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Abstract

In this perspective, the development of single-source precursors and their relative
advantages over multiple source approaches for the synthesis of metal pnictide solid state
materials is explored. Particular efforts in the selective production of iron phosphide
materials for catalytic applications are discussed, especially directed towards the
hydrogen evolution and oxygen evolution reactions of water splitting.

Introduction

Since the discovery of quantum dots (QDs) in the early 1980s, first by Alexei EKimov in a
glass matrix" 2 and shortly thereafter by Louis Brus in colloidal solution,® much attention
has been focused on the synthesis of materials on the nanoscale owing to their unique
quantum properties and consequent applications.* 5 The most highly studied of these
have been the cadmium chalcogenide QDs, with later expansion into a large variety of
other materials. To a large extent, however, many of the systems studied are simple in
the sense that there is a limited composition and phase space for the crystalline target
materials. The cadmium chalcogenides, for example, yield a 1:1 compound between the
metal (M) and main group element (E), with the crystallites adopting either the cubic zinc
blende or the hexagonal wurtzite lattice, which are only slightly different in energy. The
situation among most transition metals in combination with main group elements,
however, is much more complicated. This is illustrated in Table 1 for the iron phosphides,
where six distinct Fe:P stoichiometries have been identified and structurally characterized
under ambient conditions. Crystal data for metal phosphides and related arsenides have
been recently reviewed.® The challenge then, from the perspective of a synthetic
inorganic chemist is, “How do you produce selectively a single phase in a single crystal
morphology in a such a complicated phase space?” As far as we can tell, no systematic
study of the catalytic properties of these compounds as a function of M:E stoichiometry
has been conducted and remains a significant challenge.

tElectronic supplementary information (ESI) available: X-ray data for
{Fe(CO),('-BuPH,)(u-BuPH)}, CCDC 1862751.
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Table 1. The Binary Iron Phosphides

Crystal Cell Constants, .
Cmpd. System Space Group A Properties Ref.
a = 3.59(5)
FesP | Orthorhombic | Pmmm (#47) b =4.01(5) unknown 7
c =4.32(5)
Ferromagnetic
- a=9.1074(5) _ 9
FesP Tetragonal 14 (#82) ¢ = 4.4602(5) Tc= 71.68K
metallic
_ Ferromagnetic
FeP | Hexagonal | Péam (#189) | &= 2:8677(3) Te = 209K 10,11
c = 3.4585(3) g
metallic
a=5.193(1) Antiferromagnetic
FeP | Orthorhombic | Pna2; (#33) b =5.792(1) Tn = 115K 12
c = 3.099(1) metallic®

a=4.98732(5) Diamagnetic
FeP, | Orthorhombic | Pnnm (#58) b = 5.6590(5) Semiconductor 14
c=2.7235(3) | Egg=0.37 eV
a=4.619(1)
b =13.670(2) .
c=7.002(1)
£=101.48(2)°

a=15.043(7)
FeP, Monoclinic C2/c (#15) b =10.407(2)
¢ =11.069(2)
a =5.005(1)
b =10.213(3) 17
¢ =5.530(1)
£=94.14(1)°

Monoclinic P2,/c (#14)

Semiconductors
(Egey-FePs=1.0 |
eV)

Orthorhombic | C222, (# 20)

Why the Metal Pnictides?

While the principles discussed may be applied to the creation of E-M phases for a wide
range of main group elements and transition metals, this article will focus on those of the
transition metal phosphides (TMPs). It should be kept in mind that similar properties exist
for many p-block element-transition metal combinations. Doping of compounds with other
M or E elements has been effective in tuning a wide variety of properties. We first examine
the utility of the metal phosphides that motivates their study. They have been known since
the late 18" century when chemists were exploring fundamental reactions between
recently discovered elements. After determining that metals would react with phosphorus
sources in fixed ratios, very little was done with the TMPs until the mid 20" century when
X-ray diffraction techniques permitted elucidation of the structures. It was realized that
the TMPs were more than just combinatory mixtures of the elements but a discrete class
of materials with each TMP having a unique structure, although these structures are
similar between metals (See Table 2). Furthermore, these well-defined structures were
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found to be the source of interesting properties, particularly magnetic and electronic
properties. By the early 2000s, a number of researchers were turning their attention to
the synthesis of nanoparticles based on M,E, phases for their potential electronic,
magnetic and photonic applications.

There are significant synthetic challenges with these materials on the nanoscale. For
each metal (M) and phosphide (P), there typically exist several phases M,P, possible,
and even for a given M,P, there can be multiple crystallographic modifications as
illustrated in Table 2. As a consequence, there is a significant challenge in producing a
single phase cleanly.

The conventional synthesis of any given bulk M,E, is little different from the syntheses of
the 18" century — heating the metal and pnictide in the ratios desired, often for long
periods of time (multiple days) and at temperatures greater than 1000 K.545% The method
is complicated by the volatility of elemental E, so the reactions are most often done in
sealed containers. To obtain these materials as ingots, often the air-sensitive powders
are first prepared crudely by conventional methods, then arc-melted and quenched. The
solid-state syntheses are constrained by the similarities in the thermodynamics of the
formations of the possible phases, making it difficult to obtain a single-phase as a pure
material easily, especially given the high temperatures of the reactions.

Over the past 20 years, additional methods of producing these phases have been
explored such as phosphidization of metals, metal and metal oxide NPs, atomic layer
deposition, reduction of metal phosphate compounds, reaction of NazP with metal halides,
reaction of P, or red phosphorus with metal complexes, etc., but none of these methods
offer the potential control over stoichiometry that is afforded by the metal carbonyls. For
example, in the Co-P system where there are four known stable phases — Co,P, CoP,
CoP, and CoP3; — only the first two have been observed in the reaction of cobalt metal
with PPhj3 in spite of Co:PPh; ratios ranging from 4:1 to 1:4.18 Similarly, only Fe,P, FeP,
Ni,P and NiP, were obtained by the same method in spite of the existence of other
possible phases.'8

While not all metals form stable metal carbonyls, the elements in the first row transition
series from Cr through Ni exhibit a large variety of phosphorus-containing metal carbonyl
complexes, both mononuclear and cluster compounds, that could be employed as SSPs
for the production of solid-state phosphide phases, and it is their utility as SSPs that has
motivated our studies in this area for the past 15+ years.
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Table 2. Comparison of the First Row Transition Metal Phosphide Phases.

M_:E Ratio 3 4 5 6 7 8 9 10 11 12
4:1 Fe,P CusP
Pmmm P3c1
3:1 SC3P T|3P V3P CF3P Mn3P Fe3P CO3P N|3P CU3P
Pnma P4,/n P4,/n 14 14 14 14 14 P3m1
2.66:1 NigP3
R3c
2.40:1 Ni12P5
14/m
2.33:1 ScsP3
P6smc
2:1 T|2P V2P Cr2P Mn2P FeZP C02P N|2P CU3P
P62m Pnma Imm2 P62m P62m P62m P62m P6scm
Fezp COzp N|2P
Imm2 Pnma P32,
1.75:1 Ti;P4
C2/m
1.71:1 CI'12P7
P6
1.66:1 Ti5P3 V5P3
P6sy/mcem P6ymem
TigP5
Pnma
1.5:1 SC3P2 Zn3P2
Pnma la3
Zn3P2
P4,/nmc
Zn3P2
P4,3,
1.33:1 Ti4P3 V4P3
143d Cmcem
1.25:1 NisP4

P6smc




Page 5 of 29 Dalton Transactions

1:1 ScP TiP VP CrP MnP FeP CoP NiP
Fm3m P6s/mmc P6ymmc Pnma Pnma Pnma Pnma Pbca
NiP
1.29 GPa
Pbca
NiP
5.79 GPa
Cmc2,
NiP
16.3 GPa
Pnma
NiP
28.5 GPa
Cmc2,
1:1.43 Zn7P10
Fdd2
1:2 TIP2 VP2 CFPQ FeP2 COP2 NIP2 CUP2 ZnP2
Pnma C2/m C2/m Pnnm P2./c Pa3 P2./c P4,2,2
NIPz Zan
C2/c monoclinic
1:3 CoP;3 NiP;
Im3 Im3
14 VP4 CI'P4 MnP4 FeP4 ZnP4
C2/c C2/c C2/c C2/c P4,2,2
MnP4 FeP4
P1 C222,
MnP4 FeP4
PT P21/C
1:35 CuzP7
C2/m
1:10 CUP10
P1
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As with the free metals, the metal phosphides have interesting magnetic properties. The
role of phosphorus in these materials has more to do with tuning the spacings and
symmetry relations between the metals in the crystal structure than to contribute directly
to the magnetic and electronic nature of these materials, although there is certainly a
physicochemical contribution of the phosphorus to their mechano-elastic nature.>¢ By
tuning the distances between the metals, phosphorus alters both inter- and intra-layer
coupling between metals within the crystal structure leading to Ferromagnetic (FM),
Antiferromagnetic (AF), or paramagnetic (PM) states for the metal-rich phosphides. For
the metal-poor phosphides, phosphorus acts to reduce the conductivity, opening up a
bandgap.3® In general, there are fewer M-M bonds if any in the phosphorus poor phases
(M:P <1) and more M-M bonds with higher M:P ratios.® Table 1 presents representative
data for the iron phosphides as illustration of the effect of phosphorus on the magnetic
and electronic properties. In spite of their availability, the physical properties of many of
the transition metal phosphides have not been thoroughly examined, and further
possibilities for tuning properties exist for compounds containing multiple metals and/or
main group elements.

The Precursor Strategy

In the early 2000s, it occurred to us that the metal carbonyls could provide a solution to
the synthetic challenge of producing a single, pure compound for a significant number of
the target materials. Volatile metal carbonyl compounds have been known since the
pioneering work of Ludwig Mond in the last decade of the 19t century when he reported
the preparation of Ni(CO);, Fe(CO)s and ‘Co(CO),."%2" Among his many industrial
accomplishments was the application of these discoveries to the purification of nickel
metal by decomposition of Ni(CO), in what is known as the Mond process,?? which
showed that nickel carbonyl could also be readily converted back to the metallic elements
and CO at elevated temperatures. Similarly, the heterometallic carbonyl clusters
H,FeM3(CO)x (M = Ru, Os, x =13; M = Co, x = 12) were later shown to decompose on
partially hydroxylated magnesia to yield bimetallic metal particles.?3

In the years since Mond, the development of organometallic chemistry in general, and
metal carbonyl cluster chemistry in particular, provided a good starting point for imagining
the precursors that could be produced to target these complex phases. Another pioneer
in this area was Walter Hieber, who explored the synthesis of many main group element-
transition metal carbonyl combinations in the 1950s and 1960s and laid the groundwork
for much of the metal carbonyl cluster chemistry that followed shortly thereafter, largely
facilitated by the development of user-friendly single crystal X-ray diffractometers and
structure solution & refinement software.2* 25 A further stimulus to this research was the
development of cluster bonding theories by Wade?® and Mingos?’ and the 1981 Nobel
Prize winning isolobal analogy developed by R. Hoffmann.?8 2° Those theories provide
the framework for systematic development of both homonuclear metal and main group
element cluster chemistry as well as the hybrid E-M clusters that still serves well today.
The structure and function relationships between clusters and solid-state metals was
noted by Muetterties as early as 1975.30
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The diversity of compositions in Table 1 is mirrored by many other transition metal-main
group element combinations. There is a fairly obvious divide in going from metal-rich to
main group element-rich compositions in the type of precursors that would be most
appropriate. Mononuclear complexes of the type (CO),M(ERy), where the complexes are
generically simple-substituted compounds can readily be envisioned to serve as
precursors to the E-rich phases. Specifically (OC)ML and (OC)xML, (L = phosphine-
based ligand) are obvious choices for preparation of 1:1 and 1:2 M:P phases (I — VII).
Direct substitutions of metal carbonyls to achieve higher degrees of substitution are rare
but alternate methods exist, for example, to prepare H,FelL, that could be a suitable
precursor to the FeP, phase.?’

L L L L
OC,,”””’ ‘ “\\“\\\\CO OC,,,” ‘ \\\\\CO OC/I//, ‘ \\\\\CO OC\ ‘
ey “Cr. Fe——CO
e
OC/ ‘ \Co OC/ ‘ \ OC/ ] \CO oC
CO CcO L CcoO
| ] ]| v
L
CO co

OC\\\\\\\um....

\ Vi Vil

The nature of the phosphine ligand, however, is crucial to the formation of suitable
materials, as will be discussed shortly, and significant synthetic challenges exist forming
the corresponding complexes that have not been previously reported with primary and
secondary phosphines. Use of main group element-rich cluster compounds could offer
some advantages as SSPs in providing a more stable compositional framework (vide
infra) but these are a much less-studied class of compounds.

In contrast, if one wants to prepare metal-rich phases, metal carbonyl clusters are the
clear choice. These may be suitable for M:E ratios as low as 1:1. Examples that are
suitable for 1:1 to 4:1 phases are shown as VIII - XIV. There is tremendous opportunity
here for construction of a large number of different stoichoimetries in both E and M
compositions. The metals do not have to be the same, and the R groups can be varied
extensively or replaced by a lone pair of electrons. The only stipulation is that the electron
counts and orbital structures of the fragments used correspond to the requirements of the
isolobal analogy, with a few notable exceptions. Thus HFe(CO); is equivalent to a
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Co(CO); fragment, and S, Se or Te is equivalent to a P-R group. An exception is the
relationship between H,Fe3(CO)q(us-PR) and Cos3(CO)o(us-PR), where the latter is
isostructural to the former but not isoelectronic. The cobalt compound is a rare example
of a stable odd-electron carbonyl cluster. Nevertheless, both homonuclear and
heteronuclear compounds can be formed by appropriate fragment replacement using now
standard organometallic strategies. A caveat, however, is that even though these target
compounds are reasonable and have ample literature precedent, synthetic methods to
particular combinations may not work and not all combinations of M, E and R have been
reported in the literature. Synthetic routes may not be straightforward regardless of the
wealth of literature on cluster compounds that has been published in the last 50 years.

1:1 compounds
R

<] DX

(OC),MZX————M(CO)n (OC),M=————M(CO)n

Vi IX

2:1 compounds

|
E

(OC)nM/ \M(CO)n
IA \
M(CO)n

/
R R (OC) M———~—
XY
(OC)M M(CO)n F‘a
X XI

3:1 Compounds
T

™

__—M(CO)n

/
(OC)M
\

M(CO)n
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4:1 compounds

M
\E M(CO)n

(OC) M /
/ BM(CO)n T~

Sl / (ooml/ \

M(CO)n M(CO)n
X XIv

One criticism of the use of these compounds as precursors is the quantities that may be
available, which is based largely on the early pot-boiling days of the field where heating
of the suitable main group element reagents with metal carbonyls often led to complex
mixtures of products that were difficult to separate. There are now a number of high yield
routes available to produce compounds in useful quantities. For nanoparticle syntheses,
the use of either neutral or anionic cluster compounds can be employed, but for thin film
growth of materials by metal organic vapor deposition (MOCVD), neutral molecules that
are often volatile are the molecules of choice.

Principles for preparing the target SSPs

As will be seen in the following discussion of NP and thin film syntheses, selecting suitable
target SSPs involves creating molecules with some specific attributes:

1. Volatility is important for the use as conventional MOCVD sources, so initial targets
have focused initially on neutral compounds. This is not a strict requirement for NP
synthesis, but counter ions can impact NP growth. Not having them simplifies NP
synthesis studies.

2. Organic functionalities on E should be restricted to clean leaving groups (e.g., H,
‘Bu).

3. Phosphines with electron-donating groups such as 'Bu bind more strongly to the
metals than PHj3, owing to higher donor abilities of the former.

4. Primary phosphines appear to decompose more cleanly than tertiary analogues.

5. Ligand sets are generally restricted to H and CO so that ligand loss from the metals
is facile.

There are now a number of general routes to creating pnictide-containing metal carbonyl
compounds. Simple substitution reactions of parent carbonyls (Equation 1) can readily
be employed, although many of the known reactions have utilized tertiary phosphine
compounds (PR3). The R group of choice is ‘Bu as illustrated by HyFe3(CO)q(us-P!Bu),
where clean elimination of isobutylene was accompanied by nicely formed Fe,P
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nanorods. In contrast, the use of Ph as an organic substituent, which is much more
common among known compounds, has proven problematic for nanoparticle syntheses.
Often decompositions with Ph substituents do not lead to quality nanoparticles. This was
observed for decomposition of FeMn(CO)g(u-PPh,) and FeMn(CO)g(u-PHPh), which
gave no useful products. Clean production of FeMnP was observed, however, using
FeMn(CO)g(u-PHy). In the case of HyFe3(CO)o(us-PPh) decomposition is accompanied
by the elimination of benzene, and the NPs that resulted were poorer in quality with more
irregular structures. Crystal splitting was also observed when hydrocarbons are
introduced into this synthesis, and benzene could directly promote crystal splitting.
Additionally, Ph must leave in a radical process and radicals could also promote crystal
splitting.32

M(CO), —2=—M(CO), ,(PR,)—25—>M(CO), ,(PR,), 1)

Fe,(CO),,— =2 —H,Fe,(CO),(x,-PR)

(2)

+4PR, +LiAH,
FeX,—*% ;Fe(PR,),X,— 2" ,H Fe(PR,),

3)

There are definite advantages for primary phosphines PH;R in promoting clean
decomposition, as well as being lighter in mass to contribute to higher volatility. There
are, however, very few metal carbonyl complexes reported for the primary phosphines,
partially owing to the reactivity of the P-H bonds which can lead to higher nuclearity cluster
formation as exemplified in Equation 2. For Fe(CO)s5 substitution generally stops at two
phosphine ligands introduced, although other routes exist for higher order substitutions
as in Equation 3, but surprisingly these more highly substituted compounds are unknown
for primary phosphines. Primary phosphines have the added advantage of possessing
reactive P-H bonds that can be used for further syntheses of higher nuclearity
compounds, which could also be a reason why metal carbonyls substituted with multiple
primary phosphines are rare.

A particularly important, related methodology is the deprotonation of primary phosphines
to give anionic [(M(CO)(PHR)]-or [(M(CO)«(PR>)] species that can be treated with metal
carbonyl halides in nucleophilic displacement processes. This approach was employed
to produce the FeMn(CO)g(u-PR2) compounds exemplified in Equation 4 and Figure 1.
The development of syntheses to produce compounds with only hydrogen bound to
phosphorus was important in being able to product FeMnP nanoparticles cleanly, and this
compound proved to be an effective SSP for thin film production as well.

base Mn(CO)sBr
Fe(CO)4(PHRR’) ——3 [Fe(CO)4(PRR’)] — 3 FeMn(CO)g(u-PRR’)

R=R'=Ph;R=H,R=Ph;R=R =H ()
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Figure 1. Crystal Structures of (A) FeMn(CO)g(u-PPhy), (B) FeMn(CO)g(u-PPhH), and
(C) FeMn(CO)g(u-PH,).33

Our attempts to produce the simple disubstituted compound Fe(CO);(PH,'Bu), for use as
a precursor to FeP; led unexpectedly to the dinuclear compound show in Figure 2, which
could also be a viable precursor to this phosphorus-rich iron compound.

Figure 2. The crystal structure of [Fe(CO),('BuPH,)(u-BuPH)].. Ellipsoids given at 50%
probability. Details on the synthesis and crystal structure determination of
[Fe(CO),('BuPH,)(u-BuPH)], are given in the CIF file on deposit with the Cambridge
Crystallographic Data Centre.
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In addition to substitution processes, reaction of metal carbonyl anions with main group
element halides and organohalides often results in nucleophilic displacement of the
halides and the formation of E-M bonds. This has become a standard first method of
introducing main group functionalities into metal carbonyl systems. It has long been
known that reaction of metal carbonyl dianions with organophosphorus dihalides could
result in “inidene” types of compounds containing a P-P multiple bond. In pursuing
alternative ways to these compounds, mixtures of [Fe(CO);]> and [HFe(CO),]- were
treated with PCI,'Bu, a dinuclear P-P single bonded compound [BuP(H)Fe(CO)4),
compound was obtained (Figure 3).3* This molecule is interesting from a structural
standpoint owing to the various isomers available owing to the chirality at each
phosphorus atom. It also can serve as an SSP to FeP as will be seen below.

Figure 3. The structure of [[BuP(H)Fe(CQ),),.3*

Advanced deposition techniques using, for example, electrospray for ionic precursors is
possible but has not yet been evaluated. It is anticipated that this method may result in
impurity issues with other atoms such as C and N, but proper experimental conditions,
including an appropriate choice of counterion, may reduce that concern and open up the
processes to a wider range of potential SSPs.

SSP Conversion to Materials
Lessons from Nanopatrticle Syntheses:

Many of the early syntheses of metal phosphide nanoparticles (NPs) followed the
protocols for the cadmium chalcogenide quantum dots. A soluble metal complex can be
co-decomposed with a suitable E-containing organic compound, such as tri-n-
octylphosphine (TOP) as illustrated in Table 3. Brock and coworkers performed an
extensive study on controlling the production of FeP versus Fe,P by varying the time and
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reaction temperature.3> In addition to producing NPs in solution by this method, M,P (M
= Mn, Co, Ni) have been prepared directly on carbon nanotubes coated with
polyphosphazene.3® Surprisingly, there is a very narrow range of stoichiometries
accessible by these methods.

Table 3. Metal Phosphide Nanoparticle Syntheses from Metal Complexes
Phase Metal Source | Surfactant/Phopshine | Morphology Ref.
Produced Source
MnP Mny(CO)1o TOPO/TOP rods 87
MnP Mny(CO)1o P(SiMe3); spherical 38
CoMnP Mny(CO)4p + TOP spherical 39
Co,(CO)g octadecene and
oleylamine
FeP Fe(CO)s tri-n-octylphosphine rods/wires 40
oxide/TOP
FeP Fe(acac)s/FeCls P(SiMe3); spherical 41,42
FeP Fe(CO)s octadecene + oleyl spherical 35
amine/TOP
Fe,P Fe(CO)s octadecene + oleyl rods 35
amine/TOP
(Fe,Ni),P Fe(CO)s, TOP rods 43
Ni(acac),
Co,P Co(acac), hexadecylamine/TOP rods 37
CoP Co,P NPs TOP hollow spheres 44
Co,P Co NPs TOP spheres 44
Co,P Co NPs TOPO hyperbranched 45
NPs
Ni,P Ni(acac), TOPO/TOP rods, spherical 37,46, 47
Nis2P5 Ni(acac), TOPO/TOP spherical 47
TOPO = tri-n-octylphosphine oxide

Silica-based aerogels with embedded metal phosphide NPs were prepared for Fe,P,
RuP, Co,P, Rh,P Ni,P, PdsP, and PtP, from complexes of the metals with
PR,CH,CH,Si(OEt); (R = Ph, Et).*¢ These complexes were first hydrolyzed to give gels
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that were subsequently treated at 600 - 900°C. Unfortunately, the metal to phosphorus
ratios in the molecular precursors did not match the stoichiometry of the final NPs.

In order to overcome the limitations in M:E stoichiometry presented by these early metal
phosphide NP syntheses, we turned our attention to the production of an as-yet-unknown
iron phosphide stoichiometry in NP form. We reasoned that H,Fe3(CO)q(us-PR) should
make an ideal precursor for the formation of FesP NPs.32 FesP is a room temperature
ferromagnetic material (T¢ = 716 K). In comparison, Fe,P is also ferromagnetic but has a
Tc of 209 K, while FeP is antiferromagnetic with Ty = 115 K. When these syntheses were
carried out in the conventional surfactant system of oleic acid and tri-n-octylamine with R
= Ph, Bu, the resulting particles in all cases were pure Fe,P as nanorods and various
aggregates of nanorods (Figure 4A). The R = 'Bu precursor gave the best quality
nanocrystals. Initially, we believed that cluster degradation and interconversion
processes resulted in loss of the 3:1 stoichiometry before decomposition to NPs occurred,
but later we discovered that these compounds react with oleic acid with the elimination of
metal. Thus, bulk FesP when treated with the same surfactant system at elevated
temperatures produced Fe,P, and Fe,P in turn gave FeP, which reacted further to
produce iron phosphate and oxide compounds. The obvious solution to this problem was
to eliminate the oleic acid from but the resulting particles proved to be very small (<5 nm)
and thus difficult to confirm unambiguously as the Fe;P phase, although ICP analyses
confirmed the expected 3:1 Fe:P stoichiometry and the particles appear to be strongly
magnetic at room temperature.

Figure 4. SEM images of A) Fe,P nanorods and nanocrosses from the decomposition of
HoFe3(CO)g(us-PBu). Reproduced with permission from A. T. Kelly, I. Rusakova, T. Ould-
Ely, C. Hofmann, A. Luettge and K. H. Whitmire, Nano Lett., 2007, 7, 2920-2925. and B)
Gold-coated Fe,P nanocross. Reproduced from A. T. Kelly, C. S. Filgueira, D. E.
Schipper, N. J. Halas and K. H. Whitmire, RSC Adv., 2017, 7, 25848-25854.

The resulting Fe,P nanorods and nanobundles can be coated with a gold shell to produce
photonic materials (Figure 4B).4° In order to get the Au seed particles to adhere to the
NPs, their surface coating that was presumably oleate had to be replaced with the
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bifunctional y-aminobutyric acid (GABA). The pendant amine group provides the anchor
for gold seed NPs that were grown into a full shell by reduction of chloroauric acid upon
treatment with either formaldehyde or CO. The plasmon resonance red-shifted with
increased Au-shell thickness.

)

HZN\/\)J\ H
O/

GABA

Examination of the more complex ternary phase FeMnP was also pursued.®® The initial
choice of precursor was FeMn(CO)g(u-PPh,) already known in the literature®'- 52 but
attempts to produce FeMnP NPs resulted only in the isolation of iron oxide NPs,
presumably resulting from the strength of the P-C bonds. Replacement of one Ph group
with hydrogen giving FeMn(CO)g(u-PHPh) was attempted with the hopes of providing a
more favorable decomposition route - benzene elimination - but no NPs of any kind were
isolated from that system under comparable conditions. Efforts were then directed to the
synthesis of FeMn(CO)g(u-PH,) whose decomposition in surfactants led to the desired
FeMnP, although the stoichiometries were always manganese poor, consistently in the
range of Fe13Mng 7P.%0 Based on the experience from the Fe3P system, it was rationalized
that the presence of oleic acid was again not innocent, and the preferential loss of Mn
compared to Fe was explained by the higher oxophilicity of the former metal. Further
study showed more Mn loss with increased oleic acid content, and at the opposite
extreme the exact stoichiometry of Fe:Mn:P could be obtained with no acid present.
However, the resulting nanoparticles were tiny spheres (<~10 nm) as opposed to well-
formed nanorods. Bulk decomposition of FeMn(CO)g(u-PH;), however, led to
stoichiometric FeMnP in the metastable hexagonal phase. These results point to the
added complexity of working with heterometallic systems where the redox properties of
the individual metals can have a profound effect on the outcome of the decomposition.
Such details are masked in homometallic systems where the relative reactivities of the
various metals will not be evidenced in the makeup of the products as noticeably.

Since those initial studies, others have examined SSPs as a means of producing metal
phosphides. Scheer examined the decomposition of Fe(CO),PH3, which rearranges to
form the dinuclear bridged species [(CO)s;Fe(u-PH,)], for the production of FeP
nanoparticles in surfactants.5® The related complex [(CO)4Cr(u-PH,)]> was employed for
synthesis of CrP.%* Interestingly, decomposition of [(CO)sMo(u-PMe,),W(CO)4] (M = Mo;
M’ =W) led to metal oxide nanoparticles rather than a metal phosphide,®® which is similar
to our observations for the decomposition of FeMn(CO)g(u-PPh,).

Bulk decomposition under Ho/N, (5/95%) of [Co4(CO)4o(p-dppa)] (dppa = HN(PPh,),) or
[Co4(CO)10(us-PPh);] led to Co,P while use of the more highly substituted [Co4(CO)g(u-
dppa),] resulted in CoP.5% The compound [Co4(CO) o(u-dppa)] could be adsorbed onto
silica and converted into supported Co,P NPs on the order of 5.5 — 6.5 nm but the sample
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was contaminated with some cobalt metal.” These NPs were shown to be
superparamagnetic.

Summary

e Single-source molecular carbonyl compounds with phosphorus-based ligands can
be decomposed in surfactants to produce metal phosphide nanopatrticles.

e In a number of cases, the final stoichiometry in the NP does not match the
stoichiometry of the SSP.

e The surfactant system can be non-innocent as oleic acid was demonstrated to be
responsible for the selective reduction in metal content of some NPs.

e In heterometallic systems, the different redox properties of the metals may lead to
preferentially leaching of one metal. More oxophilic metals are more prone to
leaching by carboxylic acids, ostensibly because of their higher affinity for oxo-
based ligands.

e While oleic acid is a problematic surfactant medium because of leaching issues, it
does promote crystalline NP growth.

Thin Film Syntheses

In order to circumvent the problems of loss of SSP stoichiometry in the final products, we
turned our attention to the production of thin films using the same SSPs as employed for
NP synthesis. Previous efforts to produce thin films of transition metal-main group alloys
including borides, nitrides, phosphides, silicides, and stannides from metal carbonyls are
summarized in Table 4. The elemental ratios were roughly preserved for the borides,
sulfides, and stannides. The boride Fe3B produced from HFe3(CO)gsBH4 by sublimation
onto a target substrate followed by pyrolysis was found to be amorphous under the
conditions tested and oxygen-rich, which the authors attributed to being due to a low-
quality vacuum. The silicide films prepared from Co(CO)4SiH3;, Fe(CO);(SiH3),, and
Mn(CO)sSiH; reported were found to be silicon poor,?® likely due to the loss of SiH, or
transiently stable siloxanes formed from the reaction of SiH, with carbon monoxide. CoSn
was achieved by use of Co(CO),SnMes, albeit with significant amounts of carbon present.
The nitride y-Fe;,N was obtained along with a-Fe in a 1:1 ratio by sublimation of
HFe4(CO)42N onto a glass substrate followed by pyrolysis. Here, the nitrogen content was
below that expected for a 4:1 Fe to N ratio, and the authors could not account for how the
nitrogen had left even after analysis of the waste gases, but they could not rule out loss
of N,. Iron sulfide films with an approximate 1:1 Fe:S stoichiometry were achieved using
Fe,(CO)s(u-S2); however, the authors obtained a mixture of Fe1,Sy and Fe;Sg, likely due
to the similar stoichiometries of the two phases.
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Table 4. Thin Films of Borides, Nitrides, Silicides, and Stannides produced from Metal
Carbonyl SSPs

Thin Film Precursor Method Substrate  Ref.
Material
Borides amorphous HFe3(CO),BH,  Sublimation/Pyrolysis  Glass or 59
Fes;B Al
Nitrides a-Fe & HFe4(CO)oN Sublimation/Pyrolysis  Glass 60
Y-Fe4N
Phosphides  Cry,P;, CrP Cr(CO)sPH; LPCVD Pyrex 61
Fe,P Fe(CO),PH; LPCVD SiO, and 62
FTO
FeP Fe(CO),PBuH, LPCVD SiO, and 62
or FTO
{Fe(CO)4(u-
PBuH)},
FesP H,Fe3(CO)go(u- LPCVD SiO, 63
PBu)
FeMnP FeMn(CO)g(u-  LPCVD SiO,, o4
PH,) Al,Os, 65
FTO, 66
TiO./FTO,
NF,
Graphene
Silicides CoSi, Co(CO),SiH3 Flow pyrolysis Silica 58
amorphous
Co
B-FeSiy, Fe(CO)s(SiH;),  Flow pyrolysis Silica 58
amorphous
Fe
MnSi/MnsSis; Mn(CO)sSiH; Flow pyrolysis Silica 58
Sulfides FeixS, Fe;Sg  Fey(CO)e(u-S;) LPCVD Si(100) 67
Stannides CoSn Co(CO),SnMe; LPCVD Si(100) 68
CoSn/CosSn, Co(CO),SnPh;  LPCVD Si(100) 68

LDCVD = Low-pressure chemical vapor deposition; NF = Nickel Foam;

The earliest demonstration of a metal carbonyl-based precursor to a metal phosphide
was the production of chromium-phosphorus films from Cr(CO)sPH; by Watson and
Connor (Table 5).5" The films obtained were phosphorus-deficient and consisted of a
mixture of Crq,P; and CrP, perhaps due to the loss of PHj.

The first phase-pure metal phosphide thin film to be grown was FesP using
HoFe3(CO)g(us-PBu) as the SSP.83 In many cases, the crystallinity of the films is improved
by annealing the films. Details varied from material to material and substrate to substrate
and the reader is referred to the original articles for specific conditions. Here, the intimate
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bonding between P and Fe is likely to have assisted in the conservation of the Fe:P ratio
from precursor to final material. Doped films were prepared using isostructural metal
carbonyl clusters with other M or E atoms whose similar structural and electronic
parameters were expected to confer on them similar volatilities.?® Blends of
HoFe3(CO)g(us-PBu) with either Co3(CO)g(p3s-PBu) or HoFes(CO)o(us-Te) (Figure 5) were
prepared by dissolving the respective compounds in tetrahydrofuran followed by
evaporation to yield intimate mixtures of the respective molecules. These blends could
then be used to achieve doped Fe3P, namely (Fe;xCoy)sP (0.09<x<0.22) and Fe3(P1xT€ey)
(0.04<x<0.42) with elemental compositions tunable by altering the molecular ratios in the
blends. This strategy allows for the synthesis of phase-pure materials with complex
stoichiometries, which will likely prove useful for advanced applications.

'Bu Bu
! >
(OC)3F8\—\—F £F\e(00)3 (OC)300—/7C0(CO)3 (OC)3Fe——— Fe
b e( )3‘H Co(CO); /Fe CO);;\

Figure 5: Isostructural metal carbonyl clusters used to prepare SSP-blends.

In order to probe the thin film production of the other Fe-P phases, Fe(CO),PH3, which
had been shown by Scheer to serve as an SSP to FeP, was evaluated as a precursor to
FeP. Low decomposition temperatures (350 °C) yielded Fe,P as the sole phase with PH3
detected in the off-gases.®? The same precursor was shown to give a mixture of Fe,P and
FeP at higher temperatures (450 °C), similar to the decomposition behavior of
Cr(CO)sPHj3. This suggests that Cr,P might be accessible at lower temperatures from
Cr(CO)sPHj3. Similarly, films obtained from Fe(CO),4P!BuH, at lower temperatures (350
°C) were found to be pure Fe,P, but at higher temperatures pure FeP was formed. At the
higher temperatures, the stronger binding of tBuPH, as compared to that of PH; may play
a role in eliminating phosphorus. Using {Fe(CO)s}(u-PHBuU)}, as the SSP instead of
Fe(CO)4P'BuH, resulted in FeP production even at 350 °C, likely because of the more
intimate bonding the phosphorus ligands in the bridging configuration.

FeMnP was grown on a variety of substrates using FeMn(CO)g(u-PH,) representing the
first deposition of a heterobimetallic metal phosphide from a single-source precursor.64-66
Initial difficulties were encountered in preparing the films on glass or quartz without the
oxidation of Mn. In the limiting scenario, the films were shown to be completely uniform
films of FeP and MnO. Originally, this was thought to arise from problems in the vacuum
line being used; however, repeated trials could reduce but never eliminate the oxidation
problem. Ultimately it was discovered that the SiO, substrate was the issue, and use of
metal oxides, such as alumina, F-doped tin oxide (FTO) or titania, or metals such as nickel
foam did not have these oxidation issues. This is consistent with the observation in the
NP synthesis of FeMnP that Mn was preferentially leached out to produce NPs that were
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richer in iron than Mn. As with the NP syntheses described above, the thin films of FeMnP
also adopted the metastable hexagonal phase.

Summary
e Similar to the NP syntheses, thin films of TMPs can be prepared from volatile
SSPs.

e Thin films doped with either M or E can be prepared by co-deposition of the
majority SSP and an isostructural compound in which either E or M (or possibly
both) has been introduced.

e Similar to NP synthesis where the surfactant system could be non-innocent,
substrates with certain combinations of metals can also be reactive with the
growing film.

Catalytic Properties of the TMPs as NPs and Thin Films

The TMPs are well-known as hydroprocessing and hydrogen evolution catalysts and as
pre-catalysts for oxygen evolution catalysis. The hydroprocessing abilities, specifically
hydrodenitrogenation (HDN) and hydrodesulfurization (HDS) have been known since the
late 1990s.6465 Their use in this application lies in the resistance of the TMPs to
decomposition or transformation in the presence of sulfur and nitrogen compounds, their
hydrogenation capacity which helps remove sulfur and their ability to displace nitrogen
from nitrogen-containing compounds through nucleophilic substitution.66 HDN and HDS
catalysis is vitally important to the chemical industry to remove sulfur and nitrogen from
petrochemical feedstocks as nitrogen and sulfur compounds lead to corrosion of transport
pipelines, contamination of feedstocks, poisoning of other catalysts, and environmentally-
unfriendly off-gases if the sulfur is not removed before utilization in combustion engines.
Despite these capabilities other catalyst systems appear to be preferred for commercial
HDN and HD processes.

More recently, however, the discovery of the ability of the TMPs to catalyze the conversion
of water into hydrogen and oxygen (“water-splitting”) created an explosion of research
into the utility of the metal phosphides for this purpose and the activity for homometallic
and heterometallic compounds are summarized in Tables 4 and 5. Water electrolysis
holds promise as a means of storing intermittent energy from solar and wind power
generation in the form of hydrogen fuel, which of course converts to electricity and water
when utilized in a fuel cell.

The TMPs are now well-known hydrogen evolution reaction (HER) electrocatalysts.
Experimental evidence for the TMPs’ HER activity was provided in early 2013 by Xu and
coworkers with the report of high activity of FeP for the HER,? although this was preceded
by a theoretical calculation for Ni,P in 2006, itself inspired by high HER activity observed
in molecular nickel-phosphine complexes.”’ Since then, many of the binary metal
phosphides and even ternary metal phosphides have been evaluated as HER catalysts,
with the respective performances rivaling platinum, the benchmark HER catalyst.39. 72-86
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The TMPs also catalyze the oxygen-evolution reaction, although technically not directly.
Rather, the TMPs convert to metal oxy-hydroxides at their surfaces,?” which is not entirely
surprising considering the basic conditions typically employed for water electrolysis and
the oxidizing potentials used at the electrolysis anode. But, these oxyhydroxides are
actually the best catalysts for oxygen-evolution. A distinct advantage for anodes built from
metal phosphides is that the TMPs are conductive such that, even after the surface
converts to metal oxyhydroxide, a conductive core is retained allowing current to flow to
the active surface sites during electrolysis operation.

Table 5. Water-splitting catalytic activity of the homometallic transition metal
phosphides: Blue = OER Catalyst; Red = HER Catalyst; Purple = Bifunctional Catalyst

Group: 4 6 8 9 10 11 12
First Row TiP8% FeP,8° Co,P%:  NisP,¥" CugP100 B-ZnP,101
FepP#52. 70, 73, 94 Ni2P98
74,90 CoP% Ni3P99
Fe2P62, 91, 92 COP296
Fe3P62
Second MoP,102 Ru,P105 Rh,P106
Row Mop103
MosP104
Third WP107
Row WP,108

Table 6. Known Ternary Metal Phosphides Tested for HER, OER, or Both.

OER Catalyst HER Catalyst Bifunctional Catalyst
CrTip8e (CoqxVy)P10? FeMnpP?®¢
MnTiP88 (Co,Mn)P110 CoFeP™"
FeTiP88 (NiyxMn,)P,12 (FeqxNix),P113-115
CoTiP88 (Co,Fe)P116 (Co, Ni)P™7
NiTiPg8 NiZnP118 CoNiPs82

CoMnP?3 (MO W, )P,11° (CoyxMo,)P120

(Fe1xNix)12Ps'! NiCuP122

NiWwp123 NiMoP,"24

(NisRuy),P125
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SSP-Derived Thin Film Catalysis

Study of the metal pnictides has until recently been limited to magnetic studies on bulk
materials leaving much of the phase-dependent surface physicochemical properties
unexplored. The SSP-CVD method offers the ability to change that by allowing access to
phase-pure materials with very low or negligible C and O, providing routes to surface
chemistry comparisons between specific phases. The ability to grow the metal-
phosphides on substrates of choice also facilitates easy property evaluation, especially
important for electrochemical testing. For example, we determined the relative hydrogen
evolution activities of FeP, Fe,P, and FezP grown on fluorine-doped tin oxide (FTO), a
conductive substrate, using SSPs for each phase (Figure 6).52 This platform of
comparison led us to conclude iron-rich phosphide phases outperformed iron-poor phase
for the hydrogen evolution reaction, of importance as alternative catalysts to Pt are
currently in demand to satisfy growing global clean energy needs. The ability to form
these phases in pure form should also allow more detailed and accurate examination of
other phase-dependent properties.

%00

Figure 6. SEM images of FeP (A) and (D), Fe,P (B) and (E), and Fe3P (C) and (F) on
FTO. Reproduced with permission from D. E. Schipper, Z. Zhao, H. Thirumalai, A. P.

Leitner, S. L. Donaldson, A. Kumar, F. Qin, Z. Wang, L. C. Grabow, J. Bao and K. H.
Whitmire, Chem. Mater., 2018, 30, 3588-3598.

A further use of the SSP-CVD method is that of coatings for advanced applications, and
the SSPs can readily be decomposed onto patterned substrates (Figure 7). The best
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demonstration of this use was the conformal coating of FeMnP on a TiO, nanorod array
for water-splitting applications for which it was found that FeMnP formed an excellent
ohmic contact with the TiO, nanorods, facilitating fast charge migration of photogenerated
holes.55 When used to generate oxygen for the OER of water-splitting, this photoanode
operated at the theoretical maximum for rutile TiO,. These results reflect the performance
achievable when a high-performance catalyst is grown directly on a semiconductor. The
SSP-CVD method should prove very useful for mating high-performance TMPs with other
semiconducting substrates.

' - g i — — —
Figure 7. TiO,/FeMnP core/shell nanorod arrays with different FeMnP loading amounts
by changing the amount of precursor. (a) and (e) 2 mg precursor, (b) and (f) 5 mg
precursor, (c) and (g) 10 mg precursor, (d) and (h) 20 mg precursor. The scale bar in (a)-
(d) is 1 ym, and 100 nm in (e)-(h).6> Reproduced with permission from D. E. Schipper, Z.
Zhao, A. P. Leitner, L. Xie, F. Qin, M. K. Alam, S. Chen, D. Wang, Z. Ren, Z. Wang, J.
Bao and K. H. Whitmire, ACS Nano, 2017, 11, 4051-4059.

The SSP-CVD method was also used to grow FeMnP on nickel foam (FeMnP/NF) and
graphene-wrapped nickel foam (FeMnP/GNF) for bifunctional water splitting (Figure 8).6
Both FeMnP/NF and FeMnP/GNF electrodes could be used “bifunctionally” where a
single type of electrode, e.g. FeMnP/NF could be used for both hydrogen evolution and
oxygen evolution. An electrolytic cell composed of two FeMnP/GNF electrodes split water
at 1.51 V for 10 mA-cm=2 of current density placing it among the best bifunctional
electrodes devised. The authors were able to determine the OER and HER characteristics
of FeMnP because of its phase-purity and the high quality, conductive nature of the
substrate. Moreover, the substrate was 3d-dimensional and porous, and complete
coverage was achieved. One can imagine FeMnP or other metal pnictides being grown
on the internal surface of porous materials for use in catalyst beds for industrial
processes.
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"_‘, 7 ‘; PIy e » W e, ] P
Figure 8. SEM Images of FeMnP grown on GNF. Typical Surface Morphology (Left),
Cross-Section (Right).

Conclusions

Phase-pure metal phosphides can readily be grown as thin films on many substrates —
including structured three-dimensional ones - with maximal surface coverage and good
contact. They have proven particularly effective for electrocatalysis by allowing definitive
comparisons between various metal phosphide phases for first time. The TMP films
growth method is particularly appealing because the materials for the metal-rich phases
are conductive, enhancing the catalytic performance of the materials. Furthermore,
stoichiometry control has been achieved to a degree that has not been achieved by
existing NP synthesis methods or other techniques such as atomic layer deposition, and
the phosphidization of metal nanoparticles or metal surfaces. Patterned substrates as
well as semiconductors can readily be coated using this technology, and this capability
has opened the door to using the TMPS as photoelectrocatalysts for water splitting. The
method can readily be extended to systematical evaluation of a range of metal pnictides
for a host of catalytic applications where metal carbonyl pnictide compounds with the
appropriate stoichiometry can be prepared based on standard organometallic methods
and the isolobal analogy. Thus, the metal carbonyl cluster system affords a convenient
starting point for producing phase-pure materials for a large range of other transition metal
compositions. Additionally, the decomposition may proceed with kinetic control giving rise
to metastable phases.
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