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Metal phosphides can have important properties such as superconductivity, magnetoresistance,
magnetocaloric behavior, catalytic activity, and lithium intercalation capacity, which make them useful
for a variety of technological applications. Bulk metal phosphides usually require high temperatures and
harsh reaction conditions to form, and metal phosphide nanocrystals can also be challenging to synthesize.
Here we elaborate on a recently developed alternative approach for synthesizing metal phosphides, which
involves the solution-mediated reaction of pre-formed metals with trioctylphosphine (TOP) at temperatures
below 370°C. This chemical conversion strategy is shown to be general and highly versatile, successfully
forming a wide range of transition-metal and post-transition-metal phosphides using a range of both bulk
and nanoscale metals as precursors. Metal nanocrystals, bulk powders, foils, wires, thin films,
lithographically patterned substrates, and supported nanocrystals can all be converted to metal phosphides
by reaction with TOP. Collectively, this represents a general, unified, and robust strategy for forming
metal phosphides using readily available reagents and metal precursors.

Introduction crystalline metal phosphides. For example, solvothermal
reactions;}*? thermal decomposition of single-source or-
ganometallic precursots;* and co-reaction of organome-
tallic reagents with phosphin€s'® have all been used to
generate nanocrystalline phosphides. Most of these strategies

. : focus on reactions of trioctylphosphine (TOP) with organo-
—8 _
for battery application$.® Bulk-scale metal phosphides are metallic complexes of the 3d late transition metals. In some

typif;ally synthesized by direct combi_nation of the elements cases, high-quality shape-controlled metal phosphide nanoc-
at high temperatures, although reactive byproducts are oftg nrystals with interesting physical properties can be generated.
formed and must be separated from the desweq phosp'hlde Recently, several studies of metal phosphide formation

product? Metal fluxes can also be used to grow high-quality using TOP as a phosphorus source have targeted the

crystals of metal phosphides at lower temperatures than arereactivity of metals (both in bulk form and as nanocrystals)

necessary using direct reactidfisn recent years, methods with TOP, suggesting that metals can cause cleavage of the
have been developed for the synthesis of metal phosphide » SU99 9 g

tals. In addition t i o hiah surf P—C bond, resulting in diffusion of phosphorus into the
nanocrystais. in addition to providing access 1o high surtace o5 oy example, Khanna and co-workers explored the
area catalysts and nanostructures with interesting morphol-

. ) . reactivity of bulk-scale In powder with TOP to form
ogy-dependent physical properties, these strategies offer ahanocrystalline InP? Chen and co-workers hypothesized a
low-temperature solution-based alternative for forming

Transition-metal phosphides are important materials with
a wide variety of useful physical properties, including
superconductivity, magnetocaloric behavidr,catalytic
activity ~* magnetoresistanéeand Li intercalation capacity
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catalytic cleavage of the-RC bond caused by reaction of formed metals using convenient and commercially available

TOP with nanocrystalline Fe (formed in situ) during forma- reagents.

tion of FeP!® Chiang and Chiang reacted Ni nanocrystals

with TOP to form hollow NP nanospheré®.In all cases, Experimental Section

experiments have shown that TOP is not merely an innocent . . : .
. . . . All reactions were carried out under argon using standard air-

coordinating ligand but rather a highly reactive compound free techniques

that can serve as a stabilizer, solvent, and phosphorus source -pamicals. All chemicals were used as purchased. Copper(ll)

in the synthesis of metal phosphide nanocrystals. 2,4-pentanedionate, iron(lll) 2,4-pentanedionate, cobalt(ll) 2,4-
Building on these prior studies, we recently reported a pentanedionate, and silver nitrate (99.9%) were purchased from Alfa
potentially general approach for synthesizing high-quality Aesar. Trin-octylphosphine (tech. 90%), ti-octylphosphine oxide
nanocrystals of transition-metal phosphides that was suc-(TOPO), n-hexadecylamine (HDA, tech.), oleic acid (tech.), Ni
cessful for a variety of 3d, 4d, and 5d transition-metal powder (2.2-3.0 um), Pd powder (0.250.55 and 0.51.7 um),
system&! This method involves reacting pre-formed metal Zn powder (7um), Cu powder 100 mesh), In powder«325
nanocrystals with TOP at 296870°C 2! During this reaction ~ Mesh), Rh powder<325 mesh), Ga pellets (6 mm diameter), Ni
phosphorus is liberated from TOP and diffuses into the metal !l (0-01 mm thickness), and graphite-§25 mESh'OcondUCt'ng).
nanoparticles, converting them to metal phosphides. This were purchased from Alfa Aesar. Octyl ether (99%), oleylamine

. (70% tech.), 1,2-hexadecanediol (90% tech.), Zn wire (0.5 mm
strategy was shown to be successful for generating nanoc-

. n diameter), and Zn foil (0.5 mm diameter) were purchased from
rystals of NiP, PtB, RhP, AwPs, PdP,, and PdR Sigma-Aldrich. Mossy Zn was from Matheson Coleman and Bell.

The reaction pathway that generates metal phosphidepodecenyl succinic anhydride, Araldite 502, and benzyldimethy-
nanocrystals via “conversion chemistry” utilizes a diffusion- |amine were purchased from Electron Microscopy Sciences. LX
based mechanism. This approach differs from most previ- 112 was purchased from Ladd Industries. S1827 positive photoresist
ously reported methods for synthesizing high-quality metal and MF-319 developer were purchased from Shipley.
phosphide nanocrystals with uniform sizes and well-defined =~ Characterization. Powder X-ray diffraction (XRD) was per-
shapeS, which genera”y re|y on formation and Subsequentformed on a Bruker-AXS GADDS diffractometer as described
decomposition of organometallic complex&sie Our earlier ~ Previously?® Transmission electron microscopy (TEM) was per-
resultg! imply that the shape, size, and size dispersity defined formeo_l using a JEOL JEM-2010 transmission electron microscope
by the metal nanoparticle precursors can be retained in the2perating at 200 kv. TEM Sa.mples. were prepared by sonicating a

. . . few milligrams of nanoparticles in either hexanes or ethanol
metal phosphide product, providing a convenient route for

. . . (depending on solubility) and then drop casting onto Ni or Cu grids,
generating high-quality nanocrystals of a large number of \hich were allowed to slowly dry under ambient conditions (or in

metal phosphide systems. Also, because metal phosphidey, argon atmosphere for more easily oxidized samples, such as
nanocrystals are formed via diffusion of phosphorus into pre- cu). Scanning electron microscopy (SEM) was performed using a
formed metal nanoparticles, intricate hollow nanostructures JEOL JSM-6400 scanning electron microscope operating at 15 kV.
are accessible because of Kirkendall eff@gtd? which are Metal powders for SEM imaging were coated with AuPd using a
not possible using thermal decomposition strategies. Forsputter coater. Metal films and metal-patterned substrates were
example, w& and other® have exploited the Kirkendall ~ coated with conducting carbon using a metal evaporator to allow

mechanism to form hollow nanospheres ofMi complete resolution of the phosphorus EDS signal. Optical spec-
In this paper, we describe the results of our follow-up troscopy was performed using a Perkin-Elmer Lambda 35 UV/vis
spectrometer.

investigations aimed at exploring the versatility and estab-

lishing the gengrallty of this converspn chem|stry_ approach imaged using a Zeiss Axiophot confocal light microscope with color
to the- formation of metal phosphides. Specm.c-ally, W€ ccD camera. A copper wire and wires with copper phosphide
establish the range of 3d, 4d, and 5d transition-metal ¢oatings from various reaction times were embedded vertically in
phosphide nanoparticles that are accessible by reacting thexn epoxy resin. The epoxy resin was composed of 59.1% dodecenyl
appropriate pre-formed metal nanoparticles with TOP. Fur- succinic anhydride (hardener), 15.9% LX 112 (epoxy resin com-
thermore, we show that, in some cases, even bulk-scale metaponent), 25% Araldite 502 (epoxy resin component), and 0.2 mL
powders can be converted into metal phosphides by simpleof benxyldimethylamine (accelerator). The resin was dried for 24
solution-mediated reactions with hot TOP. Using similar h at~50 °C. After drying, the cross-sectional surface of the wires
chemistry, metal wires, foils, films, and patterned micro- Was ground using a Buehler Ecomet grinder/polisher with 300, 600,
structures can react with TOP to produce metal phosphide@nd 1200 grit paper. The final stage of polishing was done with a
coatings and microscale metal phosphide features of variablg®®!'Shing cloth and a 0.08m alumina powder slurry.

thicknesses. In all cases. there is a remarkable correlation Metal Phosphide NanocrystalsCu NanocrystalsThis synthesis
! ) ’ : 10Ny copper nanocrystals is a modification of methods reported by

between the morphology of the metal precursors and the e and co-workers for the synthesis of Ni nanocrystas.
metal phosphide products. Taken together, these diverseygytion was prepared under Ar using 26.2 mg of Cu(adad).000
synthetic capabilities demonstrate a very general, simple, andmL of oleylamine, which was heated in a 100 water bath and
rapid solution-mediated strategy for accessing metal phos-then rapidly injected into 2.000 mL of oleylamine at 28D. The
phides from pre-

Cross sections of copper and copper phosphide wires were
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reaction was heated at 26Q for 30 min and then slowly cooled.  to remove NaBHresidue, and then dried under Ar. The treated Ni
Cu particles could be isolated by saturating the solution with powder was heated at 30C in 2.0 mL of TOP for 2 h and then
ethanol, followed by centrifugation and washing with ethanol and slowly cooled and saturated with ethanol,Rpowder with a slight
hexanes. For conversion to Ry the Cu was used as prepared in Niimpurity was isolated by centrifugation, washed thoroughly with
oleylamine to avoid oxidation. ethanol, and dried under Ar.

CwP NanocrystalsA portion of the Cu nanocrystal solution in NisP, Powder.NisP, powder was prepared identically to JRi
oleylamine (1.0 mL), prepared as described above, was mixed with powder, except it was refluxed in TOP (37Q) for 2 h. NaBH-
1.0 mL of TOP under Ar and then rapidly injected into 2.0 g of treated Ni powder (15.4 mg, 2:8.0 um) was used.
TOPO at 320°C. The reaction was heated at 320 for 1 h and ZngP> Powd(gr.ZnSP2 powder was prepared by reﬂuxing 7.3 mg
then slowly cooled and saturated with ethanolsZnanocrystals of Zn powder (7um) in 2.0 mL of TOP for 2 h, which was then
were isolated by centrifugation, washed with ethanol, and dried slowly cooled and saturated with ethanol ;2rpowder was isolated

under Ar. by centrifugation, washed thoroughly with ethanol, and dried
Fe NanocrystalsSynthesis of Fe nanocrystals is also a modifica- ynder Ar.
tion of a previous literature repott A solution was prepared under CwP/CuP; Powder.Cu powder {100 mesh) was treated with

Ar using 35.3 mg of Fe(acag)n 1.0 mL of oleylamine, which  gjjyte aqueous HCH1.5 M) to remove surface oxidation and then
was heated in a 108C water bath and then rapidly injected into  thoroughly rinsed with Nanopure water and dried under Ar. The

1.0 mL of oleylamine at 260C. The reaction was heatdl h at  Hcl-treated Cu powder (88.0 mg) was heated in 2.0 g of TOPO to
260°C and then cooled to room temperature. This solution could 360 °C. At 360 °C, 2.0 mL of TOP was rapidly injected. The

be saturated with ethanol and centrifuged to isolate nanoparticles,reaction was heated at 37C for 2 h and then slowly cooled and
although oxidation readily occurs. saturated with ethanol. A mixture of CyBnd CuP powder was
FeP Nanocrystals.TOP (1.0 mL) was added to the Fe isplated by centrifugation, washed thoroughly with ethanol, and
oleylamine solution prepared as described above under Ar. This qried under Ar.
solution was stirred and then transferred via syringe pump into 2.0 InP Powder.InP was prepared by first heating 111.0 mg of In
g of HDA at 320°C. The reaction was heated at 380 for 2 h powder (325 mesh) in 2.0 mL of octyl ether to 29. At
and then slowly cooled and saturated with ethanol and hexanes.zgo °C, 2.0 mL of TOP was rapidly injected. The reaction was
FeP particles were isolated by centrifugation, washed thoroughly peateq at 325C for 2 h and then slowly cooled and saturated with

with ethanol and hexanes, and dried under Ar. ethanol. InP powder with an In metal impurity was isolated by

Co Nanocrystals and in Situ Coersion to CoP.Synthesis of  contrifugation, washed thoroughly with ethanol, and dried under
cobalt nanocrystals is also a modification of Hyeon’s mettdds. Ar.

A solution was prepared under Ar using 30.9 mg of Co(acic)
1.0 mL of olyelamine, which was heated in a 10D water bath
and then rapidly injected into 2.0 g of HDA at 320. The reaction
was heatd 1 h at 320°C; then the temperature was raised to
330°C. At 330°C, 1.0 mL of TOP was rapidly injected and the
temperature was then raised to 3. The reaction was held at thoroughly with ethanol, and dried under Ar
370°C for 1 h and then slowly cooled and saturated with ethanol GaP Powder GaP was prepared by refluxing an 18.6 ma Ga
and hexanes. CoP particles were isolated by centrifugation, washed allet in 2.0 mL’ of TOP fc?r 2ph whicyh was thgn slowi co%led
thoroughly with ethanol and hexanes, and dried under Ar. The Co gnd saturéted with ethanol GaPl owder with a Ga metZ\I impurit
nanocrystal intermediate could be isolated by saturating the solution . . " P . purity

- . L o was isolated by centrifugation, washed thoroughly with ethanol,
with ethanol and hexanes prior to injection of TOP and centrifuging,

although oxidation readily occurs and dried under Ar.
Ag NanocrystalsThis synthesis is a modification of methods PdP,/PdP; Powders (size studylnvestigations of the effect of

previously used by Sra et al. to prepare FePt nanocryStals metal precursor powder size on the phases formed were carried

solution of 70.2 g of AgN@, 70.9 mg of 1,2-hexadecanediol, 100 ]?”t USi“Q two sizS((e)% of zdsgg\:"’d_?:] (026'5_5 and Oéiég um)
uL of oleylamine, 10QuL of oleic acid, and 2.00 mL of octyl ether or r.eactlons gt an - The reactions ‘”’,‘t Were. .
was heated at 100C for 1 h and then slowly cooled and saturated _carrled out using 15.0 mg of Pd powder (each size) gnd heating it
with ethanol, which caused an orange-brown precipitate to form. in 2j0 dmL 0; ThOP ?t 3(1)(;% for 2 th;(;I'he 33(?(.: rgegctlor}s_rv(\;irg
The precipitate was washed with hexanes several times. The hexanézg'fc (,)AUthO o((e:atlzn% L T‘?’c())P pow ?jrl In 2. gg 4 th to
wash was reserved, to which an equal volume of ethanol was added: 7 t ‘ h 'hm 3 360W?S rzaa' yﬂ'njeﬁte » an ht €
Ag nanocrystals were isolated by centrifugation from the hexane/ react!on was further heated at or ’ A er heating, t e
ethanol solution, washed with ethanol, and dried under Ar. reactions were slowly cooled and sat_urated with ethanc_JI. Ml)_(tures
AgP, NanocrystalsTOP (1.0 mL) was added to 9.5 mg of Ag of PdP, and PdR ppwders were |soI§ted by centrifugation,
nanocrystals, and mixed by sonication, and then rapidly injected thoroughly washgd W'th ethanol,.and ‘?'f'ed u.nder Ar. )
into 2.0 mL of TOP at 370C. The reaction was heated at 370 Metal Phosphide Foils and Wires.Ni,P Foil. A piece of Ni
for 2 h and then slowly cooled and saturated with ethanol. A mixture f?)” (7.2 n;g, 0.1x 4 x 7. mm) was heated at 45C for 1.5 h in
of Ag and AgR nanocrystals was isolated by centrifugation, washed 2% H/95% Ar. Itwas then heated in 2.0 mL of TOP at 3Wfor
with ethanol, and dried under Ar. 2 h and then slowly cooled and saturated with ethanol. The foil
Bulk Metal Phosphide Powders.Ni,P Powder.An aqueous piece (now black) was washed thoroughly with ethanol and dried
solution of NaBH, (~0.05 M) was prepared, and 2 mL was used under Ar. _ _
to treat 12.2 mg of Ni powder (2:2.0 um) to help minimize Zn,Ps Foil. A piece of Zn foil (0.24 g, 0.5¢< 5 x 10 mm) was
surface oxidation. The Ni powder was sonicated in the NaBH refluxed in 2.0 mL of TOP fo2 h and then slowly cooled and
solution, centrifuged and washed with copious amounts of water Saturated with ethanol. The foil piece (now coated with blackgn
was washed thoroughly with ethanol and dried under Ar.

(25) Sra, A. K.; Ewers, T. D.; Xu, Q.; Zandbergen, H.; Schaak, R. E. ZngP, Wire, Mossy LumpZn wire (23.9 mg, 0.5 mm diameter,
Chem. Commur2006 750-752. 1 cm length) was refluxed in 2.0 mL of TOPrf@ h and then

RhP Powder.Rh,P was prepared by refluxing 15.6 mg of Rh
powder (325 mesh) in 3.0 mL of TOP for 1.5 h. At 1.5 h, 3.0
mL of TOP was injected. The reaction was heated a total of 6 h
and then slowly cooled and saturated with ethanohPRpowder
with a Rh metal impurity was isolated by centrifugation, washed
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slowly cooled and saturated with ethanol. The wire had a black
Zn3P, coating after reaction and was washed thoroughly with
ethanol and dried under Ar. Similarly, 0.1784 g of mossy Zn was
refluxed in 2.0 mL of TOP fo 3 h and then slowly cooled and
saturated with ethanol. Likewise, it had a blackEicoating after
reaction and was washed thoroughly with ethanol and dried under
Ar.

CuP,/CugP Wires (time study)Cu wires (75 mg, 1 mm diameter,
1 cm length) were washed with dilute aqueous HELE M) to
remove any surface oxidation and then thoroughly rinsed with
Nanopure water and dried under Ar. The wire pieces were refluxed
for 30 min and 1, 2, and 4 h (separately) in 1.0 mL of TOP and
then slowly cooled and saturated with ethanol. The wires (with a
black, crystalline phosphide coating) were washed thoroughly and
carefully with ethanol and dried under Ar.

CusP/Cu Foil. Cu foil (0.1209 g, 0.2< 5 x 10 mm) was washed
with dilute aqueous HCI~1.5 M) to remove surface oxidation
and thoroughly rinsed with Nanopure water and dried under Ar.
The foil piece was refluxed in 1.0 g of HDA for 30 min (32Q),
and then 1.0 mL of TOP was rapidly injected. The reaction was
refluxed 2 h more (350C) and then slowly cooled and saturated
with ethanol. The foil piece (with a gray-black powdery coating)
was washed thoroughly with ethanol and dried under Ar.

CwP/CuPR; Foil. Cu foil (0.2676 g, 0.5x 10 x 15 mm) was
washed with dilute aqueous HCH{.5 M) to remove surface
oxidation and thoroughly rinsed with Nanopure water and dried
under Ar. The foil piece was refluxed in 2.0 mL of TOP for 2 h
and then slowly cooled and saturated with ethanol. The foil piece
(with a black, highly crystalline coating) was washed thoroughly
with ethanol and dried under Ar.

Metal Phosphide Thin Films.Zn Thin Film.Zn thin films were
made by depositing Zn onto precleaned glass microscope slide
using a BOC Edwards Auto 306 Metal Evaporation Chamber. Zn
wire was used as a Zn source. Zn (100 nm) was deposited onto 1
nm Cr. The resulting films were highly metallic and optically
reflective but were not crystalline enough to obtain powder
diffraction patterns.

ZngP, Thin Film. A Zn film on glass (1x 3 cm glass slide) was
refluxed in 2.0 mL of TOP fo 2 h and then slowly cooled and
saturated with ethanol. The £ film (golden color and optically
transparent) was washed thoroughly with ethanol and dried under
Ar.

Au Thin Film.A Au thin film was prepared by slowly evaporating
an aqueous solution of HAuUEBH,O onto a precleaned glass
microscope slide. The glass slide was placed vertically in a
scintillation vial, which was filled with aqueous HAuCs$olution
and allowed to slowly evaporate while covered with a crystallization
dish for 5 weeks. The glass was then heated at°&D€r 2 h in
5% H,/95% Ar to reduce the Al to Au°.

Au/AwPs Thin Film. A 1.25 x 1.5 cm piece of Au-coated glass
was refluxed in 2.0 mL of TOP o6 h total (with 1.0 mL of TOP
injected at 2 and 3 h) and then slowly cooled and saturated with
ethanol. The Au/ApP; film was washed thoroughly with ethanol
and dried under Ar.

Supported Metal Phosphide NanocrystalsGraphite-Supported
Ni NanocrystalsThis synthesis is a modification of that used by
Hyeon et al. for making Ni nanocrystats Supported Ni nanoc-
rystals were prepared by heating 0.1110 g of Ni(agaxy604 g
of graphite (325 mesh, conducting), and 1.0 mL of oleylamine
in 6.0 g of triphenylphosphine at 22@ for 30 min, which was
then slowly cooled and saturated with ethanol. A black powder
was isolated via centrifugation, washed thoroughly with ethanol,
and dried under Ar.
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Figure 1. Powder XRD patterns of (a) FeP and CoP nanocrystals formed
by reacting their respective metal nanoparticles with hot TOP and (b) Cu
nanocrystals and GB made by reacting Cu nanocrystals with hot TOP.
The broad feature between 3@nd 40 26 is due to amorphous copper
oxide, which forms by air oxidation of the copper nanocrystals.
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Graphite-Supported NP NanocrystalsNi on graphite (29.0 mg)
was heated in 2.0 mL of octyl ether to 290. At 290°C, 1.0 mL
of TOP was rapidly injected. The reaction was heated at D0
for 2 h and then slowly cooled and saturated with ethanol. The
powder was isolated via centrifugation, washed thoroughly with
ethanol, and dried under Ar.

Metal Phosphide Patterned SubstratesCu Patterns on Glass.
Glass microscope slides were annealed at45for 4 h, washed
thoroughly with isopropanol and acetone, and dried with a stream
of air. S1827 positive photoresist was spin coated onto the
microscope slides at 2000 rpmy8.5 um thickness) using a SCS
P6204 (8-in. bowl) nonprogrammable spin coater. The photoresist-
coated glass slides were exposed to UV light using a Quintel Q4000
MA mask aligner and a mask with 0.2 mm 10 mm stripes. The
exposed slide was developed in MF-319 developer, rinsed with
deionized water, and dried with a stream of air. The photopatterned

Oglass was then coated with 100 nm of Cu using a BOC Edwards

Auto 306 Metal Evaporation Chamber. Photoresist and excess Cu
were lifted off by lightly sonicating the coated glass in deionized
water, leaving behind Cu stripes on glass.

CwP from Cu Patterns on Glas€u-patterned glass slides were
cut to ~1 x 2 cm pieces. The patterned glass was heated at
320°C in 4 mL of TOP under Ar for 30 min and then slowly cooled
and saturated with ethanol. The pattern on the glass turned a silvery-
gray color after completion of the reaction. The liquid was decanted,
and the patterned glass was rinsed several times with ethanol and
then dried under Ar.

Results and Discussion

Converting Metal Nanoparticles to Nanocrystalline
Metal Phosphides.Our initial work, predominantly with the
Ni—P system, showed that Ni nanoparticles could be
converted to NiP nanoparticles upon reaction with TOP in
octyl ether at 300C.2! There is some evidence thatsNj
nanoparticles can be generated as well, but this has not been
thoroughly studied. A similar reaction can also be used to
generate nanocrystalline FeP and CoP (Figure 1a). For FeP,
Fe nanopatrticles are synthesized by thermal decomposition
of an Fe(acag)-oleylamine complex in hot oleylamine; then
a portion of the Fe-oleylamine solution is mixed with TOP,
injected into refluxing HDA, and heated at 330 for 1—2
h to form FeP. The Fe nanoparticles cannot be isolated or
characterized without oxidizing to K@s, but their presence
is inferred based on the synthetic protocol and the fact that
the FeOs3 nanoparticles that are isolated cannot be converted
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to FeP by reaction with TOP. CoP nanocrystals can be (a
synthesized using a similar protocol (Figure 1a). Nanocrystals |2
of both FeP and CoP have been reported previously using |
other method&52171826 5o we will not focus on these "
systems.

CwP nanocrystals can also be generated by reacting Cu
nanoparticles with TOP in TOPO at 320. Several literature "
reports describe the synthesis of nanocrystalline or bulk-scale
CusP using solvothermal strategi€g,12 but no examples
of high-quality single-domain GB nanocrystals with mini-
mal polydispersity have been reported previously. Figure 1b
shows powder XRD data for Cu nanopatrticles as well as
CwP formed from reaction of Cu nanoparticles with hot
TOP. The Cu nanoparticles are generally spherical with an
average size of 13.% 2.6 nm (Figures 2a and S1). The
SAED pattern confirms the fcc structure of Cu metal (Figure
2a). After reaction with TOP to form GR, the nanopatrticles
grow to 15.6+ 2.6 nm (consistent with diffusion of P into _
Cu) while retaining the general morphology and size dis- O ' 1 2Ef|e1-gf« ﬁmﬁ/}a 9
persity of the Cu nanoparticle precursors (Figures 2b and

S1). The SAED pattern (Figure 2b) confirms that the |(€) 3a T% 4

nanoparticles are GRB, and EDS analysis shows a Cu:P ratio

of 55:45 (Figure 2b). This is consistent with the ratio
expected from formation of GB stabilized by TOP, which
increases the amount of phosphorus detected by EDS. The
CusP nanoparticles are generally single-domain crystals
(Figure 2c), and their morphology tends to feature hexagonal , X
facets that are derived from the hexagonal crystal structure |
of CusP (Figure 2d). Ltt 2l
Table 1 summarizes the key synthetic conditions and N
accessible phases of all of the late-transition-metal phos- (d) i 110
phides that are accessible as nanocrystalline solids by reacting "Q !
metal nanoparticles with hot TOP. Our earlier work focused " 8
primarily on NuP as well as 4d (Ri?, PdP,, PdR) and 5d AL
(PtP,, Au,P3) transition-metal phosphidésOur new entries €. . & ©
are FeP, CoP, GR, and AgR. It was found that Ir, Sn, and k“'""“'--H_L _%:Z":-,.’a
Ru nanoparticles did not form phosphides under the condi- Cu,P
tions used for the other systems, perhaps due to reactivity ) ) )
(1) or oxidation (Sn, Ru). AP (Figure S2) aways has  H9're S48 nanocnsis formed by reactng Cu nanaparicis wih
significant Ag impurities, indicating that the reaction does for Cu nanoparticle precursors; (b) TEM image, SAED pattern, a simulated
not go to completion. This is analogous to the-A®isystem, diffraction pattern, and EDS data (Ni grid) for gluinanocrystals formed
which also shows a mixture of metal and metal phosphide. Lrgggorgg)l ;%':gr']rglig;s X:] ?rﬁa?gggch%sﬂzsﬂrﬁxﬁ;gzg’pr:%dhcfirgﬁﬂggtm
By TEM both the Au-P and Ag-P systems show particles  red in panel b, shows @spacing corresponding to the@ plane of CyP;
that are significantly larger<500 nm) than the precursors (d) unit cell of CisP with 110 plane highlighted, and top view of several
(~5-10 nm). Thus, the incomplete reactions may be a U221 (e doun the TLplane) showng how e G0 costal
consequence of the significantly larger particle sizes, likely (corner Cu atoms of hexagon motif are highlighted green, other Cu atoms
due to irreversible coalescence during synthesis. are blue; phosphorus atoms are red).

It is worth highlighting that we (and others) generally
observe that only one or two phases form preferentially in a
particular binary system that contains multiple line phases.

formed, higher temperatures tend to favor the phosphorus-
rich phases because of either higher phosphorus availability
via TOP decomposition or faster phosphorus diffusion into

tend to be those that are stable to the highest temperaturezhe metal nanoparticles. Exploiting other solution-chemistry

(regardless of whether they are metal-rich or phosphorus-conversion strategi_es COL."d po;sibly expand the number of
rich), but this is not always the case. Thus, it is difficult to acéii?glrznphgi?; I\I/Ine;uglgl:vr\; dbel:]satr())/ I\S/I);Sf:lnl;.hos hides
predict in which systems multiple phases will be accessible. g P '

In systems where multiple metal phosphide phases can beDesp|te the limited reactivity observed for larger particle sizes

(27) (a) Cable, R. E.; Schaak, R.E.Am. Chem. So@006 128 9588-
(26) Li, Y.; Malik, A.; O'Brien, P.J. Am. Chem. So005 127, 16020~ 9589. (b) Leonard, B.M.; Schaak, R.H. Am. Chem. So2006
16021. 11475-11482.
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Table 1. Transition-Metal Phosphides Accessible by Reacting Metal likely attributable to the size of the Cu source, which is
Nanocrystal Precursors with TOP quickly consumed by initial formation of GB. Consistent
nanocrystal , N _ product with this, there is some evidence that nanocrystalline,CuP
precursor reaction conditiohs (via powder XRD) can form upon further reaction of GRI nanocrystals with
(F:‘é gggg :Bﬁﬁgg’ gﬂ (F:i‘; TOP at reflux. Bulk Pd reacts similarly, always forming a
Ni 300°C TOP/OGO, 2 h NP mixture of PdR and PdP, (Figure S3). This is in contrast
Cu 320°C TOP/TOPO, 1 h Csp to the reactivity of Pd nanoparticles, which can be made to
ig 3008 IgE/TZOhPO* 2h /_%'; Ag form pure PdR (360 °C) and pure PgP, (300°C).2t When
Pd 300°C TOP. 0.5 h PeP, Pd powder with an average particle size of 0-P555um
360°C TOP/TOPO, 2 h PdP is used, the PdFPd;P, ratio is approximately 40:60 at
N 39S 18$ﬁ8§8 gg 5’\5;3’ A 300°C. Likewise, 0.5-1.7 um Pd forms Pdpand P@P; in

a ratio of approximately 25:75 at 30C. This indicates that
larger particle sizes tend to favor formation ofsPgdrelative
to PdR, perhaps because of diffusion constraints in the larger

aHDA = n-hexadecylamine, TOR= tri-n-octylphosphine, TOPG=
tri-n-octylphosphine oxide, OgD = octyl ether.

Ni,P Pd particles. Other bulk metal powders convert incompletely.
VeI : : For example, Rh powder forms a mixture of Rhand Rh
? NiP (simulated) (Figure S4), possibly with RP passivating the Rh particles
EWM and preventing or hindering further reaction.
> + NigPs (simuiated) Zn powder can also be reacted with TOP to formn
_g , , CuPCup which is an important material for photovoltaic applicatiéhs,
g Lol NI lithium-ion battery anode%,and agricultural pesticides.
I Cusp (simuted) Figure 3 shows the formation of 2P, without any residual
E\M Zn. (ZnsP, nanocrystals have not been prepared using this
S| , strategy because isolatable Zn nanoparticle precursors could
£ 2n5P; (simulated) not be prepared by standard methodsFZmanocrystals and
A ! : InP films have been prepared by other methods howéié?)
B ) InP can also form from reaction of In metal with TOP,
20 30 40 50 60 70 80 90 although a small In impurity remains. This behavior is
2-Theta (degrees) consistent with, and slightly improved upon, that observed

Figure 3. Powder XRD patterns for metal phosphides made from bulk previously for the incomplete reaction of In with TOP.

metal powders. Ni metal and In metal impurities are represented by * and : ;

# respectively. Cupis represented by T in mixed-phasesBICuB. Table 2 summarizes all of the phases of metal phosphides
that are accessible from bulk metal precursors as well as the

in the Ag—P and Au-P systems, size-dependent studies in K€Y reaction conditions that generate each phase.
several other systems have revealed that the reactivity of SEM micrographs of representative metal powder precur-
metals with hot TOP to form metal phosphides is apparently sors and their resulting metal phosphide products show that
not always limited to nanocrystalline metals. Figure 3 shows the overall morphology (e.g., general aggregate size and
representative powder XRD data for metal phosphide shape) is retained, but the fine microstructure of the metal
powders that form from the reaction of commercially powders is lost upon reaction with hot TOP. For example,
available bulk-scale metal powders with TOP, typically under the commercially available #zm Zn powder that we used
reflux conditions. (As-purchased microcrystalline powders as a precursor consists of spherical aggregates of smaller
of Mn, Fe, Nb, Ru, W, Ir, Al, Si, and Sn were found notto (~800 nm), irregularly shaped Zn particles (Figure 4a). After
convert to metal phosphides under these conditions, althoughconversion to ZgP,, the average size of the aggregates
modifications to the procedure may facilitate similar conver- remains similar. However, within the aggregates the primary
sions in the future.) For example,JRiforms by heating 2:2 particles are notably larger and fused together, although
3.0um Ni powder in TOP at 300C, while the phase that remnants of the original aggregate structure are still observ-
forms upon heating the same Ni powder in TOP at 3Z0 able (Figure 4b). Similarly, the Ni powder precursor (Figure
is NisP, (Figure 3). Intermediate temperatures result in a 4c) retains its overall spherical morphology and size after
mixture of NbP and NiP,;. As we observed previously for  conversion to NiP and NiP, (Figure 4d,e), but reaction with
Pd-P nanocrystafd and now for Ni-P bulk powders, TOP produces nickel phosphides that have lost the sharp
varying the reaction temperature can provide access to
multiple phases in some metgshosphorus systems. (28) (a) Hermann, A. M.; Madan, A.; Wanlass, M. W.; Badri, V.;
When Cu powder is heated to reflux in TOP, a mixture of Ahrenkiel, R.; Morrison, S.; Gonzales, Sol. Energy Mater. Sol. Cells
CuP; and CuP is formed (Figure 3); a phase-pure copper é?_(g‘aﬁéﬂ?f\‘ﬂl_;ii?'éﬁéé‘;z"&%”égf'ié%s_hf’;;é’_ A.B.; Osman, M;
phosphide has not been obtained, although no unreacted C@9) Hygnstrom, S. E.; McDonald, P. M.; Virchow, P. Mt. Biodet.
remains (as determined by XRD). We hypothesize, based __ Biodeg.1998 42, 147-152.

. o . . (30) Buhro, W. E.Polyhedron1994 13, 1131-1148.
on observations of reactivity of TOP with Cu wires, thatRu  (31) (a) Pawlinkowski, J. MPhys. Re. B 1982 26, 4711-4713. (b) Bryja,

forms first on the surface of the Cu crystallites with GuP @2 L(.;)Jéegzierski’,\/lK.;O I\gs_iewicz,hJThinMS?IidzggTsngaSS 0202_%1 é&gl(ﬁ)
: : : : : : a) Green, M.; O'Brien, BChem. Mater , .
growing in as more phosphorus is available for diffusion. Weber, A.; Sutter, P.. von Kel, H.J. Appl. Phys1994 75, 7448

The fact that pure G can be obtained as nanocrystals is 7455,
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Table 2. Bulk-Scale Metal Phosphides Accessible Using a Variety of —_ " —_ - -
Metal Pﬁ'ecursors ? v ..2 (@  Zn,P, wire ..2 Ni,P foil
bulk metal _ - _ S S
precursor reaction conditiohs  product (via powder XRD) E‘ .|I||||. ) A, E‘
Zn powder 370C TOP, 2h 7P, © Zn.P ]
wire 370°C TOP, 2h ZeP; = NgF mossy | o
foil 370°CTOP,2h P, _a _6
mossy 370C TOP, 2h 7P, Zn = — .
film 370°C TOP. 2 h Z6P, CART 8 Cu,P wire
Ni powder 300°C TOP, 2h NP, Ni > >
370°CTOP, 2h NP, h— . b~
foil 300°C TOP, 2 h NiP n Zn,P, foil ]
370°C TOP, 2h NiP, NisP; B S
Cu powder 370C TOP/TOPO,2h  GyP, CuB £ il e R i
foil 350°C HDA/TOP,2h  CyP, Cu — -
37OOCTOP,2h cujycue IIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIII
wire 370°C TOP, 0.5-2h Cup CwP (time dependent) 2030405060708090 2030405060708090
patterned glass 32 TOP, 0.5h CgP (characterized by EDS) o -
R bowder 370G T0P. o REP R 2-Theta (degrees) 2-Theta (degrees)
Ga pellet 370CTOP,2h GaP, Ga Figure 5. (a) Powder XRD patterns for 2R, coatings made from various
In powder 325C TOP/OctO,2h  InP, In Zn precursors (Zn impurity is represented by *); (byRimade from Ni
Pd powder 360°C TOP/TOPO, 2h  PdPPdA:P; (~30% PdP,) foil and CwP wire coating (with Cupimpurity represented by #) made
(0.25-0.55um) from Cu wire.
300°C TOP, 2 h PeP,, PdR (~60% PdP,)
Pd powder 360°C TOP/TOPO, 2h PdRPd;P, (~45% PdP,)
(0.5-1.7um)
300°C TOP, 2h PeP,, PAR (~75% P@P,)
Au film 370°CTOP,6h AuPs, Au

aHDA = n-hexadecylamine, TOR= tri-n-octylphosphine, TOPG=
tri-n-octylphosphine oxide, OgD = octyl ether.

Figure 6. Digital photographs of (a) Zn wire, foil, and mossy pieces and
ZnzP, coatings made by refluxing these bulk solids in TOP, (b) Cu metal
wire and foil and the wire and foil with a thick GRB coating (with Cup
impurity) made by refluxing in TOP, (c) cross-sectional view of 1 mm
. . ) diameter Cu wire, and (d) a resultingB00xm CwP/CuR coating formed
facets of the Ni crystallites in the precursor powder. Overall, around the Cu wire after refluxing in TOP for 30 min. The dotted yellow

the conversion of micrometer-sized bulk powders to metal line indicates where the coating ends.

phosphides is a harsh reaction that changes the fine micro-are analogous to those used for Zn powder, a coating $%Zn
structure of the metal but manages to retain the average mesf readily formed. Similar reactivity occurs for Zn wire and
size and morphology of the metal powder precursor. Analo- foil. Powder XRD data for ZsP,-coated mossy Zn, Zn wire,
gous reactions with nanocrystals appear to proceed with lessand zn foil are shown in Figure 5a, and digital photographs
aggregation and change of nanostructure because surfacgf the precursors and products are shown in Figure 6a.
stabilizers are present and the particles are more easilysimilarly, Ni foil can be coated with NP (Figure 5b). Cu
dispersible in the solvent (and thus remain better separatedoil and wire can also be coated with §ICUR by refluxing
from one another). in TOP (Figures 5b and 6b).

Coating Metal Wires and Foils with Metal Phosphides. Insight into the penetration depth of the phosphide coatings
In addition to powders, other bulk-scale metals such as wiresis shown in Figure 6c¢,d. In this experiment a Cu wire (Figure
and foils also react with hot TOP to form metal phosphides. 6c¢) and a Cu wire refluxed in TOP for 30 min (Figure 6d)
Unlike the micrometer-sized metal powders, which often were embedded vertically in an epoxy resin, and the polished
convert completely to metal phosphides, the metal wires andcross-sectional surface was imaged using an optical micro-
foils react with TOP to form coatings with penetration depths scope. The Cu wire cross section (1 mm diameter) shows
typically approaching several hundreds of micrometers. For no visible surface coating (Figure 6c). However, the Cu wire
example, when mossy Zn is reacted under conditions thatcoated with predominantly GB (along with a small amount

Figure 4. SEM images of metal precursor powders and the metal phosphide
powders formed from them: (a)#m Zn powder, (b) ZgP, formed from
a, (c) 2.2-3.0um Ni powder, (d) N3P, and (e) NjP4 formed from c.
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Figure 7. ZnsP, film made by reacting thermally evaporated 100 nm Zn
film with hot TOP: (a) digital photograph comparing Zn film precursor
with transparent ZgP, product; SEM images of (b) Zn film and (c) &®
film; (d) optical spectrum of ZgP; film with Amax at ~470 nm.

of CuR,) reveals a Cu metal core (with a diameter that has
decreased to 0.95 mm) surrounded by200um phosphide
coating.

Converting Metal Films, Supported Nanoparticles, and
Patterned Substrates to Metal Phosphidedn addition to
nanocrystalline and bulk metals, nanostructured and patterned
metals can also be converted to metal phosphides with
retention of the characteristic features of the nanoscale metal
precursors. For example, thin films of Zn (100 nm) made
by thermally evaporating Zn metal onto a clean glass slide o2
(with 10 nm Cr adhesion layer between glass and Zn) can Del_ G, T 4 . 112345678910
be refluxed in TOP to form Z4®; films (Figure 7a). SEM kb £ = waed Energy (keV)
images shown in Flgure 7b,c show how the surface of the Figure 8. (a) Powder XRD pattern for graphite and,Rinanoparticles
fim changes during reaciion with TOP. The Zn fim coarsens FUPES=6 07 sl TE0 mages o (03 on gaphie and (71
after refluxing in TOP fo 2 h toform ZnzP.. EDS shows a show simulated graphite peaks as well as the key peaks attributable to Ni
Zn:P ratio of 42:58 for the Zf®, film (Figure 55)_ The ZgP» and Nig_P inbandc, respectivgly. The EDS plot in ¢ shows the presence of
film is optically transparent with a peak at470 nm in the ot Niand P (a Cu TEM grid was used).

UV —vis spectrum (Figure 7d), corresponding to a blue shift reaction with TOP. NP is known to be highly active for
relative to bulk ZaP,.3! This is consistent with quantum hydrodesulfurization reactions and is superior to traditional
confinement effects previously reported forsBafilms and hydrotreating catalysts such as sulfided—Nlo, which
nanocyrstal§!*32 ZnsP,, a semiconductor with a band gap becomes deactivated over time due to sulfur build-up that
in the range of visible light (1.51 e\?}, has had recent changes the surface chemistry of the cataly¢itnanocrys-
interest as a low-cost semiconductor for use in hybrid solar tals supported on graphite can be made by heating a solution
cells because it absorbs light at the most intense wavelengthof Ni(acac) and graphite in oleylamine and triphenylphos-
of sunlight?83+32 Reactions of Zn films, which are easily phine at 220°C for 30 min. The graphite-supported Ni
deposited by thermal evaporation, with TOP, a commercially nanoparticles can be isolated easily by centrifugation, washed
available reagent, may provide a convenient alternative with ethanol, dried under Ar, and re-dispersed in octyl ether.
method for producing Zi,-based solar cells. After injecting TOP into a 290C octyl ether suspension of

In addition to metal films, metal nanoparticles immobilized the graphite-supported Ni nanoparticles and aging at’800
on high surface area supports for applications in catalysis for 2 h, the supported Ni nanoparticles convert tefNivhile
can also be converted to supported metal phosphides byremaining on the support. Characterizing graphite-supported
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Ni nanoparticles by XRD is challenging because of the
significant peak broadening and the presence of peaks that
overlap with those of graphite. The peak broadening is
consistent with XRD data reported for nonsupported Ni
nanoparticles made by a similar mett#d@* Because the
most intense fcc Ni peaklL(1) overlaps with theD11 peak
of graphite, the relative ratio of this peak to other graphite
peaks can be used to infer that Ni is present (Figure S6).
TEM and EDS further confirm the presence of Ni nanopar-
ticles supported on graphite. Figure 8b shows a TEM image
with small, spherical particles supported on the graphite, with
the 200 peak of fcc Ni indicated on the SAED pattern.
After reaction with TOP, the graphite-supported Ni nano-
particles convert to NP. The peak in the XRD pattern at
40.7 20 is consistent with th@11 reflection of NpP, and

. .. 2 3 45 6 7T 8 9 10
the breadth of the peak is as expected based on retaining Energy (keV)

the small particle size of the Ni precursor in theproduct
(Figure 8a). Figure 8c shows a TEM micrograph of supported reacting lithographically patterned glass-supported Cu patterns with hot
Ni,P, which shows that the morphology and size are indeed TOP: (&) SEM image and (c) EDS map of lithographically patterned Cu

Figure 9. Microstructured CgP patterns on a glass substrate made by

stripes; (b) SEM image and (d,f) EDS map of sBustripes; (e) EDS

spectrum for CgP stripes (Ca, K, and Si are present in the glass substrate).
by reacting them in solution with TOP at moderate temper-
Satures. This strategy appears to be general for many
transition-metal and post-transition-metal systems. In addi-

only cc_)ntam a small_ amount of ph_osphorus from the tion, TOP can be used to convert not only metal nanocrystals
phosphine stabilizer (Figure 8c). Formation of supporte@Ni into metal phosphides but also bulk-scale metal powders,

nanocrystals by this method is significant because it providest”S' wires, films, supported nanocrystals, and patterned
an alternative to the higher temperature methods involving

H, reduction of nickel phosphat®e® or use of phosphine
gas as a phosphorus source in a reaction with supporte
nickel 34

Further versatility of this “conversion chemistry” approach

conserved during the chemical transformation. SAED and
EDS also confirm that NP is present: thg11 peak is visible

in the SAED pattern and the phosphorus content increase
significantly as compared to the supported Ni particles, which

substrates. Considering the number of systems and diversity
of morphologies and length scales over which the chemistry
dcan occur, this represents a general, unified, and robust
strategy for forming metal phosphides using readily available
. ) : reagents and metal precursors. Furthermore, since there is
for forming metal phosphides is demonstrated by the on- g5 qe degree of morphology retention between the metal
support conversion of microscale lithographically defined precursors and metal phosphide products, it may be possible
metal patterns into metal phosphide patterns. Copper stripes, ,se this chemistry to more rigorously control the size,
photolithographically patterneq ona glass substrate (F_ig“redispersity, and shape of a wide range of metal phosphide
9a) can be converted to gRistripes (Figure 9b) by heating  5nqcrystals. Finally, since crystalline metal phosphides can

the Cu-patterned glass in TOP at 32D for 30 min. SEM e formed at low temperatures 870 °C), this represents
micrographs (Figure 9) show that while the linear features 4, 5iternative to traditional high-temperature and flux-based

of the Cu pattern and the center-to-center distance betweeryaiegies for synthesizing metal phosphides and as such may
stripes remain unchanged in the £Luwroduct, their width lead to new nonequilibrium phases.

decreases and they begin to curl up at the edges, indicating
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In this paper, we have shown that a surprisingly large

number of metals can be converted into metal phosphides Supporting Information Available: Histograms of nanocrystal

sizes and additional XRD and EDS data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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