme = 1,2-dimethoxy-
ethane), Zr(BH,),,>*"33%33333% Al(BH,),,*"’
HFe;(CO),BH,**°] have successfully yielded amorphous
transition metal borides through CVD processes in a
temperature range 500—650 °C. Other complexes containin
borane ligands led to similar results [B,HgFe,(CO)4>*
[B,H,Fe,(CO)4]5,>*" Cr(B;Hg),>*]. Quite intuitively, single
sources incorporating different M:B ratios yield in some cases
different stoichiometries, as for amorphous Fe—B com-
pounds.>****' Tt is noteworthy that the recently reported
Cr(B;H;),>* is the only MB_H,-type transition metal complex
without BH,™ ligands. It can prevent incorporation in the final
product of carbon or oxygen from the ancillary ligands. Single
sources are not only useful for CVD processes, but they can
also be involved into other processes, such as electron beam
induced deposition (EBID) for crystalline HfB, from Hf-
(BH,),.>

3.2. Deposition from a Reactive Vapor Phase

3.2.1. General Considerations on the Thermal Decom-
position of Boranes. Chemical vapor deposition was until
very recently the only efficient route toward nanoscaled
crystalline borides because the involved treatments require
relatively low temperature. It is especially dedicated to the
production of MgB, superconducting thin films and 1D
nanostructures of alkaline earth and rare earth hexaborides.
CVD processes involving gaseous reactive boron species were
first intensively developed for B doping in the semiconductor
area. Especially, diborane B,Hy is among the most used volatile
molecules for such deposits on silicon surfaces. Its reaction with
Si(100), as well as Pd, Mo, and Ru substrates, was studied in-
depth.*** The detailed doping mechanism can be described by

the formation of intermediate adsorbed BH; molecules which
dissociate on the surface (eq 23 and 24).

B,H((g) + 2[(surface) — 2BH;(surface) (23)

BH,(surface) — B(surface) + 1.5H,(g) (24)

Diborane is also widely used as boriding species for the
production of boride films. Dissociative adsorption of B,Hy
onto hafnium groducing BH, as a transient surface species was
also reported.”** To the best of our knowledge, no detailed
investigations of the surface reactions occurring during CVD
based boride syntheses have been performed.

3.2.2. Boriding Metal Films. Belyanski et al. have shown
that (0001)-oriented thin films of HfB, with S—10 nm
thickness could be e3pitaxially grown over a (0001)Hf surface
under low pressure.”*”*** The Hf:B stoichiometry could be
controlled by adjusting the temperature of the substrate and the
postannealing procedure. At a growth temperature of 450 °C,
XPS shows that boron is deposited over the Hf surface and that
the film is poorly ordered with Hf:B = 1:3. Upon an increase of
the temperatures of boriding and annealing, the B(1s) XPS
peak sharpens (Figure 20), indicating complete incorporation

a) deposited

Counts/s

Bindlng energy, eV

Figure 20. XPS spectra of the B(1s) region of (a) a HfB, film
deposited on a (0001)Hf surface from Hf(BH,), at 450 °C, (b) a film
deposited at 450 °C and annealed to 700 °C, (c) a film deposited at
750 °C.>*° Reprinted with permission from ref 300. Copyright 1997
American Chemical Society.

of boron into the HfB, structure with a stoichiometric ratio of
1:2. Friedhoff et al. reported more recently the reaction
between BCI, at a static pressure of 1 bar and wires of various
metals including V, Nb, Ta, Ti, Mo, and 7% In the absence
of any additional reactant to reduce efficiently BCl;, high
temperatures between 1200 and 1500 °C were required to carry
out the reaction. As a consequence, only micrometer-sized
structures were obtained.*** Metallization of boron nanostruc-
tures was also investigated for MgB, synthesis (see subsection
3.2.5) and TiB,.**
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Table 3. Metal-Catalyzed and Self-Catalyzed CVD of Metal Boride One-Dimensional Nanostructures

melting point of the parent

MBg¢ diameter (nm) reactants/catalyst temp (°C)/pressure metal (°C) ref
Metal-Catalyzed CVD
CaBy  10-50 CaO-B,Hy/Ni 925/N/A 241
15—40 CaO—B,H,/Ni 860—900/N/A 235
SrBg  10—50 SrO—B,H,/Ni 760—800/N/A 240
20—-100 SrO—B,H¢/Ni 840—870/N/A 30S
BaB,  20—300 BaO—-B,H,/Ni 840—870/N/A 305
YB, ca. 50 YCL,—B,H,,/Pd (Pt) 1000 (1090)/ 57
100 mTorr
LaBs,  ca. 50 LaCl;—B,,H,,/Pd 1000/100 mTorr 57
ca. SO LaCl;—BCl;—H,/Au 1150/atm 373
15—-100 LaCl;—BCl;—H,/metal not 1150/atm 242
specified
nano-obelisks ca. 200 nm at base of the shaft, 10—15 nm LaCl;—B, H,,/Pt 920-960/ 291
at the tip 160 mTorr
CeBs  ca. 50 CeCly—B,,H,,/Pd 1000/100 mTorr 57
ca. 50 CeCl—BCl,—H, /Pt 1125/atm 320
PrBy  ca. 50 PrCl—B,,H,,/Pd 1000/100 mTorr 57
NdB; ca. 50 NdCL—B,,H,,/Pd 1000/100 mTorr 57
ca. 50 NdCl,—B,,H,,/Pd 915-940/ 367
SmBg  ca. 50 SmCl;—B,H,,/Pd 1000/100 mTorr 57
GdBs  ca. 50 GdCl,—B,,H,,/Pd 1000/100 mTorr 57
100—1000 GdCL—BCl,—H,/Au 1150/atm 368
TbBs  ca. S0 TbCl,—B,H,,/Pd 1000/100 mTorr 57
DyBg  ca. S0 DyCl,—B,,H,,/Pd 1000/100 mTorr 57
HoBs ca. 50 CeCl;—B,,H,,/Pd 1000/100 mTorr 57
Fe;B 5-50 Fel,—BI;/Pt—Pd 800/N/A 239
Self-Catalyzed CVD
CaB;,  60—100 Ca—BCl,—H, 1000/atm 842 323
LaBg 20-200 La—BCl;—H, 1070/atm 920 321
CeBs  20-100 Ce—BCl;—H, 1125/atm 799 374
PrB,  100-200 Pr—BCl,—H, 1050/atm 931 372
50—300 Pr—BCl,—H, 1050/atm 322
NdBs 100 Nd-BCl;—H, 1150/atm 1016 324
SmBgs 200 Sm—BCl;—H, 1140/atm 1072 369
80—100 Sm—BCl;—H, 1100/atm 371
EuB,  60—300 Eu—BCl,—H, 950/atm 822 370

3.2.3. Non-Nanostructured Thin Films. Research efforts
on metal boride CVD growth started in the middle of the 1970s
with the works of Takahashi et al,>**® Besmann et al,**
Pierson et al,**%*! and Motojima et al. 3% However, until the
end of the 1990s, only few details were provided about the
nano-microstructures of the resulting films.

TiB, was among the most studied materials for mechanically
and chemically resistant coatings. It was typically deposited on
steel, graphite, glass, or silicon at substrate temperatures
between 400 and 1000 °C.***3333335% The microstructure of
the first films obtained from TiCl, B,Hy, and H, was not
described.**® Soon after, TiB, synthesis from TiCl,, BCl;, and
H, resulted mostly in films of micrometer-scale thick-
ness.>*%33139335% gtoichiometric and crystallized materials
were typically obtained above 800 °C.**®?%13%37355 At Jower
temperatures, excess of boron was observed and poorly
ordered, oxygen sensitive compounds were obtained.*** TiB,,
ZrB,, and HfB, films were synthesized from single source
borohydride complexes M(BH,), (M = Ti, Zr, Hf), with
stoichiometries and air sensitivity similar to those observed
from multiple sources,>>>****** although crystallization oc-
curred in the lower temperature range 500—650 °C.>3>33*733¢
Amorphous films obtained at lower temperature contain most

often boron in excess with M:B ~ 3,%* because of the difficult
desorption of boranes resulting from the borohydride
decomposition. To enhance B,H desorption during the
deposition process, Sung et al. successfully used an atomic
hydrogen beam generated by plasma discharge.”* Amorphous
films with compositions close to the stoichiometry, enhanced
oxidation resistance, and electrical conductivity could then be
achieved at 300 °C, although crystallization of HIfB, still
occurred above 650 °C.

Metals from other groups have been investigated for CVD of
borides from single sources. For example, micrometer-thick
amorphous films of aluminum—boron alloys were obtained
from aluminum borohydride below 660 °C.*** By changing the
ratio between the metal ion and boron into the precursor
complex, it was possible to modify the compound stoichiom-
etry, for instance in the Fe—B system at the amorphous
state.>*>**' Amorphous Ni—B alloys were deposited from
NiCl, and decaborane or pentaborane as the boron sources and
reductants.**® Postannealing of these films at 800 °C produced
Ni;B microparticles. More recently, Girolami and co-workers
proposed complexes containing B;H,™ ligands (Cr(B;Hj),) as
more stable and efficient single sources toward metal boride
(CrB,) films.>**
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Figure 21. Scheme of a metal-catalyzed CVD process for the synthesis of MBg nanostructures.

Other techniques were employed to yield metal boride thin
films. For instance, molecular beam epitaxy (MBE) from solid
pure element sources was scarcely investigated for growth of
MgB, films,**”*>® with thicknesses of 20 nm. Yamazaki recently
claimed the discovery of crystalline CaB; as a new calcium
boride deposited by MBE.** Although not completely solved,
the structure of CaB; might be stabilized by the epitaxial
growth of the 100 nm thick film on AL,O; (0001). Attempts to
synthesize MgB, thin films by pulsed laser deposition (PLD)
did not provide films of good quality, probably because of the
high temperature of the plasma.®*®**®! On the contrary, Latini
et al. could obtain films of rhenium diboride by PLD without
any postannealing step.362 Magnetron sputtering was also
shown as an eflicient process, especially for films of rare earth
hexaborides (LaBg) and metal diborides (VB,, ZrB,, TaB,)>®
which grow epitaxially on oriented Si and NaCl surfaces.

3.2.4. CVD for Growth of 1D Nanostructures.
Hexaborides are especially studied in the framework of the
CVD process. This enthusiasm is certainly related to the well-
known field emission properties of these compounds, which are
enhanced when the materials are shaped into one-dimensional
structures, whose synthesis by CVD is relatively straightfor-
ward. When rare earth hexaborides are deposited from solely
rare earth chlorides and pentaborane or decaborane between
800 and 1000 °C, microparticles are usually obtained.***3% In
order to decrease the particle size, a simple strategy consists of
the use of preformed metal nanoparticles, so-called “catalysts”
although they are used in stoichiometric quantities: each metal
nanoparticle increases the nucleation rate of one nanostructure.
Because the nucleation and growth steps are substrate-
mediated, the catalyzed CVD process yields one-dimensional
growth of metal hexaborides, despite their cubic structure.
Many occurrences of metal hexaboride nanowires and related
nanostructures can be found in the literature (Table 3). The
reported growth direction is most often
(100),57:235,240-242,291,305,320,322,324,367=372 1 e rarely
(111)**"*7 or (110).>** Two families can be distinguished
within these procedures: namely, metal-catalyzed CVD and
self-catalyzed CVD.

3.2.4.1. Metal-Catalyzed CVD. This technique involves an
additional metal as catalyst for a so-called vapor—liquid—solid
(VLS) mechanism (Figure 21).*” Usually, a powdered metal
precursor (chlorides or oxides) is placed in the cold (ca. 700

°C) upstream section of a tube furnace. At such temperatures it
is partially vaporized, carried downstream in the higher
temperature region together with the gaseous boron species.
Then, the precursors react on a substrate, usually made of
silicon or silicon oxide covered with metal nanoparticles (Au,
Pd, Pt, Ni). Those act first to fasten the decomposition of the
gaseous precursors into boron(0) and metal(0) which are
collected into the nanoparticles. The melting point of the
catalyst—B(0)—M(0) mixture is lowered compared to pure
metal and elements, so that it is liquid at the substrate
temperature. Hence, precipitation of the solid occurs from the
supersaturated droplets. The solid nuclei is further fed by the
catalyst—B(0)—M(0) droplet which migrates to the top of the
nanostructures. The choice of an appropriate metal for
dissolution of high amounts of precursors is a key issue for
efficient nanowire growth. Although these processes were
developed a long time ago for hexaboride growth, it is only very
recently that Cheung’s team demonstrated rational choice of
the metal catalyst for high yield of rare earth hexaborides
nanowires.”” The authors showed that the higher the solubility
of boron and rare earth metal into the catalyst, the higher the
yield and the lower the amount of defects into the nanowires.
The best results were obtained by using Pd nanoparticles as
catalysts for CVD growth from decaborane and RECI; at 1000
°C. Homogenous samples of hexaboride MB,; nanowires (M =
Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, and Ho) could be obtained
with a diameter of ca. 50 nm and length of few micrometers
(Figure 22). On the other hand, Pt provides only low solubility
of the precursors and cannot ensure efficient growth of the
nanowires (Figure 23a). Another example is nanowires of LaB
and GdBg obtained from BCl;/H, over poorly eflicient Au
catalyst. The nanostructures exhibit large diameters and wider
polydispersities. When a better catalyst is used, such as Pt at
1125 °C, the diameter is reduced down to 50 nm and the
distribution is narrowed.>’”

The reaction temperature is another important factor for the
control of the nanostructure and the composition of the
resulting solid, for several reasons. First, temperature greatly
affects the solubility of precursors into the catalyst. Hence,
although Pt is inefficient for hexaboride growth at 1000 °C
(Figure 23a),”’ it becomes a suitable catalyst at 1090 °C when
Pt can dissolve high amounts of reactants (Figure 23c). Second,
temperature also affects the flow and the concentration of
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Figure 22. SEM images of Pd-catalyzed CVD-grown rare earth boride
nanowire samples on Si wafer substrates. TEM images of YB4 and
LaB; nanowires. Insets are (top) SAED patterns and (bottom)
HRTEM images of the corresponding nanowires.”” Reprinted with
permission from ref 57. Copyright 2011 American Chemical Society.

Figure 23. Scanning electron microscopy (SEM) images of YBg
nanostructures synthesized at 1000 °C with (a) Pt nanoparticles and
(b) Pd nanoparticles, and (c) at 1090 °C with Pt nanoparticles.®’
Reprinted with permission from ref 57. Copyright 2011 American
Chemical Society.

gaseous precursors at the deposit site. For instance, increasing
the temperature of synthesis of NdBy from B,(H;, and NdCl,

over Pd nanocatalysts*®’ leads to an evolution from amorphous
and boron-rich nanocurls to long straight single crystal NdBg
nanowires. This was assigned to an increase in the vapor
pressure of NdCl;, which is sufficient at high temperature to
ensure supersaturation of the liquid Pd—Nd—B droplets and
continuous growth of stoichiometric nanowires. Such a rational
understanding was made possible by changing only temper-
ature while other parameters were kept unchanged, contrary to
other reports.”*>*** Brewer et al. changed the longitudinal
coordinate of the deposit site to tune the flow of reactants
B,oH,;, LaCl; over Pt nanoparticles.””' They were able to grow
selectively LaB4 nano-obelisks upstream where the flow of
precursors is high (Figure 24). It was shown (Figure 21) that

—
Flow direction

o

Longitudinal coordinate in the tube oven

Temperature

>

B species concentration in the vapor phase

-€

~945°C ~960°C

~920°C

Figure 24. Evolution as a function of the substrate position in the gas
stream of LaB, nanostructures from nano-obelisks to nanowires. The
CVD synthesis was performed from B, H;, LaCl;, and Pt nano-
particles. Reprinted with permission from ref 291. Copyright 2007
American Chemical Society.

longitudinal growth occurred first because of the high rate of
the VLS mechanism, while transverse growth with diameter
increase at the base of the obelisks happened at the second
place by slower vapor—solid (VS) reaction. Since most of the
precursors were consumed in this high concentration upper
section, the downstream reactant feed rate was lower and only
yielded nanowires with uniform diameters through the VLS
mechanism. An increase in the temperature can also favor VS
side-reactions, as was shown for the growth of NdBg
nanoobelisks.>®” Although it was not demonstrated, one
might expect that by adjusting temperature, time, and/or
reactant flow, it would be possible to modify the velocity ratio
of VLS longitudinal growth and VS lateral growth, so as to tune
the aspect ratio of the final nanowires/nanoobelisks. It is
noteworthy that in a recent attempt to simplify the
codeposition process by avoiding the use of a downstream
susbtrate, Amin et al. and Jash et al. reported an alternative VLS
process toward BaB4 and SrB4 nanowires by reacting B,Hg
directly on Ni-coated BaO/SrO powders.***% Despite its
simplicity, this process suffers from high diameter polydisper-
sity between 20 and 200 nm, presumably because the
nucleation and growth steps are not sufficiently separated.
When narrow size distributions are required, especially for field
emission, growth from metal precursors on separate substrates
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should be favored with nanowire diameters typically ranging
between 10 and 50 nm.

It is worth noting that metal-catalyzed CVD can also be
applied in principle to the synthesis of 1D nanostructures of
other metal borides, especially those containing transition
metals. This was nicely exemplified by Li and co-workers who
obtained Fe;B nanowires by CVD on silicon over Pd/Pt alloy
nanoparticles using iodide precursors (Figure 25).*° Low

Figure 25. Fe;B nanowires by CVD on silicon over Pd/Pt alloy
nanoparticles.”* (a—c) SEM evidence of diameter adjustment by
increase of the amount of catalyst. (d, e) TEM and HRTEM of single
crystal Fe;B nanowire. Reprinted with permission from ref 239.
Copyright 2006 American Chemical Society.

decomposition temperatures were the main reason for the
choice of iodides, especially compared to BCl;. This enabled
working at low deposition temperature and recovering
nanowires without noticeable sintering. In a following work,
the same group took advantage of the high reactivity of the
precursors to grow selectively Fe;B and FesSi,B nanowires on
silicon without any catalyst.”*® To our knowledge, this is the
only work reporting the use of iodides Fel, and BI; as
precursors. Up to now and apart from this convincing
demonstration, CVD was not applied to transition metal
boride nanostructures. The reason might be found in the
specific interest in 1D rare earth and alkaline earth hexaboride
nanostructures for field emission. Indeed, REB4 and AEB, to a
lower extent, have gathered most of the attention of the CVD
community.

3.2.4.2. Self-Catalyzed CVD. This technique does not
involve any additional metal as catalyst since it relies solely
on the reaction between metal(0) and gaseous BCl,/H, (Figure
26).32173243697372374 Growth of the nanostructures occurs
directly on the metal which acts as a catalyst and avoids the use
of a separate substrate. Contrary to boridization of metal films,
self-catalyzed CVD is performed at atmospheric pressure and
temperatures between the melting point and the boiling point
of the metal. Therefore, liquid metal droplets are the reactive
sites for growth of the 1D nanostructures (Figure 26). This
calls for obvious similarities with the VLS mechanism, except
that the droplet is not able to dissolve boron(0) to a large
extent and feeds directly the hexaboride nanowire (Figure 27).
Bigger particles and larger size distributions are usually
obtained from self-catalyzed CVD performed at higher T
than metal-catalyzed CVD.

3.2.5. CVD, PLD, and HPCVD for MgB, Nanostruc-
tures. 3.2.5.1. Special Case of MgB,. Magnesium has vapor
pressure orders of magnitude higher than that of boron. This
directly impacts the synthetic procedures at the low pressures
used in molecular beam epitaxy or pulsed laser deposition,
because MgB, is stable (Figure 28) and has a significant growth
rate only in a narrow temperature range.358’3 6,377 Hopefully,
kinetics widen the useful window in terms of temperature and
Mg concentration in the gas since there is a significant energy
barrier for the decomposition of MgB, into Mg vapor and
richer borides.””” Special processes were developed in order to
provide high concentration Mg vapor and to reach the right
Mg:B stoichiometry in MgB,. Two families can be
distinguished, whether boron is provided as a solid or as
gaseous species. In the first case, magnesium vapors react with
boron nanostructures through vapor—solid reactions, while in
the second case Mg reacts with boron precursors in the gas
phase. This later case combines physical vapor deposition
(PVD) and CVD in a single process by involving physical
evaporation of a metal bulk and chemical decomposition of a
boron precursor gas. As such, the process is called hybrid
physical chemical vapor deposition (HPCVD).

3.2.5.2. Vapor—Solid Reactions. This family of reactions
involves conversion of amorphous boron films under Mg vapor,
typically at ca. 900 °C. This process was intensively used at the
beginning of the 2000s soon after the discovery of high T (39
K) superconductivity of Mng.w Although the first reports
using boron films obtained by PLD do not describe the
nanostructure of the resulting MgB, thin films,**"*7® later
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l‘ metal substrate
=
carrier gas carrier gas
‘ V. 4 *
gaseous B source gaseous B source
MBy MBy
metal M metal M metal M o b owire metal M . owire
particle droplet droplet droplet
\ \_ oo / Y
precursor - precursor sitiiraby
Self-catalyzed CVD _— P — S
metal droplet saturation longitudinal
melting and growth
substrate solid nucleation

Figure 26. Scheme of a self-catalyzed CVD process for the synthesis of MB, nanostructures.
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Figure 29. SEM pictures of MgB, nanostructures obtained by
reactions between Mg vapors and boron nanostructures: (a)
submicrometer plates (Reprinted with permission from ref 379.
Copyright 2003 Elsevier.), (b—d) nanowires. (Reprinted, respectively,
with permission from refs 233 , 237, 298. Copyright, respectively, 2001
John Wiley and Sons, Inc,; 2005 American Institute of Physics; 2007
Elsevier.) Image d shows some white spots indicating MgO
nanoparticles originating from oxidation during the heat treatment.

alumina membranes,”*>**' by Au-catalyzed CVD growth from
233,298 . 239237,382

gaseous BI;, or by magnetron sputtering. In a
similar process, amorphous MgB, films originating from
electron beam evaporation of Mg and B sources yield 20 nm-
thick MgB, nanoplates**® when exposed to Mg vapors, in the
presence of H, to prevent Mg oxidation.

3.2.5.3. HPCVD Vapor—Vapor Reactions. MgB, nano-

wires”® and nanotubes®® (Figure 30) were formed from

Figure 27. (a—c) TEM pictures, (d) SAED pattern, and (e, f) SEM
pictures of PrB4 nanowires obtained by self-catalyzed CVD from BCl;
gas.””> Reprinted with permission from ref 372. Copyright 2009 John

Wiley and Sons, Inc.
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Figure 28. Pressure—temperature phase diagram for the Mg:B atomic
ratio xy,/xg > 1/2. The region “Gas + MgB,” is the thermodynamic
growth window for MgB, films. Reprinted with permission from ref
376. Copyright 2001 American Institute of Physics.

works have shown that nanoplates could be obtained by this
process (Figure 29a).””” When the initial boron film is
nanostructured, the morphology is maintained and the boron
nanostructure acts as a so-called “reactive template”. Especially,
MgB, nanowires (Figure 29b—d) can be synthesized from
boron nanowires obtained by templating in mesoporous

' (100)
(010)

Figure 30. MgB, (a) nanowires and (b) nanotubes grown by heating
mixed MgB,/Mg powders on, respectively, MgB,/Mg (900 °C) and h-
BN (850 °C) substrates. Reprinted, respectively, from refs 236 and
238. Copyright, respectively, 2003 American Chemical Society and
2009 Elsevier.

very close procedures, involving heat treatment of mixed
MgB,/Mg powders obtained by mechanically actived reaction
between magnesium and boron. Nanowires grew over the
initial MgB,/Mg powder,”*® while nanotubes grew on the
surface of the BN crucible.*® No discussion was provided
concerning this discrepancy between the reported morpholo-
gies, and it is actually difficult to discriminate between the
different substrates (MgB,/Mg and h-BN), slightly different
precursor compositions (MgB,:Mg = 1.5/2.0 and 1.3:2.0 for,
respectively, nanowires”>® and nanotubes®*®), and heat treat-
ments (900 °C during 40 min and 850 °C during 30 min for,
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of H,and B,H; / H,
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Evaporating Mg ingots
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Figure 31. SEM pictures of MgB, nanostructures obtained by HPCVD from magnesium ingots under different flows of B,Hy/H, gas. (a)
Micropillars grown from Cu substrate (650 °C for 4 min). Reprinted with permission from ref 386. Copyright 2009 American Chemical Society. (b)
Nanohelices grown from silicon. Reprinted with permission from ref 388. Copyright 2008 American Chemical Society. (c—e) HPCVD growth
evolution of self-standing hexagonal prisms on stainless steel (680—720 °C for 6—12 min). Reprinted with permission from ref 387. Copyright 2011
Royal Society of Chemistry. (f) Scheme of a typical HPCVD system. Adapted with permission from ref 304. Copyright 2007 John Wiley and Sons,
Inc. The susceptor temperature is in the range $50—760 °C. The carrier gas H, at a pressure of 100 Torr avoids oxidation. A mixture of B,H, (25%)
and H, is injected into the carrier gas at varying ratios. The reactive area corresponds to stagnant gas which ensures high local Mg content.

respectively, nanowires>*® and nanotubes®*®). However, it is
clear that Mg vapors play again a significant role in the growth
of these 1D nanostructures. Also, in these cases, the
nanostructures grow from sites different from the precursor
position. This indicates that gaseous boron containing species
are formed and are able to diffuse and react together with Mg
vapors at the reaction site. Besides vaporized “single sources”
MgB,>**** and MgB,COy383 gels, the use of dedicated gaseous
boron sources was reported. Especially, reaction between B,H
and a MgB,O, gel at 800 °C yielded MgB, nanowires after a
few hours.*®" Similarly, MgAlB, nanowires were obtained after
treatment of 1% Mg-doped mesoporous alumina under gas
mixtures of B,Hy/H, or BCl;/H,, although templating was not
clearly demonstrated since 1D nanostructures were obtained
outside the mesopores.’”> Some Mg—B nanowires with
undefined composition were similarly deposited over an
MCM-41 zeolite with metallic nickel filling the pores, by
using the reaction between B,H/H, and Mg vapors from metal
ingots.*** Yang et al. described a convenient alternative method
to produce MgB, nanowires of 100 nm diameter and 10 ym
length.>® The technique relies on single source thermal
decomposition in vacuum, with solid magnesium borohydride
Mg(BH,), as the precursor. Upon heating, hydrogen evolution
occurs, and the solid phase goes through a series of
intermediate steps, with a mixture of Mg and MgB, at 380
°C and MgB, at 460 °C after 1 h. The very low temperature of
synthesis observed here can be explained by the intimate
mixture between Mg and B occurring from the single source.
Although it is not discussed in the original article, the (P,T)
reaction conditions clearly fall in the gas + MgB, stability
domain highlighted in Figure 28. This suggests that gaseous
species might play an important role in the growth of these
nanostructures. In all the above-mentioned cases, one-dimen-
sional growth of the nanostructures can only be explained by
the diffusion of gaseous Mg outside the initial Mg containing
precursors.

3.2.5.4. Tuning between Homogeneous and Heteroge-
neous Nucleation During HPCVD. Nice examples of the

versatility of MgB, particle morphologies at the micrometer-
scale were reported by HPCVD over the past few years (Figure
31). The common base of these syntheses is the chemical
reaction between vaporized Mg from bulk metal ingots and
B,H4/H, gas flow in the temperature range 650—800 °C at low
pressure (Figure 31f).>*>*%* By using very close heat treatment
conditions, Wang et al. obtained micropillars®*® (Figure 31a)
grown from Cu, Mg, and stainless steel substrates (650 °C for 4
min), while Chen et al. reported self-standing microprisms
(Figure 31c—e) with stainless steel substrates (680—720 °C for
6—12 min).**” The reason for the different resulting micro-
structures might be found both in the slightly different heating
conditions, but also in the gas mixture composition and flow.
Compared to pillars, prisms are obtained at higher temperature,
longer time, higher borane composition of the flowing gas, and
higher gas flow. All these factors favor high concentration in the
vapor phase of Mg and boron precursors, thus enabling high
supersaturation in the reactive area which triggers homoge-
neous nucleation of prisms from the vapor, instead of
heterogeneous nucleation on substrates and pillar growth
when the gaseous reactant concentration is lowered. It is worth
noting that, with a similar HPCVD process, Nath et al. have
been previously able to synthesize MgB, nanohelices®®® (Figure
31b) on various substrates, including tantalum, silicon, silica,
sapphire, and porcelain. However, the lack of detailed
experimental conditions prevents in-depth comparison with
the works of Wang and Chen.

3.2.6. Alternative Processes toward Other Nano-
structured Films. 3.2.6.1. Single Source CVD. Tuning of
nanostructured hafnium diboride films was demonstrated by
Jayaraman and co-workers by CVD growth from single source
Hf(BH,),. By adjusting the pressure of the precursor vapor and
the temperature, the authors were able to control the
stoichiometry, thickness, roughness, and crystallization state
of the films. Below 500 °C, highly conformal, dense amorphous
films were obtained (Figure 32ab), while HfB, films with a

columnar microstructure were produced above 500 °C (Figure
32c—e) 3347336
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Figure 32. SEM side view of amorphous HfB, films grown at (a) 200
°C on a glanar Si surface and (b) 250 °C on a trenched silica
substrate.>** Reprinted with permission from ref 334. Copyright 2005
American Vacuum Society. SEM plan-view and cross-sectional images
of crystalline HfB, films grown from the single-source precursor
Hf(BH,), (c,d) on SiO, at 600 °C, where the preferred orientation is
(0001); (ef) on SiO, at 800 °C, where the preferred orientation is
(1010); and (gh) on Si(001) at 800 °C, where the preferred
orientation is (1010).**% Reprinted with permission from ref 333.
Copyright 2006 Elsevier.

3.2.6.2. Electron Beam Induced Deposition. EBID usually
employs the electron beam of a scanning electron microscope
to decompose precursor molecules introduced to a substrate in
the gas phase. To enhance the spatial resolution of the process,
Ye and co-workers used a negatlvely biased scanning electron
microscope as the electron source.”” They demonstrated the
outstanding resolution of the technique by depositing sub-5-nm
nanostructures of HfB, on hydrogen-bounded silicon surfaces
(Figure 33). Contrary to CVD, decomposition of the single
precursor Hf(BH,), and crystallization of the diboride were
achieved without heating the substrate.

3.2.6.3. Arc Plasma in Liquid Phase. A recent process
toward nanostructures based on magnesium and boron was
described by Sano and co-workers who performed arc plasma
in liquid argon.*®” This way, bulk MgB, was converted into
nanotubes, although the exact composition of the product
could not be assessed. In this process, a plasma is created
between two electrodes immerged in liquid Ar. Because of high
local temperature, bulk MgB, at the anode passes in the liquid
phase and precipitates at the cold cathode with nucleation of
the nanostructures.

3.3. Solid State Syntheses

3.3.1. Reduction of Nanostructured Metal Oxides.
Reduction of oxides by boron is strongly exothermic and yields
high temperatures in the course of the reaction. Grain growth
and sintering are then difficult to restrain.*****' However, Jha
et al. showed recently that niobium diboride could be obtained
at the nanoscale through borothermal reduction at 1300 °C of
NbO, nanocrystals, in order to yield NbB, nanowires with a
diameter of 40 nm.”*° In a similar manner and at the same
temperature, the same group developed the synthesis of cerium
hexaboride nanorods.”” By using nanoparticles (10 nm) of
cerium oxide as precursor, the authors obtained submicronic
rods with diameters of a few hundreds of nanometers. On the
contrary, much smaller nanorods (30 X 150 nm”) were
synthesized from aggregated nanorods of cerium oxalate (S X
20 nm?). Both studies point out the importance of the metal
precursor choice for governing the reactivity and the final
morphology: nanostructured precursors are usually more
reactive, and lead to more intense nucleation and smaller
particles of the metal boride phase. The typical resistance of
metal borides to sintering might explain the persistence of
nanostructures at temperatures as high as 1300 °C.

Alternatively, Deheri et al.****** and Jadhav et al. proposed
approaches to produce nanoscaled Nd,Fe ,B by reducing a
nanostructured mixture of Nd—Fe oxides and B,O; respec-
tively, by calcium dihydride at 800 °C***** and hydrogen at
950 °C.*** The resulting 50—100 nm nanoparticles were
strongly aggregated. A hybrid approach was recently proposed
for the synthesis of nanoparticles mainly made of Nd,Fe,,B,**
consisting in the aqueous precipitation of amorphous Fe—B
nanoparticles through reduction by borohydrides in the
presence of Nd** cations. Neodymium ions are adsorbed on
the surface of 2 nm primary particles agglomerated into 60 nm
aggregates. Further annealing at 950 °C under hydrogen yields
80 nm particles made of a Nd,Fe;,B/Fe—B composite.

& 10 % 1 13 30 38
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Figure 33. HfB, nanostructures made by STM-EBID on a hydrogenated Si(100) surface. (a—c) nanowire and line contours, (d, e) nanodots and line

contour.337
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Reprinted with permission from ref 337. Copyright 2010 American Chemical Society.
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Table 4. Solid State Syntheses under Autogeneous Pressure of Metal Borides”

metal metal:boron M:B(:coreactant)

boride diameter (nm) reactants temp (°C)  duration ratio ref
Alkaline Earth Metal Borides
CaBg few 100s of nm CaCl,/NaBH, 500 8h 1:6 402
CaO/B(OH);/Mg/1, 250 12h 1:3.2:10.7:1* 299
CaCO,/B(OH);/Mg/1, 400 4h 1:6:22:3 299
SrBy few 100s of nm SrO/B(OH);/Mg/1, 350 12h 1:6:22:2 299
BaBy few 100s of nm BaO/B(OH),/Mg/1, 350 10 h 1:6:22:2 299
MgB, few 100s of nm MgCl,/NaBH, 600 8h 1:5 403
Transition Metal Borides
Co,B* 80%* CoCl,/NaBH, 500—600 12h 41 404
VB, 50—100 VCl,/NaBH,/Mg 650 8h 1:2:1 316
Rare Earth Metal Borides
LaBg few 100s of nm metal acetate/NaBH, 900 3h 1:6 405
LaCl,-7H,0/B,0,/Mg 500 4h 1:6:25 331
L3203/B(OH)3/Mg/IZ 250 12h 1:6:22:3 299
100—200 nm La,04/B,0,/Mg/1, 500 12h 1:6:5:3 299
mixture of few 100s of nm cubes and 40 nm La,0;/B,0;/Mg/1, 500 0.7 h 1:6:5:3 299
nanoparticles
30 nm LaCl;-7H,0/NaBH,/Mg 400 4 h 1:9:11 331
50 nm La,0;/NaBH,/Mg/I, 400 12 h 1:6:4:3 299
50 nm La,0;/amorphous B/ 500 12 h 1:6:6:3 299
Mg/1,

CeBg few 100s of nm metal acetate/NaBH, 900 3h 1:6 405
CeO,/B(OH);/Mg/1, 250 12 h 1:6:22:3 299
CeCl,-6H,0/B,0,/Mg 500 12h 1:6:25 406
30 CeCl;-6H,0/NaBH,/Mg 400 48 h 1:8:13 406
PrBg few 100s of nm Pr,0,,/B(OH);/Mg/1, 250 12 h 1:6:22:3 299
ca. 50 PrCl,-6H,0/B,0,/Mg 500 12h 1:6:25 406
30 PrCl;-6H,0/NaBH,/Mg 400 48 h 1:8:13 406
NdBg few 100s of nm metal acetate/NaBH, 900 3h 1:6 405
NdCl,-6H,0/B,0,/Mg 500 12h 1:6:25 406
Nd,0,/B(OH);/Mg/1, 350 12 h 1:6:22:3 299
30 NdCl,.6H,0/NaBH, /Mg 400  48h 1:8:13 406
SmByg few 100s of nm metal acetate/NaBH, 900 3h 1:6 405
NdCl,-6H,0/B,0,/Mg 500 12h 1:8:13 407
Sm,03/B(OH);/Mg/1, 250 12h 1:6:22:3 299
nanorods, few 100s of nm in diameter NdCl;-6H,0/B,03;/Mg 500 48 h 1:8:13 407
EuBy few 100s of nm metal acetate/NaBH, 900 3h 1:6 405
NdCl;-6H,0/B,0;/Mg 500 12 h 1:8:13 407
Eu,0,/B(OH);/Mg/1, 250 12h 1:6:22:3 299
GdB, few 100s of nm metal acetate/NaBH, 900 3h 1:6 405
NdCl;-6H,0/B,0;/Mg 500 12h 1:8:13 407
TbBg few hundreds of nm NdCl;-6H,0/B,0;/Mg 500 12 h 1:8:13 407

“ Asterisk indicates an excess of metal source is used for the synthesis of Co,B*** and CaB4.>*® This suggests the presence of metal-containing side-

products, although this point is not discussed in the corresponding reports.

3.3.2. Solid State Reactions under Autogenic Pres-
sure. 3.3.2.1. SRAPET Procedure. Techniques based on solid
state chemistry carried out in sealed vials (autoclaves) have
been named as solid state reactions under autogenic pressure at
elevated temperature (SRAPET) by the group of Gedank-
en**3%974% The development of SRAPET for metal borides
started in the middle of the first decade of the 2000s and since
then demonstrated high versatility. Nowadays, this synthetic
method is one of the most suitable for the production of a huge
variety of submicronic metal borides. The interest in using
pressurized containers for improved yield and crystallinity is
always explained by the beneficial impact of pressure although it
was, to our knowledge, never investigated in—depth.401 The
primary reason for the lack of data concerning the role of
pressure is the difficulty to adjust separately the temperature

AB

and the pressure, and then to decipher the role of both
parameters. Because the formation of borides is a succession of
irreversible reactions, the role of the pressure might be found in
its impact on the kinetics. Especially, it is striking that all the
reactions involved in boride-targeting SRAPET bring into play
reactants (B,O;, Mg), intermediates (B,Hg), and/or by-
products (H,) which are highly volatile and strongly impacted
by pressure. The first role of the sealed vessels is therefore to
confine the species necessary to the completeness of the
transformation. The second important effect is the increased
concentration of gaseous reactants and intermediates, which
provides enhanced reaction rates.

SRAPET processes have been dedicated to a wide range of
borides belonging to alkaline earth borides, transition metal
borides, and rare earth metal hexaborides. Most of these
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syntheses are carried at temperatures above 500 °C (Table 4).
It is noteworthy that, with a few exceptions, the SRAPET
procedure yields mainly submicrometer particles. Alkaline earth
borides (CaBg,*** MgB2403) and transition metal borides
(Co,B**) have been scarcely reported. Rare earth metal
hexaborides have been more intensively studied mainly because
of the interest in their field emission properties.”*”3#0574%7
3.3.2.2. Size and Temperature Reduction. After the
successful use by Selvan et al**> of RAPET at 900 °C to
produce submicrometer cubes of various REB; (RE = La, Ce,
Nd, Sm, Eu, Gd) from rare earth acetates and NaBH,, Qian’s
group tackled the question of size reduction. To do so, the
authors used first Mg additive with a 2-fold role, first as a
reductant (eq 21 and 22) of metal cations, second as a source
for strong in situ heating.**"**® Indeed, its strongly exothermic
oxidation reduces the energy input necessary for completion of
the reaction. Heating to 400 °C is therefore sufficient to induce
the reaction between rare earth chlorides, NaBH, and
Mg.3*"*% An excess of sodium borohydride and magnesium
led to particles of MB; (M = La, Ce, Pr, and Nd) with a
diameter of ca. 30 nm (Figure 34).33140¢ A similar effect of

Figure 34. TEM images and SAED patterns of (a) LaBs nano-

particles®" and (b) CeBg nanoparticles406 obtained by the Mg-assisted

reaction between rare earth metal chlorides and NaBH, under RAPET
conditions at 400 °C for 4 h and 500 °C for 12 h, respectively.
Reprinted, respectively, with permission from refs 331 and 406.
Copyright, respectively, 2008 Elsevier and 2009 Elsevier.

additives was observed by using boron oxide as the boron
source (eq 22).3*"*%%*7 Although stoichiometric amounts of
metal and boron sources were used, highly reductive conditions
were involved, with a nearly double excess of magnesium.
Submicrometer cubes of LaBg, CeB, PrB;, NdB,, SmB, EuB,
GdBy, and TbB were obtained from B,03,**"*%%*7 compared
to 30 nm nanoparticles from NaBH, (Figure 35).>*" % In
order to explain the impact of the boron source, the authors
speculate that the physical state of the precursors might have a
strong impact on the reaction course. More precisely, B,Oj is
liquid in the reaction conditions, while solid NaBH, starts to
decompose above S00 °C (eqs 9 and 10). It is argued that
liquid B,O; might coat metal chloride particles and facilitate the
growth of metal boride particles.*”® Another reason for the
discrepancy in the particle morphology might come from the
highly reducing ability of sodium borohydride. This could
indeed trigger the reaction between metal chlorides and the
boron source at lower temperature than for B,0O; thus
facilitating the nucleation step and providing a larger amount
of small particles. Obviously, both hypotheses are far too simple
to explain the whole process, especially because they do not
take into account the role of magnesium in the course of the
reaction.

AC

Additives

Mg (co-reductant
and "heat provider")
+
I, (catalyst
and "heat provider")

Mg (co-reductant |
and "heat provider")

None 1

:
Reactivity of|

NaBH
3B the B source

B(OH), B,0,

Figure 35. Experimental levers used to control the temperature of
synthesis and the size of rare earth hexaborides: coreactants and boron
sources. From the data in refs 299, 331, 406, 407.

A further decrease in the synthesis temperature from metal
oxide precursors was achieved through the addition of a second
coreactant, namely iodine, which leads to reactive intermedi-
ates, such as metal iodides or oxyiodides, through exothermic
reactions (e.g, between excess magnesium and iodine to yield
Mgl,), thus enabling crystallization at temperature set points as
low as 250 °C.**” Depending on the nature of the boron
source, particles with sizes ranging from a few tenths to a few
hundreds of nanometers were synthesized by addition of Mg
and I,. LaBg nanoparticles (50 nm) were obtained with NaBH,
as a boron source. Again, NaBH, yields smaller particles than
less reactive boric acid or boron oxide. An interesting effect of
the hydration degree of the precursors was also observed.
Indeed, boric acid B(OH); yielded crystalline LaBg at 250 °C
compared to 500 °C with B,0O;. This temperature decrease was
assigned to dehydration of boric acid at 159 °C. The evolving
water catalyzes exothermic formation of Mgl,. As a result,
crystallization occurs at a lower temperature set point with
B(OH); than with B,0;. Although the syntheses are performed
at much lower temperature (250 °C) when I, is added, the
reported procedure involving metal oxide precursors still yields
bigger particles than those based on metal chloride precursors
without iodine, presumably because metal oxides are poorly
reactive M species. It is also important to note that low
temperature reactions involving iodine occur only with low
yields ranging between 20% and 50%.

3.3.2.3. Mechanistic Issues. The mechanism of the reaction
between metal salts and alkali borohydrides was never
experimentally assessed, even in the most recent reports. On
the basis of the known decomposition pathway of single NaBH,
at ca. 500 °C (eqs 9 and 10), all the studies on RAPET
processes speculate a reaction scheme involving egs 9, 10, 25,
and 26 or similar ones with other metals, yielding net equations
like eq 27. Many questions are nevertheless raised. Especially,
how borohydride or intermediate borane react with metal
chlorides is still an open question: Do they combine directly, do
they lead first to metal borohydride intermediates, or do they
decompose first into B(0) by reduction of the metal precursor,
followed by “alloying” between M(0) and B(0)? Mechanistic
studies, for example mass spectrometry analysis of the evolved
gases,314 could be of great interest in the case of metal boride
synthesis and are clearly lacking here.

MgCL (s) + 2B(s) + H,(g) — MgB, (s) + 2HCI(g)
(28)
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NaH(s) + HCI(g) — NaCl(s) + H,(g) (26)
MgClz(s) + 2NaBH,(s)
— MgB,(s) + 2NaCl(s) + 4H,(g) 27)

3.3.2.4. Comparison between CVD and RAPET. All in all,
the use of solid state reactions under autogenous pressure is
highly suitable to the synthesis of a wide range of metal borides,
especially boron-rich compounds, namely diborides and
hexaborides. The latter are most often obtained as cubes
when they are produced as sub-micrometer-scale particles, in
relation with their cubic structure and the surface energy of the
different facets. On the contrary, hexaborides originating from
CVD processes are usually produced as one-dimensional
nanostructures. The difference in the morphologies obtained
from both kinds of procedures can be explained by the role of
the substrate in chemical vapor deposition. In this case, growth
occurs on the surface which breaks the cubic symmetry, while
the metal catalyst fastens and then exacerbates one-dimensional
growth. Although not reported yet, combining CVD and
RAPET approaches might provide an acute control on the
morphology of metal hexaborides. However, two major
drawbacks of solid state reactions, even under autogenous
pressure, are the slow diffusion of reactants in the vessel and the
unfavorable reaction kinetics. Because homogeneous mixtures
of initial and/or intermediate species are difficult to reach, size
and shape inhomogeneities are inevitably observed in the final
samples. This is exemplified in most of the microscopy images
describing the products (Figure 34). Also, because the reaction
rates are slow in the solid state, extensive growth often occurs,
leading to big particles mostly in the submicrometer range. It
was however nicely demonstrated by Qian’s group that the use
of highly reactive boron sources, such as sodium borohydride,
together with the assistance of strongly reactive additives can
significantly improve the nucleation kinetics and lead to smaller
particles in the nano-range (Figure 35). Again, a parallel can be
drawn with CVD processes: judicious choices of the boron
precursor in terms of reactivity (NaBH, versus B,O; for
RAPET, boranes versus BCl; for CVD) and of suitable catalysts
or “activating species” (magnesium-assisted processes versus no
additive for RAPET, metal-catalysis versus self-catalysis for
CVD) are efficient ways to hasten reactions, decrease the
temperature of synthesis, and decrease the particle size.

3.3.3. Mechanosynthesis. Mechanosynthesis of metal—
boron alloys was developed from the 1990s to Frovide iron,
niobium, copper—titanium borides,**®* Fe—B,*'° and Ni—-B
amorphous alloys. Mechanical activation of boride formation is
often combined with a thermal gost—treatment above 900 °C to
yield crystalline metal borides.*”®" This is especially the case
when elemental metal and boron are used as precursors, e.g, in
the Zr—B,*"' Cr—B,* or Mo—B systems.412 In the latter case,
broad XRD peaks of a sample obtained at 900 °C suggest
nanosized crystallites of single-phase MoB,, although no
microscopy data were provided.*'> The strong advantages of
mechanochemical synthesis, namely simplicity and energy
saving, are put in the foreground when crystallization of MB
systems is triggered without thermal activation. Indeed,
submicrometer particles of diborides TiB,,*'*~*1¢ NbB,,*7*!*
and MgB,;*"® Ni,B;***! and VB,’>*' could be readily
obtained after energetic ball-milling during few tens of hours.

When oxidized precursors are used, reductive assistance is
provided by the addition of magnesium in excess of 10—40 mol

AD

% to overcome residual oxidation. For instance, submicroscaled
HfB, was reported from HfCl,, B, and Mg after heat treatment
at 1100 °C.***** Few examples of submicronic particles were
reported without postannealing, including mixtures of Mo,B,
from MoO;, B,0O;, and Mg;4 * Z1B, from ZrO,, B,O;, and
Mg;425 and TiB, from TiO,, B,0; and Mg.426_428 Never-
theless, postannealing is often used to ensure crystallization. In
this case, the reaction is so violent into the finely ground
mixture of oxidic precursors and magnesium that the process
can be referred to as a self-propagating high-temperature
synthesis (SHS). Self-heating occurs and adiabatic temperatures
close to 1800—2000 °C are quickly reached after ignition of the
medium. Because the reaction itself ensures heating, the set-
point temperature (or ignition point) is not necessarily high:
TiB,, ZrB,, and ReB, submicronic particles were obtained at
800 °C;*'"*° mixtures of Mo,B, species and Mo were
produced at a set-point 500 °C;421 and submicrometer size
LaBg was obtained from LaCly, B, and Li®0 It is noteworthy
that when SHS reactions are involved, the particle size (e.g,, for
ZrB, from Zr and B*'") can be decreased from the microscale
to the 40—100 nm range, by adding a dilutant (e.g, NaCl)
which limits the temperature increase.

Recently, Kim et al.>® modified the nature of the boron
source by using lithium borohydride to convert TiCl; and VCl;
into, respectively, TiB, and VB,, with the reductive assistance of
LiH (eq 14). After a few hours and washing in water, the
authors could recover polycrystalline nanoparticles of titanium
and vanadium diborides, with diameters of 15—60 nm (Figure
36). As in CVD and RAPET procedures, the higher reactivity of
LiBH, combined with LiH compared to other boron sources
triggers reaction at lower temperature, larger amount of nuclei,
and smaller particles. It is noteworthy that crystalline particles
with a diameter ranging from a few tens to a few hundreds of
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Figure 36. TEM micrographs and XRD patterns of TiB, and VB,
powders prepared by mechanochemical processing on a planetary ball
mill for 4 h from TiCl,/VCl;, LiBH,, and LiH.*® Reprinted with
permission from ref 58. Copyright 2008 Elsevier.
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nanometers can be obtained for metal-rich borides like CoB.**!

These materials crystallize at relatively low temperature (e.g,,
600 °C) and are formed after a slight heat post-treatment. By
using the same boron precursor, Lu et al. synthesized MgB,
nanoflakes with 70 nm basal face through MgH, as metal
source. Post-treatment at 450 °C and the use of a TiB, catalyst
was necessary to ensure crystallization.**

Mechanochemical syntheses rely on very simple procedures
and are therefore very attractive processes. However, the
present state of the art for metal borides does not show high
control of the purity, the crystallinity, and the size of the
particles. Especially, metal borides obtained from these routes
are often contaminated by materials from the container, such as
tungsten carbides, iron, or iron borides.*'******3 1t was indeed
suggested that these contaminants may play a decisive role in
the nucleation of boride nanoparticles and the final
morphology.****** Investigating the route of the reactions is
also relatively difficult since the leaching post-treatment
modifies the particle morphology and compositions.**%**”
Further in-depth characterizations and engineering are highly
sought in order to improve control of the process, especially
purity, crystallinity, and size distribution of the final samples.

3.4. Preceramic Routes

Carbothermal reductions of metal oxides and boron oxide, as
well as reduction of metal oxides by boron carbide B,C, have
been known for a long time for producing bulk metal borides.>®
In order to get smaller particles, usually in the submicrometer
scale, these typical procedures were modified with the main
objective of starting from mixtures that could ensure
homogeneous nucleation of the metal boride particles. We
classify these approaches as “preceramic routes” since they
involve the preliminary formation of a metal—boron mixture at
the solid state or as a gel, which is homogeneous at the
nanoscale and involves at least one noncrystalline, polymeric
phase. These procedures are related to the well-known Pechini
process for the synthesis of submicro- to nanoscaled metal
oxide particles.**?

3.4.1. Carboreduction in Physical Mixtures of Metal
Oxide, Boron Oxide or Boric Acid, and Carbon.
Substitution of bulk metal oxide by metal oxide nanoparticles,
and ball milling the oxide nanoparticles with boron oxide and
carbon, lead to an homogeneous mixture which yields
nanoscale metal boride nanoparticles (TiB,***) with remaining
carbon after carbothermal reduction at 1500 °C. A similar
procedure for sub-micrometer-scale TiB, and NbB, was shown
by using a mixture of metal oxide nanoparticles, boric acid, and
cornstarch which is calcinated at 1500 °C.***%

3.4.2. Carboreduction in Mixtures of Metal Oxides
and B-Containing Polymers. The second type of precer-
amics is made of mixtures between metal oxides and B-
containing polymers. This route was inspired by the works
dealing with boron nitride and boron carbide synthesis from
the calcination of boron-containing polymers.>”~**' The
procedure for metal borides was developed in the 1990s for
diborides of Ti, Zr, Hf, Nb, Ta, especially in the groups of
Seyferth*? and Sneddon.****** Powders of metal oxides are
mixed with the polymer in a suitable solvent (e.g, THEF).***
After evacuation of the solvent, the resulting solid is calcined
under inert atmosphere at ca. 1400 °C. The polymer
decomposes into boron-containing carbonaceous compounds,
and then carboreduction of the oxides occurs together with
alloying between boron and the metal, yielding metal boride
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submicronic particles. The polymer must meet some criteria in
order to be suitable for this approach: (1) It should bear a
suitable B/C ratio to ensure complete reduction of the oxides
and transformation into the borides. (2) It should be stable at
relatively low temperature and be soluble in a volatile solvent.
(3) It should have a high yield of carbonization products to
ensure complete carboreduction. (4) It should decompose at
relatively low temperature to ensure coating and confinement
of the metal oxide particles before they start to grow, which
would lead to inhomogeneous mixtures and large particles.
Decaborane-diamine,*** decaborane-dicyanopentane,****** and
then polyhexenyldecaborane**® polymers with increasing
stability and char yield were developed. In a similar approach,
boride/nitride TiB,/TiN and HfB,/HfN composites were
obtained from a polyborazilene polymer mixed with the parent
metals.**> Interestingly, the rheological properties of the initial
mixture can be tuned by adjusting the glass transition of the
polymer or the polymer concentration or by adding some
surfactants. The latter possibility was used to ensure
homogeneous coating of graphite plates by a TiB, layer after
calcination.***

3.4.3. Carboreduction in Metal and Boron Hybrid
Oxo-Gels. The third type of preceramics is composed of
hybrid organic—inorganic oxo-gels obtained from molecular
sources of a metal and boron. Because of the significant
volatility of B(OH);/B,0; species at high temperature, a slight
excess of ca. 10 mol % is required to ensure the formation of
metal borides as the sole metal-containing phases. Metal
diborides (TiB,, ZrB,, TaB,)***~** are the most studied M—B
alloys in the framework of this preceramic route. The synthesis
is based on a two-step process. First, an amorphous gel is
formed from metal alkoxides [i.e., Ti(OPr),, Zr(OPr),]**~*°
or oxychlorides (ie., ZrOCL)*” and a boron alkoxide
[B(OEt);, trimethoxyboroxine]**® or hydroxide B-
(OH);.*"~*° The gel is usually obtained by reacting these
precursors in a suitable solvent (acetic acid, butanol) in which
inorganic polymerization is controlled, often throusgh the
addition of complexing agents such as acetates™* *° or a
polyol (glycerol/furfuryl alcohol).**® These complexants cross-
link the metal-oxo species through transesterification of the
alkoxides.**® These organic cross-linkers polymerize together
and decompose into carbon when heated at 800 °C. Other
ligands like acetylacetonates can be used to control the cross-
linking, ****** Other carbon sources were experienced, such as
sucrose***** or a phenolic resin.*”*** In a second step, the
precursor mixture is heated above 1000 °C. Then, it goes
through the crystallization of metal oxide nanoparticles
embedded into a carbon matrix. Boron oxide is also probably
formed, although it was not observed by XRD. Finally,
carbothermal reduction of the metal oxide and the B species
occurs together with alloying between the metal and boron,
leading to metal borides (Figure 37). The interest in using
molecular precursors of carbon, boron, and/or metal is the
improved homogeneity of the initial M, B, and C mixture. The
intermediate state is then made of particles uniformly
distributed into the carbon phase. A large interface between
carbon and oxides ensures high reactivity, as exemplified by the
onset of carboreduction and formation of TiB, occurring at
1000 °C instead of 1250 °C for a physical carbon—titania
mixture.**® Also, the carbon phase acts as a template for
restricting nanoparticle growth at high temperature. Indeed,
during the synthesis of ZrB,*’ complete consumption of
carbon above 1500 °C is correlated to a strong decrease of the
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Figure 38. SEM showing submicronic particles of diborides obtained
from hybrid metal-oxo gels: (a) TiB, from a mixture of titanium
isopropoxide, boron triethoxide, furfuryl alcohol, and glycerol heated
at 1000 °C.**® Reprinted with permission from ref 446. Copyright
1992 Royal Society of Chemistry. ZrB, from a mixture of zirconium
isopropoxide, boric acid (Zr:B = 1 2.3), acetic acid, and sucrose dried
at (b) 65 °C, (c) 75 °C, (d) 85 °C and calcined at 1500 °C for 2 h.
Reprinted with permission from ref 450. Copyright 2011 Elsevier.

Figure 37. XRD patterns highlighting the course of ZrB, formation
from calcination of a preceramic powder made of ZrOCl, and B(OH),
(Zr:B = 1:2) mixed with phenolic resin. The pattern for “1500 °C*”
represents the result from a mixture containing 10 wt % of B(OH); in
excess. SEM picture of corresponding powder made of pure ZrB,.
Reprinted with permission from ref 447. Copyright 2006 John Wiley
and Sons, Inc.

BET specific surface area from 200 to 32 m* g~'. We have
recently developed a similar procedure for the synthesis of
nanostructured Magnéli’s substoichiometric titanium oxides.**!
It is noteworthy that the process for metal borides cannot
afford highly efficient templating and leads to submicronic
particles. The structure of the polymeric precursor might also
impact the final morphology of the metal boride particles, as
suggested by Zhang et al.**® who showed that when the initial
gel was curred at increasing temperatures, the final morphology
of ZrB, particles was modified and one-dimensional preferential
growth was emphasized (Figure 38).

Nath et al. claimed the sol—gel synthesis of magnesium
diboride nanowires.*®" The authors used a mixture of MgBr,,
NaBH,, and hexadecyltrimethylammonium bromide (CTAB)
as a surfactant in ethanol. After evaporation of the solvent, a gel
was obtained and subsequently calcined under diborane flux at
800 °C. This procedure was already described above in
subsection 3.2.5. The vapor pressure of magnesium is relatively
high in the synthesis conditions, while the gel made of organics
is certainly decomposed into a carbonaceous matter containing
NaBr as one of the byproducts. As a consequence, MgB,
nanostructures grow likely through an HPCVD vapor—vapor
reaction on the surface of the matrix originating from the gel.
The SEM pictures confirm this hypothesis by clearly showing
long nanowires grown on a denser substrate. Therefore,
formation of MgB, is not likely to occur through condensation
of molecular species in a condensed phase and is not directly
related to the sol—gel process. Interestingly, Hall et al
proposed recently an alternative route toward carbon-doped
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MgB,, by triggering the reaction between elemental boron and
magnesium into a carbon matrix derived from the thermal
decomposition of dextran. MgB, nanoparticles could be
obtained through the confinement effect of the carbon
template.**>

3.5. Liquid Phase Syntheses in High Temperature (>1000
°C) Flux

Molten metal baths have been used mostly for the growth of
macroscale single crystals of metal borides.*” A noticeable
exception has been reported by Guo et al. who proposed a
short flow process to precipitate 20 nm TiB, nanoparticles into
molten copper. The procedure lies in the rapid mixing of Cu—
Ti and Cu—B melts at 1300 °C followed by quenching.
Titanium and boron spontaneously yield TiB, nanoprecipitates
in bulk copper. By modifying the composition of the initial
mixtures, the metal boride content of the resulting Cu—TiB,
composite was adjusted to 0.45 or 1.6 wt %.>%°

3.6. Liquid Phase Syntheses under Autogenous Pressure

Most liquid phase syntheses of metal borides rely on
temperatures ranging from 400 to 650 °C. In these conditions,
many solvents and reactants have a high vapor pressure and
require closed vessels in order to trigger the reaction and to get
a sufficient yield. These protocols are described herein, whether
liquid solvents (salt melts or organic compounds) or liquid
species acting both as solvents and reactants are used.

3.6.1. Salt Melts under Autogenous Pressure. Follow-
ing early reports on bulk metal boride fabrication by high
temperature electrosynthesis in molten salts, these electrolytes
were recently used as flux for the synthesis of nanoscale borides
under autogenous pressure. Metal chlorides are readily
available, easy to use, and economical solvents. Ma et al>
developed the synthesis of CrB nanorods (Figure 39) from
CrCl; and elemental boron in stoichiometric amounts, with the
addition of sodium as reductant (Cr:B:Na = 1:1:3). The solvent
was aluminum chloride (melting point 192 °C), and the
reaction was performed at 650 °C. Later on, the same group
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100 nm

Figure 39. Pictures of nanoscale metal borides obtained at 650 °C
under autogenous pressure in molten chlorides. (a) SEM picture of
NbB, nanoparticles obtained from Nb,Os, B,0;, and Mg in a 50:50 wt
% NaCl:MgCl, mixture.>* Reprinted with permission from ref $4.
Copyright 2009 Elsevier. (b) TEM picture. (c) Corresponding SAED
pattern of a CrB nanorod obtained from CrCl,, B, and Na in AICL,*?
Reprinted with permission from ref 53. Copyright 2003 Elsevier.

reported the fabrication of NbB, nanoparticles at 650 °C
(Figure 39).>* The flux was a NaCl/MgCl, mixture of 50:50
weight ratio, melting at ca. 475 °C. In this case, metal and
boron oxides were used as precursors with additional
magnesium as reductant (Nb:B:Mg = 1:2:9). According to
TEM data, the NbB, particles exhibited diameters of ca. 30 nm,
but the BET specific surface area did not exceed 16 m* g/,
suggesting strong aggregation of the nanoparticles.

3.6.2. Organic Solvents under Autogenous Pressure.
Besides ionic flux, organic species were also used as liquid
media for boride synthesis. Gu and co-workers®> obtained TiB,
nanoparticles from TiCl, and elemental boron in stoichiometric
amounts. An excess of sodium (Ti:B:Na = 1:2:4.3) was added
to ensure reduction of the metal precursor. The reaction was
performed at 400 °C in benzene, and TEM images suggest
diameters ranging from 1S5 to more than 100 nm. Soon after
this report, a similar process yielded Ni,B nanoparticles from
anhydrous NiCl, and NaBH, in benzene at 420 °C.*° The
stability under pressure of the organic solvent at such
temperatures is nevertheless questioned by Gu et al. who
suspect partial carbonization of benzene and incorporation of
carbon into the final compound.®

3.6.3. Liquid Reactants under Autogenous Pressure.
Other works rely on liquid precursors and might be considered
to belong to reactions in the liquid state or in heterogeneous
liquid/solid media. Apart from the physical state of the
reactants, experimental procedures are similar to those used
for typical RAPET syntheses. That is the case of the TiB,
synthesis from elemental titanium, §aseous BBr;, and liquid
sodium (Ti:B:Na = 1:2:6) at 400 °C.>** Liquid TiCl, and solid
NaBH, (Ti:B = 1:4.8%% or Ti:B = 1:6.5%*) were also
combined in an autoclave and converted into TiB, above 500
°C (Figure 40), but in these conditions TiCl, is presumably in
the vapor state. The same procedure was used for the synthesis
at ca. 600 °C of diborides HfB,,*** ZrB,,**® and NbB,"’ from
the respective chlorides HfCl,, ZrCl,, and NbCl,. Nanoparticles
with a diameter of about 20—25 nm were obtained with
hafnium and zirconium. The NbB, sample was reported as a
polydisperse mixture of particles and rods with diameters of,
respectively, 10 and 100 nm. Crystalline materials were only
obtained with an excess of borohydride (MCl,:NaBH, = 1:6—
1:8).%5%% An increase in the NaBH, concentration produced
larger crystallite sizes. This could be ascribed to the increased
H, (together with B,H¢ or BH;) pressure as the amount of
borohydride was raised (eq 28, 29 and 30), therefore providing
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Figure 40. TEM picture of TiB, nanoparticles obtained from a mixture
TiCl;:NaBH, = 1:6.5 at 700 °C under autogenous pressure.**
Reprinted with permission from ref 454. Copyright 2010 Springer.

more reductive condictions. Shi et al.*'® could obtain crystalline
VB, nanoparticles through a very close procedure from
stoichiometric amounts of VCl, (liquid at room temperature,
boiling point of 154 °C under 1 atm.), NaBH,, and Mg as an
additional reductant (VCl;:NaBH,;Mg = 1:2:1, eq 31) to
overcome the low H, pressure.

ZrCl,(1) + 2NaBH,(s)

— ZrB,(s) 4+ 2NaCl(s) + 2HCl(g) + 3H,(g) (28)
ZrCl,(1) + 4NaBH,(s)

— ZrB,(s) + 4NaCl(s) + 2BH;(g) + SH,(g) (29)
ZrCl,(1) + 8NaBH,(s)

— ZrB,(s) + 4NaCl(s) + 4NaH(s) + 6BH,(g)

+ SH,(g) (30)

VCl,(1) + 2NaBH,(s) + Mg(s)

— VB, (s) + 2NaCl(s) + MgClZ(s) + 4H,(g) (1)

All in all, although liquid phase processes with organic
species under pressure are simple procedures, they are always
involving at least partial decomposition of the liquid
component. This can be considered as an advantage when
the liquid is also the reactant, but this always brings the
question of the purity of the final compound. Despite these
potential side reactions, the elemental composition of the
products is only rarely assessed with care. This will inevitably
put under question the resulting properties of the material
obtained via these routes, unless in-depth characterization is
performed.

3.7. Low Temperature and Atmospheric Pressure Colloidal
Syntheses of Crystalline Metal Boride Nanostructures

Up to now, very few studies have been reported to yield
nanoscaled crystalline metal borides from liquid phases without
the use of sealed vessels. This point is nevertheless of utmost
importance if the protocol is to be scaled up. Hereafter are
described the only two approaches that, in our opinion, have
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Colloidal synthesis in a Molten Salt
under atmospheric pressure
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Figure 41. Principle of the colloidal synthesis of metal boride nanocrystals in molten salts. (a) Binary phase diagram of the LiCI-KCI system, and
picture of the liquid solvent at the eutectic composition above the melting point. (b) Temperature profile. The reaction between M and B precursors
occurs in the liquid phase domain of the ionic solvent. (c) After cooling down, the solvent is frozen and encapsulates the nanocrystals. (d) The
inorganic salt is then washed with water, and the resulting powder is dried. The HRTEM picture (from ref 51) of a typical product such as niobium
diboride highlights the small size of nanocrystals of approximately S nm in diameter. Reprinted with permission from ref 51. Copyright 2011 John

Wiley and Sons, Inc.
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Figure 42. (a) TEM picture and corresponding SAED pattern of HfB, nanocrystals. (b) XRD pattern and SEM image of CeB4 nanoparticles. (c, )
TEM pictures, (d) corresponding SAED pattern, and (f) Fourier filtered HRTEM image of MoB, nanoparticles. HRTEM picture and corresponding
Fourier transforms of (g) FeB nanoparticles and (h) a Mn,B nanoparticle. Reprinted with permission from ref S1. Copyright 2011 John Wiley and

Sons, Inc.

been demonstrated as efficient ways to obtain nanocrystals of
metal borides. The first route relies on salt melts as solvents for
the production of nanoparticles in the range 5—10 nm. The
second one targets particles in the 100 nm range by using an

organic solvent.

AH

3.7.1. Salt Melts under Atmospheric Pressure. Through
a recent collaboration, our group developed a new synthetic
process toward metal boride nanocrystals.”’ The principle of
the method (Figure 41) lies in the colloidal synthesis in
inorganic molten salts as room pressure solvent. For instance,

the eutectic mixture KCI-LiCl was used. Contrary to low
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Figure 43. Percentage of reported occurences of crystalline nanoscaled compounds from the main families of metal borides by precipitation at
atmospheric pressure in an organic solvent and in molten salts. From the data in refs 51 and 52.

melting point solvents which are often volatile (e.g, AICl;)
above 300 °C, the melt used in the process does not exhibit any
significant vapor pressure up to 900 °C and does not require
any costly pressurized reactor (autoclaves for use up to 650
°C). The precursors (metal chlorides and sodium borohydride)
are grounded with the solvent powder. Upon heating of the
reaction medium, the solvent melts at ca. 355 °C (Figure 41),
and the precursors react together in the liquid phase. After
cooling, a block of salt is recovered, and the solvent and side
products of the reaction are washed by water, yielding
pulverulent powders after drying, with a yield higher than
90% versus the metal precursor. Nanoparticles with a diameter
ranging between 5 and 10 nm are usually obtained. This
represents a decrease of at least 1 order of magnitude compared
to nanostructured metal borides reported by most other
methods. This approach has proven suitable for various metal
boride nanocrystals (Figures 42 and 43), most of them being
reported at the nanoscale (<100 nm) for the first time.

The crystallization temperature depends on the metal and
the stoichiometry of the resulting metal boride. Nanocrystals of
boron-rich borides (e.g, NbB,, CaBg) are obtained at higher
temperature (usually 800—900 °C) than metal-rich borides
(e.g, Mn,B) (600—700 °C). This trend corroborates the
difficult ordering of complex boron frameworks because of the
high density of strong and directional B—B bonds.

The molten salt process also enables tuning of the
nanocrystals’ size.>® Crystalline NbB, is obtained from NbCl;
at 800 °C with an initial metal to boron ratio M:B ranging
between 1:4 and 1:8 (Figure 44). By increasing the proportion
of boron precursor, the nanoparticle size decreases from 10 nm
(Nb:B = 1:4) to S nm (Nb:B = 1:8), even if the temperature is
unchanged. Accordingly, the total surface area of the final
material increases from, respectively, 25 to 120 m* g'. The
impact of the reactant concentration on the particle size
distribution was interpreted in terms of nucleation—growth
competition. In this synthesis, the nucleation of the crystalline
material is the rate limiting step. An increase in the boron
precursor concentration leads to an increased nucleation rate,
the production of more particles for the same amount of metal
atoms, and then smaller nanoparticles.

When an excess of borohydride is used, an amorphous shell
is observed that coats the nanoparticle surface (black arrow in
Figure 44a). This shell was identified by solid state ''B NMR

Al

NbB,
NbClg:NaBH,
Size
increase
: NbB,

g NbCls:NaBH,

Figure 44. TEM pictures of niobium diboride nanocrystals obtained at
900 °C with NbCl;/NaBH, = (a) 1:4 and (b) 1:8. A corresponding
Fourier transform is shown in inset of part a. Some nanoparticles are
highlighted in part b. The black arrow in part a highlights an
amorphous shell embedding the particles. Reprinted with permission
from ref 51. Copyright 2011 John Wiley and Sons, Inc.

and elemental analysis as being mainly amorphous boron which
is partially oxidized, presumably during water and air exposure
after the synthesis. Interestingly, this amorphous boron phase
could also have an impact on the size distribution by a
templating effect: the higher the amount of boron precursor,
the higher the amorphous phase content and the more effective
the crystal growth restriction.

It is noteworthy that Nath et al.>°' (see subsections 3.2.5 and
3.4.3) described their sol—gel mediated synthesis of MgB,
nanowires as occurring from the reaction of NaBH, with
molten MgBr, (melting point ca. 650 °C) in stoichiometric
amounts at 800 °C. Nevertheless, strongly reductive borohy-
dride anions obviously had already reacted with the Mg salt at
lower temperature (see subsection 3.3.2 above).**> Con-
sequently, the occurrence of a salt melt in this specific case is
likely to be discarded.

The molten salt process has been demonstrated as an
efficient way to obtain various metal boride nanocrystals, with
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further control on the particle size in the approximate range S—
20 nm. These materials seem air-stable. Therefore, the method
is likely suitable for various applications. The salt used in this
case might be changed in order to tune the reactivity of the
material, although precise mechanistic studies are required to
provide a better insight into the reaction pathway. Indeed, our
group showed that inorganic molten salt solvents are
particularly adapted to the synthesis of very small boron
based nanoparticles, not only metal borides,”" but also boron
carbon nitrides.**®

3.7.2. Organic Solvents under Atmospheric Pressure.
As specified above, the use of organic solvents is always
restricted by their thermal stability range, often below 400 °C.
Such temperatures usually do not provide sufficient energy for
crystallization of metal borides. However, a noticeable
exception was reported recently by Z. Schaefer and his
collaborators.”> The authors succeeded in synthesizing
aggregated Ni;B particles with a diameter of 50—90 nm. The
process relied on tetraethyleneglycol as a high boiling point
(280 °C) solvent and on the use of large excess of reductant/
boron source (19 equiv of KBH, versus NiCl,-6H,0).
Aggregates of amorphous nanoparticles formed first at 100
°C, and then evolved into crystalline Ni;B upon further heating
up to 280 °C. Crystallization is accompanied by the smoothing
of particle surfaces due to Oswald ripening. According to XPS
and magnetic measurements data, the authors suggested that
carbon doping occurred and that the samples were contami-
nated by a slight amount of elemental nickel as a side-product.

3.8. Low Temperature Colloidal Syntheses of Amorphous
Metal Borides

The topic of amorphous metal borides and their synthesis is so
vast that providing a comprehensive study in this review would
be illusory. The readers interested in this wide ranging subject
are redirected to dedicated reports.”>*>7” Instead, the aim of
this section is to provide some milestones for understanding
the complexity of these systems. To do so, we emphasize some
key-studies which help to shed light on these behaviors.
Nanoparticles of amorphous metal—boron alloys are most often
obtained in solution by reduction of metal salts by borohydride.
Apart from some exceptions, the compositions are always in the
metal-rich side of the phase diagrams.

3.8.1. Synthesis of Amorphous Metal Boride Nano-
particles in Water. The first works on solution-processed
metal borides are probably to be ascribed to studies on
reactions between metal salts and borohydrides in aqueous
media. Those were first performed during the 1950s on
amorphous Ni—B>"> and Co—B systems.”® Although the size
and the morphology of the particles could not be investigated
at that time, it is most likely that the products were nanoscaled.
Indeed, the intensive work conducted during the 1980s and
1990s on amorphous M—B nanoparticles relies on very similar
procedures. Freitag et al.**® followed by Dragieva et al.*
showed by TEM that the as-obtained Ipowders were made of
spheres of 50—100 nm diameter.*’ These studies were
completed by nitrogen sorption experiments. **° Hié%h specific
surface areas ranging from 50 to 230 m’ g_14 492 were
measured, in agreement with the nanoscale of the particles.

3.8.1.1. Nanoscaled Binary Amorphous Borides. Fe—

(294461,463-470 N[ B 244,462,465,467,471-473 14 o
B0 9246SA7LAT44TT inary compounds were obtained through
reduction of metal chlorides, sulfates, nitrates, or acetates* *"°
by alkali borohydrides, especially by Dragieva et al,*®*

A)

o, 294464481482 ], 293,466
*) )

Linderoth, Morup et Yiping et a and
Saida et al**® Other amorphous metal borides obtained
through metal salt reduction by borohydride, wrongly described
as pure metals, were also reported, like Ru—B for instance.**?
For Co—B alloys, the B content reaches values ranging from 25
to 40 atom %,70~>403471 5 composition close to Co,B.**~>*"!
Glavee and co-workers investigated the course of the reaction
between cobalt(Il) chloride and sodium borohydride in
water.”"”> They proposed eq 32, in agreement with the
quantities of evolved hydrogen under anaerobic conditions:

2CoCl,(aq) + 4NaBH,(aq) + 9H,0(1)
— Co0,B(s) + 4NaCl(aq) + 12.5H,(g)

+ 3B(OH),(aq) (32)

1 484,485 91,92
. o

As pointed out by Brown et a and Glavee et al
the process is quite complex because of two reasons. First, the
mechanism of incorporation of boron into the alloy is
unknown. Incorporation of boron arises probably after metal
production (eq 33). Metal-catalyzed decomposition of
borohydride into alloyed boron then occurs according to eqs
34 and 35. Second, the particles obtained in the course of the
reaction act as catalyst for further hydrolysis of borohydride
ions into borate (eq 36) or boric acid (eq 37) in an ineffective
process toward MB alloys. The strong dependence on pH of
these reactions makes the optimization and understanding of
the metal boride precipitation difficult. For instance, borohy-
dride hydrolysis modes (eqs 34, 36, 37) are favored and
hastened in acidic conditions, contrary to the first step of
production of metal particles (eq 33).

BH, (aq) + 3H,0(1l) + 2Coz+(aq)
— 2Co(s) + 3H+(aq) + 2H,(g) + B(OH);(aq)

33)
BH, (aq) + H"(aq) = 2.5H,(g) + B(s) (34)
2Co(s) + B(s) = Co,B(s) (35)
BH, (aq) + 2H,0(1) — 4H,(g) + BO, (aq) (36)
BO, (aq) + H,O(l) + H'(aq) — B(OH)3(aq)  (37)

When a temporary excess of borohydride is exposed to in situ
produced amorphous Co,B nanoparticles under slightly acidic
conditions, for example during slow addition of cobalt chloride
to a borohydride solution, then eqs 36 and 37 take place and
the borate Co(BO,), is obtained.”* Glavee also nicely
pointed out the importance of working under strictly anaerobic
conditions to retrieve meaningful data, especially about the
alloying mechanism and the composition of amorphous MB
nanoparticles. Indeed, these materials are highly sensitive to
oxidation and often ignite spontaneously upon air exposure
after they were synthesized in oxygen-free atmosphere. The
resulting products are boron oxide and the native metal.
According to Glavee et al. the most suitable conditions to
obtain the highest boron content corresponding to the Co,B
composition rely on fast addition of the metal salt solution to
sodium borohydride, under anaerobic conditions, followed by
anaerobic handling of the resulting powders. A similar behavior
was observed for nickel, yieldin§ an amorphous compound of
approximate Ni,B composition. 0465
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Many studies have enlightened the dependence of the final
composition on the reaction temperature,**>** the pH, and
the borohydride concentration or ratio versus the metal
source, > 4405499478 These dependencies are metal-related
and highly complex. For instance, the B content in Co—B
a orghous alloys increases with the BH,™ concentra-
tion,”0 95471 hile the opposite trend is observed with
Fe—B amorphous alloys.*®' The difficulty in providing full
understanding of these effects is related to the interconnection
between various critical experimental parameters. For example,
eqs 36 and 37 demonstrate that modifying the borohydride
concentration also deeply impacts the pH of the reaction
medium and therefore the kinetics of the whole process.
Actually, pH can dramatically change during the addition of a
borohydride aqueous solution to a metal salt solution, as clearly
seen for Fe—B alloys.>>*"*7** Linderoth and Morup et
al 4% jdentified pH as one of the key parameters for
controlling the process. They adapted the typical mixing
procedure by adjusting the pH during the whole addition of the
borohydride solution (Figure 45). The amorphous Fe—B phase
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Figure 4S. Structural and composition features of amorphous Fe—B
samples prepared with constant pH during precipitation. (a)
Méssbauer spectra at 80 K. (b) Magnetic hyperfine field for the
amorphous phases in the spectra and overall boron content of the
particles as a function of pH. Reprinted with permission from ref 464.
Copyright 1990 American Institute of Physics.

is then obtained between pH S and 7 with a boron content of
28 atom %. When decreasing the pH value below 5, Mossbauer
spectroscopy highlights increasing content of side product a-Fe
as a side product. Thus, borohydride is mostly consumed
according to eqs 33 (production of metal nanoparticles), 36,
and 37 (hydrolysis of NaBH,) in acidic conditions. Above pH
7—8, iron hydroxide precipitates. A similar behavior is observed
for Ni—B alloys.**> On the other side, the pH and the resulting
composition of the alloy are less modified when the metal salt is
added to the solution of borohydride, because the latter acts as
buffer as long as it is in excess. This might be one of the reasons
why this procedure provides the most re}g);‘oducible synthesis of

MB alloys as claimed by Glavee et al.”"

AK

3.8.1.2. Nanoscaled Ternary and Quaternary Amorphous
Borides. Addition of one or more metals provides a convenient
way to tune magnetic, electronic, and catalytic properties of
amorphous metal—boron alloys. For instance, Dragieva and co-
workers demonstrated that modifying the ratio between iron
and cobalt in Fe—Co—B systems is an efficient method to
adjust the hysteresis loop of magnetization.*’® More recently,
Acosta showed the ability to tune the catalytic activity of Ni—
M-B alloys toward hydrogenation by modifying the content
and nature of the second metal.**® Oppegard et al.**’ followed
by Dragieva et al,*’® Linderoth, Morup et al,*** and Yiping et
al.*¥%* showed that ternary Fe—Co—B alloys with B content
of ca. 20-25 atom % could be effectively obtained by
borohydride reduction of multimetallic aqueous solutions.
Adjusting the initial ratio between iron and cobalt in solution
enables tuning of the Fe:Co:B ratios in the solid between ca.
60:10:30 and 10:60:30,**"**° while pH variation is the key
parameter to modify the boron content.*®* Incorporation of
cobalt or nickel results in a decrease of the particle size. This
should be ascribed to the higher standard redox potentials of
Co**/Co and Ni**/Ni compared to the Fe**/Fe couple. Ni(II)
and Co(II) react easier and faster with borohydride and induce
a quick nucleation step and smaller particles.”*>*** Numerous
studies reported other Fe—M—B (M = Cr, Mn, Ni),***~*® Fe—
Zr—B,***” Fe—Nd—B,*” Fe~W—B, Co—Zr—B,** Co—Cu—
B,**! Co—Mo—B,*** Ni—Cr—B,****%* Ni—Co-B,"** Ni—Mo—
B,** Ni—-W-B, Ni-Ru-B, and Ni-La—B.****” Some
quaternary amogphous alloys, such as Ni—Co—W-B**® and
Co—Ni—Mo—B,*” were also investigated in order to promote
the catalytic activity of these nanomaterials for hydrogenation
reactions.

3.8.1.3. Ternary Boron Phosphides. Tuning of the catalytic
magnetic properties of amorphous alloys can also be achieved
by incorporating both boron and phosphorus.>'*~>'> These
ternary compositions were investigated with iron***"*7'> and
nicke]?10731%5167518 through aqueous precipitation from metal
salts, sodium hypochlorite, and potassium or sodium
borohydride. XPS and M®&ssbauer spectroscopy in the case of
iron demonstrate that boron and phosphorus are mainly in
their elemental states, albeit with slight oxidation of boron due
to air exposure.®'**'® The compositions are usually lying in the
metal-rich part of the ternary phase diagram. It is noteworthy
that, as observed for binary compositions, the B and P contents
can be controlled by adjusting the pH of the aqueous solution.
Thermal analysis suggests stronger binding of Fe with P than
with B, but to our knowledge, no further structural character-
ization was performed.’'®

3.8.2. Synthesis of Amorphous Metal Boride Nano-
particles in Organic Solvents. Use of organic solvents at
atmospheric pressure most often leads to amorphous metal
borides because the temperature range that can be reached in
such conditions is not sufficient to trigger crystallization.
Synthesis of nanoscaled amorphous metal boride alloys relies
on the same procedures as those developed for aqueous
synthesis, namely reduction of metal salts by borohydride.
Actually, aqueous and organic procedures have been con-
tinuously developed in parallel since the 1950s, when Fe—B>"
and Co—B**° alloys were obtained in diethyl ether, followed
soon by Ni—B*>**" and Co—Ni—B*** systems in ethanol.

The nature of the solvent has a direct impact on the reactivity
of borohydride and the resulting composition of amorphous
alloys. Most studies focus on aprotic solvents. Syntheses by

Molvinger et al.>**~>** in tetrahydrofuran at room temperature
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Figure 46. Schematic representations of the possible internal structure in amorphous metal boride alloys obtained by precipitation through reduction

of metal salts in solution.

or under reflux lead to CoB,, NiB,, FeB,3.°**7>*° The exact
composition of these boron-rich compounds is nevertheless
unclear, especially the hydride content, which is discussed later
in subsection 3.8.3. They are most probably hydride or
borohydride adducts. Surprisingly, Glavee and co-workers
obtained very different compositions in diglyme: elemental
Co”® and metal-rich Ni, ,sB”® were obtained. Fe,B and FeB
were synthesized from, respectively, FeBr, and FeBr;.”* For
Ni(II), Fe(I), and Cu(Il), the reaction occurs in aprotic and
coordinating solvents through a two-step process. ® First, a
complex is formed by coordination of the metal ion by BH,~
and the solvent (eq 38). Second, the metal borohydride
complex decomposes through reduction of the metal and
formation of elemental metal or an M—B alloy (eqs 39 and 40).

FeBr, + xNaBH, + ndiglyme

— Fe(BH,), (diglyme), + xNaBr(aq) (38)
2Fe(BH, ), (diglyme), + 9H,0(1)

— Fe,B + 3B(OH),(aq) + 12.5H,(g) (39)
Fe(BH,),(diglyme), + 6H,0(1)

— FeB + 2B(OH),(aq) + 9H,(g) (40)

The reaction kinetics depend on the solvent and the metal.
Cobalt(II) is immediately reduced in THF and diglyme with
the production of a black colloidal dispersion of alloy
nanoparticles.525 In THF, the reduction of Ni(II) is also
immediate,>*® while it occurs slowly in diglyme at room
temperature (RT).”® Similarly, reduction of Fe(II) and Fe(III)
is much faster in THF**® than in diglyme,94 where it has to be
activated thermally above 70 °C. Cu(Il) reduction is also
activated above 90 °C in diglyme.”® At a given temperature, the
lifetime of the intermediate BH,~ complex depends on two
parameters: the solvent and the metal. The different behaviors
between highly coordinating and less complexing solvents
might originate, at least partially, from the relative stabilities of
the intermediate borohydride. For instance, a complex
Fe(BH,),(solvent), was reported in diethylether,”'® with
lower stability than in more coordinating diglyme. Comparison
is, however, not straightforward between the series of
experiments of Glavee et al’® in diglyme and Molvinger et

AL

al.323752% iy THF. Indeed, the latter are using THF to wash the

precipitates, while the former are using deoxygenated water.
Although oxidation of the alloys by air is of course avoided, any
remaining traces of borohydride or hydride will be destroyed in
contact with water. This simple example highlights that the
whole synthesis and purification process should be examined
with care before attempting comparative interpretations. Glavee
and co-workers drew a comparison between the different
products obtained in water and diglyme from Co(II), Ni(IL),
Fe(Il), Fe(1ll), and Cu(Il), but no trend could be clearly
outlined.”® According to the time and temperature required for
decomposition, the relative stabilities of metal-borohydride
complexes in diglyme follow the order Co(II) < Ni(II) < Fe(II)
< Cu(Il). The boron content in the alloy is however not
directly related to this classification, since reduction in diglyme
of Co(Il) and Cu(II) yields sole elemental metals. The relative
position of the redox potentials of each couples might also
impact the reaction pathway.”

Only few reports deal with the reduction of metal cations
with borohgrdride in organic protic solvents such as
alcohols. V521522526528 11y these solvents, the reaction is
believed to proceed according to a more complex scheme®”’
because borohydrides have a strong tendency to react with the
solvent and form borate esters, a prime example being methyl
borates Hy ,B(OCH,;), (x = 1-3) formed in methanol during
organic reduction processes. 17,318

3.8.3. Nature of the Amorphous Boride Nanoparticles.
Although the synthesis of amorphous metal boride nano-
particles is relatively straightforward, the exact structural nature
of the products is debated since their early development.®** A
recent review from Demirci and Miele is addressing this point
for Co—B alloys obtained in water.’” X-ray diffrac-
tion,462’491’526’529 X-ray absorption fine structure spectroscopy
(EXAFS),>62267230473,4965307533 4n 4 Mossbauer spectrosco-
py™*" tend to indicate that nanoparticles of binary and ternary
alloys are of predominantly amorphous nature. Ni—B and other
M-B (Ni, Co, Fe, Pd) alloys obtained at low temperature in
water were considered until recently as amorphous phases with
an homogeneous elemental distribution incorporating short-
range order and long-range disorder (Figure 46a,b)."! Geng et
al>"”*!® followed by Arzac et al*** questioned this statement
for Ni-B and Co—B by providing high resolution TEM,
electron energy loss spectroscopy (EELS), and electron
diffraction analyses. The authors suggest a nanocomposite
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structure (Figure 46c) made of nanoscaled metal (Ni or Co)
clusters embedded into an amorphous boron matrix which is
partially oxidized with the presence of BO,™ groups. However,
the use of high dose electron beams (acceleration voltage of
300”72 or 200 kV**) raises the question of potential
crystallization and segregation during the observation. Most
XPS works were dedicated to Ni—B amorphous alloys because
of their specific catalytic activity and selectivity. One major XPS
Ni 2p;, XPS peak was observed at ca. 852.2 eV and is
characteristic of nickel in its metallic state.'”"*'”*'® The same
observation was made for other metals such as Co, Fe, and Pd.
The XPS data for the B 1s level in Ni—B alloys exhibit two
binding energies of 188.2 and 191.7 eV.'21217218 The latter
value corresponds to oxidized boron (NaBO, reference).'”!
The binding energy of the former peak depends on the metal
(Ni, Co, Fe, Pd) ! and is close to that corresponding to
elemental boron (187.5 €V). The attribution of this XPS peak is
debated: while Geng et al.*'”?'® argue that the shift to higher
energy compared to pure elemental boron can be qualitatively
ascribed to electron density withdrawing from boron by
neighboring boron—oxygen species, Okamoto et al.'”' and
other groups™' consider this shift not strong enough to be
attributed to B—O groups and interpret the values as an
electron transfer from B to the metal. An alternative
interpretation of the spectroscopic data and a description of
the electronic structure based on B to M electron transfer of
these amorphous alloys were suggested by Diplas et al.'*>'?>'%*
and detailed above in subsection 2.5.3.1. According to the
binding energy shifts of the M 2p;,, (M = Nj, Co) levels, d
electrons transfer from B to M and enriched d population on M
atoms are more pronounced for nickel than cobalt.** As
developed in subsection 2.5.3 for crystalline materials, a
consensus has not been reached yet about the general direction
of electron transfer in amorphous metal-rich boride alloys.
According to first grinciple calculations, the M:B ratio might
play a strong role.'”3%

Reduction in aqueous or organic solutions
borohydride leads to residual hydrogen in the resulting
amorphous alloys. Especially, Co—B and Ni—B alloys produced
in ethanol were shown to contain hydrogen with ratio H/M of,
respectively, 0.6 and 1.5.%*> Okamoto showed by XPS that B—
H bonds (B 1s binding energy of ca. 182 eV)'"! are present in
amorphous Pd—B and Pt—B alloys synthesized in water. The
corresponding peak was not observed in Co—B and Ni—B
alloys."”! The synthesis in organic solvent prevents total
elimination of hydrogen.’** This effect is intensified in aprotic
solvents such as THF, with reported compositions CoB,, NiB,,
FeB,>*>7*° Fourier transform infrared spectroscopy” >
suggested a bidentate M—H—B bridging structure, similar to
that observed in mononuclear metal borohydride molecular
complexes, and a single terminal hydrogen B—H. All in all,
hydrides can still be incorporated into the nanoscale metal
boride alloys (Figure 46d). They are especially present when
the synthesis is performed in organic, aprotic solvents.
Interestingly, Taghavi et al. suggested recently that treatment
with hydrogen below 100 °C of amorphous Ni—B nano-
particles made in water could remove part of the oxide layer
and enhance the catalytic activity.”>’

3.8.4. Tuned Nanostructures of Amorphous Metal
Boride Alloys. The size of M—B amorphous alloy nano-
particles can be controlled by modifying the nucleation and
growth kinetics. For instance, increasing the reactant
concentration and the mixing rate leads to fastened nucleation

479,522,536 bY

AM

and a decrease in the particle size. Co—B nanoparticles can then
be obtained in the range 40—90 nm.**>>** Surface complexing
agents and pH modifiers such as citrates give also access to
controlled diameters in the same domain.*’***® Templating
based on microemulsions also yields efficient size control
between 4 and 12 nm (Figure 47a) 29553

- .‘;’T‘%J
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Figure 47. TEM pictures of amorphous metal boride nanostructures
obtained by precipitation in solution: (a) Co—B nanoparticles
obtained by templating in water/oil microemulsions;*** (b) Co—B
hollow spheres obtained by hard templating with PS spheres;541 (c)
Fe—B nanotubes,>* (d) Co—B nanotubes®*’ obtained by soft
templating with a nonionic—anionic surfactant mixture organized in
a nematic phase; (e—j) Ni—B spheres obtained by reacting brij-76/
Ni** micelles into a KBH, solution with various temperatures and
borohydride concentrations.”*® Reprinted, respectively, with permis-
sion from refs 539, 541, 543, 546. Copyright, respectively, 2010
Elsevier, 2009 Elsevier, 2006 John Wiley and Sons, Inc., 2010 Royal
Society of Chemistry.

Besides size tuning, some current works are dedicated to the
design of nanostructured amorphous metal borides for
increased catalytic activity.”® Besides scarce reports on hard
templating (Figure 47b),>****' soft-templating is the most
common route toward nanoscaled amorphous M—B alloys.>**
The process is based on the self-assembly properties of
surfactants in water. Micelles or oil-in-water emulsion droplets
are exposed to metal ions in the continuous aqueous phase.
When the surfactants are negatively charged, the cations are
located at the surface of the micelles/droplets because of
attractive electrostatic interactions.**> Then, an alkali borohy-
dride is added to reduce metal ions and yield metal boride alloy
nanoparticles localized at the interface between water and the
organic phase. This process was successful in the preparation of
amorphous Fe—B, * Ni-B,”*® Co—B,** and Ni—P-B*'®
nanotubes (Figure 47c,d) by using a nonionic—anionic
surfactant mixture organized in a nematic phase.’* The
lamellar surfactant—inorganic precursor hybrids roll-up and
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Figure 48. Summary of the different families of processes investigated for the synthesis of nanostructured crystalline metal borides. The size of each
slice accounts for the number of published works (ref.) corresponding to each family. The colloidal synthesis of amorphous metal boride

nanoparticles is not reported here.

yield nanotubes which are readily aligned on a silicon
substrate.>**™>* The localization of Ni—B nanoparticles at
the interface with water was also demonstrated when oil
droplets based on a nonionic surfactant (brij-76) and
containing Ni** cations were added to a borohydride aqueous
solution (Figure 47e—j).>* After formation of the porous Ni—
B shell, BH,™ anions could still diffuse into the droplets and
reduce the remaining Ni** ions to form a yolk—shell
mesoporous structure. Positively charged micelles based on
cetyltrimethylammonium ions in water can also act as soft
templates for mesoporous spheres of Ni—B and Co—B
alloys.>*”>** In this case, the electrostatic double layer effect
causes the accumulation of metal cations in the vicinity of the
cylindrical micelles. Because of their high concentration, the
micelles self-organize into a nematic phase, and the Ni*" or
Co®" cations are reduced into M—B alloys in the space between
micelles, thus resulting in a worm-like mesoporous structure.
Besides micelles or microemulsions, organic ligands which
can act as both metal ion and surface complexants yield
anisotropic growth, as described by Tong et al.*** who obtained
nanostructured Co—B flowers with a “wrapped paper”
morphology. The authors used ethylenediamine as growth
directing agent during the reduction of cobalt acetate by KBH,
in a basic aqueous solution. Ionic liquids can also orient the

formation of the solid toward a mesoporous network of Co—
B.50
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External stimuli can also be used, such as magnetic field for
preferential growth of Co—B nanowires.**"

3.8.5. Borane Adducts: Beyond Borohydrides for the
Production of Nanostructures of Amorphous Metal
Borides. In addition to borohydride, solution-phase reduction
of metal salts is also reported with other boron based reagents.
Ternary amorphous borides Ni—M—B (M = Ni, Mn, Co, Cr,
Fe, and Zn) were recently obtained by using the BH;—
tetrahydrofuran complex.****** Amine—borane complexes are
also typically used as reductants and boron donor. Ammonia
borane H;N—BH; and its derivatives are currently considered
as some of the most suitable compounds for chemical storage
of hydrogen. Indeed, this adduct possesses a high theoretical
capacity (19.6 wt % for ammonia borane) and a dehydrogen-
ation temperature which can be lowered by chemical
modification, adsorption on porous supports, and the use of
additives or catalysts.>>> In the latter case, amorphous metal
boride (cobalt,*>*** nickel,***>% iron**®) nanoparticles have
shown high activity, whether for thermal dehydrogenation or
hydrolytic dehydrogenation.>**™3*® These particles are pro-
duced through in situ reduction of metal salts by ammonia
borane in water’>* or organic solvents such as THF.>*>% An
additional role of the amines might be found in the
coordinating ability of these molecules which could provide
efficient growth confinement by stabilizing the surfaces of small
nanoparticles. Au@Co@Fe triple core—shell nanoparticles
were also obtained by a similar colloidal synthesis in water.>>’
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Nevertheless, the presence of boron in the final nanostructure
was not specifically assessed. In addition, the tert-butylamine—
borane adduct was used as reductant for the colloidal synthesis
of gold nanoparticles.®>® Palladium®® and nickel** nano-
particles were produced from tributylamine—borane in oleyl-
amine, while Pt nanocubes and nanopods®®' were obtained
from morpholine—borane. Although no boron was detected in
these products, Pd, Ni, and Pt particles were washed by protic
solvents which may destroy the boron hydride species possibly
incorporated into the nanoparticles. When the reduction of
palladium salts in water is concerned, dimethylamine—borane
seems more efficient as boron donor than borohydride.**> On
the opposite, tributylamine—borane does not incorporate
noticeable amounts of boron when the reduction is conducted
into oleylamine as solvent.™® Such behaviors put on the
forefront the extreme sensitivity of these colloidal routes from
the point of view of the composition of the nanoparticles. The
discrepancy between the different results lies in many
experimental parameters, among others the nature of the
solvent, and of the reductant and boron donor, and the washing
procedure. From a general point of view, solution-phase
procedures toward metal nanoparticles which involve the use of
boron-containing reducing agents should always be considered
with care as to the incorporation of boron in the final product.

3.8.6. Supported Systems. Supported amorphous metal
borides have been intensively produced in order to target
catalytic studies. Chemical reduction of solubilized metal salts
with metal borohydrides in the presence of solid substrates is
the most used method. Ni—B was deposited on sili-
ca, 9¥5356356% Jluming 9556 MeO 567 and clays. S Co—B
was obtained over silica,*’® carbon nanotubes,**® and titania.>®’
Other examples are given in subsection 5.3 dedicated to
catalytic properties of metal borides and phosphides. Ternary
compositions were also synthesized, including Ni—Co—B,"”
Ni—La—B,**® and Ni—Ru—B.*”° Electroless plating is an
alternative method for deposition®** and can be catalyzed b
silver nanoparticles predeposited on titania®®®37"372
MgO 567573574

Electrodesposition has been widely used for metal boride
synthesis.””> However, only few reports deal with nano-
structured systems. Mitov et al. deposited amorphous Mn—
Co—Ni—B “microcauliflowers” on Ni foams.*’**”” These
structures were made of stacked 100 nm-thick layers of
MngB;;04, and Cog,NiygO,. In another method, hard
templating approaches can be combined with electrodeposition
for the growth of nanostructured metal borides, such as
Cog,FesBg nanowires grown in alumina pores.578

3.9. Summary for Nanoscaled Metal Borides

Figure 48 summarizes the different families of synthetic
approaches toward nanoscaled crystalline metal borides. Recent
results dealing with induction thermal plasma synthesis and arc
discharge were not discussed herein since they yield mixed
phases TiB,/TiB/Ti’">**® and PtB/Pt,>*' respectively,
although the boride phases were of nanometer scale. Spray
pyrolysis has not been developed in this section or included in
Figure 48 because it usually provides sub-micrometer-scale
particles,”®* although some promising results have been
recently obtained by ultrasonic coupling.*® Strikingly, many
techniques involve relatively high temperatures (above 500 °C)
compared to the typical protocols for metals, metal oxides,
metal phosphides, and so on. This can be ascribed primarily to
the strong covalency occurring in metal borides, which implies
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high energy input in order to get crystallization from a poorly
ordered system. Other explanations are to be found in the lack
of a suitable reactive elemental boron precursor, the wide range
of stoichiometries available for many metals, and the sensitivity
to air exposure. The latter point could also be the reason why
only few crystalline metal-rich borides have been reported up to
now, while less sensitive boron-rich borides are more often met
at the nanoscale. High temperature syntheses (above 1000 °C
for solid state and 500 °C for liquid phase routes) also raise the
question of the sample purity, because decomposition of the
vials or the solvent could occur. Compositional character-
izations usually reported are insufficient, and too few reports
have assessed this important point. Another problem to tackle
is size decrease. Among the vast range of routes explored, only
few provide particle sizes below 40 nm. Even rarer are those
combining such small particle sizes and versatility in terms of
the available compositions on one side, and simplicity, safety,
and relatively low temperatures on the other side. Actually, the
most recent techniques based on liquid phase synthesis under
atmospheric pressure fall into this category and are opening
new avenues for the controlled fabrication of nanoscaled metal
borides. Interestingly, these routes are related to colloidal
syntheses which are widely developed for other materials,
especially crystalline metal phosphide nanoparticles. The next
section deals with these nanomaterials and these approaches.
The aim is to demonstrate the exquisite compositional and
morphological control that can be reached by liquid phase
synthesis of metal phosphides, especially through the right

choice of metal and phosphorus precursors.

4. NANOSCALED METAL PHOSPHIDES

Major papers dealing with metal phosphides in the 2000—2012
period are reviewed in this section. As no dedicated review was
published recently, the following record intends to be
exhaustive in the 2008—2012 period, on the restricted subject
of metal phosphide nanoparticles. A number of selected older
works are also mentioned as starting point in order to enlighten
the field evolution.*®*

4.1. From Bulk to Nanoscaled Metal Phosphides

As presented before, a wide range of processes and phosphorus
precursors were available in the 1980s, for the preparation of
bulk metal phosphides. However, nanoparticle synthesis
requires an additional control on the surface states of these
compounds. In order to limit the growth of the crystallites and
to control the final size and shape of the particles, new
strategies had to be designed. They relied for instance on the
use of organic capping agents in wet routes, on the
heterogeneous nucleation of nanoparticles from gas-phase
precursors at relatively low temperature (to avoid sintering),
or the fine control of reaction kinetics by an accurate tuning of
the precursors reactivities.

As will be shown in the following section, the quest for
designed MP nanoparticles originated from the field of III-V
semiconductors, where size control allowed adjusting the band
gap of the materials. However, further extension to other metals
triggered the development of specific routes, better adapted to
morphology control, both in terms of processes and precursors.

4.2. Short Historic Introduction: Why MP Nanoparticles?
A transition from bulk synthetic techniques to nanoparticle
ones occurred in the 1960—2000 period. At first, the driving

force of this renewal was the quest for tunable band gap
semiconductors.
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Table S. Starting Stoichiometries of the Metal—Phosphine Precursor (Italicized) and Final Structure of the Nanoparticles
(Indicated with Asterisk) Obtained by Thermal Decomposition in a Silica Xerogel599

Fe—P Ru-P Co—-P Rh—P
Fe;P
Fe,P* Ru,P Co,P* Rh,P*
Rh;P, Rh,P,
FeP RuP* CoP
FeP, RuP, CoP, RhP,
RhP;
FeP, a-RuP,,B-RuP,

Ni—P Pd-P Pt—P
Pd,;P,, PdP, Pd, ;P
Ni,P Pd,P
NigP,, Ni,Pg PdP,*
Ni,P* Pd,P, Pt,P,
NigP,, Ni, ,,P
NiP
NiP, Pdp, PtP,*
NiP, Pdp,

Scheme 1. Methanolysis of Alkyl(disilylphosphido)indane Single-Source Precursors®
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Indeed, numerous MPs are semiconductor materials.””" " In

1952, H. Welker suggested that indium phosphide (InP) could
be used as a semiconductor in electronic devices.**> The
possibility to grow this material in thin polycrystalline films**°
allowed its use in multilayer stacks along with other III-V
materials such as GaAs or InAs. InP, GaP, and their alloys with
arsenide became progressively major compounds and applica-
tions such as photoemitting diodes and microwave oscillators,
but also for signal enhancement in biology.'”**"**

This new field of applications triggered the development of
several new synthetic routes. Indeed, the need for processable
materials that could be nicely deposited as regular thin films or
organized architectures required softer reaction conditions
(CVD, hydro- and solvothermal syntheses),589 and the use of
molecular reactive sources of materials, such as PH,****° or
P(SiMe;);.>"

Additionally, new organometallic precursors, particularly
suited for CVD,>** were extensively developed at this period:>**
the so-called “single-source precursors” contained both the
metal (In, Ga, or both) and the P source,*”* as a PH, ligand or
a P(SiMe;), ligand.595’596 They allowed for a fine control of the
layer composition and doping.

4.2.1. Beyond IlI-V Semiconductors. Even though InP
and GaP semiconductors were the most studied phosphides in
the 1960—2000 period, other phases were also investigated,
such as Cd;P,>”” For instance, metal phosphide semi-
conductors were investigated as photoelectrochemical cells
(CoPg, Fe,P, MoP,, Ni,P, WP).""

Moreover, metallic conductor films of TiP were also obtained
from single-source precursors involving alkyl-phosphines by
CVD.>*® In a different approach, the use of single-source
precursors (organometallic M—phosphine complexes) allowed
the incorporation of M,P, nanoparticles in silica xerogels by the
thermal decomposition of the starting complexes, followed by

AP

diffusion and growth of the intermediate clusters.”® The
composition of the nanoparticles exhibited equal or larger M/P
ratio than the precursors (Table S). According to the authors,
the stability of the phase obtained also played a role on their
formation.

Using non-single-source precursor, refractory ceramics were
developed using solid-state metathesis routes: several phos-
phides (YP, LaP, VP, NbP, MoP, etc.)’*”®" but also
metastable HfP and ZrP phases,''® were obtained by the self-
propagating reaction of metal chloride precursors with Na;P, a
reaction that is driven by the formation of NaCl

Advanced characterization tools such as solid-state NMR
(MnP, RuP, WP, Co,Mn, P),° electrochemistry (GaP),*”
magnetic measurements (Fe,P, Cr,P, Mn,P, Co,P, Ni,P, and
superconductors LaFe,P,,, LaRu,P,),%%*7%% and surface
spectroscopies (NiP, InP)**”'*' were also utilized in this
period in order to gain a better understanding of the physical
properties of the metal phosphides.

Last but not least, an authentic new binary phase was
synthesized in the 1990s: BiP.°7°*® Indeed, bismuth was
believed not to form any binary phosphide.”” While BiP cannot
be obtained by heating Bi and red or white phosphorus
(starting materials crystallize separately), the synthesis could be
achieved using molecular precursors: BiCl; and P(SiMes),.

4.2.2. Quantum Effects in llI-V Semiconductors:
Toward Nanoscaled Metal Phosphides. Meanwhile, the
rapid development of InP and GaP is the milestone that
planted the roots for today’s interest in the metal phosphides.
Indeed, in solution routes developed after 1960, the products
were most of the time nanocrystalline, and yielded in several

. $89,591,609—611
occasions nonaggregated III-V quantum dots.
Nanofibers could also be obtained,612 leading to fundamental
studies of their size-dependent luminescence properties®" and
to applications in optoelectronics.”"* More complex structures
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such as nanoporous III-V electrodes were thus developed for
eletroluminescent devices.%" InP—SiO, nanostructured materi-
als were prepared by the CVD of InMe; inside the pores of
MCM-41 silica and its further reaction with PH,.%'

Characteristic dimensions and 3D organization of the
materials were rapidly beyond the reach of lithographic
methods, leaving solution routes and molecular precursors as
the only alternative for a precise size control and self-assembly
at the nanoscale.'” Gaining an intimate understanding of the
molecular reaction pathways thus became crucial. Such in-depth
studies were done in the 1990s for reactions employing
[M(PR,),], single-source precursors (M = In, Zn, Ga, Cd; R =
alkyl, arzrl, SiR’;) and have been extensively reviewed by W. E.
Buhro.®"” The phosphines included in the complexes are highly
reactive source of P®), easier to manipulate than PH;. Several
decomposition routes (phosphinolysis, alcoholysis, thermoly-
sis) and reaction intermediates were identified, depending on
the experimental conditions (and surprisingly, some more
recent papers on the subject®’® do not mention these
pioneering works). Interestingly, in several cases the integrity
of the single-source precursor is not conserved, and the first
step is its decomposition into a phosphorated fragment and a
metallic one (Scheme 1).

However, the drawback of this route is the competitive
formation of polymeric [M(PR,),] species that sometimes
prevent a complete conversion into metal phosphide.®!”
Meanwhile, their supramolecular interactions allowed the
growth of InP fibers.’"”

Altogether, the strong structure—property relationship found
in III-V metal phosphide prompted both physicist and chemist
communities to develop new nanoparticle syntheses. They
should provide well-dispersed nanoparticles of tailored size and
shape, in gram scale, if possible, for further incorporation into
materials, and they should avoid the use of the highly toxic PH;
and P(SiMe;); precursors.

4.3. Colloidal Syntheses from Single-Source Precursors

Single-source approaches continued to be largely used in the
2000s. Clusters of Co(0) with bidentate arylphosphine were
grafted on mesoporous silica (SBA-15) and decomposed into
Co,P nanoparticles, with conservation of the initial Co/P
ratio.®*° Similarly, the decomposition of Fe clusters containing
P'Bu moieties (Fe/P = 2) yielded Fe,P nanoparticles with well-
defined morphologies (bundles, crosses),**' while a film of
Cu;P could be deposited by CVD from a Cu complex bearing a
bidentate arylphosphine.®>* More recently, a phase-pure Fe,P
thin film was obtained from H,Fe;(CO),PR (R = ‘Bu or Ph), a
precursor in which the Fe/P ratio corresponded to the final
ratio in the film.**

Additionally, the single-source precursor should have a
temperature of decomposition low enough to avoid secondary
reactions with solvent or surfactant molecules: the decom-
position of FeMn(CO)s(u-PH,) yielded Fe, Mn,P nano-
particles at 220 °C while the more robust FeMn(CO)g(u-
PPh,) decomposed into FeO at ca. 350 °C.°** Interestingly, the
single-source approach was thus found to be able to yield
ternary metal phosphide nanoparticles.

But temperature could also provide a lever to tune the phase.
Both Ni,P and Ni,S thin films were deposited by CVD using
the same precursor, a nickel complex bearing a selenide and a
sulfide phosphine.®*® Factors controlling the final phase are
interdependent and include in particular the type of CVD and
the temperature.””® The same family of precursors, containing
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R;P=S and R;P=Se ligands, also allowed the synthesis of
Ni;,Ps, Ni,P, and NiSe colloids.””” With a similar strategy,
Co,P, CoP, and Co chalcogenide nanoparticles628 were later
prepared, along with Cd phosphides and Cd sulfide films.®® A
PtRuP,/carbon composite was obtained bgr thermal treatment
of a PPh;-containing bimetallic precursor.®*°

Single-source precursors containing silylphosphines were
progressively abandoned, since mechanistic works mentioned
earlier had shown that, most of the time, their integrity was not
preserved in the first steps of the reaction. Rather, P(SiMe;),
was largely used directly, as a liquid analogue to PHj, as
described in the next section.

On the other hand, the annealing reduction of metal
phosphate under H, was achieved and provided Rh, Ir, and Ag
nanocrystalline phosphides.®*"

4.4, Substitutes for PH; as Safer “P” Donors

4.4.1. In Situ and ex Situ PH; Generation. Although the
phosphine PH; forms spontaneously in the living sphere (at
very low concentration),*** this gas is one of the most toxic,
lethal at a few ppm. It has been largely used in electronics, as
mentioned before, but chemists try to avoid it. Thus, it was not
used directly in solution but was rather obtained in situ from
sodium hypophosphite (NaH,PO,) in basic hydrothermal
conditions, in the synthesis of Ni,Ps hollow nanoparticles
(Scheme 2).%** It was also used in a ball-milling route yielding

Scheme 2. Representative Examples of One-Pot and Two-

Pot Routes to MPs Using in Situ Generation of
PH3633,635,626

One-pot hydrothermal-microemulsion route
pH 9, 150°C, 10h
+ NiS0, =
NaH,p0, ———— [PH;] —— = | Nij;)P5
Water/CTAB/
cyclohexane/butanol
Two-pot thermal decomposition route
iniated by addition of HCl in flask B
: 240-250°C, 20 min
+ HCI
“ D R sl
CagP, Flask B (PH3] fask A (0D, (2E
or ZnsPy - CaCl, Myristic acid, ODE
or - ZnCly

Ni,P nanoparticles.®** PH; could be alternatively generated by
HCI addition on Ca;P, on a secondary reaction flask connected
to the main reactor, for the production of InP well-dispersed
nanocrystals.®*® Zn,P, itself was recently used over HCI to
generate PH; in situ (in a separated flask connected to the main
one) for the production of InP nanoparticles that were coated
with ZnS in a second step.5>%%%”

Phase control was recently demonstrated in the case of
cadmium phosphide, using PH; generated in situ via
decomposition of Ca;P, and bubbled in the reaction mixture
heated at the desired temperature (120—250 °C). Its reaction
with Cd(acetate), produced Cd¢P, nanocrystals instead of the
more common Cd;P, ones.”*® Reaction temperature could be
lowered by using a more reactive metal precursor, such as
Fe(N(SiMe;),),, but it yielded an amorphous FeP, phase.®*

4.4.2. P(SiMe3); as a Highly Reactive Alternative to
PH;. P(SiMe;); was employed in the gas phase for deposition
of TiP films using dual-source CVD, 0 but also in solution:
MnP nanogalrticles were thus obtained from Mn(0) carbonyl

complexes,”*' Cd;P, nanoparticles from heteroleptic®** or
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Scheme 3. Representative Synthetic Routes to MP Nanoparticles Using TOP as a Phosphorus Donor®
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“See Figure 49 for the corresponding TEM pictures and references.
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and

or In-

homoleptic®*
InP nanoparticles from In(acetate)s,
(myristate);.**® The nucleation and growth kinetics of InP
nanocrystals were studied in-depth in order to gain a better
control on their luminescence properties.*** Nanowires of InP
and GaP were also obtained from metal—alkyl precursors.®* It
must be noted that these synthetic procedures allowed also the
deposition of a ZnS$ passivating shell on the InP nanoparticles,
in one (or two) step(s), with consequences for the precise
composition of the shell (InPZn$ alloy, or respectively graded
interface) and thus on their luminescence properties,®' but
these properties also depend on external parameters such as the
temperature.*> The precise reaction mechanism for the
decomposition of P(SiMe;); remains unclear even though it
strongly depends on the presence of protic species in the
medium,®'® on the pH, and on the metal precursors, as
suggested by previous works on single-source precursors.®'”
Interestingly, Harris et al. showed recently that the analogous
P(GeMe,); reacts four times slower than P(SiMe;),, allowing
an improved size control of InP nanoparticles.’>®> More
generally, a better kinetic control is expected to enhance the

carboxylate precursors and from CdO,
645,646 [ C13)647

AR

quality of the MP synthesis when using reactive “P” donors.
This can be achieved by carefully designing the precursor (as
above) and by lowering the reaction temperature. Very
recently, Ojo et al. demonstrated the room-temperature
reactivity of P(SiMe,), for the synthesis of Cd;P, nanocrystals,
proving that crystallization of the particles does not necessary
require strong heating when using molecular precursors.®**
Excellent quantum yields (>50%) were obtained by coating the
nanoparticles with a protective ZnS shell in a one-pot
procedure.

P(SiMe;); was also used in the presence of tri-n-
octylphosphine (TOP) for the synthesis of InP nano-
particles%S~657 658
Here, TOP was utilized to help the dissolution of the metal

precursor (InCly) and to stabilize the colloids afterward.

and core—shell MnP—InP nanoparticles.

Similarly, TOP was used as a surfactant in the synthesis of InP
nanorods from In(0) nanoparticles,*” and in the preparation of
InP nanorods that were grown using Au,q(PPh;),,Clg
as seeds.

660 . . 1661
clusters™ or Bi nanoparticles
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Figure 49. Selected panel of nanoparticles obtained using TOP as a phosphorus source. The morphology can be controlled (c—e) through the
synthetic procedure (slow delivery of TOP using a syringe injection) or (a, b) through the shape of the metal nanoparticle precursors: for parts a and
b, see ref 41; for part c, see ref 42; for parts d—f, see ref 45; for part g, see ref 44; for part h, see ref 680. Reprinted, respectively, with permission from
refs 41, 42, 45, 44, 680. Copyright, respectively, 2008 American Chemical Society, 2007 American Chemical Society, 2005 American Chemical
Society, 2009 American Chemical Society, 2007 American Chemical Society.

4.5. Tri-n-octylphoshine (TOP): A Versatile “P” Source

4.5.1. Reaction of TOP with M(0) Precursors. After
having been used sometimes as a ligand, TOP was finally used
as the “P” source in 2004, in the synthesis of Fe,P nanorods
and nanowires from an Fe(0) source [Fe(CO);] 662663 byt also
for the coatirég of magnetite nanoparticles with Fe,P in a more
recent study.®*

The temperatures required for breaking the P—C bond were
quite high (ca. 300 °C), but with TOP being a less toxic and
less expensive reactant than P(SiMe,), this procedure is still
very attractive. Starting also from a M(0) precursor, Ni,P
nan(?artides were obtained from Ni(cyclooctadiene), at 345
°C.% An In(0) precursor, obtained from the metal or by in
situ reaction of InCly; on Na, was also reacted with TOP at
elevated temperatures (typically, 250 °C for 7 h) to produce
InP aggregated nanoparticles:®*® the authors proposed a
catalytic role of the In(0) species in the breaking of the P—C
bond. Similarly, Cd;P, nanoparticles were obtained from
Cd(II) salts, TOP, and Na, but in this case the authors
proposed the formation of Na;P prior to the reaction with
Cd.667

Rh(0) preformed nanoparticles with complex shapes were
later converted into Rh,P of parent shapes,*' and Fe(0)
nanoparticles were transformed into Fe,P and FeP, with
modification of morphology.**

4.5.2. Widening the Scope of the Reactivity of TOP.
Very interestingly and likely because of its simplicity, the
thermal decomposition method could be generalized to other
metals, in other oxidation states (Scheme 3, Figure 49).
Whether or not the metal precursor should be reduced to a
M(0) species to give the phosphide is still a debatable question,

AS

which of course depends deeply on the metal, and the reaction
conditions.

Nanorods at 300—360 °C (Co,P, MnP, Fe,P, FeP,
Ni,P),*¥%%6% nanoparticles (Nij,Ps, Ni,P, PtP,, Rh,P, Pd,P,,
PdP,, CusP, FeP, CoP, AgP,, SnPy,),**”° hollow nano-
particles (Ni;,Ps, Ni,P),**” and other shapes such as powders,
wires, thin films, and foils (Ni,P, Ni;P,, Cu;P, CuP,, InP, Rh,P,
GaP, Pd,P,, PdP,, Zn,P,, Zn,P;, Au,P;),** nanowires (Ni,P,*”!
Fe,P, %" Zn,P,*), nanorices (Co—Fe—P),*”* and nanoneedles
(InP)* were obtained within a few years, using high-boiling
point solvents, molecular precursors, and relatively hard
reaction temperatures. A fine control of the reaction conditions
leads to Janus Cu—CusP nanoparticles,””* while the time
evolution of CoP nanowires in solution illustrated a self-
assembly process upon solvent evaporation yielding 2D and 3D
stacked structures, a phenomenon that was shown to be very
sensitive to the temperature in the 0—-20 °C range.’”
Sonochemical synthesis allowed a remarkable lowering of the
average reaction temperature of the heating bath to 70 °C in
the synthesis of FeP hollow nanoparticles.®”®

Ternary alloy could also be obtained, such as (Ni,Fe,_),P
nanorods.””” Some control of the morphology could be
achieved by the variation of the reaction conditions, although
its origin is not yet fully rationalized but has been related to the
precursors concentration:*’® nanorods, nanoplatelets, and
nanowires of Ni,P were obtained from the same Ni(acac),
precursor.%”>

Lastly, metal oxide nanoparticles were converted into
phosphides (Ni,P, CoP, and FeP, but MnP did not work)
using TOP, although the reaction likely proceeds by
dissolution—reprecipitation, as suggested by the authors.””

dx.doi.org/10.1021/cr400020d | Chem. Rev. XXXX, XXX, XXX—XXX
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Figure 50. Step-by-step transformation of &-Co to CoP using TOP as a P-donor. Adapted with permission from ref 683. Copyright 2011 Royal

Society of Chemistry.

4.5.3. Knowledge or Know-How? This impressive list of
compositions and structures was however obtained with poorly
defined systems, compared with the single-source precursor
syntheses. To the best of our knowledge, TOP is most often
used in a large excess (in stoichiometries that are often not even
calculated in the experimental section), because (i) it often
serves also as a solvent for the metal precursors, (ii) it serves as
a stabilizing ligand on the colloids, and (iii) its decomposition is
very incomplete (and sometimes leads to very partial “P”
incorporation®®"), though it was shown to occur in the earlier
stage of the reaction when using nickel nanoparticles,
sometimes leading to unwanted P-doping.®**

So far, no clear relationship could be evidenced with the M/P
final ratio or with the nanocrystal morphologies. Yields of the
reaction (vs the metal or vs the phosphine) are not specified. It
is likely that TOP plays an important role in the stabilization of
metallic intermediates (M(® or M*¥), ensuring the formation
of a large reservoir of monometallic species in solution, which
favors a slow growth of the nanocrystals and/or ripening and
self-repairing mechanisms. As a consequence, a significant part
of the metal precursor may not be incorporated in the colloids.

In Table 6 are presented a selected set of syntheses which
involved TOP as a phosphorus source. As a general trend,
higher reaction temperatures and larger excess of TOP promote
the formation of more P-rich phase (FeP vs Fe,P, CoP vs
Co,P), regardless of the oxidation state of the metal precursor.
However, the M:P ratio also depends on the choice of
surfactants and solvents, as well as on the procedure (with or
without injection), likely because this affects the rate of
decomposition of TOP in the reaction mixture, and so does the
morphology of the nanoparticles. This still hampers the design
of new syntheses leading to a chosen phase or morphology.

Surprisingly, the wide adoption of TOP as a “P” source
coincided with a disinterest in mechanistic studies that had
given crucial information in the study of silylphosphines.

In most cases, synthetic routes became more and more
empirical, although they were very efficient in providing
monodisperse nanocrystals. These synthetic routes still rely
on a high degree of empirical mastery. A development of the

AU

processes gave access to more and more shapes and sizes: slow
syringes injections,662 multistep heating ramps, and the use of
“batch solutions” containing partially decomposed precursors
became common. The complexity of typical syntheses, in terms
of number of reactants, steps, and kinetic control, hampers their
understanding from the chemical point of view.

4.5.4. Recent Mechanistic Studies. However, a recent
systematic study on the NiP—TOP shed light on some
important aspects of the reaction:*** with high Ni/P ratio,
Ni(0) nanoparticles formed as intermediate while Ni,P, would
immediately appear with lower ratio, with consequences on the
composition and morphologies of the final colloids.

A more specific study was conducted using a Pd-directed
synthesis of Fe,P nanoparticles.*® The authors used sacrificial
Pd nanoparticles to rapidly form Pd—Fe alloy from Fe
nanoparticles in an ultrasound bath. These intermediate species
were reacted with TOP to form Fe,P nanorods (containing Pd
atoms) that exhibited the same diameter as the starting Pd
nanoparticles. Very interestingly, PH; and NH; were identified
by a gas sensor and were believed to form from TOP and
oleylamine under the catalytic action of Pd. Their removal by
an argon stream was detrimental to the formation of Fe,P, but a
too high concentration in PH; (provided by an external bottle)
would block the Pd active site.

Additionally, another recent study deciphered the mecha-
nism of diffusion of the P in Co nanoparticles, by analyzing the
phase evolution over time (Figure 50).°* This study highlights
that both Co,P and CoP nanoparticles contain excess Co, and
unraveled the role of surface passivation by a shell of
amorphous Co—P on the final hollow morphology of the
nanoparticles. In the case of Ni,P nanoparticles, a recent study,
based on EXAFS and XANES spectroscopies, revealed three
steps in the decomposition: complexation, nucleation, and
phosphidation.®**

More mechanistic studies would be needed to understand in-
depth the complex mechanisms at stake in the TOP route.
These investigations would be easier if the synthetic processes
were limited to one-step processes, and without involving
sophisticated procedures such as time-controlled additions of

dx.doi.org/10.1021/cr400020d | Chem. Rev. XXXX, XXX, XXX—XXX
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Table 7. Synthesis of Metal Phosphide Nanoparticles with P, as the Primary Phosphorus Source®

M
Fe

Ni

Pd

Cu

In

Pb

phase
Fe,P
FeP

FeP,

Co,P

CoP,

Ni,P

Ni,P—
Ni
Ni,,P;

NiP,

PdP,,
Pd,P,

Pd,P,
Pd,P,

PdP,

PdP,
Pd.P,
CusP

CuP,
Zn;P,

GaP

InP

Pb,P

process

solvothermal

thermal activation

solid-state
reaction

solvothermal

hydrothermal
solvothermal

solid-state
reaction

solvothermal

hydrothermal

electroreduction
thermal activation
thermal activation

hydrothermal

solvothermal

solid-state
reaction

thermal activation
thermal activation

solid-state
reaction

thermal activation
thermal activation

solvothermal

hydrothermal

thermal
decomposition

solvothermal

solid-state
reaction

thermal activation

solvothermal

sonochemical

solvothermal

sonochemical

thermal activation

chemical
reduction

thermal activation

OX.

+2
0

+2

+2
+2
+2

+2
+2

+2

+2
+2
+2
+2
2be
Oc,d
o4

+2
+2

+2

+2

+3

+3

+3

0°

conditions: temp, time, solvent(s), additives,

180 °C, 48 h, ethylenediamine
180 °C/250 °C, 2 h, octadecene and oleylamine

700 °C, 40 h, in sealed silica ampules

220 °C, 30 h, EtOH
80—140 °C, ethylenediamine

160 °C, 16.6 h, water, EtOH, sodium acetate, sodium
dodecyl benzene sulfonate

190 °C, 48 h, water, polyacrylamide

plateau at 130 °C, 15 h, 275 °C, 2 days, toluene, annealing
500 °C
600 °C, 40 h, in sealed silica ampules

200 °C, 16 h, EG, EtOH, and water, urea, SDS
80—140 °C, 12 h, ethylenediamine

180 °C, 12 h, glycol, water

160 °C, 12 h, water and ammonia liquor

DMEF, Et,NBr, P,, emulsified under argon at S0 °C, has to
be present before the reduction

100 °C, 1 h (rt when starting from a complex) in toluene,
annealing 100 °C, 4 h (respectively, 300 °C, 1 h)

rt to 220 °C, 15 min to 2 h, oleylamine, TOP,

180 °C, 15 h, water, PEG, hexamethylenetetraamine

plateau at 130 °C, 15 h, 275 °C, 2 days, toluene, annealing
350 °C

500 °C, 40h. In sealed silica ampules.
rt, 3 h, DMF, annealing: 400 °C, 4 h

12 h, RT THF, likely amorphous (crystallinity is not
indicated)

500 °C, 40 b, in sealed silica ampules

310 °C, 2 h, octadecene, oleylamine

310 °C, 2 h, octadecene, oleylamine

80—140 °C, 12 h, ethylenediamine

200 °C, 17 h, water, EtOH, ethylene glycol, EDTA
140—180 °C, 12 h, glycol, EtOH, water

140 °C, 10 h, water and ammonia liquor

250 °C, 2 h, octadecene, oleylamine

plateau at 130 °C, 15 h, 275 °C, 2 days, toluene, annealing
350 °C

500 °C, 40 h, in sealed silica ampules

rt, 15 min, THF, TOP or trioctylamine
Na;P prepared in situ in dimethylbenzene (120 °C, 10 h),
the metal is then added (100 °C, 2.5 h)

in situ synthesis of Na,P (2 h, 20 kHz, 17 W/cm?), the
metal is then added (3 h, same sonication), annealing 600
°C

180 °C, 12 h, to get In/InP core—shell, then a treatment
with HCI for 20 h at RT, water, ethanolamine, NaBH,

in situ synthesis of Na,P (2 h, 20 kHz, 17 W/cm?), the
metal is then added (3 h, same sonication), annealing 250
°C

rt, 1S min (respectively, 180 °C, 2 h), THF (respectively,
diethylene glycol), TOP or trioctylamine (respectively,
oleylamine)

1-5 h, 40—75 °C, EtOH, toluene, NaBH,

150 °C, 1 h, 1-octadecene

resulting morphology

100—120 nm faceted nanoparticles

10 nm plain amorphous (180 °C) or hollow
crystallized (250 °C)

submicronic crystallites

micronic hollow nanospheres or nanotubes
aggregated nanoparticles (ca. 25 nm)

urchin-like micronic, aggregated

rod-like or flower-like

aggregated nanoparticles (ca. 250—300 nm)
bulk pellet

hollow submicronic spheres
aggregated nanoparticles (ca. 25 nm)
dendritic

aggregated nanoparticles <100 nm
powder, surface area of 200 m?/g

dispersed nanoparticles (5—20 nm)
(respectively, aggregated nanopowder)

core—shell Ni,P—Ni or amorphous Ni P
dispersed nanoparticles

200 nm hollow spheres
aggregated nanoparticles (ca. S0—100 nm)

100—600 nm aggregated nanoparticles

nanopowder with a mixture of phases

polydispersed nanoparticles (mean size: 140
nm for Pd;P,, 65 nm for PdP)

micronic domains

5—10 nm, potato shaped

5—10 nm, potato shaped

aggregated nanoparticles (ca. 25 nm)
hollow micronic spheres

ca. 100 nm hollow spheres
sheet-like, ca. 20 nm

ca. 50 nm, polydispersed

aggregated nanoparticles (ca. 100—300 nm)
micronic textured powder

1—-S nm amorphous dispersed nanoparticles

aggregated nanopowder

aggregated nanopowder

520 nm hollow spheres, shell thickness
110 nm

aggregated nanopowder

2—10 nm amorphous (respectively, 5S—25 nm
crystallized) dispersed nanoparticles

S nm dispersed nanoparticles

5—10 nm dispersed nanoparticles

ref

706
717

714

703
700
708

704
715

714

699
700
707
232
708

49

713

701
718

714

720

720

714

717
717
700
711
712
232
717

718

714

S0
710

709

702

709

719

S0

“Oxidation degree of the metal precursor. Ni(0) is generated in situ by electroreduction. “Organometallic complex. “Preformed nanoparticle.
“In(0) generated in situ by chemical reduction.
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Figure 51. Ni—P nanoparticles obtained with P, as a primary “P” source. Top: Representative Ni,P structures (refs from left to right: 699, 232, 707,
49). Bottom: From left to right, hollow Ni,P, core—shell Ni,P—Ni, NiP,, and NiP, (refs from left to right: 701, 713, 714, 715). Reprinted,
respectively, with permission from refs 699, 232, 707, 49, 701, 713, 714, 715. Copyright, respectively, 2008 Elsevier, 1999 Elsevier, 2007 Elsevier,
2008 Royal Society of Chemistry, 2009 Elsevier, 2011 American Chemical Society, 2009 American Chemical Society, 2008 American Chemical

Society.

Scheme 4. Representative Reactions between Ni Precursors and White Phosphorus®

Hydrothermal - microemulsion
2 NiCl; - 6 H,0 200°C, 16h Ni.P
+Py sodium dodecyl sulfate, 2
ethylene glycol, EtOH, water
urea as pH regulator
Hydrothermal
NiCl, - 6 H,0 140°C, 10h .
» ip, -~ NizP
ammonia liquor
Hydrothermal
o NiSO, - 6 H,O 180°C, 12h NiP
+Py ethylene glycol, water :
Thermal decomposition
O Ni NPs 100°C, 16h Ni.P
+ P, dissolved . 2
in toluene Oleylamine

€)

f)

8

h)

Hydrothermal
Ni(NO3), - 6 H,0 180°C, 15h NisaP
+P, PEG-10000, 123
hexamethylenetetramine
. Thermal decomposition
Ni NPs 20°C. 2
+ Py dissolved > Ni,P - Ni
in toluene Oleylamine
NiCl, + P, Solid-state synthesis NiP
solid pellet  Ramping over 3h to 500 - 700°C 2
then plateau for 40h

) Solvothermal - in toluene )

NiCl, + Py 130°C, then 275°C, 2 days . VIF2

“Parts a—d correspond to the top row in Figure 51 and e and f to the bottom row (from left to right). See Figure S1 for references.

reactants, very strict temperature ramping rates, or the use of
other process parameters that strongly affect the kinetics of the
reactions.

4.6. Alternative to TOP: Other Alkyl- and Arylphosphines

Even though it largely dominates today’s literature, TOP was
not the only phosphine used as a “P” source. HP'Bu, was
reacted on ZnEt, for the synthesis of Zn;P, nanoparticles
exhibiting a strong luminescence.®®” Co,P nanoparticles
supported on mesoporous silica were obtained by the direct
decomposition of grafted Co,-bisphosphine clusters on the
silica surface.®”® GeP thin films (not pure) were obtained from
primary (CyPH,) and secondary (Ph,PH) phosphines,688 while
Co—P amorphous films were deposited from Co,(CO), and
PMe;.%*° The sonochemical reaction of PEt; on a Fe(0)
precursor yielded FeP nanoparticles.*™

Similarly, WP nanoparticles were obtained from a W(0)
carbonyl precursor and PPh; (850 °C).' This latter
phosphine was used in the preparation of InP nanocrystallites
in benzene,692 and InP and GaP nanowires between 350 and

AW

400 °C. Later, the reaction was extended to a solvent-free
approach in vacuum sealed tubes, to other metals, and resulted
in nanowires of Ni,P, NiP,, Fe,P, FeP, Co,P, and CoP where
the phase was controlled by the M/P ratio.*>** Additionally,
nickel—nickel phosphide composite nanoparticles were ob-
tained with PPh;, but the precise localization of both parts was
not achieved.**>*®® Ni,P hollow nanoparticles with a tunable
void were prepared by changing the concentration of PPh,.%”

Tri(m-tolyl)phosphine was utilized to prepare InP nanofibers
and GaP, MnP, CoP, and Pd;P, nanocrystals in sealed ampules,
at 370 °C.%*

4.7. Elemental Phosphorus

During the past decade, the solution routes have been largely
extended. First of all, historical sources of phosphorus,
elemental P (white or red), have been used anew for the
production of metal phosphide nanoparticles: the use of softer
conditions (no annealing) and molecular metal precursors
(chlorides, nitrates, etc.) prevented the aggregation of the
product into large crystals.
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Scheme S. Soluble-P, Stoichiometric Route to Metal Phosphide Nanoparticles®
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“Under inert atmosphere, P, (white solid) is dissolved into toluene and added at room temperature to a solution of M(0) nanoparticles. This
solution is heated to the desired temperature. The P, molecules dissociate on the metal particles, and P atoms are quantitatively inserted into the
particles. The crystallization of the metal phosphide nanoparticles follows. After cooling down, they are separated by centrifugation and washed to

remove excess surface ligands and solvent.

4.7.1. White Phosphorus P,. The reaction of excess
amounts of P, in hydrothermal or solvothermal processes
(usual solvent: ethylenediamine, water, EtOH, and mixtures)
yielded polydispersed nanocrystallites of Ni,P,>3*>%%%7%
Nij,P;, %" CuyP, %" InP,’** Co,P”%%7%7%* urchin-like
Co,P,”® and Fe,P”% (see Table 7).

In these syntheses, phosphorus was introduced in large
excess (typically, 1-S equiv of P, vs the metal), and the
precursors were at the M(II) state. Using mixtures of solvents,
complex shapes such as dendrites of Ni,P were obtained.”””
Additionally, electroreduction of Ni(II) in liquid ammonia (a
traditional solvent for metal phosphide synthesis) in the
presence of P, at 160 °C provided Ni,P nanocrystallites.”**
Lastly, P, could be used as a starting material for the in situ
preparation of Na;P with Na, in the sonochemical synthesis of
InP and GaP nanocrystals.””’%7' Selected morphologies
obtained using P, for the synthesis of Ni,P nanoparticles are
shown in Figure 51 (see also Scheme 4). They highlight a large
diversity although some of the nanoparticles were obtained in
an aggregated form.

It must be noted that, in these reactions, P, is introduced as
solid pieces and generally does not react directly with the metal
source, but it is transformed into intermediate species such as
phosphate or PH;,”'"”"* depending on the reaction conditions
(pH, protic or aprotic solvent, etc.). In a few exceptions, that is
when only the metal precursor can react with it (dry and
aprotic solvent), P, served directly as a “P” donor.

As shown in Schemes S and 6 and Figure 52, starting from
M(0) precursors (molecular complexes or nanoparticles), the
reaction of P, as a molecular stoichiometric reagent dissolved
in toluene, yielded well-dispersed metal phosphide nano-
particles (Ni,P, InP, Zn;P,, Pb,P) in mild conditions (room
temperature to 220 °C, 15 min to 2 h) that were optimized
through reaction monitoring by *'P NMR of the super-
natant.*”>°

Starting from molecular metal(0) precursor could also lead
to phase mixtures. Use of a Pd(0) complex [Pd,(dba);, dba =
dibenzylideneacetone] yielded polydispersed submicronic Pd¢P
and Pd;P, particles, yet the Pd/P initial ratio of 1 was not
conserved in the product as both phases precipitate
separately.”'® The difference between the nickel case, which
gave a single-phase product in a stoichiometric fashion, and the
palladium case discussed here are 2-fold: (i) Pd,(dba), is more
stable, as a precursor, that [Ni(1,5-cyclooctadiene),], and thus
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Scheme 6. Representative Syntheses of MP Nanoparticles
Using the Soluble-P, Stoichiometric Route®
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“TEM observations of the nanoparticles are depicted in Figure 52.

less prone to a reaction with P, and (ii) more strenuous
conditions are required to crystallize the nanoparticle products
in the case of palladium, as demonstrated in ref 717 (see
below), which makes the identification of the final products
more difficult when using XRD.

The route from preformed metal(0) nanoparticles was
further extended to Pd, Fe, and Cu. While phase control
could be demonstrated in the case of Pd (PdsP, vs PdP,) and
Cu (CusP vs CuP,) by using the corresponding M:P
stoichiometries in the synthesis, differences in the propensity
of the metal phosphide nanoparticles to undergo crystallization
were also demonstrated. Indeed, Cu;P and Ni,P crystallized in
mild conditions (T < 220 °C) while Pd,P, and PdP, had to be
heated to 310 °C to undergo crystallization. At this latter
temperature, Pd;P would not yet crystallize, hi§hlighting an
effect of the M:P ratio on the crystallization.”"””"

As a natural development of this “soluble-P, stoichiometric
route”, the use of substoichiometric amounts of P, on Ni
nanoparticles lead to core—shell Ni,P—Ni nanoparticles with a
tunable shell thickness.”'> The formation of this inverted
structure, where the metal phosphide is in the core, will be
discussed in subsection 6.3.1. Interestingly, direct core—shell
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Figure 52. Selected examples of nanoparticles prepared with the soluble-P, stoichiometric route. References: for part a, ref 713; for parts b—e, ref
717; for part f, ref 50. Reprinted, respectively, with permission from refs 713, 717, 50. Copyright, respectively, 2011 American Chemical Society,

2012 American Chemical Society, 2010 Royal Society of Chemistry.

structures (with the metal inside and the metal phosphide
outside) could also be obtained using copper nanoparticles,
through a more predictable mechanism. Even under mild
reaction conditions (100 °C), Cu,P is able to crystallize. Thus,
incomplete reaction of copper nanoparticles with P, leads to
Cu—Cu,P core—shell nanoparticles.”"”

Starting from oxidized precursors, such as metal chlorides,
two routes have been used. An additional reductant (NaBH, in
EtOH) was added to a solution of P, and InCl; in toluene,
producing InP nanoparticles at 75 °C.”"” However, an excess of
phosphorus (2:1) had to be added to avoid In remaining as a
byproduct, thus pinpointing the occurrence of side reactions.
Additionally, P, may also react with NaBH, before it reacts with
In, meaning that it would just serve as a raw material. P,
(excess) dissolved in DMF was also reacted with Pd(acac),,
producing an amorphous product that was converted by
annealing into a mixture of PdsP, and PdP,.”*

More elegantly, part of P, itself was used to reduce the metal
center (and was thus added in the exact required excess), giving
PCl; as a byproduct, while the rest reacted as the “P” donor:
phosphorus-rich metal phosphide aggregated nanoparticles
were obtained by this route through a reaction at 130 °C,
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followed by annealing for two days at 275 °C (CuP,, CoP;,
NiP,).”** This reaction could be extended to using P, or red P
in the gas phase at 500—700 °C for ca. 2 days (lower
temperatures are possible, though), and yield submicronic
powders of FeP,, CoP;, NiP,, CuP,, and PdP,.”"*

4.7.2. Red Phosphorus. Red phosphorus was also used as
a source of “P” in the hydrothermal synthesis of aggregated”>!
or well-dispersed”** Nij,Ps, as well as Ni,P nanoparticles and
well-dispersed InP nanoparticles, assisted by a complexing
agent (ethylenediamine tetraacetic acid).””® In a solvothermal
process, the synthesis of Ni,P nanoparticles from NiCl,
hexahydrate”** was achieved with a long reaction time (20 h)
but a relatively low temperature (180 °C). Similarly, Sn,P,
nanoparticles were obtained at 200 °C for 40 h.”> These
temperatures of reaction are indeed relatively low, considering
that red P is quite difficult to decompose. By comparison, Ni,P,
Cu,P, and CoP nanoparticles’*® and Ni;P—Ni thin films were
also prepared using red phosphorus, but its decomposition in a
gas phase required higher temperatures (>400 °C).”*” Indeed,
the lack of reactivity of red P could be compensated by the use
of higher temperatures: single crystals of Ce;Zn, P, and
CeyZn, P were obtained by heating in molten salts and
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annealing.”*® Similarly, ternary Au phosphide alloys (Hg, Pb,
T1) were obtained in liquid lead.”*

4.8. Alternative Phosphorus Sources

PCl; was used as a source of phosphorus in a reaction with Na
and a Ni(II) precursor to yield Ni,P nanoparticles.”*® Similarly,
InP nanocrystals were s?rnthesized using both PCl; and a strong
reductant (LiBEt;H).”>" It was also used to convert W(0) into
WP on a flat surface.”*>

Tri-n-octylphosphine oxide (TOPO) was used as a “P”
source in the synthesis of Co,P branched nanostructures at 350
°C.

Oxide metal precursors such as NiO were reduced in the
presence of (NH,),HPO, in a nonthermal H, plasma to
provide WP, GaP, InP, MoP, Co,P, CoP, Ni;P, and Ni,P.”**7%*

Other sources of “P” include GaP, which was used in a
transmetalation reaction with Zn in the gas phase (ca. 1300
°C), to produce ZnsP, nanowires and “nanotrumpets”’>® or
Cd;P, and Zn;P, nanobelts.”>’

4.9, Alternative Processes

From a fundamental point of view, In—P clusters,”*® Al-P
clusters with various charges, and CdP, clusters’> were
“synthesized” by DFT, and their bonding and physical
properties were studied, as a model for larger nanoparticles.

Supercritical fluids’*® and flash evaporation technique’*'
allowed the deposition of nanostructured InP thin films. Very
interestingly, P(SiMe;); could also be used in a microfluidic
reactor to produce well-controlled quantum dots at 225 °C.”*
Moreover, the synthesis conducted in a microfluidic reactor in
supercritical octane provided high-quality nanocrystals in very
short time (2 min) thanks to the high diffusivity of the
precursors.”*

High-temperature methods such as metal—organic vapor
phase expitaxy (working at 450—700 °C) provided access to
InP nanoparticles, nanowires,”**’** nanotubes, and porous
nanostructures free of surface impurities. Both the growth
mechanisms”*~7*° and the confinement properties could be
studied from experimental and theoretical points of
view.”*'~7>® More complex morpholo§ies such as heterostruc-
tured 7pearl-like InP—Zn$ nanowires,”>” Zn,P,—ZnS,”* Zn,P,—
Zn0,”®" AIP—GaP,’** and GaInP—GaP’®® core—shell nano-
wires, but also twinned InP,”%*75° tripods of InP nanowires,”%
alternated zinc-blende and wurtzite InP nanowi1‘es,767 and
Zn;P, nanowires,®® were also obtained by physical routes,
including the use of high-temperature induction furnace (ca.
1250 °C) (Figure 53). The use of Sn nanoparticle catalysts in
CVD provided ZnGeP, nanowires in a single step, from
ZnGeP, solid-source powder, at 650 °C.”® Au nanoparticles
catalysts were used to prepare GaP—ZnS nanowires from GaP—
ZnS powders at 1150 °C.””°

Carbothermal reduction of a gel allowed the incorporation of
Fe,P, Co,P, and Ni},Ps nanocrystals in carbon xerogel that was
pyrolized at 800 °C for 3 h under nitrogen atmosphere.””" It
also led to MoP supported on carbon.””> Moreover, dry
autoclaving methods provided easy access to metal phosphide
nanopowders.**””?

InP polydisperse nanoparticles were also obtained by laser
ablation of bulk InP in an aqueous environment.””" The
coupling of a gas-phase plasma synthesis and a colloidal step
yielded InP—ZnS nanoparticles with good luminescence yield
(15%).77°

Lastly, CoWP films could also be deposited by electro-
reduction of sodium hypophosphite and metal precursors.””®

AZ

Figure 53. Top: InP twinned nanowires. Reprinted with permission
from from ref 764. Copyright 2008 Nature Publishing Group. Bottom:
Zn;P, twinned nanowires. Reprinted with permission from ref 768.
Copyright 2008 American Chemical Society.

Thin films””” and nanowires’’® of InP were also obtained by
electrochemistry. InP thin films were passivated by a controlled
electrochemical oxidation in NH; and functionalization by a
monolayer of Pt clusters.””® Surface functionalization of GaP
was chemically achieved by a preliminary Cl-functionalization
using PClg, protecting them from oxidation in air, and a
secondary functionalization using Grignard reagents.”*

4.10. Summary for Nanoscaled Metal Phosphides

Altogether, the 2000—2012 years have seen huge progress in
the synthesis of metal phosphide nanoparticles (Figure 54).

* \ersatile method ) * Abundant and

* Reactive only at inexpensive
relatively high = Highly reactive
temperature TOP. for white P

= Utilized in excess, = Reaction can be

stoichiometric

Alkyl-and

aryl-
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Figure 54. Overview of the main “P” sources for the synthesis of metal
phosphide nanoparticles. The size of each slice accounts for the
relative use of each method in the past decade.

Thermal decomposition of TOP has emerged as a powerful
route to produce them at lower cost, on the lab scale, while the
use of more reactive (and, ideally, stoichiometric) sources such
as P, or P(SiMe;); seem more favorable to gain insight about
the intermediates and mechanisms of reaction.
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5. PROPERTIES OF NANOSCALED METAL BORIDES
AND METAL PHOSPHIDES

5.1. Li-lon Batteries

5.1.1. Overview. In the field of Li batteries, the distinction
between bulk and nanoscaled materials is becoming of major
importance. Most materials are indeed ground before being
incorporated into electrodes, and thus present sizes lowered
into the submicrometer or nanometer ranges. Downscaling also
raises the question of the material mechanical integrity through
cycling and its dependency on the size of the crystal domains
and the size of the overall aggregates: electronic percolation
must be guaranteed, but diffusion distances must not be too
important in the solid. Additionally, interfaces are the locus of
very complicated chemical and electrochemical reactions, with
the electrolyte and the other components of the cell. As a
consequence, the compromise between surface area and
crystallinity is not the same as in catalysis for instance. With
this aspect in mind, major papers of the 2000—2012 period are
reviewed in this subsection (see ref 32 for a dedicated review).
Although metal phosphides can be considered as a “hot topic”
in the field of Li-ion batteries, it is not the case of metal borides.
Surprisingly, apart from allusions about their inertness,”®' no
study reports the electrochemical behavior of these compounds
versus lithium, and metal borides seldom appear as Li-inactive
materials in nanocomposite electrodes.

5.1.2. Major Advances in the Field: The Case of Metal
Phosphides. As a matter of fact, the field of metal phosphides
for lithium batteries is young since the first report was
published in 2002: Nazar and co-workers described the
promising Li uptake by a CoP; electrode through a conversion
mechanism.”®* “P” was found to play the role of a redox shuttle:
Li;P was identified at the end of the discharge, and subsequent
cycling occurred between this phase and the LiP phase. A redox
role of the ghosphorus center was later identified also in NiP,
electrodes.”®

More classically, MnP,***”%%7%* and TiP,”*>7%® were found
to be good intercalation materials for Li, forming Li MP,
phases. Monoclinic NiP, exhibited a mixed behavior, starting
with intercalation and ending with conversion, as evidenced by
the formation of Ni nanoparticles after the discharge.”®” A
similar behavior was identified later for NiP; electrodes,
although the capacity was found to fade more ragidly.788

Other phases such as Mn based alloys,7 ® Fe—Sb—P
alloys,”*””?! Fe—Sn—Sb—P alloy,””* Sn,P;,”*® Zn,P,”**
ZnP,,*> FeP,”**””” FeP, and FeP,,’*® Ni,P,””” VP** and
VP, were then investigated.**> Recently, a new metastable
compound obtained by ball milling (tetragonal Ni,SnP) was
tested, but it transformed back into the orthorhombic
thermodynamic phase upon cycling.*”?

5.1.3. Nanostructuration of the Electrodes. Nano-
structuration of the electrodes™*” was soon envisioned as a
tool to improve the kinetics of the reaction with Li (by
shortening the diffusion lengths) and to manage volume
expansion of the electrode upon Li incorporation.

Metal phosphides as active materials were then scaled down
for both better kinetics and better mechanical accommodation
of the stress generated by volume variations (NiP,,*** SnPy,,*
GaP,*® Cu,P,**° MoP,,*”” ZnP,**®). Ni,P ordered porous films
exhibited enhanced electrochemical Li incorporation in terms
of both capacity and reversibility due to a good contact with the
electrolyte.*” NisP,, NiP,, and Ni,P nanoparticles were
recently investigated.®'”*'*> The formation of a carbon layer
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around the nanoparticles was found to be crucial to compensate
for the lack of electronic conductivity of this latter phase.*'**'®
Interestingly, amorphous electrodes of a FeP, nanopowder
were also found to exhibit a fairly good capacity retention,
although the structure of the powder after extended cycling has
not yet been studied.** In the case of CoP, which undergoes
successive insertion and conversion reactions, it was shown that
the insertion potential is merely not affected by nanosizing,
while the conversion reaction became strongly asymmetric in
this case because of the formation of new interfaces in the
electrode.®'® Interestingly, the use of shaped Co,P and CoP
nanoparticles (nanorods and plain and hollow particles) has
been proposed as a way to further optimize the electrode
properties.817

Some metal phosphides and metal borides were also used in
nanocomposite electrodes, namely, a Fe,P—LiFePO, cath-
ode®'® and a Si—TiB, anode.*" The electronically conductive
MPs and MBs were inactive versus Li but acted as networks for
electron conduction and as matrices for restraining volume
expansion of the active materials during cycling.

5.2. Alkaline Aqueous Batteries

5.2.1. Primary Alkaline Batteries. A growing number of
reports has been dedicated to metal borides and phosphides as
high capacity electrodes for alkaline aqueous batteries in the
past few years. The ability of these materials to undergo
multielectron redox reactions is the fundamental property for
such a craze.

Studies have focused first on metal borides, including
crystalline TaB, TaB,, TiB, VB,*°*? amorphous Fe—B
and Co—B, and crystalline CoB*" anodes. Different irreversible
reactions are at play, whether the corresponding metal is
corroded or is passivated in the acid—base and redox conditions
of the working cell:**°

TiB, + 120H™ — Tijuea + 2BOs>” + 6H,0 + 6¢”
(41)

VB, + 200H™ — VO,*~ + 2BO,>” + 10H,0 + 1le”
(42)

Bulk TiB, and VB, reached capacities of, respectively, 1600 mA
h ¢! and 3100 mA h g™" at 100 mA h g~' discharge rate in
metal boride/air cells with 30% KOH aqueous electrolyte.
These experimental values are approximately 70% of the
theoretical ones, as compared to the calculated maximum
capacity of zinc of 820 mA h g~'.**° High capacity retention at
large rate was also evidenced, thus making metal diborides high
energy and high power anodes. Interestingly, the example of
alkaline aqueous batteries highlights the impact that alloyin%
metal and boron can have on the electrochemical properties.®”

In the same conditions, elemental boron is totally inert, and the
parent metals are inactive because of deep passivation. First,
because alloyed boron in diborides is electronically enriched, it
is more prone to oxidation. Also, metal borides are more
electronically conductive than pure boron. Both factors favor
the participation of boron atoms to the total capacity in alkaline
as well as neutral electrolytes.*>**** Second, incorporation of
electronegative boron negatively shifts the electrode potential
compared to pure metal. Therefore, the metal is not any more
(V) or less (Ti) passivated and is readily oxidized, thus ensuring
complete reaction. The counterpart of the high electrochemical
activity of metal borides is their spontaneous corrosion in
contact with the electrolyte. To overcome this obstacle and
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increase the battery lifetime, Licht and co-workers deposited a
buffer layer of ionically conductive zirconia between the
electrolyte and the metal boride electrode.*”' ~*** The resulting
VB, /air battery exhibits a volumetric capacity even higher than
that of gasoline.*”> The same group showed evidence of
improved capacity for smaller metal boride particle size,
presumably because of enhanced reactions kinetics.’**" Further
feasibility studies suggested that even if metal boride/air
batteries were not electrochemically rechargeable, VB, could be
recovered from the discharged cell by Mg-mediated reduction
of the oxidized anode materials.**®

Because of their structural similarities with metal borides,
metal phosphides could also turn out efficient multielectron
high capacity anodes for alkaline aqueous batteries. This was
shown for Sn,P;*** and more recently submicroscale VP, (x =
1, 2, 4).8° The reported capacities are nevertheless lower than
those obtained with VB, anodes, probably because of a larger
amount of spontaneous corrosion in contact with the
electrolyte.

5.2.2. Secondary Alkaline Batteries. Metal borides are
also currently studied in the framework of rechargeable alkaline
aqueous batteries. The presence of residual hydrogen479’522’536
in amorphous metal-rich boride nanoparticles obtained by
borohydride reduction in solution (see subsection 3.8.3) led to
the early suggestion that these compounds might be suitable
negative electrodes in Ni-metal hydride cells. First tests
performed by Mitov et al.**”**® and Wang et al.**” tended to
confirm this view. Some reports are still considering the
formation of metal boron hydrides as plausible,>**35#3%83! byt
recent works®>>"**%3? nicely reviewed by Zhao et al.*** lead to
the current consensus that hydrogen sorption has only a minor
contribution to energy storage. Indeed, crystalline cobalt
borides Co3B,*** Co,B****** and CoB™"** have also good
capacity and cycling stability, even if they do not show any
significant hydrogen sorption.”"****3* Although differences
between amorphous and crystalline metal borides®*® both in
terms of crystal structure and particle size/surface area hinder
direct comparison of their performances (ranging between 250
and 350 mA h g after 100 cycles), the common mechanism
seems to be similar to the oxidation—reduction process
described above for boron-rich metal borides in primary
alkaline batteries. The charge reaction corresponds to reduction
of the Co hydroxide into elemental Co, similar to the reaction
occurring in Ni—Cd batteries:

CoB, + (2 + 6x)OH"
— Co(OH),(s) + «BO;>™ + 3xH,0 + (2 + 3x)e”
(43)

Co(OH),(s) + 2e” — Co(s) + 20H"~ (44)

Equation 44 is reversible and ensures the major part of the
energy storage process after boron has been largely dissolved.
The same mechanism should also be at play for amorphous®**
and crystalline®’” Fe—B nanoparticles as well as amorghous
Ni—B nanoparticles.**® The role of boron atoms is 3-fold.*****?
First, it contributes to the discharge capacity, at least in the first
cycles. Second, it activates cobalt atoms by decreasing the
potential of the electrode. Third, it leaves a clean, renewed
surface after each cycle and B solubilization, which limits
passivation and ensures good cyclability. The ability to recharge
the battery arises from the low solubility of cobalt hydroxide
and its facile reduction during charge. Some additives, 84

BB

831,841 i
and ternary compositions (Co—B—

Mg—Co—B843) have been suggested to limit further the
Co(OH), solubility and enhance the cycling stability at high
temperature.

It is noteworthy that high capacity, cycling rate, and cycling
life could be achieved by enhanced kinetics through nano-
structuration of Co—B electrodes into smaller nanopar-
ticles,”**®** submicronic chains or rods*** nanorods,*>*' and
mesoporous structures.”>°

5.3. Catalysis

core—shell structures,
842
S,

The growing interest for hydrogenation reactions and, later, for
hydrotreating processes with metal borides and metal
phosphides™>"9***% appears as a driving force for the
development of synthetic routes toward high surface area
materials (nanoparticles, supported and unsupported).

Catalytic applications of metal boride and metal phosphide
nanoparticles started to develop in the 1990s with hydro-
genation reactions. The next decade was a difficult time for the
petroleum industry, as regulation on sulfur content and NO,
emission became more and more severe. Hydrotreating
reactions with metal phosphides were thus largely investigated,
and represent a huge proportion of the works on metal
phosphide catalysis in the past decade. Altogether, nanoscaling
offered a new golden youth to the field of metal phosphides in
the 2000s. Metal borides, on the other side, remained confined
to the field of hydrogenation reactions for which they are highly
efficient in terms of activity and selectivity. This is only in the
last 10 years that the scope widened, with the emergence of
works on hydrotreating and hydrogen evolution from
borohydrides for hydrogen storage and release. This subsection
reviews the most significant trends in catalysis for nanoscaled
metal borides and metal phosphides. One should bear in mind
that if most of the studies dedicated to metal phosphides
address crystalline phases which enable in-depth character-
ization with insightful calculation approaches, it is not the case
of metal borides for which nanoscaled crystalline phases are
extremely rare. On the contrary, nanoscaled metal borides are
met as amorphous phases in the catalysis field,>> except for the
few exceptions mentioned below. It is noteworthy that metal
borides and metal phosphides can even exhibit higher activity
than noble metal catalysts.

5.3.1. Hydrogenation: A Driving Force toward Metal
Boride and Metal Phosphide Nanoparticles. 5.3.7.1. His-
torical Background. The discovery of amorphous metal
borides, from precipitation in solution,””*'* is contemporary
with the recognition of their high catalytic activity for
hydrogenation of various organic substrates.>'>*2V84 Later,
the huge potential of metal phosphide nanoparticles in
hydrogenation catalysis was revealed in the 1990s,**”%** after
a pioneering work dealing with nitrobenzene hydrogenation
over bulk Ni,P.'"” Many reviews have covered this aspect of
metal boride and metal phosphide properties, including those
from Chen et al.,*® Deng et al,'®* Ganem et al,** and, more
recently, Wu et al.,36 Alexander et al,>® and Pei et al>® For
more details about the industrially relevant catalysts, the reader
is redirected to the recent insightful and exhaustive review of
Pei et al dealing with nanoparticles of amorphous metal—
metalloid alloys.>

5.3.1.2. Ultrafine Amorphous Alloy Particle Activity.
Various alloy compositions (Ni, Fe, Co, Pd, P, B)33’36’526 of
nanoparticles obtained by precipitation in aqueous or organic
solvents were studied. The activity of these so-called “ultrafine
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amorphous alloy particles” (UAAPs)*>>'** was investigated for

hydrogenation of various substrates such as ben-
zene,22/506,508,565,850-854 clopentadiene,“‘855 nitroben-
Zene, 86511:533,534,543,547,856-859 £ o] 510,860 namalde-
hyde, 5% _ethylanthraquinone, 5%+ s, 229486,861-864
and nitriles.***** Amorphous Ni—B and Co—B are especially
recognized as catalysts with higher activity, selectivity, and
poison resistance than their parent metal (Raney Ni and

$31,548,565,569,84 :
Co ’ 369,849 £5r hydrogenation of al-
227,473,506,508,565,850—852,854,860,865
kenes,”"” ’ ’ aldehydes and ke-

229,486,503,504,507,548,567,860—862,865 . .

tones, 222 486,503,504,507,548,5 nitro-deri-
486,533,543,544,547,857,858,866 s 2,534

vates,t86:533,543,544,547,857,85 and nitriles.>*>>** Because

these nanoparticles are precipitated in nondegassed water,
they are partially oxidized and nonpyrophoric (see subsection
3.8), which is a strong advantage compared for instance to
Raney Ni. However, the role of partial surface oxidation on the
catalytic properties has been largely uncovered. Most of the
alloys contain a large proportion of metal versus the
heteroatoms (typical composition: M/(P,B) = 8 in mol). The
B/P heteroelement has a primary role in the superior
performances of these materials by ensuring a relatively
thermally stable amorphous structure, with homogeneous
dispersion of unsaturated reactive metal sites.'””*”> Crystal-
lization, induced by heating and in the course of the reaction,
was perceived as disadvantageous and was studied in order to
be avoided.*>'*>%78% In this respect, ternary and quaternary
compositions were shown to improve the catalytic activity,”*®
first by improving the local disorder, enhancing the thermal
stabili‘?r of the amorphous phase, and reducing the particle
size. 307308897871 A second beneficial effect of the additional
metals is in the incorporation of Lewis acidic sites for sorption
of the substrate (Cr, W, rare
earths),225/503:504507,508,534,557,860,870,872

5.3.1.3. Supported Catalysts. Dispersing the UAAPs on a
suitable matrix was also shown to provide enhanced activity and
lifetime. Nickel phosphides were deposited on SiO, for
naphthalene h;ldrogenation, and good selectivity for decalin
was obtained,®”® with or without the presence of N-containin
species (%uinoline).874 Supports such as silica,>*%>%757%
alumina, 0SS5 8SLESBE6S ivooni, 852856865 N0y S67 titanig 569
clays,*®® polymers,*”® carbon nanofibers,*”* and nanotubes®*’
have been investigated for amorphous metal borides. The
primary role of the supporting phase on these compounds is to
ensure a good dispersion, enhanced structural stability, and
resistance to sintering. Another strategy for increasing the
surface area and stability of amorphous metal boron alloys and
their catalytic activity for hydro§enation consists in developing
mesoporous structures, #3404

5.3.1.4. Specific Effects of the Metalloid on the Activity.
Other effects are specific to each heteroelement, more precisely
to the direction of d electron transfer between the metal and
the metalloid. Indeed, besides enhancing the stability of the
amorphous phase, boron transfers some of its electrons to
metal atoms for providing metal sites with enriched d
population (see subsection 2.5.3)."”***' This favors back-
donation from the metal d orbitals to the antibonding 7*
orbitals of the unsaturated bonds and enhances the catalytic
activity of metal borides.*”* Modification in the d population by
alloying could also impact the adsorption strength of the
substrate and play a role in the enhanced activity.*”> Moreover,
electronically enriched metal sites are less subjected to sulfur
and amine binding, thus ensuring good resistance to poisoning
and air exposure.'?>%¢ Interestingly, the resistance of
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amorphous metal phosphides to sulfur poisoning was also
noticed,”>' but to a lesser extent than metal borides,'**
presumably because the metal in MBs is more electronically
enriched than in MPs. All in all, it is still difficult to distinguish
geometrical (particle size, surface area) and electronic
(composition, direction of the electron transfer) effects in
these systems. Especially, a direct comparison between
amorphous alloys differing from the nature of the metal or of
the metalloid (B, P) remains arduous because the character-
istics of the catalysts, such as compositions and particle size,
cannot be modified independently.***>'*>%> For instance,
although electron transfer seems to be unfavorable to the
activity of metal phosphides, Ni—P amorphous phases have
been shown to be more active for hydrogenation of
cyclopentadiene,'” furfural,>'® and nitrobenzene®'' than Ni
and amorphous Ni—B. Actually, amorphous nanoparticles of
ternary Ni—P—B seem to benefit from both metalloids for
providing higher catalytic activity for hydrogenation of
furfural,>'® nitrobenzene,*'! and p-chloronitrobenzene518 than
binary alloys. Again, the reasons for these enhanced perform-
ances are still unclear.

5.3.1.5. Selectivity. Selectivity is also improved compared to
the parent metal, especially for metal borides. Propensity of
Cu—B*® to selectively hydrogenate C=0 bonds prior to C=
C bonds could be ascribed to acidic boron atoms acting as an
adsorption site for C=O groups. The same behavior was
observed for conjugated C=O/C=C bonds on Co-—
B*39883 On the contrary, Ni—B hydrogenates selectively
C=C bonds in the conjugated C=0/C=C system of citral,
before hydrogenation of the remaining C=0O bond prior to
unconjugated C=C.****7>%% Similarly, Kukula et al. reported
recently different selectivities for hydrogenation of nitriles with
conjugated C=C/C=N bonds depending on the metal: Co—
B and Ni—B target respectively C=N and C=C bonds.>**
Chloronitro-aromatics are also selectively reduced by amor-
phous metal borides to the corresponding amines without
dehalogenation.”****” Ru—B catalysts are especially suitable for
selective hydr0§enation of benzene into cyclohex-
ene 830851 85386588% A crvtalline nickel phosphide promoted
with TiO, or CeO, nanoparticles was demonstrated to
hydrogenate phenylacetylene in EtOH (respectively heptenes
in toluene) with good selectivities for styrene (respectively
heptanes).**® Ni,P nanoparticles were also found to selectively
hydrogenate a range of functional alkynes into alkenes in milder
conditions (85 °C).%*¢ A selective hydrogenation of acetylene
was also achieved on MoP,*” while the selective hydrogenation
of pyridine on MoP(001) was investigated by DFT.**
Similarly, Pd,P nanophosphides hydrogenated selectively
olefins and polyolefins.”******° Other substrates were
selectively hydrogenated, such as cynnamaldehyde with Ni,P
on $i0,*”" and acetonitrile with Mo,P,*** although in this latter
case, the reaction was highly sensitive to the M/P ratio: high
ratio (x = 1.1) yielded majorly ethylamine while low ratio (x =
0.9) yielded more condensed amines such as diethylamine. Like
activity, the hydrogenation selectivity of metal—metalloid alloys
depends on various factors,” including compositions (nature
of the metal, boron content, and metal d electron population),
particle size and surface area, thermal stability of the amorphous
phase, etc.

5.3.1.6. In Situ Production of the Catalyst. An alternative
method of hydrogenation is to use NaBH, as reductant with in
situ production of amorphous metal boride catalysts.*** A wide
range of substituted aromatics with functional groups NO,,

dx.doi.org/10.1021/cr400020d | Chem. Rev. XXXX, XXX, XXX—XXX



Chemical Reviews

C=0, C=C, C—Br was hydrogenated.563’564’849’893 Alter-
natively, hydrazine can also be used.*”®

5.3.1.7. Enantioselective Catalysis. Hybrid colloidal cata-
lysts have also been reported for enantioselective hydro-
genation. Adsorbing®™”* or grafting®>*7>*>%>7%® asymmetric
molecules on amorphous Fe—B, Co—B, and Ni—B nano-
particles produced in an aprotic solvent afforded good
opportunities for such reactions. For instance, heterogeneous
oxazaborolidines are efficient catalysts for asymmetric borane
reduction of prochiral ketones to the corresponding alco-
hols, 5237525

5.3.1.8. Dehydrogenation. Finally, dehydrogenation catal-
ysis can also be performed by metal borides and metal
phosphides. Amorphous phases have been particularly high-
lighted, like a Ni—P membrane®” and Fe—B,”*° Fe—P,”"' Fe—
P—B nanoparticles.””

5.3.2. Hydrotreating Reactions. 5.3.2.1. Overview. Pro-
cesses based on molecular hydrogen to remove elemental
contaminants such as sulfur, oxygen, and nitrogen from various
substrates are embraced under the generic name hydrotreating.
The ever increasing environmental concerns have led to
stringent regulations concerning transportation fuels. This
initiated a strong research effort from the materials and
catalysis communities for hydrotreating of petroleum feed-
stocks, especially for sulfur removal. Hydrodesulfurization
(HDS) is the primary hydrotreatment which is intensively
employed and studied in order to improve petroleum-related
fuels. Hydrodeoxygenation (HDO) is the second hydrotreating
reaction of interest, targeting upgraded bio-oils, especially from
lignocellulosic biomass, as substitutes for fossil fuels.”*>*** The
objective is to reduce the oxygen content which is responsible
for detrimental characteristics such as high viscosity, immisci-
bility with hydrocarbon fuels, poor heatin% value, corrosiveness,
low thermal stability, and short lifetime.”*> Hydrotreating also
encompasses hydrodenitrogenation for hydrocarbon feedstocks
and hydrodechlorination for environmental remediation.

Current hydrotreating catalysts are mainly metal sulfides, but
increasing restrictions on fuel sulfur contents calls for catalysts
of even higher HDS activity, while sulfur replacement by
oxygen during HDO’* quickly deactivates metal sulfide
catalysts. According to reports from the beginning of the 21st
century, nanoscaled metal phosphides and metal borides could
play a significant role in, respectively, hydrodesulfurization and
hydrodeoxygenation.

Unsupported MoP obtained by phosphate reduction was
reported to be active for hydrodenitrogenation (HDN) by
Oyama et al.”® and by Weber et al.”*® Alloys of Mo with Ni,
Co, and W were then investigated.”®” Extensions to hydro-
desulfurization (HDS) were reported for WP*® and to
hydrodechlorination (HDCI) for Ni,P.”**?'® Recently, hydro-
deoxygenation of anisole was also achieved with Ni,P, MoP,
and NiMoP supported catalysts.”"" After a few years, various
studies converged with a model metal phosphide HDS catalyst:
a nanoscaled metal phosphide supported on SiO,, which
provides a good surface area of ca. 100 m?/g, prepared by
impregnation of metal and phosphate salts and temperature-
programmed reduction (TPR) under H,. The resulting
catalysts were found to be active for difficult substrates such
as dibenzothiophene”'* and 4,6-dimethyldibenzothio-
phene,”**'* but also for ultradeep hydrodesulfurization,"®
which makes them good candidates for industrialization.
Possibilities of metal phosphides for other hydrotreating
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reactions (HDN, HDO, HDCI) have been much less covered
than those related to HDS.

At first sight, occurences in the literature of HDS over metal
borides are scarce,”57'® despite their reported resistance to
sulfur poisoning. However, other Ni—B based procedures
dating back to the 1960s bear the generic name “desulfuriza-
tion” and can be considered as being strongly related to
hydrodesulfurization.**”*'*~?** Their common base consists of
the in situ production of amorphous Ni—B nanoparticles by
adding sodium borohydride to a solution containing a nickel
salt and the sulfur-containing substrate. A wide range of organic
compounds can then be targeted.***?'*~"** Although in-depth
study of the mechanism has not been performed at that time,
immediate formation of a black colloidal suspension together
with hydrogen bubbling shows that Ni—B UAAPs are readily
formed. The H, byproduct can then be consumed by HDS of
the substrate over the catalysts. It should however be noticed
that some reports” suggest that preformed Ni—B nano-
particles can also catalyze desulfurization without the use of
molecular hydrogen, even if this route has not been investigated
further. All in all, the 9possibilities of metal boride for HDS have
not been cleared yet. 15-918924 1) the contrary, metal borides,
especially in their amorphous form, have been much more
studgigil for two years as potential catalysts for HDO of bio-
oils.

5.3.2.2. Hydrodesulfurization. Metal phosphides have
attracted much more attention than metal borides in the field
of HDS. Crystalline Ni,P was found to be the most active metal
phosphide of the first row transition metal phosphides,”” after
in-depth comparisons with other metals (Fe,P, CoP, Ni,P),”*
and other phases (Ni,P, Ni;P, Ni;,P*’ and Co,P, Co,P,
CoP??®). The Ni-rich surface Ni;P, exhibited by the Ni,P(001)
facet is generally considered to be the most active one, being
converted to a Ni;PS one upon sulfur exposure.””” However, a
recent analysis of the Ni,P(0001)-1 surface by LEED (low-
energy electron diffaction) suggested that this surface is mainly
covered by P adsorbed on the Ni;P, 3-fold sites, thus limiting
the number of dangling bonds.”®® This implies that the
activation of the catalyst requires at least one preliminary step,
involving a deeper phosphorus removal.

Ternary alloys have also been particularly studied, such as
Ni Mo, P,"9%* NixCo},P,933 and Niz_xFexPy.934 A dedicated
review by S.T. Oyama in 2003 highlighted the very fast progress
of the field in less than S years, and pinpointed the excellent
activity of Ni,P.”*> More recently, noble metal ?hosphides such
as Rh,P,”*® Pd, P, Pd,P, Ru,P, and PtP,****’ showed better
performances in HDS than pure metal catalysts with the
exception of Pt. Phosphorus was found to play a key role in
increasing the activity of Ru catalysts as both RuP and Ru,P
supported on MCM-41 were 2 times more active for HDS of
dibenzothiophene than Ru.”%® Altogether, Rh,P was found to
be the most active catalyst among the noble-metal based
phosphides.

Metal borides were only scarcely considered for
HDS.”"*71%%3 Skrabalak et al. studied thiophene HDS over
unsupported crystalline Ni;B and Co,B.”"” These phases were
obtained by annealing at 450 °C the corresponding UAAPs
precipitated in oxygenated water. The resulting particles had a
diameter of ca. 100 nm. The presence of amorphous boron
oxide was not assessed. The authors showed that these phases
were actually unstable in harsh HDS conditions (450 °C) and
were readily sulfided and converted into the corresponding
metal sulfides, which are typical HDS catalysts. Other studies
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focused on amorphous metal borides, especially Ni—B and Ni—
Mo—B supported on silica”® or boehmite.”®® The crystal-
lization temperature was shifted from 275 to 400 °C for,
respectively, unsupported and supported Ni—Mo—B. This
ternary alloy with partially oxidized Mo species showed
enhanced resistance to deep sulfurization. Once pretreated
under a mixture of H,S/H, at 375 °C, the catalyst showed
enhanced activity for thiophene HDS than unsupported
systems and conventional supported and sulfided Ni—Mo
alloy. The high activity was ascribed to the high dispersion of
Ni sites and resistance to crystallization. Ternary alloys Ni—B—
P are also currently considered for increased HDS activity,”*’
although the role of B addition on the activity of Ni,P is not
clear yet.

In-depth spectroscogpic investigation of metal phosphide
surface (EXAFS, XPS,**' and solid-state NMR"*”) and cross-
studies (in situ spectroscopies and DFT)**™** revealed the
nature of catalyst active sites. In HDS with Ni,P catalysts, the
two Ni sites were found to run different reactions, one through
the direct desulfurization route, and the other one through
hydrogenation.”** Very interestingly, these studies also
pinpointed the importance of partial P removal by S on Ni,P
surface that provides the active phase for HDS,”*7%0%%
although S substitution occurs only on the surface. Indeed, the
sulfur resistance goes further than a limited kinetic S
incorporation, since a NiPS; precursor exposed to HDS
conditions (340 °C) was shown to form back Ni,P.”*®
Similarly, a highly active MoP based catalyst was prepared by
sulfidation of the oxide precursor followed by TPR under
H,”* As mentioned above, the activity of amorphous”® and
crystalline”” metal borides for HDS seems also to be related to
surface sulfidation.

5.3.2.3. Hydrodeoxygenation. Nanoscaled amorphous
metal borides prepared by aqueous precipitation are econom-
ical, have a good thermal stability, and do not require any
additive compared to typical metal sulfides and noble metal
HDO catalysts.”>® Most catalytic tests were performed on Ni—
B and Co—B based compositions, with phenol*?>30>39%9317954
as a model substrate derived from lignocellulosic biomass with a
particularlgr robust C—O bond.”®* Benzaldehyde,**>**" aceto-
phenone®*>**' and cyclopentanone®®* were scarcely inves-
tigated. Because of the strong activity for hydrogenation of
amorphous Co—B and Ni—B, the reaction is believed to occur
according to the hzfdrogenation—dehydration route toward
cyclohexane,****"** compared to direct hydrogenolysis for
common metal sulfide catalysts leading mainly to benzene.
Ternary compositions (Ni—Mo—B,**® Co—Mo—B,*****! Ni—
W-B, and Co—W—B"*°) are the milestone for high yield of
deoxygenation: Ni or Co sites are the hydrogenation sites, with
enhanced activity compared to pure metal because their d
electron pozpulation is enriched by electronic transfer from
boron.>"”>* The second metal is partially oxidized (e.g,
molybdenum oxide Mo(IV)) and acts as the acidic site for
adsorption of the C—O groups, polarization of the C—O bond,
and dehydration.’® Ni—W—B was reported as being more
active than Co—W-B,”*° but differences in compositions,
thermal stabilities, and surface areas make difficult the
identification of the key parameter. Some quaternary
compositions were also investigated to increase the activity
and decrease the amount of aromatics in the products,
including Ni—Co—Mo—B,”* Ni—La—Mo—B,”** Ni—Co—W—
B,”® La—Ni—W-B,”>® and La—Ni—Mo—B.”** Some results
suggest a higher activity than MoS,.” Interestingly, an early
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report from Loubinoux et al.”>’ suggests that amorphous metal
borides can be used upstream from the primary bio-oil
upgrading, for the direct conversion of wood into oil. Indeed,
the authors impregnated wood meal with an aqueous solution
of nickel salt and then precipitated amorphous nickel boride by
addition of sodium borohydride. The in situ precipitated
UAAPs catalyzed the cracking of lignin by hydrogenolysis at
room temperature.”” The yield of monomeric phenols reached
69%.

As mentioned earlier, unsupported (MoP”*®) and silica
supported (Ni,P,>1195296% "Co.p 959 Fe,p % wp,
MoP,”'"*%* and NiMoP®'") metal phosphides’®* were also
identified recently as efficient catalysts for hydrodeoxygenation
of p-methylphenol,”® anisole,”*”?%" and guaiacol.”® At 300 °C
under 1 atm and for the HDO of 2-methyltetrahydrofuran (a
biofuel model compound), the order activity of the metal
phosphides supported on silica is Ni,P > WP > MoP > CoP >
FeP, all of them being better than the commercial Pd/Al,O;
catalyst.”®’ Moreover, Ni,P and CoP showed a higher
selectivity for alkane production (pentane and butane), while
the group 6 metals produced preferentially the alkenes
(pentene and pentadienes).

A model experiment conducted with Ni,P/SiO, for the
HDO of ethanol suggested that, in the case of phosphides, the
mechanism goes through hydrogenation/dehydrogenation
steps, which is in contrast with zeolite HZSM-5 catalysts.”*>
The evolution of the HDO conversion during the reaction
suggests deactivation of the metal phosphide catalyst,
presumably by partial oxidation in contact with water as a
byproduct.”*" Such deactivation does not seem to take place
with amorphous metal borides which exhibit higher resistance
to deep oxidation.”>>?%°

5.3.2.4. Hydrodenitrogenation and Hydrodechlorination.
Metal borides and metal phosphides catalyze other hydro-
treating reactions. Hydrodenitrogenation (HDN) was cited
above for binarg and ternary metal phosphides based on Mo—P
compositions.””> " Hydrodechlorination (HDCI) was also
reported for both boron and phosphorus based compounds.
Ni,P is particularly active for this kind of hydrogenolysis.”*”*'°
Cleavage of C—Cl bonds was reported early on with the use of
sodium borohydride in the presence of amorphous Ni—B or
Pd—B nanoparticles.**’ More recently, HDCI of chlorobenzene
was highlighted over crystallized Ni—B deposited on silica.***
The amorphous phase was partially crystallized by treatment
under H, at 400 °C. The resulting catalyst was composed of Ni
metal nanoparticles segregated from an amorphous boron
phase. The HDCI catalytic activity of this nanocomposite was
compared to a Ni/Ni;P mixture crystallized from supported
amorphous Ni—P. Higher activity was highlighted for the
phosphorus based system, thus suggesting that electron
deficiency of the metal sites is beneficial to the HDCI activity.
However, it is difficult to draw conclusions from such a
comparison of two systems with different phases, compositions,
and micro- or nanostructures. Some recent reports dealt with
the HDCI of chlorobenzene®”* and p-chlorophenol®® over
supported and unsupported Ni—B*’> and Ni—B/Pd nano-
composites.””>*> The amorphous Ni—B phase was shown to
be more active than the crystalline one, as already mentioned
for hydrogenation and HDS reactions. Also, Ni—B/Pd
nanocomposites were more active than Ni—B because of the
promotional effect of Pd for hydrogen splitting.

Some recent reports have shown that some ternary
compounds (Fe—B/Ni—B,**?®® Fe—Pd—B°*°) obtained by
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borohydride reduction of metal salts [Fe(Il), Ni(II)] were
active for dechlorination catalysis in water in the absence of
introduced hydrogen. These supported catalysts were wrongly
described as pure metal (Fe, Ni) or bimetallic (Fe—Ni)
nanoparticles and are clearly related to metal—boron alloys.

5.3.2.5. Hot Topics. The vast majority on the works
published in the 2000—2012 period and dedicated to
hydrotreating processes has focused on metal phosphides,
while metal borides seem to emerge since few years. The
following points are receiving much attention from researchers
or would be worth considering in the near future.

5.3.2.5.1. Amorphous versus Crystalline Phases. Clearly,
most of the works dealing with hydrotreating over boron or
phosphorus based alloys are now focusing on nanoscaled
amorphous phases for metal borides and crystalline compounds
for metal phosphides.*® The former have the advantage of
higher activity than their crystalline counterparts. Also,
crystalline metal borides are usually made of relatively large
particles, with a diameter higher than 50 nm.”"” Probably, part
of the enhanced activity of amorphous metal borides compared
to crystalline MBs originates from their smaller nanoparticles,
higher surface area, and better dispersion of the active metal
sites. Comparison between systems of the same geometrical
and compositional features could provide interesting insights
into the reactivity of these systems. On the other side, metal
phosphides, even crystallized, show high catalytic activity. The
often smaller size of crystalline metal phosphide nanoparticles
compared to crystalline metal boride particles could explain
their higher activity.

5.3.2.5.2. Composition. The develogpment of binary
compounds with different compositions,”””**® and ternar-
231,502,505 911918,931,933934939951355, 19 quaternary®S2=954956
metal phosphide and metal boride phases, is gaining increasing
interest for enhanced activity in hydrotreating.

5.3.2.5.3. Role of the Precursors and Synthetic Method.
The influence of the metal precursors was also studied in the
case of metal phosphides.”®”” New synthetic methods were
developed: the reaction of Ni oxide nanoparticles with H, and
PH,****% (not the greenest method but the use of lower
temperature avoids sintering of the starting nanoparticles), and
the reduction of impregnated precursors with methane.””
Methane produced in situ was also used for the reduction of
Mo to form MoP.””" Ni(Il) dihydrogenophosphite was
impregnated on a MCM-41 silica support and reduced by
TPR, although the precursor itself was a precatalyst reactive
enough to be converted in situ in Ni,P during the HDS
process.””> Hypophosphite was also found to produce Ni,P
from NiCl, on the same support.””> The potential of these new
routes was confirmed by a study on Ni,P, Cu;P, MoP, and InP
formation from oxide and hypophosphite metal precursors.”’*
Metal phosphite precursors were also used for the preparation
of Ni,P and CoP catalysts active in competitive HDN—HDS
reactions.””> Additionally, catalytic properties of Ni,P in a
colloidal form were evaluated and highlighted an effect of the
surface ligand.**

5.3.2.5.4. Supports. Many recent advances for HDS over
metal phosphides26 deal with variation of the support: $i0,””¢
including SBA-15,°77 A1203,978_980 zeolites,” 81782
Ti0,,”*?*%%* and high area unsupported powders’**”%>%%
were studied. It must be noted that phosphate reduction, by
spray pyrolysis®’ or in a model flat surface,”® also gives access
to the metal phosphide: each intermediate was characterized
with a combination of in situ techniques in the case of Ni,P.”*’
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However, the nature of the support modifies the nanoparticle
features (size, shape) and their electronic groperties for very
small nanoparticles. Carbon as a support””*”" allows smaller
particle size and higher dispersion after TPR than SiO,, but also
higher intrinsic activity (when normalized by the number of
active sites).991 Ni,P supported on mesoporous carbon was
obtained by a solid phase reaction and exhibited higher
activities in HDS and HDN than silica supported catalysts.””>
The influence of the reduction temperature and catalyst loading
were specifically investigated in the case of MoP®” and
Ni,P.”?*%% Temperature of reduction could be lowered by
using small amounts of Pd as catalysts for Ni,P—SiO,
catalysts.”” Additives such as citric acid allowed a diminution
of the mean size of the nanoparticles.””® Supported metal
borides have only been rarely reported for hydrotreating,”'®**°
but the support seems to be highly beneficial for HDS catalysis
when it improves thermal stability of the amorphous alloys. The
impact of the support on HDO over metal borides has not been
investigated so far.

5.3.2.5.5. Extension to Industrial Cases. HDN and HDS of
crude oils””'* and carbazole'®" were achieved over metal
phosphides as a first step toward industrialization, along with
deep'®” and ultradeep HDS on Ni,P."* Finally, it was shown
that the HDS of dibenzothiophene over MoP proceeded
through the hydrogenation of the substrate,'"®” suggesting
potential use of MoP in other hydrogenation reactions.
Actually, other catalytic applications have been explored both
for metal borides and metal phosphides.**

5.3.3. Hydrogen Generation. The potential of metal
borohydrides and borane complexes for h;rdro en generation
has been reviewed in a number of papers.”*>'***'%” NaBH,
attracted most of the attention since the Millennium Cell
company proposed in 2000 a prototype of hydrogen generator
based on a sodium borohydride aqueous solution.'®**'%%
However, the U.S. Department of Energy issued in 2007 a “No
Go” recommendation concerning NaBH, for “on-board
vehicular hydrogen storage”.'”'® This decision was based on
several considerations'® including the too low effective H,
storage capacities (theoretical gravimetric hydrogen storage
capacities of 10.8 wt % and 7.5 wt % from, respectively, solid
NaBH, and a concentrated aqueous solution; for the latter, the
highest effective capacity ever reported is 6.7 wt %),'%%
inefficiency of the byproduct (NaBO,) recycling, and cost.
Although automotive applications seem an unrealistic goal for
borohydride based applications, portable applications are still at
stake.'® In parallel, amine borane adducts,*>*'% ammonia
borane H;N—BH; as a primary example with high theoretical
gravimetric hydrogen storage capacity of 19.5 wt %, are also
envisaged as comg)etitors for H, storage, including in the
automotive field.'**

All these compounds exhibit slow kinetics of H, evolution
which have to be overcome by a suitable catalyst for operation
in realistic conditions. Amorphous metal boride nanoparticles
are among the most active and priceless catalysts for this
function. Two methods of hydrogen release are envisioned:
hydrolysis (eq 11) and thermolysis (eq 8).

In their pioneering work, Schlesinger et al.”® showed that
hydrogen release from metastable basic NaBH, aqueous
solutions could be triggered close to room temperature by
addition of metal(II) chlorides (Mn, Fe, Co, Ni, Cu). The black
suspension immediately formed was made of amorphous metal
boride nanoparticles. These UAAPs were the actual catalysts of
borohydride hydrolysis and hydrogen evolution. Among the
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various alloys, amo;phous Co—B is recognized as the most
active catalyst,®?04+71A7647710ILI012 1t the Ni—B system is
also highly active.'”"'°"® As already described for hydro-
genation and hydrotreating, some ternary [Co—Ni—B,'**#7101¢
Co—Mn—B,”¢!%'7 Co—Fe—B,'"® Co—W-B,""" Co—M-B
(M = Nj, Fe, Cu, Cr, Mo, and W)’IOZO Co—Mo—B,'**! Co—P—
B'***] and quaternary (Co—Ni—P—B'*®) compositions have
been shown to enhance the catalytic activity for a number of
reasons found in reduced particle size, increased disorder of the
alloy resulting in more unsaturated metal sites, and
incorporation of acidic sites."”**'9**'9%3 Supports such as Ni
foams,>7¢1024 silica,%l’1013 carbon,1025’1026 and carbon nano-
tubes®®® have been investigated not only to assess the practical
use of the catalyst, but also to improve the activity by ensuring a
better dispersion of the active sites. Co—B films deposited on
glass by pulsed laser deposition showed higher activity than the
powdered catalyst obtained by precipitation.'®”” Surprisingly,
partial crystallization of the film into Co,B seems to increase
the activity,'””” while it often has a detrimental effect on
powders.'®** More refined M—B nanostructures (Figure 47),
such as sub-10-nm nanop'c\rticles,245’528’1011 hollow spheres,541
and mesoporous structures (e.g., Co—B mesostructures for
hydrolysis of KBH,>****"), were also suggested to provide
higher surface area and activity. Interestingly, the activity of
Co—B nanoparticles was improved after plasma treatment. This
enhancement was ascribed to various factors, such as increased
surface area and increased interaction between metal and boron
sites."® Some direct fuel cells using NaBH, were designed by
building anodes based on Co—B catalysts."”** Amorphous
metal phosphides have also been studied as catalysts for
borohydride hydrolysis. Compositions such as Co—P,"9>*~1%3!
Ni—P, 10291032 o Njj—p, 10331034 N _Fe_p 1029 114 Co—W—
P'®3 have been studied but showed lower activity than the
corresponding amorphous metal borides.>"?

Strategies to hasten the ammonia borane hydrolysis by
focusing on the catalyst activity are closely related to those
envisioned for borohydride hydrolysis. Co—B***'?3¢71%% apd
Ni—B*** are also the most investigated catalgfsts together with
their ternary modifications (e.g, Co—P—B'*?) and supported
phases.'®*'%*’ Nano- and mesostructure (hollow Co—B
nanospindles,'®*® Co—B films obtained by pulsed laser
ablation,'®” Au—Co(B)—Fe(B) core—shell—shell nanopar-
ticles®>”) phases are another hot topic. As already mentioned,
works highlighting the catalytic activity of amorphous metal
nanoparticles should always be considered with care because
these compounds are often made by borane or borohydride
reduction. The boron content is only scarcely evaluated, and
the exact nature of these catalysts remains highly elusive.>>®

Thermolysis seems less realistic than hydrolysis for use of
alkali borohydrides because of their high decomposition
temperature (in the range 300—600 °C).'***'°% It is unlikely
that a catalyst would provide a sufficiently strong temperature
decrease for envisaging practical use. On the contrary, while the
hydrolysis method for H;N—BHj is unlikely to provide high
hydrogen capacity,'® its thermolysis is the topic of much
current research.***'®® Ammonia borane starts to decompose
at 70 °C. H;N—BH, loses a first equivalent of H, between 70
and 110 °C (theoretical gravimetric hydrogen storage capacity
of 6.5 wt %), then a second equivalent in the range 110—200
°C (theoretical gravimetric hydrogen storage capacity of 13 wt
%), and the last equivalent up to 500 °C.>>* Thermolytic
dehydrogenation of ammonia borane can be considered as a
possible way for fuel cell hydrogen feeding if at least the first 2
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H, equivalents are recovered, which requires a decrease in the
decomposition temperature down to the targeted maximum
delivery temperature of 85 °C.>** Although other amine—
borane adducts are intensively investigated in this field,*>> most
research has focused on ammonia borane. Again, amorphous
Co—B and Ni—B catalysts combine the advantage of low cost
and high activity for this dehydrogenation process.’>>'*’
Ternary compositions such as Co—P—B have been shown to
provide higher activity than the corresponding Co—B alloys.'**
Metal borides not only decrease the temperature of
decomposition of borohydrides®* and ammonia borane,**®
but also modify the dehydrogenation pathway. For instance, the
reduced evolution of harmful diborane from LiBH, due to the
addition of metal chlorides (La(III), Ti(III))*"* probably
proceeds through metal boride intermediates. Furthermore,
dehydrogenation of H;N—BH; over amorphous Fe—B nano-
particles leads to crystalline polyaminoborane instead of an
amorphous phase from neat ammonia borane.>*® In addition,
Ca(BH,), decomposition into CaH,, CaB; and H, was
recently catalyzed by TiB, and NbB, nanoparticles,'**’
presumably enabling heterogeneous nucleation of CaBy,.
Interestingly, the metal boride particles enhanced the
reversibility of the reaction, and rehydrogenation under H,
pressure was possible.

Decomposition of hydrous hydrazine into H, and N, was
also scarcely reported over 10—40 nm amorphous Co—B
nanoparticles obtained by solution plasma processing, and
crystalline MoP metal phosphides.'®*" Amorphous Fe, B3,
nanoparticles of 2—5 nm diameter nicely deposited over carbon
nanotubes recently showed high activity and selectivity for H,
generation from aqueous solutions of hydrazine.'”** MoP
catalysts were found to be more active than Mo,N catalysts for
hydrazine decomposition into H, and N,, because the
adsorption of the intermediate NH; was weaker.'®* The
same reaction was run with Ni, ,Co,P, on SiO,, which showed
a better activity than the corresponding binary phosphides.'***
Aqueous phase reforming of glycerol, ethylene glycol, and
sorbitol was investigated over amorphous Ni—B catalysts,'*** in
order to assess the possibility of H, production from biomass-
derived oxygenated molecules. The Ni—B catalyst showed
higher H, selectivity than common Raney Ni.

5.3.4. Other Dissociative Reactions. Dissociative reac-
tions different from hydrogen evolution have been reported.
For instance, hydrogenolysis of nitrosamines over nanoscaled
amorphous nickel boride leads to N, evolution, while the same
reaction over Raney Ni proceeds through a different pathway
and yields ammonia instead of N,.**® Hydrogenolysis of ethyl
lactate to 1,2-propanediol was performed with %ood selectivity
and yield on Ru—Sn—B supported on alumina, *** and Ru—B
on tin-doped mesoporous silica'®*’ and titania.

Other reactions have been catalyzed by crystalline metal
phosphides. Fe,P was used for the catalytic dissociation of NO
and reduction to N, under H,.'"®* Cracking of cellulose to
sorbitol, with a 10:1 selectivity over mannitol, was achieved
using both acid and metallic sites of a Ni,P catalyst.'**" NH,
could also be decomposed using H;PO, activated Ni and Fe
catalysts: phosphides were identified and proposed as part of
the catalytic cycles along with nitrides."”®' Pd—P catalysts
supported on PTFE membranes were found to be active for
formic acid oxidation and toluene deep oxidation.'®>>

5.3.5. Associative Reactions. Metal borides and metal
phosphides were involved in other industrially relevant
reactions. Methanation of carbon monoxide, a poison of H,
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oxidation catalysts, was performed on amorphous Ni—Ru—B
supported on zirconia to purify hydrogen-rich gas prior to its
injection into fuel cells.>’® The catalyst was highly selective and
avoided useless H, consumption by CO, methanation. Ni—B
phases showed good activity for syngas fabrication from partial
oxidation of methane'®*'%* and steam methane reform-
ng.'®* Co—B supported on zirconia,'"®° silica,'®*” and
zeoliths'®*® and nanoparticles of Co—B'®*'%® and Fe—
B'%971962 dispersed in water or PEG were also shown to be
interesting Fischer—Tropsch catalysts. The particularly good
resistance of metal borides to coke formation during steam
methane reforming, partial oxidation of methane, and Fischer—
Tropsch catalysis was ascribed to the high dispersion of the
catalyst'®>® and the similar binding preferences of carbon and
boron with metal atoms, as evaluated by DFT calcula-
tions.'?%1°% H,0, synthesis from O,, CO, and H,O was
catalyzed by Ni—La—B supported on zirconia in the presence of
phosphoric acid to stabilize hydrogen peroxide.**® The quick
deactivation was due to surface complexation by phosphates
and subsequent dissolution of the active boride phase. Other
processes relied on cascading reactions, such as the trans-
formation of phenylpyruvic acid into phenylalanine in the
presence of hydrogen, ammonia, and water over Ni—B
supported on silica. This one-pot procedure combined
hydrogenation of a conjugated ketone C=O group into an
intermediate alcohol that was subsequently aminated.'** The
catalyst was shown to be more active than typical Raney Ni.
Amorphous Ni—B'%>'% and more recently In—B'* have
been also investigated for other coupling reactions related to
preparative organic chemistry. Nanoparticles (50 nm) of Co—B
appeared recently as active catalysts of the Heck C—-C
coupling.1068

Nanoscaled metal phosphides have also been investigated in
a wider range of reactions. By DFT calculation, Mo4P; clusters
were used as a catalyst model for syngas conversion, predicting
the formation of methane as the main product.'°” This could
be verified experimentally using MoP on SiO,."””° However,
when the catalyst was promoted with K, the formation of
heavier oxygenated products was favored.'””" Additionally,
Fischer—Tropsch synthesis was run with a Ru/Co/ZrP/SiO,
catalyst: the presence of phosphorus was found to avoid the
formation of lar§e Co nanoparticles, thus improving the activity
of the catalyst. 072 Finally, the water—gas shift reaction was
achieved on a model Ni,P(100) surface. The formation of Ni
oxyphosphide with strong P—O interaction was revealed to be
the active site.""”?

5.4. Electrochemical and Photoelectrochemical Devices

Electrocatalytic properties have been demonstrated recently for
metal phosphides and metal borides to be incorporated in fuel
cells or solar cells. Hydrogen oxidation reaction was
investigated on several transition metal phosphides (WP,
CoP, NiP, Ni—-WP, Co—WP),'"* while PtNiP composite
nanotubes were shown to be durable catalysts for methanol
electro-oxidation.'””® Pd—B compounds supported on carbon
showed higher catalytic activity for formic acid electro-oxidation
than a commercial Pd/C catalyst with the same catalyst loading
(40 wt %). The boron-doped (B content of 6.3 atom %)
crystalline Pd nanoparticles were obtained by using dimethyl-
amine borane as a reducing agent in water. The enhanced
activity and poisoning resistance was ascribed to a higher
density of active sites, dilation of the Pd lattice, and electron
transfer between B and Pd.*** Electroreduction can also be

BH

catalyzed by metal phosphides: Ni;,Ps nanoparticles embedded
in graphene,1076 and MoP as well as NisP,/ C!%77 were shown
to be competitive with Pt as counter-electrodes for dye-
sensitized solar cells. Other electrically driven reactions were
investigated, including electrocatalytic hydrogenation of lignin
models on crystalline Ni,B/carbon or amorphous Ni—B/
carbon nanocomposite electrodes.'””®

Additionally, due to their semiconductor properties, metal
phosphides were also used as photoelectrochemically active
components. A p-GaP photocathode'?”® (respectively a p-InP
electrode)'®® was employed for the photoelectrochemical
conversion of CO, into methanol (respectively, C; and C,
hydrocarbons) in the presence of a pyridinium catalyst
(respectively Cu nanoparticles). An InP nanophotocathode
was used in the visible domain for H, production by water
splitting.'®®' The electrode was made with self-assembled InP
nanoparticles that were connected with dithioaromatic
moieties. Water reduction was also demonstrated to be possible
undl%gzvisible light with GaP nanowires, for the production of
H,.

5.5. Initiation of Nanotubes and Nanowires Growth

Metal borides are widely used as catalysts for growth of
nanotubes, nanowires, and other nanostructures. CVD growth
of carbon nanotubes has been reported over a Fe—B
catalyst.'®®® Synthesis of boron nitride 1D nanostructures
includin{g nanotubes,'%®* whiskers,'®®® bamboo-like struc-
tures,'°® and tubules'®®” has been the topic of few recent
reviews. 510841088 yWhether CVD,'08%1987.1089 4rc dis-
charge, 0810841088 o, mechano-activated'®*® syntheses are
involved, metal boride nanoparticles are clearly in play as
catalysts with compositions often relying on the Fe—B
system,' %% 7'%” more rarely on Ni—B.""”"%° Other nano-
structures, including (core)—(shell) (Fe—B)—(BN) have been
synthesized by similar methods.'®' ™'

Metal phosphide nanoparticles were also used for the growth
of 1D nanostructures, in a catalytic or a sacrificial manner. FeP
nanorods allowed the growth of single-wall carbon nano-
tubes.'”* A Ni—P eutectic phase supported on Ni nano-
particles was found to promote the growth of TiO,
nanowires.'”> Ni—Ni,P heterostructures allowed growing
carbon nanostructures'*® and amorphous Ni—P nanoparticles
carbon nanotubes.'®” Lastly, GaP nanowires were utilized as a
sacrificial template for the deposition of Si on their side. After
an etching step, Si nanotubes were obtained.”**

5.6. Electronics

Since the discovery of a high critical temperature (39 K) in bulk
MgB, classical superconductor,'® attempts were made to
evaluate the impact of the nanoscale on the conduction
behavior. Studies have focused on magnetic measurements of
the critical temperature, which is generally diminished by few
degrees with a broadened transition upon downscal-
ing,?%381383,388,1098 Revy exceptions showing highly crystalline
nanostructures claim a similar critical temperature compared to
that of the bulk.****"*%¢ Carbon doping was suggested to
increase the critical current density,">> while nanostructuring
increased pinnin§ as a consequence of a high density of grain
boundaries.*”**!

Applications of metal phosphides in the field of electronics
also include field effect transistors (ZnsP,)'% and a Schottky
device (DNA modified InP)."'® Electronic sensors of hydro-
gen were obtained through the conductance measurement of
InP electrodes functionalized with Pd nanoparticles."**!
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Due to their high electrical conductivity and high chemical
and thermal inertness, metal borides were soon proposed as
electrodes, for instance in the form of 1 ym thick films for solar
cells."'% Since copper has become the material of choice for
interconnects in ultra-large-scale integrated circuits, strong
research efforts have focused on a suitable metal barrier to
avoid alloying with silicon and destruction of the conductive
properties of copper. Metal diborides including HfB,, ZrB,, and
TiB, are good candidates as copper diffusion barriers because of
their high electrical conductivity, low themal dilatation, and
stability in contact with Cu. Amorphous zirconium diboride has
been proposed as barrier by Sung et al,>* who demonstrated
plasma-assisted chemical vapor deposition of highly conformal
30 nm thick films of stoichiometric ZrB, from the Zr(BH,),
precursor at 300 °C. Conformal amorphous HfB, thin films of
12 nm thickness deposited by single source CVD at 250 °C also
demonstrated efficient prevention of Cu and Si alloying.*****°
ZrB,, films with thicknesses down to 3 nm exhibit interesting
barrier properties.''® TiB, could also be deposited on silicon at
a thickness of 7 nm from Ti(BH,);(dimethoxyethane) at 175
°C.M% The nanocomposite films, incorporating 4 nm
crystalline TiB, nanoparticles dispersed into an amorphous
Ti-rich matrix, were also good diffusion barrier against Cu and
Si alloying.

Metal diborides are also attractive substrates for epitaxial
growth of metal nitride semiconductors,""**~"'%” because their
lattice parameters and thermal expansion coefficients are close
to those of AIN and GaN for instance. Moreover, metal
diborides are electrically conductive contrary to the typical
sapphire substrate, which permits researchers to envision
alternative device constructions. Violet and UV light emittin:
diodes (LEDs) were first grown over ZrB, bulk crystals."'*>''*
Interestingly, crystalline ZrB,(0001) can be epitaxiall?r grown
on Si(111) by single source CVD above 900 °C,"'**~"'** thus
suggesting that zirconium diboride could be a good bufter layer
for “nitride over silicon” technologies. Furthermore, the as-
grown 20—30 nm thick crystalline films are metallic with
electrical conductivity close to bulk values'''” and high
reflectance in the visible to UV range.1108 These characteristics
were employed by Blake et al.'''* who built an InGaN/GaN
LED over silicon substrate with two buffer layers: ZrB, in
contact with silicon and a Al Ga, N stack between ZrB, and
the photoactive part of the LED. The 30 nm thick diboride film
epitaxially grown over Si(111) was deposited by single source
CVD. Similar lattice parameter and thermal expansion
coefficients ensured good epitaxial growth of the nitride system
while the high reflectivity of ZrB, in the visible range
overcomes the large absorption coefficient of silicon. Hf,Zr, B,
(x = 0—1) can also be epitaxially grown over silicon and
provide a way to enhance reflectivity of the coating.'''* These
results could pave the way toward LEDs based on silicon
substrates which are more economical than typical sapphire.
Alternatively, 20 nm thick ZrB, films epitaxially grown on
silicon are also interesting substrates for nanostructure growth:
nanometer-scale islands of Ge and SiC semiconductors could
be heteroepitaxially grown."' ' Lastly, epitaxial silicene was very
recently highlighted on ZrB, thin films grown on silicon.''*®
Epitaxial relationships led to silicene buckling and opening of
an electronic band gap, thus promising interesting outcomes for
the discovery of novel structural and transport properties of
two-dimensional nanomaterials.

Field electron emission is another application of metal
borides, which are indeed well-known by scientists in the
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nanomaterials field, who are often relying on electron
microscopes with a LaBg field emitter which provides a bright,
relatively coherent, and stable electron beam. Metal hexabor-
ides are among the most used field emitters because of their
low work function, low volatility at high temperature, high
conductivity, high chemical inertness, and high mechanical
strength.”® These materials are still the objects of innovation for
enhancement of the emission properties. From a general
viewpoint, efforts are focusing on nanomaterials with high
aspect ratios and sharp tips to provide higher field emission
currents. These 1D nanostructures, including nanowires and
nanoobelisks grown by CVD, meet all the requirements for
enhanced emission. Field emission properties of metal
hexaboride nanostructures were reviewed recently by Ji et
al.*® Briefly, a LaB, nanowire obtained by metal-catalyzed CVD
showed a current density comparable to state of the art carbon
nanotubes.*** LaB,***'''” and other compositions were
studied, including GdB,,**® SmB,,>"' PrB,,>***"* and CeB,>*°

5.7. Optics

Reports on the specific optical properties of nanoscaled metal
borides are relatively rare because they behave as metals, so that
no quantum confinement is expected. On the other side,
plasmonics is mostly an unexplored field, and no impact of the
particle size on plasmons properties was reported. The
reflective behavior of metal diborides such as ZrB, has been
already mentioned in the previous subsection addressing
applications in electronics. Metal borides with metallic behavior
such as HfB, have been suggested also as low refractive index
thin layer of multilayers reflective mirrors in the wavelength
range from soft X-rays to ultraviolet."''® In such multistack
devices, the specific advantage of metal borides is their strong
chemical and thermal inertness which could ensure operation
even during high local heating without alloying with the
adjacent layers.

Compared to metal borides, many metal phosphides have a
finite band gap. This has driven a range of studies on their
optical properties. Silica coated InP—ZnS quantum dots were
utilized as converters in white LEDS."'' The intrinsic
luminescent properties of an InP core were also used to
probe the growth of a ZnSeS gradient shell.''*° InP—GaP—Zn$
nanoparticle mixtures were also used to obtain white LEDS,
showing a better robustness than In—P—Zn$ nanoparticles.'"*!
Low reflectance surfaces with InP nanoporous film were also
obtained."'** Single-nanowire analysis of InP recently revealed
nonlinear optical processes for excitation and for second-
harmonic generation.''*® GaP photonic crystals nanocavities
could be obtained, operating in the visible Ii%ht,1124 along with
other photonic devices based on nanowires."'>* In the teraHz
domain, nanoporous conductive InP membranes were
obtained."'*®

Doped nanostructures also present original optical proper-
ties, in particular when looking at localized surface plasmon
resonance (LSPR). Si nanocrystals prepared from a nonthermal
plasma route, and doped with up to 50% phosphorus, exhibit a
tunable LSPR in the mid-infrared.""”” Additionally, surface
doping of gold nanoparticles with phosphorus seems to render
their LSPR less sensitive to modification of their ligand
environment.''**

5.8. Magnetism

Bulk Nd,Fe,,B is the hardest magnet known, and research has
been naturally oriented toward the impact of downscaling on its
magnetic properties. Nanoparticles (50 nm) agglomerated into
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aggregates bigger than 100 nm exhibited reduced coercivity
compared to the bulk.***3**3312? The same observation was
made for amorphous Fe—B nanoparticles coated with a silica
shell.'*%'3! Petit and Pileni performed a detailed study of
reverse-micelle-derived Co—B nanoparticles as a function of
their size. For diameters below 10 nm, the particles exhibit a
superparamagnetic behavior.””> The magnetic properties of
50—100 nm Co—B aggregates of S nm primary particles suggest
strongly interacting systems with exchange coupling at the
interface between the primary units.*”> Some nanostructured
Nd,Fe,,B/a-Fe***** and Nd,Fe,,B/Fe—B**>'"** hard/soft
exchange coupled nanocomposites have been recently
developed to enhance the energy product. Because the
compositional control is especially difficult in the case of
Nd,Fe,B synthesis due to Fe segregation during annealing,
these composites are often fortuitous materials obtained while
pure Nd,Fe,,B was actually looked for.**> For the rare cases
where nanocrystals have been unambiguously obtained,
magnetic force microscopy measurements suggest that
crystalline Fe;B nanowires exhibit single domain ferromagnet-
ism.** The (110) long axis of the nanowires corresponds to
the preferential orientation of magnetocrystalline anisotropy of
the tetragonal Fe;B phase. From a more general point of view,
the impact of nanoscaling on the magnetic properties of metal
borides is largely uncovered and is certainly a worthy future
research field, since incorporation of boron can drastically
modify the magnetic behavior of metal nanoparticles, by
providing either stronger coercivity (the case of Nd,Fe ,B) or
on the contrary suppressed ferromagnetism, as in, e.g.,, nickel
borides.'"*

Additionally, magnetic coatings on glass silica spheres were
obtained with a core/shell/shell glass/Ni—Ni;P/Co,P,0,
urchin-like nanocomposite.''** Application of this coating
deals with low-density magnetic materials that absorb micro-
waves. Lastly, prototypes of micromachines were built with Ni—
P coating on polymers: the polymer helixes could be
magnetically manipulated.'"** However, a deep understanding
of the intrinsic magnetic properties of metal phosphide
nanoparticles is still difficult to attain because the M:P
stoichiometry can be unclear and possible contamination by
carbide species is likely. This results in scattered reports that
show very different Curie temperature values for instance, as
exemplified for iron phosphide nanoparticles.”’44 Even so, the
use of core—shell structures allows tuning of the magnetic
properties of the nanoparticles, although in some cases (Ni,P—
Ni) the phosphide phase is actually decreasing the
ferromagnetic features.”" Specific efforts to design multishell
hollow magnetic particles have been made for NiP—CoFeP
composite structures, and more sophisticated structures are
expected to be investigated in the future.''*°

5.9. Mechanical Properties

Boron based compounds are the focus of research on ultrahigh
temperature ceramics'* and superhard materials.”>'*>'% The
well-known Hall—Petch rule indicates that the higher the
density of grain boundaries, the harder the material. This
relation has prompted scientists to investigate the effect of
downscaling on the mechanical properties, especially for
resistant coatings.1137 Although most studies addressed
submicrometer scale films,''*® nanostructured crystalline HfB,
films with 100—200 nm thickness, deposited by single source
CVD, were demonstrated to possess high hardness, elastic
modulus, and wear resistance on the macro- as well as on the
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1139—1141 . . . . .
nanoscale.!*™"'*! Nanoindentation studies of single silica-

coated amorphous Co—B nanoparticles (diameter of ca. 100
nm), coupled with calculations, showed increased hardness but
comparable modulus compared to the bulk.*’*''** Reverse
plasticity was also observed and suggested to arise from the
radial nanostructure of the Co—B nanoparticles and the
confinement effect of the silica shell.

5.10. Biology, Medicine, Toxicology, and Environmental
Applications

The tear film exhibits a poorly understood multilayer structure
that could be studied using InP quantum dots, guided by their
colloidal properties.''* Cellular imaging was achieved with
core—shell InP—ZnS nanoparticles covered with polyethylene
glycol (PEG)."'** As a diagnostic tool, InP quantum dots were
utilized for imaging of a pancreatic cancer, after surface
functionalization of the nanoparticles with antibodies.'*** InP—
ZnS quantum dots were recently combined with rare-earth
emitters, and their surface was functionalized with a cell-
penetrating peptide, in order to demonstrate the multimodal
multimeric abilities of such system for cell labeling.1146

The toxicity of metal phosphides as labeling tools was
investigated. In particular, InP—ZnS nanoparticles were
demonstrated to be less toxic than CdSe—ZnS ones because
of the lower toxicity of In(Ill) ions compared with Cd(II)
ions.""* However, phototoxicity was found to be the major
contribution to cytotoxicity by creating highly reactive radicals
(ROSs) in the vicinity of the particles."*** The toxicity of GaP
implanted in tissues was also investigated.'"*’

Lastly, Co,P nanostructures''>® and Ni,P urchin-like nano-
particles''>! were utilized for the removal of heavy metal ions.
Porous Ni,Ps structures were also found to be active as
photocatalysts for environmental treatment.''>*

Metal borides have only been investigated in the biological
field as protective coatings for implants, especially titanium
pieces, due to their chemical inertness and good wear
resistance.''>> However, these films have usual thicknesses in
the range of few micrometers and therefore are out of the scope
of this review.

5.11. Metal Phosphides and Metal Borides as Fortuitous
Compounds and Other Less Defined Compounds

In the last sections, designed routes toward nanoscaled metal
borides and phosphides have been described. However, these
nanoscaled materials can also occur as byproducts of other
chemical or electrochemical processes, or originate from their
bulk counterpart.

For instance, metal phosphides are involved as waste in solid
oxide fuel cell (SOFC). Indeed, they were found to form when
the feedstocks contained PH; or other phosphorated
impurities, in particular for Ni based SOFC: nickel phosphide
phases''>* (especially Ni,P)''>> appeared with P impurities as
low as ppb,'® and resulted in the degradation of SOFC
anodes.'™” In the field of catalysis, P contamination was
observed in cobalt nanoparticles synthesized in the presence of
TOPO, and resulted in a decrease in the rate of CO,
reduction.'®® Such contamination was not quantified in the
case of cobalt. However, a recent work on nickel nanoparticles
clearly identified the incorporation of a few percent of P in
nickel nanoparticles synthesized by reduction of Ni(acac), with
oleylamine in the presence of TOP,*®? although this synthesis is
particularly well-defined due to its very limited number of
reactant and its simplicity.' 5%

dx.doi.org/10.1021/cr400020d | Chem. Rev. XXXX, XXX, XXX—XXX



Chemical Reviews

The incorporation of boron atoms into metal nanoparticles,
synthesized through colloidal methods from borohydrides or
borane adducts, has been already covered in subsections 3.8.5
and 5.3.3. We cannot emphasize enough the importance of
specifically questioning the boron (and phosphorus) insertion
in these particles, if one wants to get accurate comprehension
of the structure and properties of these nanomaterials.

Considering the harsh conditions to which metal borides and
other boron based materials are exposed during their use, as
coatings for cutting tools or as ultrahigh temperature ceramics,
it is not surprising to observe structural and morphological
changes at the less inert sites, like grain boundaries. This is
exemplified by the occurrence of chromium boride nano-
particles, after heat treatment at ca. 1000 °C of nickel based
superalloys strengthened by boron addition."'®" The 100 nm
particles originated from boron initially incorporated in grain
boundaries.

Other elusive materials have been tentatively described. Gold
phosphide (Au,P;), for instance, is a metastable air-sensitive
phase under atmospheric pressure.'’®* It was obtained in
particular at the bulk scale at InP and Au electrode
interfaces.""®® Its formation at the nanoscale was also proposed
in a particularly strong solvothermal procedure (6 h, 360 °C),
with TOP as the phosphorus source.”*” However, no TEM
observation was provided at that time: the size range of the
particles remains undefined.

6. CONCLUSIVE PERSPECTIVES

6.1. Toward New Compositions and Crystal Structures

6.1.1. Amorphous State versus Crystalline State. The
panel of possible compositions is constantly increased by the
identification of new ternary, %uaternary, or more compounds
at the bulk scale.**"3*"371%72 Most studies on nanoscaled
materials focus on crystalline phases for three main reasons:
they are usually more stable than amorphous ones, the control
of their composition is easier, and their characterization as well
as the comprehension of their properties are facilitated,
especially when one considers coupling with calculations,
often dedicated to crystalline states. However, metal borides
and metal phosphides in the amorphous state also provide an
interesting playground for the development of new materials.

A first example is the nanoparticles of amorphous metal
boron alloys highlighted in this review as efficient catalysts for a
wide range of reactions. Catalytic properties of crystalline metal
borides have been assessed only for bulk compounds (see
subsection 5.3.1). Crystalline phases with particle size similar to
those of UAAPs (10—60 nm) could exhibit new behaviors,
especially in terms of activity and selectivity.

A second example is given by bulk metallic glasses (BMG).
Even though they relate to more strenuous preparation
conditions, they illustrate well how crucial it is to control the
composition independently of the crystallization state. Metal
borides and metal phosphides in particular have been identified
as interesting phases for this purpose, some of them being
prone to keep a glassy state, because of the possibility to
prepare ternary (or more) covalent alloys with chosen
stoichiometries."'** Pd based (Pd,oNi,oP,, and
Pd,,Cu;oNi;oP,) and Pt based (Pty, sCu,;NiysP,;) compounds
have been identified as promising materials since monoliths
with critical sizes in the 10 mm range could be prepared.''®®
They exhibited high fracture strength (>1400 MPa)''*® and
interesting rheological properties."'®” Going to the nanoscale, it
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is interesting to note that the composition also strongly affects
the stability of the glassy state. Actually, ultra fine amorphous
alloys particles (UAAPs) could also be named “nanometallic
glasses” (“NMGs”). The origin of the stability of these
amorphous phases can be traced back to the strong, directional,
and short metal-metalloid and metalloid—metalloid bonds
which ensure relatively stable short-range order, even with long-
range disorder and glass-like structure.'®”'”® The case of Pd
based and Pt based phosphides is a nice example of the impact
of alloying on the crystallization state. These nanoparticles were
shown to crystallize at much higher temperature (320 °C) than
Ni—P ones for instance (ca. 150 °C), and some compositions
such as Pd;P even resisted crystallization in these harsh
conditions.”"” The mechanical properties of these NMGs and
of nanostructured BMGs are certainly worth investigating.
6.1.2. Control of the Stoichiometry. The control of
stoichiometry in the M,B, and M,P, families remains mainly
empirical. At the bulk scale, the starting stoichiometry and
reaction conditions are of course of major importance for the
control of the phase: temperature and pressure rule the
accessible phases. FeP, FeP,, and FeP, were obtained as pure
phases by varying the starting stoichiometries before thermal
treatment.””® Similarly, the WP, phase was obtained at 1000 °C
under 3 GPa from elemental W and red phosphorus
(quenching of temperature was done under pressure).''*®
Interestingly, the density of the binary W—P compounds was
found to decrease with increasing W:P ratio (Figure 5S), which
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Figure 5S5. Density in the binary system W—D.''¢®

permission from ref 1168. Copyright 1983 Elsevier.

Reprinted with

offers a nice way to tune the material property through
stoichiometry control. The composition of metal borides can
also be controlled to some extent in bulk compounds like in the
Nb—B, W—B, and Cr—B systemsgz’ss by adjusting the initial
reactant ratio.

Phase evolution of Cr—B (CrB and CrB, phases),* Mo—B
(MoB, and Mo,Bj phases),*'> Co—P alloys,"'*® Ni—P alloys,**®
NiyoP30"'7® (main phases: Ni,P and Ni,,P;), and FegP''”"''7?

main phase: Fe,P) was investigated by reactive ball milling, a
solid state method that avoids the loss of P/B or M in the
solvent or in the gas phase. These results at the bulk scale were
oriented by the imposed stoichiometry and by thermody-
namics, which predicts that some particular phases are more
stable than others."®*"*® (M,M’, )B, (M, M’ = Ti, Hf, Zr, Ta,
Nb)** and (Ni,Co,_),P”"* solid solutions were also obtained.
In the latter case, a phase segregation was observed for high Co
proportions. Moreover, the preparation of pure bulk Sn;P, was
found to be difficult because of its high tolerance for P
deficiencies, but it was finally obtained using a constant
phosphorus vapor generated in a colder reservoir (isopiestic
method), without Sn,P; impurities."'”>

dx.doi.org/10.1021/cr400020d | Chem. Rev. XXXX, XXX, XXX—XXX


http://pubs.acs.org/action/showImage?doi=10.1021/cr400020d&iName=master.img-061.png&w=119&h=109

Chemical Reviews

However, it has to be anticipated that the nanoscale would
give slightly different results, at least from the viewpoint of
thermodynamics: (i) Surface energy may become significant
and could overcome crystal cohesion which dictates the relative
phase stabilities in the bulk, thus providing better tolerance to
crystal defects. (ii) Overexpression of the surface energy may
level energetic differences between different structures and
stoichiometries, resulting in more pronounced structural
flexibility, even at low temperature. It is striking to notice
that, among the large variety of phases that are described at the
bulk scale, very few are actually obtained as dispersed
nanoparticles prepared in solvents, at low or moderate
temperatures: N,P and few examples of N112P5633 (yet most
of the time in mixtures of phases)***®> but no small
nanoparticles of Ni;P nor NiP,, Fe,P and FeP but no FeP,
or Fe;P, Co,P and CoP but no CoP;, InP but no InP;, Cu;P
but no CuP,, etc. In these cases, the stoichiometry control is
basically achieved by using low excess or larger excess of a “P”
donor (typicallyy, TOP) that undergoes only a partial
decomposition. The Ni—P system has been extensively studied.
First, it was shown that phase transformation of crystalline
Ni,,P5 nanoparticles to the more P-rich Ni,P nanoparticles was
possible in solution, using TOP at very high temperature for a
solvothermal route (350—370 °C for 3—4 h)."'”* These
conditions were much stronger than the ones required for
the direct synthesis of Ni,P from the same precursors. This
highlighted not only that TOP was slowly decomposed even at
these temperatures, but also that crystallized Ni,,P; was likely a
thermodynamic local minimum on the energy surface. Similar
selectivities also occurred in the case of a quantitative reaction
of the phosphorus source. Ni,P—Ni nanoparticles were
obtained instead of Ni,P nanoparticles, in soft conditions:”"
it seems that some systems would prefer a phase segregation
over the crystallization of the expected phase. This raises a
general question about the stability of some metal phosphide
phases at the nanoscale.

When solvents are used at high temperatures, reactants
(TOP for metal phosphides)''”® or even solvents (tetraethy-
leneglycol for metal borides)*” led to the competitive formation
of metal carbides as impurities or as a secondary phase. This
point was often neglected because some of the carbide phases
are not easy to distinguish from their metallic counterpart, on
the basis of the XRD diﬁfractograms.52 Besides, EDS mounted
on electron microscopes is often not reliable for carbon
detection. XPS analysis nevertheless allows distinguishing
carbides from ethers, alkanes, or alkenes. For instance, Ni;C
species have sometimes been wrongly assigned to hcp Ni, but
XPS clearly showed a carbide contribution on the carbon
spectrum,®"'”> and it was later found that such carbidation had
strong influence on the magnetic properties of the nano-
particles.!'”®

As a consequence, a subsequent “phosphidation” of metal
phosphide nanoparticles may lead to carbides or carbido-
phosphides and not pure phosphides. Interestingly, the thermal
decomposition (500 °C) of FeCl; and TOP was found to yield
FeP nanoparticles.669 However, further heating led to Fe,P
nanoparticles, suggesting that this is the most stable phase at
the nanoscale, and also led to impurities that were assigned to
iron carbides. It must be noted that surface carbide species
could also form in these procedures, due to the appearance of
carbon-containing decomposition products at the high temper-
atures typically utilized. Such surface carbides, that are known
to have a strong influence in catalytic processes,""”” could also
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change the surface energies and promote one or the other
phase, or even be responsible for some of the anisotropic
morphologies obtained when using TOP/TOPO mixtures.

6.1.3. Control of Polymorphism. Polymorphism is also
met in metal borides and metal phosphides. Rational means to
direct the reaction pathway toward one phase or the other are
actually totally nonexistent at the nanoscale, as well as examples
of selective synthesis of single polymorphs. In bulk systems,
however, selectivity was reported: stoichiometric mixtures of Ni
and red phosphorus (Ni:P = 1:2) yielded the cubic NiP, phase
under mechanical alloying and the monoclinic one upon
heating.”®” Similar cases for metal borides have not been
described. For instance, selective synthesis of orthorhombic or
monoclinic Ni,B; is unknown.

6.2. P and B Sources: An Essential Struggle

6.2.1. Oxidation Degree of the Phosphorus Source. As
presented before, metal phosphides are covalent compounds,
where the electron density can easily be shifted from the metal
center to the phosphorus one. In the synthesis of metal
phosphide nanoparticles, there is no prerequisite on the metal
or the phosphorus precursor in terms of oxidation states.
However, a sufficient amount of electron density has to be
given to the final compound, which is neutral.

Therefore, the phosphorus sources have to be distinguished
considering not only their ability to provide “P” atoms, but also
according to their oxidation state. P(SiMe;); is formally a
P(—III) source. P, and other allotropes of elemental P are P(0)
sources. PCly is a P(III) source. PH;, TOP, and other alkyl- and
aryl-phosphines are formally P(III) sources, but H and C
electronegativities are quite similar to P electronegativity. It
must be noted that the reaction of PCl; (P(III)) with
P(SiMe;); (P(—III)) was logically found to yield elemental
phosphorus.**®

Using zerovalent sources is straightforward, as the reaction of
x M(0) with y P(0) generally yields M,P, compounds with a
100% yield in M and in P (see Table 7 and in particular
refs49,50). Thus, a reaction between a M(II) source, for
instance MCL,, and a P(0) one would have to bring 2 electrons
per metal, in addition to the stoichiometric P amount: such
reaction was done using P, both as a “P” donor and a reductant,
and yielded PCl, as a byproduct of the reduction step.”">”'*

When the phosphorus source is not reducing enough, it can
be modified in situ to become more reducing (by forming Na,P
for instance),’*®”*® and the P precursor has to be added in
excess as it also plays the role of the reductant. Alternatively, an
additional reductant such as NaBH, %> or Na®**”** can be
added to the solution. Yet, in this last route it is not always clear
to know which part (metal or phosphorus precursor) will be
reduced first, and this has strong consequences on the
nucleation/growth behavior of the nanoparticles.

However, the final oxidation state of the metal in the metal
phosphide structure is most of the time slightly positive, as
discussed above. Thus, the phosphine source is sometimes
paradoxically described as an oxidizing source, when the metal
source is already reduced, such as for the synthesis of MnP
nanoparticles from Mn,(CO),, and P(SiMe;),.**' In other
cases, such as the reaction of In(0) nanoparticles with
P(SiMe,),, the electrons in excess are assumed to react with
solvent impurities or surface oxide impurities on the indium.**

In the vast majority of studies, reductive sources of
phosphorus are used, which is related with the utilization of
oxidized metal precursors. However, due to the complexity of
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Figure 56. Hollow and core—shell structures obtained in the Ni—P system in (a) ref 696, (b) ref 695, (c) ref 685, (d) ref 679, and (e) ref 713. (1)
Low P-flux mechanism leading to metal phosphides in the shell (TOP or another alkylphosphine is used as the P donor). (2) High P-flux mechanism
leading to metal phosphide in the core (P, dissolved in the solution is used as a P donor). Adapted, respectively, with permission from refs 696, 695,
68S, 679, 713. Copyright, respectively, 2010 American Chemical Society, 2009 American Chemical Society, 2009 American Chemical Society, 2010

American Chemical Society, 2011 American Chemical Society.

the reaction mixtures, it is rarely obvious to know if the
electrons of the final metal phosphide come from this “P”
source, or if the metal is reduced by another participant
(solvent, reductant) at the high temperatures that are utilized.
As a corollary, the in situ reactive source of phosphorus remains
unclear in most of the cases because it often has to be severely
modified before its reaction with the metal (such as in the case
of TOP).

6.2.2. Oxidation Degree and Reactivity of the Boron
Source. The same statement on the redox reactivity of
phosphorus sources can be made for boron sources: oxidizing
or reducing species can be used depending on the redox state of
the metal source, as long as enough electrons are provided to
the system. Use of a coreductant can be fruitful, as seen for the
reaction between boron oxide and metal chlorides in the
presence of magnesium.>*"**® Very often, reducing species,
whether coreactant or borohydride ions, are introduced in
excess (see for instance Table 4), and the final stoichiometry of
the product is not controlled. Actually, the range of available
boron sources is quite limited compared to P precursors:
mainly boron, boranes, alkali borohydrides, boron halides,
boron oxide, and boric acid. Two points clearly differenciate the
B case from the P case: (i) Elemental boron is not a molecular
entity and is strongly inert. This is testified by etching tests in
nitric acid which showed that metal boride nanocrystals are
etched faster than amorphous elemental boron,>' a quite
surprising result which is opposed to most other cases; here, an
amorphous phase seems more inert, if not stable, than a
crystalline one. (ii) Decomposition of the other sources follows
a complex multistep scheme. Especially, even when the reaction
with the metal precursor is fast, intermediate species, such as
amorphous phases, are formed. The resistance to crystallization
of metal borides then hinders ordering until high energy input
is provided, usually through temperature increase.

Despite these difficulties, three recent routes are worth
mentioning and would require more in-depth exploration. First,
highly reactive boron sources are still to be found. In this

BM

respect, multidisciplinary collaborations between the commun-
ities of organic chemistry, organometallic chemistry, solid state
chemistry, and nanomaterials should be highly beneficial, not
only to identify single M/B sources, but even new B precursors.
Second, metal sources that have been mainly left aside should
be considered in more detail, since a highly reactive metal
source could presumably compensate the lack of reactivity of
current boron sources. Third, the use of coreactants seems
promising, even if their real effect on the reaction pathway is
unknown.

6.3. Toward Advanced Morphologies and Complex
Nanostructures

6.3.1. Reactivity of the P Source for the Preparation of
Advanced Morphologies. Core—shell morphologies of
metal phosphide nanoparticles are a nice example of the
exquisite control that can be reached by colloidal synthesis and
rational use of the metalloid source. They were obtained
through the so-called “nanoscale Kirkendall mecha-
nism”. V447178 1t consists of the outward migration of the
metal during the phosphidation process. However, the driving
force for this reaction is still unclear: surface curvature, diffusion
promoted by the temperature, and presence of defects are
arguments that were proposed.''”” A better understanding of
this solid-state-like nanoscaled process would benefit from
studies in the softest conditions possible and using a
stoichiometric “P” donor.

A variety of core—shell and hollow structures could be
obtained in the Ni—P system (Figure 56), containing Nj,
Ni;,Ps, and/or Ni,P in an amorphous or a crystallized state.
Their localization and identification were not straightforward,
first because of the relatively small size of these nanoparticles,
and second because EDS and XPS analyses had to be used with
caution. Indeed, the nanoparticles surface was most of the time
covered with TOP (or another phosphine), which was used as
the ligand to limit the size of the nanoparticles. However, a
clear trend appeared when considering the effect of the

phosphorus source on the final morphology. When TOP or
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another low-yield P-source was employed, the flux of
phosphorus across the surface was low, and long reaction
times were needed to incorporate the reguired amount of P
atoms (Figure 56, mechanism 1).%%%%857 Ag 3 result, the
kinetics of crystallization was fast compared to the one of P-
diffusion, and the Ni—P phase (either Ni,P, Ni;,Ps, or mixtures
remained in the shell). It is interesting to note that nickel atoms
also had the time to diffuse outward in some instances, resulting
in hollow nanoparticles (Figure 56a,c,d).

On the contrary, when a very reactive source of P was
employed (P, in solution), high amounts of phosphorus were
rapidly incorporated into the nanoparticles and were free to
diffuse to reach the center of the nanoparticles (Figure 56,
mechanism 2).”"® This effect was better observed by employing
substoichiometric amounts of P, (Ni/P = 3 or more). It
resulted in the fast incorporation of P and a slower
crystallization of Ni,P in each nanoparticle, in their center
(Figure S6e). Interestingly, this latter example also raised the
question of phase preference at the nanoscale, since the NiyP
phase could have been expected as the only product of the
reaction. Instead, a nanoscale-induced phase segregation was
observed and resulted in an original Ni,P—Ni core—shell
structure, where the Ni shell thickness could be tuned by
adjusting the amount of P,. Altogether, this example on the
Ni—P system not only stressed out the impact of nanoscale on
thermodynamics and phase diagrams, but it also highlighted the
influence of kinetics (crystallization vs decomposition of the
“P” source) for the fine control of advanced metal phosphide
nanostructures.

6.3.2. Toward Complex Structures: Janus Nano-
particles as an Example of the Power of Colloidal
Synthesis. Anisotropic metal phosphide nanoparticle mor-
phologies, such as nanorods or nanowires, were obtained by
tuning the surface energy through selective adsorption of
ligands or surfactants on some facets. For instance, in the case
of FeP, the addition of TOPO in the TOP mixture favored the
growth of 1D structures.®>!

In comparison with macroscopic crystals, nanoparticles are
relatively easily transformed at moderate temperatures, either to
obtain new phases or to create complex architectures such as
core—shell or Janus structures. This offers an additional
synthetic lever for a fine-tuning of properties for catalysis,
magnetism, or optics.

It was shown in the previous subsection that the kinetics of
decomposition of the P donor had strong consequences on the
reaction outcome. The kinetics of diffusion versus crystal-
lization can also influence the final nanoparticle morphology, as
well exemplified in the Cu—P system. Using the thermal
decomposition of TOP at 350 °C, Cu nanoparticles were
partially converted to Cu;P.*’* This partial conversion was
promoted by the relatively small excess of TOP employed (5.6
TOP per Cu). The nucleation of small Cu;P domains occurred
on the side of the starting nanoparticles. Upon further P
insertion, these domains would grow, and the reaction could be
stopped at an intermediate state where only one hemisphere of
the Cu nanoparticles would have been converted to CusP, as
shown in Figure 57. The authors explained the appearance of
an asymmetry in the nanoparticles, instead of a core—shell
structure, through inhomogeneous ligand coverage on the
starting Cu nanoparticles. It should also be noted that no
amorphous intermediate was observed in this system, in
contrast with the Ni—P one, which likely contributed to
maintain spontaneous symmetry breaking. On the other hand,
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Figure 57. Formation of Cu—Cu;P Janus nanoparticles upon reaction
of TOP with Cu nanoparticles. (a) EFTEM zero-loss images of the
sample, with inset showing P (green) and Cu (red) EFTEM maps of
the same zone. (b) HRTEM images of the Janus nanoparticles. (c)
Reconstruction of the crystalline shape of the structure shown in part
b. Adapted with permission from ref 674. Copyright 2012 American
Chemical Society.

the nature of the crystallographic facets in contact in the final
Janus structure ensured minimizing of the interfacial energy,
because the nucleation and growth of the Cu;P grain occurred
without any volume constraint.

The formation of a Janus structure instead of a core—shell
one could suggest that the metal/metal phosphide interface is
associated with a high energy cost in this case. The fact that the
particles showed a constriction at the interface would support
this idea. Yet, the use of a different soluble P source, P,, yielded
a core—shell Cu—Cu,P structure instead of a Janus one.”'” As
discussed in subsection 6.3.1, the flux of P reacting with the
nanoparticles is higher when using white phosphorus than
when using TOP. The core—shell structure might thus be a
higher energy local minimum than the Janus one, in the case of
Cu—Cu;P structures. Another possible explanation is that the
decomposition of TOP to provide P atoms is significantly faster
on the defects of the surface, such as the one found at the Cu—
Cu;P interface. Annealing experiments under controlled
atmosphere might be a way to get experimental insights into
these questions.

Altogether, the examples of Ni—P and Cu—P highlighted the
role of reaction thermodynamics and kinetics on the formation
of advanced metal phosphide nanostructures (core—shell,
hollow, Janus). Controlled syntheses were achieved only
through detailed mechanistic studies. Further advances in this
field will have to take advantage of highly reactive P-donors and
spontaneous symmetry breaking to yield new structures. The
phosphidation of binary metal nanoparticles will also have to be
studied from this perspective.

6.3.3. Homogeneous versus Heterogeneous Nuclea-
tion: A “Trick” To Overcome Boron Lack of Reactivity.
The low efficiency of current boron sources does not enable the
refined morphological control reached by solvent based metal
phosphide syntheses. However, a survey of the literature affords
interesting examples that are different than typical spherical
particles. In particular, the case of CVD and HPCVD of MgB,
nanostructures, already detailed in subsection 3.2.5, exemplifies
the additional morphological diversity (rods, prisms) that can
be rationally attained by taking advantage of reactions at the
interfaces. The 0D and 1D growth can be supposed to occur
from, respectively, homogeneous and heterogeneous nucleation
of MgB,: micrometer scale 0D prisms>®’ were obtained with
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high concentration of precursors and under high temperature,
two parameters favoring homogeneous nucleation. On the
contrary, 1D submicronic morphologies such as pillars**® and
helices®®® resulted from lower reactant concentrations and
lower temperatures, ensuring heterogeneous nucleation. Such
an approach, not rationalized in the original reports, could be
advantageously extended to the case of nanoscaled metal
borides as well as metal phosphides.

6.4. Surface State, Surface Oxidation, and Other Surface
Passivation

It must be mentioned that the surface of metal borides and
metal phosphides (bulk or nanoparticles) is in some instances
highly reactive toward oxygen. For instance, an amorphous
oxidized shell, identified as oxide by EELS, can be clearly seen
on some alkaline earth hexaboride nanowires obtained by
CVD.** Similarly, the effects of oxygen on the passivation of
InP nanowires with H and OH were studied by DFT
calculation to understand its consequence on the luminescence
properties.'* Coverage on purpose by the oxidation product
is possible on InP (14% lattice mismatch with In,0;), in order
to grow a protective In,O; shell on InP. Metal boride UAAPs
can also be passivated by flowing air above the powder to grow
an amorphous oxide shell. Interestingly, while amorphous metal
boride nanoparticles prepared under inert conditions are
pyrophoric, crystalline nanoparticles seem more stable.’">>

In the case of colloidal syntheses, the ligands dynamics is of
paramount importance for further functionalization, but also in-
depth understanding of the nanoparticle reactivity. It was
studied in detail on InP for which TOPO ligand equilibrium
between the surface and the solution was investigated by
solution NMR.""®" Even using nonexchangeable ligands such as
long chain carboxylate strongly bound to the surface, a shell of
indium oxide could still exist around small InP nanoparticles
(2.7 nm) strictly synthesized in air-free conditions.''®* This was
explained by the formation of water as a product of the side-
reaction involving the carboxylate. Water then oxidized the
surface of the nanoparticles to indium phosphate species. As a
consequence, the nanoparticles exhibited a limited growth and
a limited luminescence. This exemple illustrates the complexity
of surface definition and characterization, since the chosen set
of ligands not only influences the nature of the organic layer
surrounding the nanoparticles, but also can lead to modification
of the inorganic core. It should be remembered that most of the
reaction mechanisms are poorly known in this field, and that
such phenomenon could occur in a number of other synthetic
procedures that employ metal carboxylates as precursors.
Further growth of a ZnS shell was also shown to significantly
oxidize the InP core."'*?

Chemical modifications of the surface down on purpose are
also possible: etching of InP synthesized with P(SiMe;); was
achieved in a fluorinated ionic liquid under microwave
irradiation, and allowed an enhancement of the photo-
luminescence to a quantum yield of 47% by in situ etching of
the surface oxide species and fluorine passivation of the
surface."'® This procedure avoided the use of highly toxic HF
for surface passivation, highlighting the interplay between
chemistry and process for the improvement of nanomaterials
though surface tailoring.

6.5. Mechanistic Studies and Trails for the Design of New
Synthetic Routes

We have shown in this review the numerous routes that have
been uncovered for the synthesis of nanoscaled metal borides
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and phosphides. However, only few mechanistic studies have
been proposed so far, which is largely due to the complexity of
most of the reaction schemes: various precursors and reactants
are generally used in complex processes, not well suited for a
step-by-step analysis.

Although it is admitted that the precursors of P or B undergo
several transformations, most of the time simultaneously with
the metal precursor, almost nothing is known about the nature
of these reaction intermediates. Therefore, how to design the
precursors to trigger the formation of one phase in spite of
another, to increase the yields, or to gain a rational control on
the morphology and size of the product remains an unanswered
question. This problem is complex and requires a combination
of experimental techniques because several length scales and
state of the matter have to be analyzed in the course of one
process: from monometallic molecules to extended crystal
lattices, from gas phase or liquid phase to condensed matter,
from amorphous to crystalline and from bare surfaces to ligand-
stabilized or passivated surfaces. These transformations are
intimately connected. Thus the use of in situ techniques, with
time-resolution and spatial resolution whenever possible, will be
required to solve the interplay of all these parameters.
Modelization at any scale (DFT level, molecular dynamics,
etc.) will also have to be used to help select the most likely
routes and interpret the experimental data.

6.5. Novel Properties and Fields of Applied Research: The
Potential Fate of Nanostructured MBs and MPs as
Nanomaterials

Altogether, this review summarized the wide variety of
nanostructured metal boride and metal phosphide nano-
particles that can be obtained nowadays, and the strategies
that researchers successfully developed to reach these nano-
scaled phases. If the covalent character of metal borides and
metal phosphides enables researchers to build bridges between
both systems, the development of nanoscaled metal borides is
clearly less mature, with a reluctance for the discovery of new
routes, essentially for two reasons: the lack of highly reactive
boron sources and the resistance to crystallization. Both points
suggest that the solution for nanoscaled metal boride synthesis
is to be found at higher temperature than metal phosphides,
unless a fundamental breakthrough is made.

While mechanistic studies could shed light on the crucial
experimental levers for better compositional, structural, and
morphological control of nanostructured metal phosphides and
metal borides, another tentalizing approach is to rethink the
existing syntheses in terms of precursors, in an attempt to
rationalize the stoichiometry introduced and the reaction
temperature. The use of single-source precursors provides an
interesting solution by bringing the constituents in the right
stoichiometry and already intertwinned at the molecular scale.
A third path is to use very reactive P or B sources to ensure a
quantitative incorporation in the final nanomaterials. The two
families of materials are not mirrored in this aspect, since
elemental phosphorus P, is highly reactive while elemental
boron allotropes are very stable. Finally, relying on specific
reaction media that can enhance kinetics, like specific solvents
(e.g., salt melts) for metal borides, is another tempting solution.
Given the possibilities offered by modern tools, the exploration
of these routes and identification of the most promising ones
will certainly rely on detailed in situ monitoring of the reaction
pathway.

dx.doi.org/10.1021/cr400020d | Chem. Rev. XXXX, XXX, XXX—XXX



Chemical Reviews

The properties of nanoscaled metal borides and metal
phosphides were shown to differ, if not outperform in some
cases, those of the traditional bulk phases because of increased
surface exposure or grain boundary density, and also confine-
ment, like quantum effects in semiconductors. However, many
fields described above have only been touched upon. Actually,
the behavior of these nanoscaled crystalline phases in
electronics, optics, magnetism, mechanics, and biomedicine
are still to be explored, especially because most of these
compounds have not been obtained yet at the nanoscale in the
strict sense: one particle dimension below 100 nm. Future
works may then first concentrate on a better rationalization of
the synthetic procedures, in order to further develop
applications, for instance in the field of catalysis. In order to
express the full potential of nanoscaled metal borides and metal
phosphides as materials, the adopted synthetic procedures
should also address the practical and societal questions of
safety, sustainability, and scalability, while opening the routes of
shaping and processing. Most of these goals are still out of
reach. Yet, they promise, together with the design of novel
synthesis pathways and the discovery of new materials and new
properties, many years of exciting and stimulating research,
which should open new horizons of nanomaterials and
nanotechnology.
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