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Abstract

Colloidal hybrid nanoparticles have generated considerable attention in the inorganic
nanomaterials community. The combination of different materials within a single nanoparticle can
lead to synergistic properties that can enable new properties, new applications, and the discovery
of new phenomena. As such, methodologies for the synthesis of hybrid nanoparticles that integrate
metal-metal, metal-chalcogenide, metal-oxide, and oxide—chalcogenide domains have been
extensively reported in the literature. However, colloidal hybrid nanoparticles containing metal
phosphide domains are rare, despite being attractive systems for their potentially unique catalytic,
photocatalytic, and optoelectronic properties. In this Forum article, we report a study of the
synthesis of colloidal hybrid nanoparticles that couple the metal phosphides NizP and CoxPy with
Au, Ag, PbS, and CdS using heterogeneous seeded growth reactions. We also investigate the
transformation of Au—Ni heterodimers to Au—Ni2P, where phosphidation of pre-formed metal—
metal hybrid nanoparticles offers an alternative route to metal-phosphide systems. We also study
sequential cation exchange reactions to target specific metal-phosphide hybrids, i.e. the
transformation of Ni;P-PbS into Ni;P-AgxS and then NixP-CdS. Throughout all of these
pathways, the accompanying discussion emphasizes the synthetic rationale, as well as the
challenges in synthesis and characterization that are unique to these systems. In particular, the
observation of oxide shells that surround the phosphide domains have implications for the potential
photocatalytic applications of these hybrid nanoparticles.

Introduction

It is the year 2021, and inorganic nanoparticles are ubiquitous and mainstream. Gold nanoparticles
are used in sensors, semiconductor quantum dots are used in displays, metal oxide nanoparticles
are used in sunscreen, magnetic nanoparticles are used in ferrofluids, and the list goes on and on.
Each year we learn more and more about the chemistry of how nanoparticles nucleate and grow
and how their various property defining features — including size, shape, uniformity, dispersibility,
composition, crystal structure, defects, and surface chemistry — can be exquisitely manipulated and
tuned. While these features of nanoparticles enable and/or impact their unique size-dependent
properties, there are other strategies for modifying their properties as well. One approach is to link
them together into larger, yet still discrete, multi-component nanoparticles. Such colloidal hybrid
nanoparticles contain two or more material domains, each sharing an interface.'” Integrating
nanoparticles into hybrid constructs typically retains the properties of the constituent materials,



but these properties also can be enhanced, modified, or expanded because of their ability to “talk”
to each other and interact synergistically.*

To date, there are a significant number of colloidal hybrid nanoparticle systems, and many exhibit
unique and useful properties.! One of the most studied systems is CdS—Pt, such as a CdS nanorod
with an attached Pt nanoparticle. This hybrid system has been used as a photocatalyst for hydrogen
production.’> The CdS nanorods generate charge carriers from absorption of light. These charge
carriers are then transferred to Pt to drive the hydrogen evolution reaction, which is the reduction
half reaction of overall water splitting. Replacing the Pt with FePt results in hybrid nanoparticles
with magneto-optical properties that can be used for opto-electronic applications such as data
storage.® Au—Fe304 has been used as a dual-function magnetic-plasmonic material, with the Fe3O4
domain modifying the plasmon resonance of the Au domain,’ as well as in nanomedicine
applications as a theranostic agent for combined MRI contrast (Fe3O4) and drug delivery (surface-
functionalized Au).}

In general, most colloidal hybrid nanoparticles integrate a noble metal or alloy (Au, Ag, Pt, Rh,
Pd, Cu, FePt, CoPt) with a metal oxide (Fe3O4, ZnO, Co0O, In,03, MnO, CeO24)°"° or a metal
chalcogenide (Cuz«S, CuzxSe, PbS, PbSe, CdS, CulnS», CuZnSnS4),%”-14-17 although a few other
classes exist as well, including metal-metal (Au-Pt, Pt-Ag, Cu-Ag, CoPt;—Au, FePt-Au),!4!8-20
oxide—oxide (TiO>—FexOy, TiO>-V0,),?!*? oxide—chalcogenide (Fe304—~CdSe, Fe2O3-PbSe),>*
and metal-halide (Au—CsPbBr3).?> Despite this seemingly large number of systems, the functional
diversity remains limited. The scope of materials that have been incorporated into colloidal hybrid
nanoparticles pales in comparison to the scope of materials for which discrete colloidal
nanoparticles can be made, which limits the types of properties that these hybrid constructs can
exhibit. One can envision several reasons for this limited scope of colloidal hybrid nanoparticle
components. Perhaps it is interest driven, i.e., only those systems which are of interest for their
potential multi-functionality or synergistic properties have been targeted, and therefore others just
haven’t been needed or tried. Perhaps it is synthesis driven, i.e., these are the systems that are easy
to make and other systems have bottlenecks that have not yet been overcome. In reality, it is a
combination of both of these factors — some systems simply haven’t been tried, while others are
very challenging (or not yet possible) to make. For example, some of the most valued hybrid
nanoparticle targets, such as a Pt-TiO>-IrO, trimer for overall water splitting,’® remain
synthetically elusive because the required materials cannot easily be integrated.

Metal phosphides are a great example of functional materials that remain rare among colloidal
hybrid nanoparticles, despite being deposited onto carbon nanomaterials and other high surface
area catalytic supports. Metal phosphides, in general, are useful for a wide range of applications,
including in energy storage, optoelectronics, catalysis, and biomedicine. As colloidal
nanoparticles, metal phosphides have been synthetically accessible for several decades, with
several pathways capable of forming them in solution.?’ 3> Some of these methods involve arrested
precipitation, where metal phosphides precipitate directly from solution. Other methods involve
chemical transformation of reactive seed particles, as both our group’! and the Chiang group??
described for the synthesis of Ni;P from the solution-phase reaction of Ni nanoparticles and
trioctylphosphine (TOP). Fast forwarding to 2013,® we experimentally identified NiP
nanoparticles as highly active catalysts for the hydrogen evolution reaction, inspired both by a
prior computational prediction’” and key mechanistic commonalities between hydrogen evolution



and desulfurization, for which Ni,P was already a well-known catalyst.*® This discovery positioned
NizP (and other related metal phosphides) as inexpensive and Earth-abundant alternatives to Pt for
catalyzing hydrogen production in electrolyzers, solar cells, fuel cells, and other clean energy
technologies. Overall, a variety of transition metal phosphides have been extensively studied as
catalysts for the HER***' and CO, reduction,** and for decades as hydrogenation*** and

hydrodesulfurization346— catalysts.

Despite significant advances in the synthesis of metal phosphide nanoparticles, especially in the
past few years due to their increasing interest as HER catalysts, they remain rare among colloidal
hybrid nanoparticles. Hybrid particles such as Cu—CusP, formed as an intermediate during
phosphorization of Cu nanoparticles,’ have been reported, but seeded growth methods have not
generally yielded hybrid phosphide-containing particles. The reason for this is interesting to
ponder, because colloidal phosphide nanoparticles are now mainstream, as are colloidal hybrid
nanoparticles, and integrating them seems like a logical extension. We have tried in the past to do
so, and the successful synthesis of colloidal hybrid nanoparticles containing metal phosphide
domains has remained a significant challenge. We postulate several reasons for this. First, the
conditions for synthesizing metal phosphide nanoparticles in solution are harsh. Typical
phosphorus reagents, including trioctylphosphine (TOP) and tris(trimethylsilyl)phosphine, usually
require temperatures in excess of 250 °C to produce metal phosphide nanoparticle products,
although phosphorus, in substoichiometric amounts, can be incorporated at lower
temperatures.®'>? At these high temperatures, the seed particles onto which the phosphides would
be grown to produce colloidal hybrid nanoparticles are often unstable. In some cases, the
nanoparticle seeds dissolve through leaching and coordination with the phosphine reagent, and in
other cases they agglomerate because the integrity of the surface stabilizing ligands becomes
compromised or they grow due to Oswald ripening.

As a step toward diversifying and expanding capabilities for the synthesis of colloidal hybrid
nanoparticles containing metal phosphide domains, which is a necessary pre-requisite to studying
their properties and using them for the aforementioned applications, we considered three pathways.
In our first approach, we began by using metal phosphide nanoparticles as seeds to study the
growth of other materials. By using the nanoparticle that required the harshest reaction conditions
as seeds, i.e., the phosphides, we postulated that the lower reaction temperatures and/or milder
conditions required to grow a metal or semiconductor nanoparticle would allow the integrity of
the metal phosphide to be maintained. There are challenges to this pathway, though, including the
(potentially detrimental) oxide shell that is common and persistent on the metal phosphide
nanoparticles, as it significantly modifies the surface chemistry. In our second approach, we began
with metal-metal hybrid nanoparticles and studied the use of post-synthetic modification to
selectively convert one metal to a metal phosphide through phosphidation with aminophosphine
reagents. Here, we leveraged the lower decomposition temperature of aminophosphines for the
conversion of Au—Ni hybrids. While this system offers orthogonal reactivity with respect to the
hybrid nanoparticle domain that is targeted, the high mobility of Au atoms at elevated temperatures
places an upper limit on the reaction temperature, as above 200 °C Au-containing hybrid
nanoparticles can transform to core-shell nanoparticles.> In our third approach, we targeted a
specific hybrid nanoparticle, NioP—CdS, by first making Ni;P-PbS, which was accessible using
the first approach described above, followed by attempting cation exchange of the PbS domain to
post-synthetically transform it to CdS via a Ag:S intermediate. All of the hybrid nanoparticles that



were targeted integrate a HER catalyst (Ni2P, CoxPy) with either a semiconductor (PbS, CdS) or a
plasmonic metal (Au, Ag) that can be used in a photocatalytic water splitting system. The three
distinct synthetic pathways allowed us to investigate potential routes to colloidal hybrid
nanoparticles containing metal phosphide domains, which in the future will likely be important
systems for photocatalysis and solar hydrogen generation.

Experimental Section

Chemicals. Dioctyl ether (99%), octadecene (90%), diphenyl ether (99%), oleic acid (90%),
oleyalmine (70%), dodecylamine (98%), trioctylamine (98%), trioctylphosphine (TOP, 97%),
tributlyphosphine (TBP, 97%), hexaethyltriaminophosphine (HETAP, 97%), cobalt chloride
(CoCla, 97%), trioctylphosphine (99%), gold(Ill) chloride hydrate (HAuCls-nH>O, 99%), nickel
chloride (NiCl2,99.99%), silver triflate (AgOTf, > 99%) cadmium nitrate tetrahydrate
[Cd(NOs3)2-4H20, 98%] were obtained from Sigma-Aldrich. Nickel acetylacetonate [Ni(acac),,
95%], sulfur powder (325 mesh, 95%), silver nitrate (AgNO3, 99.9%), and lead oxide (PbO,
99.999%) were obtained from Alfa Aesar. Hexanes, ethanol, and isopropanol were obtained from

VWR. All materials were used as received without additional purification.

General safety considerations. Air-free Schlenk line (argon) techniques were used throughout the
experimental procedure and heating mantles were used to control the temperatures with
thermocouples placed inside the flasks. Caution should be exercised as some of the procedures are
performed at elevated temperatures under inert atmosphere. Procedures under Ar flow should be
monitored carefully as clogging could result in over-pressurizing the Schlenk line. Reactions
involving phosphorus reagents have the potential to generate byproducts that are toxic gases, and
therefore should be handled entirely in a fume hood.

Synthesis of NiP nanocrystals. Ni;P nanocrystals were synthesized by modifying previous
literature reports,>*>° as described in the Results and Discussion section. In a typical synthesis,
Ni(acac)z (513.0 mg), dioctyl ether (5.0 mL), and oleylamine (2.0 mL) were combined in a 100
mL 3-neck flask with a stir bar. While stirring, three Ar/vacuum cycles were performed, leaving
the flask under Ar. At this point TOP (5.0 mL) was injected, followed by degassing under vacuum
at 110 °C for 30 min. The flask was placed under Ar flow and the temperature was increased to
255 °C, where HETAP (1.0 mL) was swiftly injected. After 1 h at 255 °C, the heating mantle was
removed to cool down the flask until reaching room temperature. The particles were purified by
three cycles of precipitation with isopropanol:ethanol (7:3) and centrifugation at 13,500 rpm for 3
min, followed by re-suspension in hexanes. The particles were stored in hexanes.

Synthesis of Co.P, nanocrystals. The synthesis of CoxPy nanocrystals was modified from a
previous literature report.”> In a typical synthesis, CoCl» (128.8 mg), dodecylamine (10 mL), and
oleic acid (1.0 mL) were combined in a 100 mL 3-neck flask and degassed under vacuum at 110
°C for 30 min with stirring. The flask was placed under Ar flow and the temperature was increased
to 255 °C, at which point HETAP (1.0 mL) was swiftly injected. After 1 h at 255 °C, the heating
mantle was removed to cool down the flask until it reached room temperature. The particles were
purified by three cycles of precipitation with warm isopropanol:ethanol (7:3) and centrifugation at
13,500 rpm for 3 min, followed by re-suspension in hexanes. The particles were stored in hexanes.




Synthesis of MP,—PbS hybrid nanocrystals. MxPy—PbS heterodimers were synthesized following
a reported procedure.” PbO (22.3 mg), oleic acid (1.0 mL), and trioctylamine (5.0 mL) were
combined in a 50 mL 3-neck flask with a stir bar. The flask was heated to 100 °C under vacuum
with stirring. While the heating was ongoing, the sulfur precursor was prepared by dissolving
sulfur powder (12 mg) in oleylamine (0.75 mL) and diphenyl ether (3.0 mL). Once at 100 °C
vacuum was replaced with Ar and the temperature was increased to 120 °C. At this point, MxPy
seeds (1.0 mL of a 14-16 mg/mL suspension) were injected. After the temperature recovered to
120 °C, the sulfur precursor (0.5 mL) was swiftly injected. After 1 h, the heating mantle was
removed to cool down the flask until it reached room temperature. The hybrid nanoparticles were
purified by two cycles of precipitation with isopropanol and centrifugation at 13,500 rpm for 3
min, followed by re-suspension in hexanes. The particles were stored in hexanes.

Synthesis of M,P,—Au hybrid nanocrystals. The synthetic procedure for MxPy—Au heterodimers
was adapted from previous reports.”® HAuCls (20.0 mg) was transferred to a 50 mL 3-neck flask
containing octadecene (5.0 mL), oleylamine (2.0 mL), oleic acid (1.0 mL), and a stir bar. The flask
was heated under vacuum to 70 °C with stirring, then switched to Ar. The MxPy nanoparticles (1.0
mL of a 14-16 mg/mL suspension) were injected and the reaction was allowed to proceed for 3 h.
The heating mantle was removed to cool down the flask until it reached room temperature. The
hybrid nanoparticles were purified by two cycles of precipitation with isopropanol and
centrifugation at 13,500 rpm for 3 min, followed by re-suspension in hexanes. The particles were
stored in hexanes.

Synthesis of M P,—Ag hybrid nanocrystals. To synthesize MxPy—Ag heterodimers, AgNO;3 (15.0
mg), oleylamine (2.0 mL), toluene (10.0 mL), and the MxPy seeds were combined in a 50 mL 3-
neck flask containing a stir bar. The flask was placed under Ar and the temperature was increased
to 110 °C with stirring. After 2 h at this temperature, the flask was cooled down to room
temperature by removal of the heating mantle. The hybrid nanoparticles were purified by two
cycles of precipitation with isopropanol and centrifugation at 13,500 rpm for 3 min, followed by
re-suspension in hexanes. The particles were stored in hexanes.

Synthesis of M P,—CdS hybrid nanocrystals. To synthesize MxPy—CdS heterodimers, CdO (12.8
mg), oleic acid (160 pL), and octadecene (5.0 mL), were combined in a 50 mL 3-neck flask
containing a stir bar. The flask was placed under Ar and the temperature was increased to 280 °C
with stirring. At 280 °C the solution is completely colorless, indicating the formation of
Cd(oleate),. Following the formation of the oleate complex, the temperature is set to 230 °C. While
waiting for the decrease in temperature, the sulfur precursor was prepared by dissolving 16.0 mg
of sulfur powder in 10 mL of ODE. Once at 230 °C, the MxPy nanoparticle seeds in octadecene
were injected, causing a temperature drop. After the temperature recovered, 1.0 mL of the sulfur
precursor was swiftly injected. After 1 h, the heating mantle was removed and the flask was
allowed to reach room temperature. The hybrid nanoparticles were purified by two cycles of
precipitation with isopropanol and centrifugation at 13,500 rpm for 3 min, followed by re-
suspension in hexanes. The particles were stored in hexanes.

Synthesis of Au—Ni hybrid nanocrystals. Au-Ni heterodimers were synthesized by modifying a
reported procedure.’® HAuCls (50.0 mg), NiCl, (111.5 mg), and oleylamine (10.0 mL) were
combined in a 50 mL 3-neck flask with a stir bar. While stirring, the temperature was increased to




200 °C. After 10 min, the heating mantle was removed and the flask was allowed to reach room
temperature. The hybrid nanoparticles were purified by two cycles of precipitation with
isopropanol and centrifugation at 13,500 rpm for 3 min, followed by re-suspension in hexanes.
The particles were stored in hexanes.

Synthesis _of Au-Ni>P_via phosphidation. To synthesize Au-Ni;P via phosphidation, Au-Ni
heterodimers (1.0 mL of a 14-16 mg/mL suspension) were transferred to 50 mL 3-neck flask
containing oleylamine (6.0 mL) and a stir bar. The flask was heated to 100 °C under vacuum with
stirring. After 30 min, the flask was placed under Ar flow and the temperature was increased to
200 °C. Once at this temperature, HETAP (500 pL) was swiftly injected and the reaction was
allowed to proceed for 1 h. The flask was cooled down to room temperature by removal of the
heating mantle. The hybrid nanoparticles were purified by two cycles of precipitation with
isopropanol and centrifugation at 13,500 rpm for 3 min, followed by re-suspension in hexanes.
The particles were stored in hexanes.

Cation exchange of Ni;P-PbS. The cation exchange of the heterodimers was adapted and modified
from a cation exchange reaction on non-hybrid nanoparticles.’”->® To access Ni,P-Ag>S hybrids, a
suspension of NioP—PbS hybrid nanoparticles (12-14 mg) was transferred to a septum capped vial
with toluene (5.5 mL) and a stir bar. While stirring, three cycles of Ar/vacuum were performed,
after which the vial was left under Ar. The vial was placed in an IPA-dry ice bath (—65 °C) and
after 5 min, 2.5 mL of a 0.05 M AgOTf solution (65mg in 5 mL) in toluene was injected. The vial
was removed from the cold bath 5 min after the injection. The exchange reaction was allowed to
proceed for another 20 min. The hybrid nanoparticles were purified by two cycles of precipitation
with isopropanol and centrifugation at 13,500 rpm for 3 min, followed by re-suspension in toluene.
The Ni,P—Ag>S particles in toluene were transferred to a septum capped vial with toluene (5 mL)
and stir bar. While stirring, 3 cycles of Ar/vacuum were performed, after which the vial was left
under Ar. Cd(NO3)2 (35 mg) dissolved in methanol (1 mL) was injected into the vial followed by
tributylphosphine (200 pL). After 1 h at room temperature, the particles were purified by two
cycles of precipitation with isopropanol and centrifugation at 13,500 rpm for 3 min, followed by
re-suspension in hexanes. The particles were stored in hexanes.

Material Characterization. Transmission electron microscopy (TEM) images, high-resolution
transmission electron microscopy (HRTEM) images, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), and STEM energy-dispersive X-ray
spectroscopy (STEM-EDS) element maps were collected on an FEI Talos F200X S/TEM at an
accelerating voltage of 200 kV. The STEM-EDS element maps for the CoxPy-Ag sample were
collected on an FEI Titan G2 S/TEM equipped with spherical aberration correctors on the image
and probe-forming lenses at an accelerating voltage of 300 kV. The following lines were used to
generate the STEM-EDS maps: Ni Ko, Co Ka, Pb Lo, Au La, Ag La, Cd La, P Ka, S Ka, and
O Koa.. Imagel software was used for particle size analysis. Bruker ESPIRIT 2 software was used
to interpret the STEM-EDS element map data. Powder X-ray diffraction (XRD) data were
collected on a Bruker D-8 Advance X-ray diffractometer using Cu Ka radiation. All reference
diffraction patterns were simulated based on crystallographic data included in Pearson’s Handbook
Desk Edition: Crystallographic Data for Intermetallic Phases Vol 1-2.5%-60

Results and Discussion



Our first approach to synthesize colloidal hybrid nanoparticles containing metal phosphide
domains involved heterogeneous nucleation and growth of a semiconductor or metal nanoparticle
on the surface of a pre-formed metal phosphide nanocrystal seed. This type of seeded-growth
approach is the most common strategy used to synthesize colloidal hybrid nanoparticles, but the
incorporation of metal phosphide components has remained challenging. We chose to focus on
nickel phosphide (Ni2P) and cobalt phosphide (CoxPy) nanocrystals seeds, since these are two of
the most important and widely studied metal phosphide catalysts for the HER,* and they have also
been investigated for organic transformations.*-%!

Synthesis of Ni2P and CoxPy nanocrystal seeds

TOP is the most common phosphorus reagent used in the synthesis of colloidal metal phosphide
nanocrystals, including through phosphidation of pre-formed metal nanocrystals to transform them
to metal phosphides.’®*! However, aminophosphine reagents are known to produce colloidal metal
phosphide nanocrystals at lower reaction temperatures and with shorter reaction times than those
required using TOP.®?> We anticipated that both of these characteristics — lower temperatures and
shorter reaction times — would be ideal for making metal phosphide nanocrystals for subsequent
seeded growth, because they would minimize detrimental surface chemistry modifications, i.e.
oxidation or deposition of carbonaceous material.

We were inspired by recent work from Cossairt and co-workers, who used
hexaethylaminophosphine (HETAP) as a phosphorus source to produce Ni;P and CoxPy
nanocrystals.”> Their reaction system was simple and elegant — requiring only a metal halide,
oleylamine, and an aminophosphine — and this enabled important mechanistic insights. To form
NizP nanocrystals using this method, NiCl, was reduced by oleylamine to form Ni nanocrystals,
which were then phosphidized upon injection of HETAP. Brock and co-workers, from whom we
also took inspiration, observed an analogous reaction pathway when using Ni(acac)z, oleylamine,
dioctyl ether, and TOP.>* The Ni>P nanocrystals made using this reaction were uniform in size.
We therefore merged these two reactions — HETAP instead of TOP to lower the reaction
temperature and time, the bidentate acac ligand instead of chloride for better coordination,® and
oleylamine and dioctyl ether as complimentary strong and weak coordinating ligands/solvents® to
help modulate growth and achieve higher morphological uniformity.

XRD and TEM data for the NioP nanocrystal seeds are shown in Figure 1a. The XRD pattern
matches well with that expected for Ni;P nanocrystals, and the TEM images reveal that the
particles have a nominally spherical morphology with an average diameter of 7.8 £ 1.0 nm (n =
150). Scherrer analysis of the XRD data yields an average crystalline domain size of 9.5 nm, which
is comparable to the TEM data. This procedure was not effective in the synthesis of CoxPy,
however, because the reaction pathway is different. In the case of cobalt phosphide, CoCl: (likely
complexed with oleylamine) remains in solution until HETAP is injected. At this point the
observed color changes from a deep royal blue to black, suggesting the formation of the cobalt
phosphide nanocrystal seeds. Addition of oleic acid to the CoCl,—oleylamine reaction mixtures
improves the uniformity of the product, yielding cobalt phosphide nanorods with an average length
and diameter of 14.9 + 3.0 nm and 3.8 = 1.0 nm (n = 150), respectively (Figure 1b). Powder XRD
data for the CoxPy nanorods (Figure 1b) indicate that they are amorphous, as no peaks



corresponding to a crystalline material are observed. STEM-EDS maps of the hybrid nanoparticles
prepared using these CoxPy seeds confirm co-localization of Co-P and a slightly cobalt-rich
composition. The broad features in the XRD pattern could be attributed to amorphous CozP,
although an unambiguous determination is not possible.

(a) Ni,P
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Figure 1. TEM images and XRD patterns for (a) crystalline Ni;P and (b) amorphous CoxPy
nanoparticles used for subsequent seeded growth reactions to form hybrid nanoparticles.

Growth of PbS and CdS on Ni>P and CoxP, nanocrystal seeds

Using these Ni;P and CoxPy nanocrystals as seeds, we next targeted the growth of various
semiconductors, including PbS and CdS, on their surfaces through heterogeneous seeded growth
reactions. These systems were motivated by the desire to understand synthetically how to couple
the nickel and cobalt phosphide HER catalysts with light-absorbing semiconductors to produce
metal phosphide—semiconductor hybrids, which are of future interest for their potential
photocatalytic properties. PbS was chosen because it has a small band gap that allows for
absorption of a large portion of the visible spectrum and also because the reaction conditions
required to grow it are favorable for accessing hybrid nanoparticles; low growth temperatures
decrease the driving force for seed particles to ripen, agglomeration to happen due to ligand
instability, and homogeneous nucleation to occur. While PbS can absorb a large portion of the
visible spectrum, the position of its conduction band is close to that of the work function of the
metal phosphides, which provides limited driving force for electron transfer (Figure S1). For this
reason, CdS was also chosen, as it is the prototypical semiconductor used in photocatalytic
nanoparticle constructs, i.e., CdS—Pt, and its larger band gap positions the conduction band farther
from the work function of the metal phosphides, thereby increasing the driving force for electron
transfer.



Figure 2. Characterization data for Ni,P—PbS hybrid nanoparticles. (a) Experimental XRD pattern
(black), along with simulated XRD patterns for PbS (blue, open circles) and Ni2P (red, closed
circles) shown for comparison, and (b) TEM image. The HRTEM image in (c) shows the
crystallinity of each domain and highlights the amorphous oxide shell surrounding the Ni;P
domain and persisting between the Ni;P and PbS domains. (d) HAADF-STEM image and
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corresponding STEM-EDS element maps showing various combinations of the signals for Ni
(red), Pb (purple), P (green), S (yellow), and O (white). Comparison of the maps reveals co-
localization of Ni and P, as well as Pb and S. An oxide shell appears to surround the NioP domains.

To synthesize Ni2P—PbS hybrid nanoparticles, the Ni;P seeds shown in Figure 1a were injected
into a trioctylamine solution of lead oleate at 120 °C, following by injection of sulfur dissolved in
a mixture of oleylamine and diphenyl ether. Powder XRD analysis of the product of this reaction,
which produces ~10 mg of isolatable product (as does all of the reactions described herein),
showed reflections matching both Ni;P and PbS (Figure 2a). The TEM images in Figures 2b and
S2, along with the HRTEM (Figure 2¢) and HAADF-STEM (Figure 2d) images, confirmed that
the primary products of this reaction were two-component hybrid nanoparticles, consistent with
the targeted NiP—PbS heterodimers. The average Ni;P and PbS particle sizes by TEM were 10.8
+ 1.6 nm and 9.1 £ 1.8 x 5.7 + 7 nm, respectively. Scherrer analysis of the XRD data revealed
domain sizes of 7.6 nm and 8.1 nm for Ni;P and PbS, respectively. STEM-EDS element maps
(Figure 2d) confirmed the presence of discrete NioP and PbS domains in the hybrid nanoparticles.
Closer examination of the TEM and HAADF-STEM images reveals that the Ni;P and PbS domains
are separated by a thin oxide layer that covers the Ni;P. The presence of the oxide layer is
confirmed by the STEM-EDS element map for oxygen, which shows a concentrated oxygen signal
surrounding the particles with some co-localization with Ni. This observation is consistent with
literature reports describing the surface chemistry of metal phosphides.®**!:¢46 The HRTEM
image shows that both domains are crystalline and that only the Ni2P domain is surrounded by an
amorphous oxide shell. The amorphous oxide layer extends between the Ni;P and PbS domains,
suggesting that it formed in situ during synthesis and not during drying. It is therefore possible that
PbS could have grown directly on the oxide surface. The presence of an oxide layer suggest a
metal-rich surface prone to oxidation. While we will discuss the implications of an oxide layer as
it relates to potential photocatalytic applications, this observation highlights several general
considerations. First, if a goal is to understand structure-property relationships, then it is important
to include in-depth characterization of the surface for catalytic applications where the surface plays
a key role. The second consideration involves the handling of the nanoparticles post-synthesis.
Most nanoparticle synthesis workup procedures are performed, for convenience, under ambient
conditions and the particles are stored on the bench. While this approach works for some
applications, we must be mindful that for others, attaining a pristine surface may require use of an
air-free workup and storing the particles in the glovebox.

To grow PbS on the CoxPy seeds, the procedure was identical to that used to synthesize the Ni,P—
PbS heterodimers, except CoxPy seeds were used instead of Ni2P. Because the CoxPy nanocrystal
seeds are amorphous, the powder XRD pattern (Figure 3a) for the CoxPy—PbS hybrid nanoparticles
shows mostly crystalline PbS, although a shoulder near 42° 20 is consistent with a broad feature
noted in the XRD pattern for the CoxPy seeds. Figures 3b, 3¢, and S3 show HAADF-STEM and
HRTEM images for the CoxPy—PbS hybrid nanoparticles, along with the corresponding STEM-
EDS element maps in Figure 3c. The average PbS particle size by TEM was 7.1 = 0.9 nm, and
Scherrer analysis of the XRD data was 6.3 nm. Seeded growth on nanorods tends to result in the
deposition on the new domain at or near the tips of the nanorod, as the tips, which have higher
curvature and are more coordinatively unsaturated, have a higher surface energy and a higher
reactivity. Consistent with this expectation, the PbS domains tended to grow at or near the tips of
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the CoxPy nanorods, although some were observed to grow along the sides of the nanorods. As for
the NioP—PbS system, an amorphous oxide layer surrounds the CoxPy nanorods.

Figure 3. Characterization data for CoxPy—PbS hybrid nanoparticles. (a) Experimental XRD
pattern (black) with a simulated XRD pattern for PbS shown for comparison. The broad peak near
42° is attributed to the CoxPy. (b) HAADF-STEM and HRTEM images of CoxPy,—PbS hybrid
nanoparticles. (c) HAADF-STEM image and corresponding STEM-EDS element maps showing
various combinations of the signals for Co (pink), Pb (purple), P (green), S (yellow), and O (white).
Comparison of the maps reveals co-localization of Co and P, as well as Pb and S. An oxide shell,
which is highlighted in (b), appears to surround the CoxPy domains.

To synthesize Ni,P—CdS hybrid nanoparticles, the NizP seeds shown in Figure 1a were injected
into an octadecene solution of cadmium oleate at 250 °C, followed by injection of sulfur dissolved
in octadecene. It should be noted that our target temperature was 235-240 °C in an effort to avoid
homogenous nucleation, as most CdS quantum dot syntheses reported in the literature are carried
out above 250 °C. Therefore, the flask temperature was set to 250 °C, taking into consideration
that the injection of the sulfur reagent would cause a 10-15 °C drop. Figure 4a shows the powder
XRD pattern for the product of this reaction. The observed reflections match well with Ni;P and
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zincblende CdS, which is the polymorph of CdS that is expected to form under these reaction
conditions. However, lower-intensity broad reflections near 42° and 50°, as well as shoulders on
either side of the most intense peak near 26°, are attributed to a small amount of wurtzite CdS.
Figures 4b and S4 show the corresponding TEM images. The HRTEM and HAADF-STEM images
in (c) show the amorphous oxide shell that surrounds the NioP domain. The HAADF-STEM image
with corresponding STEM-EDS maps in (d) confirm the co-localization of elements that helps
lead to the assignment that the two-component heterodimers are Ni,P-CdS. However, in contrast
to NiP—PbS, the CdS domains on Ni;P-CdS appear as larger, polycrystalline caps. Consistent
with this observation, the average dimensions of the CdS domains determined by TEM were 7.7
+ 1.6 nm x 15.5 = 2.9 nm, while Scherrer analysis of the XRD data indicated an average domain
size of 5.0 nm.

(a)

20 30 40 50 60
20 (degrees)

Figure 4. Characterization data for NioP—CdS hybrid nanoparticles. (a) Experimental XRD pattern
(black), along with simulated XRD patterns for CdS (gray, open circles) and NixP (red, closed
circles) shown for comparison. Broad peaks near 42° and 50°, as well as shoulders on either side
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of the most intense peak near 26°, are attributed to a small amount of wurtzite CdS. (b) TEM image
of a collection of Ni,P—CdS hybrid nanoparticles. (¢c) TEM and HAADF-STEM images of single
Ni2P—CdS hybrid nanoparticles, highlighting the amorphous oxide layer that surrounds the Ni;P
domain. (d) HAADF-STEM image and corresponding STEM-EDS element maps showing various
combinations of the signals for Ni (red), Cd (light blue), P (green), S (yellow), and O (white).
Comparison of the maps reveals co-localization of Ni and P, as well as Cd and S.

Careful analysis of the TEM images in Figure 4 reveal that, in addition to heterogeneous nucleation
and growth of CdS on Ni2P, homogeneous nucleation and growth of CdS also occurs, as CdS
nanoparticles (in the size regime of quantum dots) are present. Attempts to avoid the competing
reaction involving homogeneous nucleation and growth of CdS by varying the injection and
growth temperatures, the reagent concentrations as well as the sulfur source, were not successful.
This is an important point to consider when approaching the synthesis of hybrid nanoparticles
having components that undergo competing reactions (i.e. heterogeneous vs homogeneous
nucleation and growth) in overlapping temperature regimes. However, given the large size
difference between the Ni;P—CdS hybrid nanoparticles and the CdS quantum dots, size-selective
precipitation could be used to separate the two types of particles if desired. Interestingly, no
heterogeneous nucleation of CdS was observed when CoxPy seeds were used. Instead, only CoxPy
seeds and free CdS quantum dots were observed (Figure 5). While this result was not what we
expected or wanted, and we do not yet understand how the NixP and CoxPy surfaces differ, it points
to another important issue in heterogeneous seeded growth reactions that are used to synthesize
hybrid nanoparticles. The surface chemistry is important for facilitating the nucleation and growth
of one particle on another, but details of the nanoparticle surface chemistry are not always known,
especially under the reaction conditions where nucleation and growth occur. In general,
heterogeneous nucleation will occur at lower temperatures than homogeneous nucleation because
there is a lower activation barrier to forming a new surface on an existing surface (i.e. a seed
particle) rather than having to first form a new surface (i.e. homogeneous nucleation).56-¢7
However, even nuanced and often-unknown details like the level of surface hydration can play a
role, as has been reported for Fe>O3;—PbSe hybrid nanostructures, where heterogeneous nucleation
and growth of PbSe was achieved only after surface dehydration of the Fe,Os3 seeds by heating
under vacuum.?* Systems must be approached on a case-by-case basis, and generalizations are not
always possible.
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Figure 5. TEM image showing the product obtained after attempting to grow CdS on CoxPy. Rod-
like CoxPy nanoparticles (similar to those in Figure 1b) and CdS quantum dots (small spherical

particles) are present, with no evidence of hybrid CoxPy—CdS nanoparticles.

The presence of an oxide layer separating the metal phosphide and metal sulfide domains, which
was observed in all of the system discussed so far, is interesting and important with respect to the
potential photocatalytic applications of these systems. On the one hand, the oxide layer can affect
the process of charge transfer from the semiconductor to the catalyst. In dye sensitized solar cells,
for example, thin 1-2 nm films of ZrO> or Nb2Os films on TiO> decreased the rate of back electron
transfer between the film and the [Ru(bpy):]** dye.®® As a result, the efficiency of the solar cell
increased. However, thicker oxide layers hindered charge transfer, leading to a decrease in the
solar cell efficiency. Ongoing work is focused on studying the charge transfer dynamics in these
hybrid systems in order to determine the effects of the oxide layer that separates the two domains.
The thickness may be tunable, based on qualitative observations across the different samples made
at different temperatures. Conversely, several reports that have used metal phosphides as efficient
electrocatalysts for HER and overall water-splitting have observed the presence of a surface oxide
on these materials.?#!6 This suggest the oxide layer might be beneficial for the catalytic activity
and could thus also contribute to the photocatalytic activity of these hybrid systems.

Growth of Au and Ag on Ni>P and Co.P, nanocrystal seeds

In addition to studying the growth of metal sulfide semiconductors on metal phosphide nanocrystal
seeds, we also targeted the synthesis of NioP—Au, CoxPy—Au, NioP-Ag, and CoxPy—Ag. These
systems combine the metal phosphide HER catalysts with plasmonic metals, and therefore are
useful synthetic targets for plasmon-driven catalysis. We began with the gold systems. In a typical
synthesis of Ni2P—Au or CoxPy—Au, the metal phosphide nanocrystal seeds were injected into a
flask containing HAuCl4, oleylamine, and oleic acid in octadecene at 70 °C. Here oleic acid serves
as the ligand while oleylamine has the dual role of ligand and reducing agent. The temperature was
strategically selected as it is well below that for the homogeneous nucleation and growth of Au
nanoparticles. In the absence of seed particles but otherwise identical conditions, Au nanoparticles
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start forming at 110 °C and above. Figure 6 shows XRD, TEM, HAADF-STEM, and STEM-EDS
element maps for the resulting Ni2P—Au and CoxPy—Au hybrid nanoparticles; additional TEM data
is shown in Figure S5. The domain sizes determined by TEM and Scherrer analysis of the XRD
patterns are comparable: 7.5 £ 1.4 for NizP and 6.5 £ 0.7 for Au by TEM and 8.1 nm for Ni,P and
5.5 nm for Au by XRD. The P signal was omitted from these EDS maps as the Au M X-ray line
(2.120 keV) overlaps with the P Ka line (2.013 keV). The Ni;P—Au hybrids have a heterodimer
morphology, while the CoxPy—Au hybrids have a matchstick morphology, which is expected due
to the nanorod morphology of the CoxPy, as discussed above. The Au domains are crystalline in
all cases; NizP is also crystalline, while CoxPy remains amorphous.

To synthesize the Ag analogues, the appropriate metal phosphide nanocrystal seeds were added to
a flask with AgNO3, oleylamine, and toluene, and then the mixture was refluxed for two hours.
Ni2P—Ag and CoxPy—Ag exhibit the same morphologies as their Au counterparts, as determined by
the TEM image in Figure S6, as well as the HAADF-STEM image and STEM-EDS element maps
in Figure 7. The Ag domains are crystalline, based on XRD analysis. The average diameters of the
Ni2P and Ag domains by TEM are 8.1 + 1.6 nm x 6.8 = 1.4 nm, respectively, while Scherrer
analysis of the XRD data reveals domain sizes of 8.2 and 7.4 nm, respectively. Similar to the metal
phosphide—metal sulfide heterodimers, the metal phosphide—noble metal hybrid nanoparticles also
contain an oxide shell that surrounds the metal phosphide domains (Figures 6 and 7).

(a) (b)

20 30 ‘ ' 0 20 30 40
20 (degrees)

[HAADF | ol 20 nnfgl Co Au] ,
Figure 6. Characterization data for (a) Ni,P—Au and (b) CoxPy—Au hybrid nanoparticles. The top
panels for each sample show an experimental XRD pattern (black), along with simulated XRD
patterns for Au (cyan, open circles) and NixP (red, closed circles) shown for comparison, as well
as TEM images of the hybrid nanoparticles. CoxPy is amorphous. The bottom panels show a
HAADF-STEM image and a corresponding STEM-EDS element map for each sample. Ni (red)
and Au (cyan) are shown for Ni,P—Au while Co (pink) and Au (cyan) are shown for CoxPy—Au.
Phosphorus is not shown because the P Ka line overlaps with the Au M line.
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Figure 7. Characterization data for (a) N12P Ag and (b) CoxPy—Ag hybrid nanoparticles. The top
panels for each sample show an experimental XRD pattern (black), along with simulated XRD
patterns for Ag (green, open circles) and NizP (red, closed circles) shown for comparison, as well
as TEM images of the hybrid nanoparticles. CoxPy is amorphous. The bottom panels show a
HAADF-STEM image and corresponding STEM-EDS element maps for each sample. Ni (red),
Ag (blue), P (green), S (yellow), and O (white) are shown for Ni,P—Ag while Co (pink), Ag (blue),
P (green), S (yellow), and O (white) are shown for CoxPy—Ag. Comparison of the maps reveals co-
localization of Ni and P, Co and P, and Ag and S. An oxide shell appears to surround the phosphide
domains.

Post-synthetic modification routes to heterodimers containing metal phosphide domains

While most of our effort in the synthesis of hybrid nanoparticles containing metal phosphide
domains focused on heterogeneous nucleation and growth, we also preliminarily explored two
alternative post-synthetic modification strategies. These strategies rely on the initial synthesis of
template hybrid nanoparticles that pre-define the desired heterodimer morphology, followed by
one or more subsequent chemical transformation reactions that selectivity modify one of the hybrid
nanoparticle domains to convert it to the desired material. Our first post-synthetic modification
pathway focused on a phosphidation reaction. Metal nanoparticles are well known to react at high
temperatures in solution with phosphorus reagents, such as TOP and HETAP, to transform them
to their corresponding metal phosphides.®” Such phosphidation reactions have been used
previously to transform Ni nanoparticles into NixP.32>4% Accordingly, as a model system, we first
synthesized Au—Ni hybrid nanoparticles and studied their transformation to Au—NixP by reacting
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them with HETAP at 200 °C for 1 h. (Gold nanoparticles have also been shown to transform to
gold phosphide,’ but this reaction generally requires higher temperatures than are required for Ni
- NizP. The phosphidation reaction, therefore, is effectively selective to the Ni domain, leaving
the Au domain unreacted.)

Figure 8 shows XRD, TEM, HAADF-STEM, and STEM-EDS element map data for the Au—Ni
nanoparticles, as well as the Au—NizP hybrid nanoparticle products formed through phosphidation.
It should be noted that the colocalization of the P and Au signals is a result of the overlap in the
X-ray lines, as mentioned previously. While the Au—Ni hybrid nanoparticles did not form in high
yield, the XRD data confirms the presence of crystalline Au and Ni, and approximately 50% of
the sample consists of Au—Ni heterodimers. Interestingly, the Ni that forms adopts the face
centered cubic crystal structure. Ni typically is hexagonally close packed (hcp), so we speculate
that the Au nanoparticle seeds, which are fcc, template the growth of the fcc polymorph of Ni. In
the phosphidation product, powder XRD data confirms the presence of crystalline Ni,P, along with
Au. Comparison of the HAADF-STEM images and the STEM-EDS element maps before and after
the reaction with HETAP indicate that the phosphidation was selective to the Ni domains and that
the subpopulation of Au—Ni hybrid nanoparticles transformed to Au—Ni,P. It is worth noting,
however, that the phosphidation reaction did not go to completion across the entire subpopulation
of hybrid nanoparticles. Approximately 10% of the Au—Ni heterodimers did not convert to Au—
NizP; for these, a NizP shell appears to surround the Ni core, forming a more complex Au—
(Ni2P@N1i) hybrid core-shell particle. The Au—(Ni,P@Ni) subpopulation included those hybrid
nanoparticles having the largest Ni domains, suggesting that higher reaction temperatures may be
needed to fully transform them to NioP. We did not optimize, however, as our goal here was to
preliminarily evaluate feasibility of the approach as an alternative to heterogeneous seeded growth.

(b)

| l L.
40 50 60 70 20 30 40 50 60 70 80
20 (degrees) 20 (degrees)

d (b) Ni;P—Au hybrid
nanoparticles after phosphidation. The top panels for each sample show a TEM image and an
experimental XRD pattern (black), along with simulated XRD patterns for Au (cyan, open circles),
fcc Ni (pink closed circles), and NixP (red, closed circles) shown for comparison. The bottom
panels show a HAADF-STEM image and a corresponding STEM-EDS element map for each
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sample. Ni (red) and Au (cyan) are shown for Ni—Au while Ni (red), Au (cyan), and P (green) are
shown for Ni;P—Au. Note that the P Ka line overlaps with the Au M line, so P and Au appear to
be co-localized, although there is no evidence that a gold phosphide phase is present. The largest
particle does not fully convert to NioP—Au, but instead forms a Au—~(Ni2P@N1i) hybrid/core-shell
particle.

Nanoparticle cation exchange was also studied, preliminarily, as a post-synthetic modification
strategy that provides a possible alternative to heterogeneous seeded growth. Here, mobile cations
in a nanoparticle (often a metal sulfide) can be replaced by cations in solution to modify
composition while maintaining morphology; several review articles describe this chemistry in
detail.”!’? Cation exchange has previously been applied selectively to one domain of a hybrid
nanoparticle, i.e. in the transformation of Pt-MnS to Pt-Ag>S.!! We used nanoparticle cation
exchange to target Ni2P—CdS, which could not be made through heterogeneous nucleation and
growth without also forming a significant amount of CdS quantum dots as an unwanted byproduct,
as shown in Figure 4. We therefore approached the formation of Ni,P—CdS retrosynthetically,
using cation exchange pathways. It is known that CdS can be accessed by exchanging the Ag*
cations of Ag>S with Cd**.”3 It is also known that Ag>S can be accessed by exchanging the Pb?*
cations of PbS with Ag*.”® Since we already succeeded in making Ni,P-PbS in high yield through
traditional seeded growth methods (see Figure 2), we began with Ni;P-PbS and carried out
sequential, complete cation exchange reactions with Ag” and then Cd?".

Figure 9 shows XRD, TEM, HAADF-STEM, and STEM-EDS element map data for each step of
this process, which was approached in a proof-of-concept manner. First, exposure of the NiP—
PbS hybrid nanoparticles (shown in Figure 2) to a solution of AgOTf in toluene resulted in a
transformation of the rock salt PbS domains into acanthite AgrS (Figure 9a). The dimer
morphology is retained during the exchange, as is the oxide shell that coats the Ni2P and persists
between the domains of the hybrid nanoparticle. This exchange is extremely favorable
energetically and is carried out at —65 °C without the addition of any hard base, as is commonly
done when exchanging a harder cation with a softer one.”"’? The Ni,P—Ag>S hybrid nanoparticles
were then reacted with a methanolic solution of Cd(NO3); in toluene with tributylphosphine (TBP).
This exchange is not as energetically favorable and is thus carried out at room temperature with
addition of the soft base TBP for solvation of the exiting Ag". In contrast to the zincblende CdS
domains grown via heterogeneous nucleation, the exchange pathway yielded hybrids with wurtzite
CdS domains (Figure 9b); an unidentified crystalline impurity was also present in the sample.
Crystal structure therefore was not preserved during these cation exchange reactions, as sometimes
occurs. However, Pb?" is much larger than the other exchanging cations, and cation exchange
reactions involving Pb chalcogenides are not known to retain crystal structure.”*’” The final
exchange, from Ni;P—-Ag>S to Ni2P-CdS, appeared to result in some morphological degradation,
but the TEM images, particularly near the top of panel b in Figure 9, provide evidence that many
heterodimers remained intact.
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Figure 9. Characterization data for (a) Ni2P-Ag>S intermediate formed by cation exchange of the
NizP-PbS heterodimers in Figure 2 and (b) the final Ni,P—CdS hybrid nanoparticles formed after
an additional cation exchange reaction. The top panels for each sample show an experimental XRD
pattern (black) with simulated XRD patterns for Ag>S (purple), Ni2P (red, closed circles), and CdS
(gray, open circles) shown for comparison, along with TEM images of the heterodimers, which
highlight the persistence of the oxide shell that surrounds the Ni2P domain. The sharp XRD peaks
in (b) come from a small amount of an unidentified crystalline impurity. The bottom panels show
a TEM image, HAADF-STEM image, and corresponding STEM-EDS element maps for each
sample. Ni (red), Ag (blue), P (green), and S (yellow) are shown for Ni,P—Ag>S while Ni (red),
Cd (light blue), P (green), and S (yellow) are shown for Ni,P—CdS. Comparison of the maps reveals
co-localization of Ni and P, Ag and S, and Cd and S.

Conclusion

In summary, we studied three synthetic pathways to colloidal hybrid nanoparticles that contain
metal phosphide domains. A heterogeneous nucleation approach provided access to NiP—PbS,
NiP-CdS, Ni;P-Au, Ni;P-Ag, CoxPy—PbS, CoxPy—Au, and CoxPy—Ag. This family of metal
phosphide—semiconductor and metal phosphide—plasmonic metal hybrids, which has not
previously been synthetically accessible, is of potential interest for photo- and plasmon driven-
catalysis. The synthetic insights provided here could therefore be useful for targeting and studying
functional hybrid constructs. Phosphidation was also studied for the post-synthetic transformation
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of Au—Ni hybrid nanoparticles into Au—NixP by leveraging the lower decomposition temperature
of aminophosphines relative to trioctylphosphine. While this particular system displayed
orthogonal reactivity, targeting only the Ni domain, further development and extension to other
systems could lead to the synthesis of additional asymmetric metal phosphide heterodimers, such
as NixPy—FexPy. Sequential cation exchange reactions, i.e., the conversion of Ni,P—PbS to Ni,P—
CdS via a Ni2P-Ag>S intermediate, was also studied to provide synthetic access to a targeted
heterodimer containing a metal phosphide domain. This approach opens up the possibility to
access new hybrid constructs with complex heterostructured segments. In depth microscopic
analysis of the synthesized systems revealed the presence of an oxide layer on the phosphide
domains, which persists across the interface between the metal phosphide and the adjacent domain.
This finding highlights the importance of detailed characterization, especially for studies aiming
at establishing structure-property relationships.
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Synposis: Colloidal hybrid nanoparticles that integrate metal phosphides with various metals and
semiconductors were synthesized using three complementary strategies. First, Ni2P and CoxPy
nanoparticles served as seeds for the growth of PbS, CdS, Au, and Ag. Second, Ni—Au hybrid
nanoparticles transformed to NioP—Au through phosphidation. Third, Ni,P—PbS hybrid
nanoparticles transformed to Ni2P—CdS through sequential cation exchange reactions.
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