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Abstract: Transition-metal phosphide
nanowires were facilely synthesized by
Ullmann-type reactions between transi-
tion metals and triphenylphosphine in
vacuum-sealed tubes at 350-400°C.
The phase (stoichiometry) of the phos-
phide products is controllable by
tuning the metal/PPh; molar ratio and
concentration, reaction temperature
and time, and heating rate. Six classes
of iron, cobalt, and nickel phosphide
(Fe,P, FeP, Co,P, CoP, Ni,P, and NiP,)

onstrate the general applicability of
this new method. The resulting phos-
phide nanostructures exhibit interesting
phase- and composition-dependent
magnetic properties, and magnetic
measurements suggested that the Co,P
nanowires with anti-PbCl, structure
show a ferromagnetic-paramagnetic
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transition at 6 K, while the MnP-struc-
tured CoP nanowires are paramagnetic
with Curie-Weiss behavior. Moreover,
GC-MS analyses of organic byproducts
of the reaction revealed that thermally
generated phenyl radicals promoted
the formation of transition-metal phos-
phides under synthetic conditions. Our
work offers a general method for pre-
paring one-dimensional nanoscale tran-
sition-metal phosphides that are prom-
ising for magnetic and electronic appli-

nanostructures were prepared to dem-

Introduction

Transition-metal phosphides are an important class of func-
tional materials that exhibit a wide range of properties such
as magnetism, superconductivity, magnetocaloric effect,
magnetoresistance, catalysis, and lithium intercalation.'!
However, phase (stoichiometry) control of these phosphides
with desired composition is still a huge challenge owing to
their complicated stoichiometries (typical formulas: M,P,
M;P, M,P, MP, M,P;, MP,, M,Ps, MP;) and the associated
complex structures.™® In recent years, considerable efforts
have been devoted to the synthesis of nanostructured transi-
tion-metal phosphides. For instance, Co,P nanoparticles
supported on silica were synthesized by thermal
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cations.

treatment of [Co,(CO)({PPh,CH,Si(OEt)s}] and
[Coy(CO)o(p-[(Ph,P),NH])] at high temperatures (500—
9OO°C).[7] Nanostructured Co,P, Ni,P, CoP, FeP, and MnP
were prepared by hydrothermal and solvothermal methods
using yellow phosphorus (P,)*? and by a desilylation strat-
egy using tris(trimethylsilyl)phosphine (P(SiMe;);).l"l More-
over, Fe,P, FeP, Co,P, CoP, Ni,P, and MnP nanocrystals were
also made by solution-phase methods using trioctylphos-
phine (TOP), metal phosphine complexes, long-chain alkyl-
phosphonic acids, and single-source molecular precursors
containing elemental metal and phosphorus.'""™! Despite
these synthetic achievements, the phase or stoichiometry of
these nanostructured transition-metal phosphides is not well
controlled, except for the phase-tuned synthesis of Fe,P and
FeP nanostructures!™ reported shortly after submission of
this work. More effort is needed to reveal the phase evolu-
tion and formation mechanism of transition-metal phos-
phide nanostructures, and a complete understanding of
these processes is of much importance for addressing func-
tional properties and technological potentials of phosphides
with specific phases.

Herein we report a new Ullmann-type reaction strategy
for phase-controllable synthesis of transition-metal phos-
phide nanostructures by reactions of transition-metal pow-
ders with triphenylphosphine in vacuum-sealed tubes. The
Ullmann-type reaction strategy has been employed for the
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synthesis of group III-V semiconductor nanocrystals,'®l and
can be extended to the preparation of nanoscale transition-
metal phosphides [Eq. (1)]

PPh; + M — M,P, + Ph—Ph (1)

where M=Fe, Co, Ni; M,P,=Fe,P, FeP, Co,P, CoP, Ni,P,
and NiP,. By using this strategy, phase control in M,P, nano-
structures was readily achieved by rationally controlling
preparation parameters, such as precursor ratio and concen-
tration, reaction temperature and time, and heating rate.
The effects of these parameters on the phase (stoichiome-
try) of the phosphide products were intensively studied, and
the nature of the crystal growth of the as-synthesized phos-
phides was examined. GC-MS studies on the organic by-
products produced in the reaction revealed that formation
of transition-metal phosphides occurred by an Ullmann-type
reaction, and a reaction mechanism involving phenyl radi-
cals was suggested, through which six classes of phosphide
nanowires of iron, cobalt, and nickel were selectively syn-
thesized. Magnetic measurements showed that the phos-
phide products display interesting phase- and composition-
dependent magnetic properties. The current route provides
a new and general chemical method for tunable preparation
of transition-metal phosphide nanostructures, which are sig-
nificant for further magnetic and electronic studies.

Results and Discussion

Selective synthesis of Co,P and CoP nanowires exemplifies
the phase control achieved by our method. The synthetic de-
tails are described in the Experimental Section, and the syn-
thetic conditions are summarized in Table 1, which shows

Table 1. Summary of preparation conditions for the phase control of
Co,P and CoP nanowires.

Entry Co/P Heating Tit Products
molar ratio time!*! [°C/n]
[mmol/mmol] [min]
1 4:1 200 370-385/15 Co,P
2 2:1 200 370-385/15 Co,P
3 12 200 370115 Co,P
4 12 60 370115 Co,P+CoP
5 1:2 60 370115 Co,P
6 12 200 385/8 Co,P+CoP
7 12 200 385/15 CoP
8 2:4 200 385/15 Co,P+CoP
9 1:4 60 385/15 CoP
10 1:4 200 385/15 CoP
1 1:4 200 385/8 CoP
12 1:4 200 385/4 Co,P+CoP
13 1:4 200 37015 CoP
14 1:4 200 370/8 Co,P+CoP
15 1:4 200 370115 Co,P
16 1:4 200 355115 Co,P+CoP
17 1:4 200 355/24 Co,P+CoP
18 1:6 200 370-385/15 CoP

[a] From room temperature to the designated temperature. [b] With addi-
tion of 4 mmol biphenyl.
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that phase control of Co,P and CoP nanostructures is suc-
cessfully realized by adjusting the feedstock (Co and PPhs)
ratio and concentration, reaction temperature and time, and
heating rate.

Powder X-ray diffraction (XRD) was used to characterize
the crystal structure and phase purity of the products.
Figure 1 shows XRD patterns for Co,P and CoP samples ob-
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Figure 1. XRD patterns of Co,P and CoP nanowire samples, with refer-
ence patterns of the standard JCPDS cards for Co,P and CoP.

tained in the typical syntheses (see Experimental Section).
The diffraction peaks of the Co,P and CoP samples match
well with the reference patterns for Co,P (JCPDS No. 89-
3030) and CoP (JCPDS No. 89-4862), and can be assigned
to the orthorhombic anti-PbCl, structure and the ortho-
rhombic MnP structure,*® respectively. No other peaks
from impurities are detected in these XRD patterns, that is,
the as-synthesized crystalline phosphide products are phase-
pure within the limit of detection of the XRD technique em-
ployed.

The morphologies of the as-obtained Co,P and CoP sam-
ples were examined by transmission electronic microscopy
(TEM). Figure 2 displays TEM images for samples obtained
under different preparative conditions. The samples general-
ly have a wirelike shape, and the aspect ratio of these wires
can be tuned by changing the Co/PPh; molar ratio. Fig-
ure 2a and b show long Co,P nanowires with diameters of
10-20 nm and lengths of up to several micrometers obtained
at high Co/PPh; ratios, and Figure 2¢ and d relatively short
nanowires or nanorods of Co,P and CoP obtained at low
Co/PPh; ratios. Overall, the Co,P nanowires have a higher
aspect ratio than the CoP nanowires (see Figure 2 and Fig-
ure S1 in the Supporting Information).

As demonstrated in Table 1, the synthetic conditions have
considerable influence on the morphology and structure of
Co,P and CoP nanowires. The precursor molar ratio and

www.chemeurj.org — 7917


www.chemeurj.org

CHEMISTRY

Q. Yang et al.

A EUROPEAN JOURNAL

Figure 2. TEM images of a), b) and c¢) Co,P nanowires obtained at Co/
PPh; molar ratios of 4:1 (a), 2:1 (b), and 1:2 (c), corresponding to en-
tries 1, 2, and 3 in Table 1; and d) CoP nanowires obtained at a Co/PPh;
molar ratio of 1:4 (entry 10 in Table 1).

concentration strongly affect the product phase (stoichiome-
try). In general, high PPh; concentration (ratio) favors the
production of pure CoP nanowires of high P content. Con-
versely, Co,P nanowires are obtained. With Co/PPh; molar
ratios ranging from 4:1 to 1:2, pure Co,P nanowires/nano-
rods can be synthesized, while pure CoP nanorods are pro-
duced at lower Co/PPh; molar ratios of 1:4 to 1:6. To some
extent, the heating rate, that is, the heating time in which
the reaction temperature rises from room temperature to
the designated temperature, can affect the phase purity of
the phosphide products. For instance, at a Co/PPh; molar
ratio of 1:2, a fast heating rate over 60 min yields a mixture
of CoP and Co,P, whereas pure Co,P is produced at a slow
heating rate of 200 min and keeping other synthetic parame-
ters constant (Table 1, entries 3 and 4). This shows that the
fast heating rate is helpful to yield high-P CoP. However,
with a large excess of PPh; (P-rich conditions) with Co/PPh,
molar ratios of 1:4-6, the change in heating rate does not
affect the phase of the final products, and pure CoP nano-
wires/nanorods are always obtained (Table 1, entries 9, 10,
and 18). When the concentration of Co and PPh; was dou-
bled without changing the Co/P molar ratio (1:2) or other
preparation conditions, a mixture of Co,P and CoP was ob-
tained (entry 8 in Table 1). We also found that pure Co,P
nanowires could be prepared when 4 mmol of biphenyl was
added to 1:2 or even 1:4 Co/PPh; mixtures (Table 1, en-
tries 5 and 15). The effects of biphenyl addition on the reac-
tions of Equation (1) and on the phase control of phos-
phides will be discussed below.

The effects of reaction temperature and time on the
phase of Co,P and CoP nanowires/nanorods were further in-
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vestigated carefully (Table 1). Relatively high temperature
and long time favor the yield of high-P CoP, and low tem-
perature and short time low-P (Co-rich) Co,P, as confirmed
by XRD measurements (see Figure S2 in the Supporting In-
formation). Increasing the temperature effectively restrains
formation of Co,P and tends to yield pure CoP (Table 1, en-
tries 3, 7, 10, 13, and 16). Time-dependent experiments show
that a short reaction time leads to the production of a Co,P/
CoP mixture at a Co/PPh; molar ratio of 1:2 or 1:4, but as
the time increases pure CoP products can be obtained with
the disappearance of the Co,P phase (Table 1, entries 6, 7,
10-17). These results suggest that Co,P is not a thermody-
namically stable phase, just a metastable one, whereas CoP
is a relatively stable phase that can be formed by reaction of
initially formed Co,P with PPh;, besides direct conversion of
elemental Co to CoP. The conversion of Co,P to CoP is also
consistent with the trend in the binary Co-P phase diagram
(see Figure S3 in the Supporting Information),’*¥ which
shows that Co,P in either bulk or nanoscale form can be
converted to CoP under P-rich conditions, but in general
Co,P could controllably be synthesized by a kinetic process
under conditions of relatively lower temperature, shorter re-
action time, and lower concentration of PPh; (Table 1, en-
tries 1-3, 6, 7, 12, 14-17).

The reactions of Equation (1) indicate that both Co,P and
CoP are obtained by conversion of elemental Co to phos-
phide in PPh; medium. The molar ratio and concentration
of Co and P atoms in this conversion process are considered
to play important roles in the phase control of Co,P to CoP
nanowires/nanorods in the thermodynamic growth regime.
The phases of cobalt phosphides are closely dependent on
preparation parameters and can be controlled by variation
of these parameters. Increasing PPh; fraction (concentra-
tion), reaction temperature and time, and heating rate im-
prove the conversion, and under such conditions the reac-
tion and incorporation of phosphorus with metal atoms are
greatly promoted. Similar cases have also been documented
previously.'**11 Consequently, the production of high-P
content CoP is realized. Interestingly, addition of biphenyl
to the reaction favors the formation of low-P (metal-rich)
Co,P. On one hand, the addition of biphenyl lowers the con-
centrations of Co and PPh; and suppresses the interaction
between Co and P. On the other hand, as one of products of
reaction, addition of biphenyl will suppress the reactions of
Equation (1) towards the right-hand side in a fast rate kinet-
ically and can alter the equilibrium of the reaction thermo-
dynamically. Accordingly, the Co,P of lower P content is
produced.

The structure of Co,P and CoP nanowires was further
characterized by high-resolution TEM (HRTEM) and elec-
tron diffraction (ED). The TEM, HRTEM, and ED images
for Co,P and CoP nanowires are shown in Figure 3. Fig-
ure 3a is a typical TEM image of Co,P nanowires, and the
matching HRTEM image and ED pattern are shown in Fig-
ure 3b. In the Co,P structure, the crystal grows perpendicu-
lar to the (020) planes, that is, in the [020] (i.e., [010]) direc-
tion for an orthorhombic structure. Figure 3¢ and d show

Chem. Eur. J. 2010, 16, 7916-7924
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Figure 3. TEM and HRTEM images and SAED patterns (insets) of a),
b) Co,P nanowires; c), d) CoP nanowires. ¢), f) EDX spectra of the Co,P
and CoP nanowires.

TEM and HRTEM images and the ED pattern of CoP
nanowires. The as-synthesized CoP nanowires have the pre-
ferred growth direction perpendicular to the (210) planes or
parallel to the (002) planes. The preferred growth direction
of Co,P nanowires agrees with the case reported in the liter-
ature,'® whereas that of CoP nanowires is different from
the prior report, wherein CoP nanowires prefer to grow on
parallel to the (011) planes.* For an orthorhombic crystal
structure, anisotropic growth usually takes place preferen-
tially in the [010] direction because of the higher surface
energy of the (010) planes compared to other planes.*! Ac-
cordingly, the obtained Co,P nanowires/rods grown in the
[010] direction are longer than CoP nanowires/nanorods
(Figure 2 and Figure S1 in the Supporting Information). The
conversion from Co,P to CoP via the successive reaction of
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preformed Co,P with PPh;, which occurs in the growth of
CoP nanorods, can cause the breakdown of long Co,P nano-
wires and leads to relatively short CoP nanorods. Similarly,
Brock et al. also found that long Fe,P nanorods could be
converted to small FeP nanoparticles in phase-controlled
synthesis.'*! Moreover, these HRTEM and ED studies
reveal the good crystallinity of both Co,P and CoP nano-
wires, consistent with what is concluded from the XRD stud-
ies. The chemical compositions of Co,P and CoP were fur-
ther characterized by energy dispersive X-ray (EDX) spec-
troscopy (Figure 3e and f). The results correspond to the
Co,P and CoP formulae, although there is a slight difference
between the detected Co/P ratios and those of stoichiomet-
ric Co,P and CoP (2:1 and 1:1). The discrepancy can be ex-
plained in terms of the limitations of the EDX technique
(which is semiquantitative) and the possibility of impurity
phases in the products.

The surface chemical nature of Co and P in the Co,P and
CoP samples was characterized by X-ray photoelectron
spectroscopy (XPS, Figure 4). The XPS spectra (Figure 4a)
indicate the presence of Co and P along with C from the ref-
erence and O from absorbed and oxidized species. The Co
2ps, binding energies for the Co,P and CoP products are
centered at 778.49 and 779.02 eV, respectively, in good
agreement with reported data.””! Figure 4b and ¢ show high-
resolution XPS spectra of the P 2p region. In the close-up P
2p spectrum of Co,P (Figure 4b), the broad peak centered
at 133.47 eV on the high binding-energy side is assigned to
the P 2p signal from oxidized P species, and the peaks at
130.59 and 129.73 eV agree well with P 2p;, and P 2ps,
from Co,P. Similarly, the high-resolution P 2p region for
CoP (Figure 4c) also shows two peaks, at 130.67 and
129.75 eV, that reflect the binding energy of P 2p;, and P
2ps,- The results are consistent with the previous observa-
tions that the P 2p region of transition-metal phosphides
usually splits into two peaks for P 2p,, and P 2ps;, in high-
resolution XPS spectra.'’’ The peak centered at 133.93 eV
corresponds to P 2p from oxidized P. The presence of oxi-
dized P species in the samples is probably due to two pro-
cesses: separation of product in air after the reaction, which
can lead to surface oxidization of nanoscale phosphides due
to absorbed gaseous molecules indicated by the close-up
oxygen XPS spectrum, which are often observed in nanoma-
terials,'®! and oxidization of phosphides by residual oxygen
in the sealed tube during reaction.

Magnetic properties of the Co,P and CoP nanowires were
measured on a SQUID magnetometer (Quantum Design,
MPMS). Figure 5 shows the temperature dependence of
magnetization (M-T) for the Co,P and CoP nanowires.
Zero-field cooling (ZFC, filled circles) and field cooling
(FC, open circles) curves show that Co,P and CoP nano-
wires exhibit different magnetic properties. As shown in Fig-
ure Sa, the FC M-T curve for the Co,P nanowires rises mo-
notonically with decreasing temperature, and the ZFC curve
exhibits a transformation temperature at 6 K, above which
the curve declines monotonically to a plateau as the temper-
ature rises. The transformation temperature at 6 K is consid-
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Figure 4. XPS spectra. a) Survey spectra, b) and c¢) high-resolution spec-
tra of P 2p region for the Co,P and CoP nanowires.

ered to be the Curie temperature 7, at which Co,P nano-
wires change from paramagnetic to ferromagnetic. The
change of magnetic properties for Co,P nanowires is con-
firmed by the presence of magnetization hysteresis loops at
6 and 2 K (inset of Figure 5a), and the loops have coercivi-
ties of about 160 and 1100 Oe, respectively. The above mag-
netic behavior of the Co,P nanowires is different from those
reported in previous studies, in which bulk Co,P is Pauli par-
amagnetic®!'?! and nanostructured Co,P follows the Curie—
Weiss law but without a Curie temperature.® 2! The ferro-
magnetic—paramagnetic transition may be ascribed to trace
elemental Co impurity embedded inside Co,P nanowires/
nanorods. However, such trace Co impurity can not be de-
tected by XRD within its detection limit (ca. 2% ) and could
not be washed off from the sample with dilute HCI in the
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Figure 5. Temperature dependence of magnetization for samples of
a) Co,P and b) CoP nanowires prepared by typical syntheses. The insets
display the field dependence of the magnetization at 6 and 2 K.

experiments due to the diffusion-limited process resulting
from the protection of Co by Co,P; many metal phosphides,
for example, those of Co, Fe, Ni, and In, are markedly resist-
ant to etching by dilute HCLP*'! A nanocomposite contain-
ing cobalt nanoparticles was reported to display similar
magnetic properties to our Co,P nanorods.'"® For compari-
son, magnetic measurements showed that CoP nanowires
are paramagnetic and have Curie—-Weiss behavior (Fig-
ure 5b).

The synthesis of Co,P and CoP nanowires can be extend-
ed to other types of transition-metal phosphide nanostruc-
tures. Using this method, we have also prepared pure Fe,P,
FeP, Ni,P, and NiP, nanostructures. The phase control of
nanoscale iron and nickel phosphides is also realized by ra-
tionally controlling the preparation conditions, as described
in the Experimental Section. The phase and purity of the re-
sulting products were checked by XRD (shown in Figure 6).
All of the diffraction peaks in the XRD patterns can be as-
signed to pure hexagonal Fe,P (JCPDS No. 88-1803), ortho-
rhombic FeP (JCPDS No. 89-2746), hexagonal Ni,P (JCPDS
No. 89-4864), and cubic NiP, (JCPDS No. 73-0436), respec-
tively.

Chem. Eur. J. 2010, 16, 7916-7924
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Figure 6. XRD patterns of transition-metal phosphide nanowires. a) Fe,P,
b) FeP, ¢) Ni,P, and d) NiP,.

Figure 7 displays TEM images of the Fe,P, FeP, Ni,P, and
NiP, nanostructures. The TEM investigations (Figure 7a, b)
reveal that Fe,P and FeP have high aspect ratio with an
average diameter of 15 nm and lengths of micrometers. Ni,P
has the same structure as Fe,P but shows a branched nano-
wire structure (Figure 7c). The NiP, products have a rodlike
shape (Figure 7d).

High-resolution TEM and ED studies (Figure 8 and Fig-
ure S4 in the Supporting Information) were performed to
characterize the quality and microstructure of the as-synthe-
sized iron and nickel phosphide nanostructures. The
HRTEM images and ED patterns indicate that the Fe,P

Figure 7. TEM images of a)Fe,P nanowires, b)FeP nanowires,
c¢) branched Ni,P nanostructures, and d) rodlike NiP,

Chem. Eur. J. 2010, 16, 79167924
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S nm

Figure 8. HRTEM images and ED patterns taken on the samples of
a) Fe,P nanowires, b) FeP nanowires, c) branched Ni,P nanostructures,
and d) rodlike Ni,P.

nanowires grow in the [001] direction (Figure 8a and Figure
S4a), FeP nanowires parallel to the (200) plane, that is, per-
pendicular to the (013) planes (Figure 8b and Figure S4b in
the Supporting Information), and branched Ni,P nanostruc-
tures parallel to the (110) plane (Figure 8c and Figure S4c
in the Supporting Information). The preferential growth di-
rections of the Fe,P and FeP nanowires are consistent with
earlier studies,""™'? whereas that of branched Ni,P nano-
wires is different.'”® Furthermore, the ED pattern and
HRTEM image of cubic NiP, rodlike nanocrystals, shown in
Figure 8d and Figure S4d in the Supporting Information,
can be indexed to the diffraction spots and lattice planes of
the cubic NiP, [001] zone.

Brock and co-workers recently demonstrated controlled
synthesis of Fe,P and FeP nanoparticles via a solution-based
route (after submission of current work), wherein TOP was
used as the phosphorus precursor.™ In our work, PPh,
plays a key role in the phase control of nanoscale transition-
metal phosphides. From the aspect of the temperature dif-
ference in the synthesis of metal phosphide nanocrystals, it
can be simply considered that the P—C bond of PPh; (350-
400°C)'9 is stronger than the P—Si bond of P(SiMe;); (220-
320°C)'"**! and the P—C bond of TOP (300-380°C).0"4
Among the three precursors, PPh; has relatively high P—C
bond strength and is more stable, which could make cleav-
age of the P—C bond more difficult, but is helpful in control-
ling the rate of P—C bond cleavage. In the region of activa-
tion temperatures (350-400°C), limited by the strong P—C
bonds of PPh;, the reaction and incorporation of phosphorus
with metal atoms are not too fast to be controlled. At a
slow rate of reaction and incorporation, low-P content Co,P
is produced, while high-P content CoP is formed at a fast
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rate, which can be achieved by increasing reaction tempera-
ture and PPh; concentration and heating rate. As a conse-
quence, the phase control of transition-metal phosphide
nanostructures is achieved.

Extraction of phosphorus from PPh; to synthesize metal
phosphide nanostructures is a phenyl elimination and cou-
pling process.'’ This is a new variant of the classical Ull-
mann reaction.”’”! To further understand the mechanism of
reaction (1) at the molecular level, we examined the organic
byproducts formed in the synthetic reaction between transi-
tion metals (Co, Fe, and Ni) and PPh; by GC-MS. The re-
sults of GC-MS analyses for the organic byproducts pro-
duced in the reaction of Co and PPh; in a 4:1 molar ratio
are shown in Table 2 and Figure S5 in the Supporting Infor-

Table 2. Organic by-products determined by GC-MS.

Sample no. Components [%]
Biphenyl terphenyls tetraphenyls and
other by-products
1 65.00 (7.49+11.2247.66) 8.63
2 64.57 (3.25+12.314-8.20) 9.06
3 65.94 (4.56+11.7348.00) 9.77

mation. Biphenyl, three terphenyl isomers, and tetraphenyl
isomers dominate the organic byproducts, among which bi-
phenyl is the main byproduct. This reveals phenyl coupling
occurred under reaction conditions, typically in vacuum-
sealed tubes at 350-400°C, that are kinetically favorable for
thermal generation of phenyl radicals. A phenyl radical re-
action mechanism for our new Ullmann-type reaction is
concisely illustrated in Scheme 1, by which the formation of
CoP and organic byproducts such as biphenyl, terphenyl and
tetraphenyl can be rationally explained. Previous work
showed that photolysis can decompose PPh; in benzene so-
lution to give diphenylphosphinyl radicals (PPh,) and
phenyl radicals (Ph’), which rapidly combine to formPh,P—
PPh, and Ph—Ph.® In the current work, PPh, decomposition
to produce active PPh, and Ph' radicals is induced by ther-

thermolysis .
Co+ PPhy — ors ~ Co-PPhy + PI )
Ph" Ph*
Co-pPh, =" copph =" Cop ()
pht + pht SOMSOL b pn 3)
Ph* + Ph-ph SOMSION b b oppe )

Ph® + Ph-Ph'ml» Ph-Ph-Ph (three isomers) (5)
ph* + phe collision pp 4 ppg ®)
2PK + Phs SOUSION by by (three isomers) (7)

Scheme 1. Proposed reaction mechanism of phenyl radicals in the Ull-
mann-type reaction between Co and PPh;.
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molysis and metal catalysis at elevated temperatures (350-
400°C). Subsequently, Ph' radicals will collide with each
other and immediately combine to form biphenyl (Ph—Ph),
an organic species stable at elevated temperatures.”!! There-
fore, biphenyl is the main component of the organic byprod-
ucts, as established by the GC-MS analysis. Because biphen-
yl is one of the main reaction products, addition of biphenyl
to the reactants (Co and PPh;) will significantly alter the
equilibrium of reactions (1) and displace them towards the
left-hand side. Accordingly, the phosphide phase is changed
by addition of biphenyl, and the reactions tend to yield low-
P or metal-rich phases (e.g., Co,P), as is confirmed in en-
tries 5 and 15 of Table 1. Thus, the experiments with biphen-
yl addition also support the proposed mechanism, besides
the GC-MS studies. The PPh," radicals are unable to com-
bine to form Ph,P—PPh, at temperatures of 350-400°C. The
PPh, radicals are more reactive and will bind to Co atoms
to form stable Co—P bonds. We assume that M—PPh, com-
plexes could exist as intermediates containing Co—P bond,
but are stable at high temperature, continue to release Ph’
radicals under Co catalysis, and finally yield pure CoP.

Under the current reaction conditions, Ph’ radicals can
collide with PhPh to generate PhPh' and PhH (benzene),
and combination of PhPh’ with Ph' leads to the formation of
terphenyls. PhPh" has three kinds of chemical structure, and
accordingly three terphenyl isomers are present in the or-
ganic products. The increased of benzene content in the or-
ganic byproducts is seen in the GC-MS measurement (Fig-
ure S6 in the Supporting Information), which is further sup-
port for the proposed reaction mechanism. Alternatively,
Ph’ radicals can self-collide to generate PhH and phenyl bir-
adicals (Ph:).”” One Ph: biradical combines with two Ph’
radicals to produce terphenyls, and three kinds of Ph: struc-
tures generate the three corresponding terphenyl isomers. It
is believed that tetraphenyls are produced in a similar way
to the above two possible routes.

Furthermore, the current synthetic system is favorable for
reactions of thermally generated phenyl radicals at elevated
temperature, which promote formation of transition-metal
phosphides. Radical reactions frequently occur in vapor/gas
phase, and are often induced by photolysis, thermolysis, and
catalysis.”) In our synthesis, the employed temperature
(350-400°C) is higher than or comparable to the boiling
points of triphenylphosphine (377°C), benzene (80.1°C), bi-
phenyl (254°C), and terphenyl (383°C), and creates a vapor-
phase environment for the reaction in vacuum-sealed tubes.
The vapor-phase environment provides a good platform for
reaction of the phenyl radicals. Meanwhile, thermolysis and
metal catalysis also favor the production, collision, and
propagation of phenyl radicals in the present synthesis.
Thereby, the phenyl radical mechanism we propose is rea-
sonable, although the phenyl radical has not been detected
by ESR due to the short-lived highly reactive nature of radi-
cals at high temperatures. This mechanism can be also appli-
cable to the reactions of other metals with PPh; in the syn-
thesis of transition or main-group metal phosphides, includ-
ing Co,P, Fe,P, FeP, Ni,P, NiP,, and InP.
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Conclusion

We have demonstrated a general method for the phase (stoi-
chiometry) controlled synthesis of transition-metal phos-
phide nanowires. The synthesis relies on a new Ullmann-like
reaction of elemental metals with PPh; in vacuum-sealed
tubes. Phase control is achieved by carefully controlling
preparation parameters, including metal/PPh; ratio and con-
centration, reaction temperature and time, and heating rate.
Six types of cobalt, iron, and nickel phosphide nanowires
were synthesized. These high quality nanowires display dis-
tinct structural characteristics and magnetic properties.
Based on GC-MS studies on organic byproducts, it is con-
cluded that the phosphides are formed through an Ullmann-
type reaction of phenyl radicals. The present work provides
a new strategy for the selective synthesis of transition-metal
phosphide nanostructures for potential magnetic and elec-
tronic applications.

Experimental Section

Phase-controlled synthesis of Co,P and CoP nanowires: In a typical syn-
thesis of Co,P nanowires, a mixture of Co powder (0.118 g, 2 mmol, AR,
>99.5%) and PPh; (0.265 g, 1 mmol, CP, 99 %) was put into a quartz am-
pullaceous tube (& 1 cmx 15 cm), which was then evacuated and sealed.
The sealed tube was loaded into a resistance furnace by a tilt angle of 5°,
heated from room temperature to 385°C over 200min, and kept at this
temperature for 15h. After the tube was allowed to cool to room temper-
ature, the black products were collected, washed with benzene, dilute hy-
drochloric acid, and absolute ethanol, and finally dried in a vacuum fur-
nace at 60°C for further investigation. The Co,P sample was washed in
dilute hydrochloric acid (ca. 1-2m) in an oven at 60-70°C for several
hours to removed unconverted Co particles, especially for the syntheses
with excess Co (Co/PPh;>1:1). Without changing other synthetic condi-
tions, CoP nanowires were also obtained by increasing the molar ratio of
Co/PPh; to 1:4. No HCI treatment was needed for the CoP nanowire
sample. The details of the phase-controlled synthesis are summarized in
Table 1.

Selective synthesis of Fe,P, FeP, Ni,P, and NiP nanostructures: Fe
powder or Ni powder was first treated with 0.1 m NaBH, aqueous solu-
tion by sonication to remove surface oxides. 1.000g of Fe powder or Ni
powder was mixed with 10mL of NaBH, aqueous solution and sonicated
for 10min. The metal powder was separated by decanting the upper solu-
tion layer and washed with distilled water and anhydrous ethanol three
times each, and finally dried in a vacuum furnace at 50°C for further use.
In the synthesis of Fe,P and Ni,P nanowires, a mixture of the NaBH,-
treated Fe or Ni powder and PPh; with a molar ratio of 4:1 or 2:1.2 was
put into a quartz ampullaceous tube (& 1 cm x 15 cm). The tube was then
evacuated and sealed. The sealed tube was loaded into a resistance fur-
nace by a tilt angle of 5°, heated from room temperature to 380°C in
100min, and kept at this temperature for 15h. The following procedures
were identical to those used for Co,P synthesis. In addition, FeP and
NiP, were prepared similarly, except that the ratios of Fe/PPh; and Ni/
PPh; were kept at 1:4 with a heating rate of 60 min from room tempera-
ture to 390°C.

Characterization: The crystal structure and phase purity of the transition-
metal phosphide nanowires were examined by powder X-ray diffraction
(XRD, Philips X'Pert Pro Super diffractometer) with graphite-mono-
chromatized Cuy, radiation (1=1.54178 A). Electron diffraction (ED),
energy dispersive X-ray spectrometry (EDX), low- and high-resolution
transmission electronic microscopy (HRTEM) data were collected on a
JEOL JEM-2011 electron microscope operating at 200 kV. Samples for
TEM analysis were prepared by sonicating the products in ethanol and
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dropping a small volume onto a carbon-coated copper grid. X-ray photo-
electron spectroscopy (XPS) measurements were performed on a
VGESCA-LAB MKII X-ray photoelectron spectrometer with an Alg,
excitation source. The magnetic properties of Co,P and CoP nanorods
were measured with a Quantum Design MPMS-XL7 SQUID magneto-
meter, and the temperature dependence of magnetization was measured
in an applied magnetic field of 100 Oe between 2 and 300 K by using
zero-field cooling (ZFC) and field-cooling (FC) procedures. The organic
byproducts produced from the synthesis were tested on a Thermo Finni-
gan gas chromatograph with a Varian 8cb 30 mx0.25 mmx0.25 um
column, coupled with a mass spectroscopic detector (GC-MS).
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