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M etals represent more than two-thirds of the elements in
the periodic table, and they have attracted extensive
attention owing to their particular physical and chemical
properties. Many metals at the nanoscale exhibit widespread
applications, ranging from catalysis to electronics, photonics,
energy conversion/storage, superconduction, and medicine.'®
For unambiguous identification of metal nanoparticle proper-
ties, the synthesis of uniform metal nanoparticles with well-
defined size, shape, composition, and crystal structure is

indispensable.””"* Up to now, a series of methods have been

developed to prepare metal nanoparticles, among which
colloidal synthesis has some advantages in the controlled
synthesis of monodisperse metal nanoparticles.'’™** In most
cases, a metal salt precursor is controllably reduced in the

presence of organic ligands, which prevent particle aggregation
and improve the chemical stability of metal nanoparticles.
However, the different reduction potentials of metal cations

intrinsically limit the development of a versatile synthetic
method for various metal nanoparticles. In addition, the need
to regulate the nucleation and growth of metal nanoparticles

often requires the use of some specific reducing agents or
precursors, some of which are flammable and/or hazardous.”
Therefore, developing a generalized approach for the synthesis
of various uniform metal nanoparticles is highly desired for
both fundamental research and practical applications.

Herein, we present a versatile strategy of uniform metal
nanoparticles via the tungsten hexacarbonyl (W(CO)y)-
assisted reduction of different metal salts. The unique
characteristics of W(CO); make it possible to obtain 10
different kinds of uniform metal nanoparticles without size
selection, ranging from transition metals to main group metals.
Furthermore, the size of these metal nanoparticles can be
readily tuned by adjusting reaction parameters. This method is
further demonstrated to prepare uniform binary metal (e.g.,
Ag—Pd and Pd—Ni) nanoparticles.

The demonstration of this generalized synthetic strategy for
various metal nanoparticles is shown in Figure 1. During the
syntheses of these metal nanoparticles, the metal salt
precursors are controllably reduced in the presence of W(CO);
and high boiling point solvents such as oleylamine (OAm)
and/or oleic acid (OA), to produce corresponding metal
nanoparticles. We start the discussion with the synthesis of Ag
nanoparticles. In a typical synthesis, W(CO),, AgNO;, OAm,
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Figure 1. TEM images of as-obtained metal nanoparticles: (A) Ag;
(B) Au; (C) Pd; (D) Fe; (E) Co; (F) Ni; (G) Cu; (H) In; (I) Ge;
and (J) Pb. (K) Photos of 10 types of metal nanoparticles dispersed in
hexane.

tri-n-octylphosphine (TOP), and 1-octadecene (ODE) are
mixed in a three-neck round-bottom flask at room temper-
ature, and then the mixture is heated under an argon stream.
These as-obtained Ag nanoparticles show the quasi-spherical
shape with an average diameter of 16.9 + 1.3 nm (Figure 1 A).
Furthermore, the size of Ag nanoparticles can be tuned to 10.8

+ 0.8 nm and 4.9 £ 0.9 nm with narrow size distributions by
adjusting the capping ligands such as TOP and 1-
dodecanethiol (DDT), respectively (Figures S1 and S2).
Analogously, the W(CO)g-assisted reaction method can also
be extended to the synthesis of other noble metals with narrow
size distributions such as Au (5.8 £ 0.6 nm, Figures 1B and
S3) and Pd (12.7 £ 0.7 nm, 4.6 £ 0.4 nm, 2.6 £ 0.4 nm,

Figures 1C, S4, and S5).

The syntheses of the first-row transition metal nanoparticles
(e.g., Ni, Co, Fe, Cu) have been extensively studied, due to
their catalysis, magnetic, and optics applications.”™'* As for
these relatively reactive metals, a strong reducing agent (e.g.,
superhydride) is usually necessary at elevated temperature to
reduce metal precursors. In this work, this W(CO),-assisted
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method is successfully developed to prepare several mono-
disperse first-row transition metal nanoparticles including Fe
(6.9% 0.8nm), Co (13.4% 1.4nm, 8.5+ 0.9 nm), Ni (13.0 %

1.2nm, 7.9+ 0.8 nm), and Cu (19.5 £ 2.3 nm) (Figures 1D—

G and S6—S11), under reaction conditions similar to_those for
noble metal nanoparticles. Furthermore, instead ofusing toxic,

expensive organometallic compounds (e.g., Fe[N(SiMe;),],)
as metal precursors, we chose inexpensive and environmentally
friendly compounds, namely, metal chlorides (or metal
acetates) in our experiments (refer to Experimental Section
for details).

Compared to transition metal nanoparticles as described
above, the syntheses of group III and IV metal nanoparticles
are relatively less explored.” First, strong reducing agents are
necessary for the formation of such metal nanoparticles, due to
their negative redox potentials. Second, the uniformity of these
metal nanoparticles is difficult to control because of their low
affinity with most commonly used organic ligands in
nanoparticle syntheses such as amines and phosphines. In
addition, thiols or long-chain carboxylic acids can react with
those elements at high temperature. Third, some bulk main
group metals (e.g., In and Pb) have low melting points,
preventing the controlled formation of those metal nano-
particles at high temperature. Our results indicate that this
W(CO)¢-assisted procedure is applicable to the syntheses of
main group metal nanoparticles with narrow size distributions
such as In (22.5 £ 3.1 nm), Ge (6.0 nm x1.1 nm), and Pb
344+ 47nm, 16.6 £ 3.4nm) (Figures IH-J and S12—16),
greatly simplifying the selection ofreducing agents and capping
ligands. As shown in Figure 1K, all these as-prepared metal
nanoparticles can be well dispersed in hexane, forming stable
colloidal solutions.

In addition to single metal nanoparticles, this W(CO),-
assisted synthetic method can also be extended to the synthesis
of binary metal nanoparticles. In a typical synthesis, high-
quality monodisperse Ag—Pd and Pd—Ni nanoparticles can be
obtained by directly heating the mixture of W(CO)j,
Pd(acac),, AgNO; (or Ni(CH;COO),), and OAm under
argon flow. TEM images of Agg;Pd,; (Figure 2A) and PdgsNi, 5
(Figure 2D) nanoparticles show near-spherical particles with
narrow size distributions. The corresponding HRTEM images
(insets) and XRD patterns (Figures 2C,F) suggest the good
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Figure 2. TEM images of (A) Agg,Pd;;and (D) PdgsNi;s nano-
particles with insets showing their HRTEM images. Elemental
mapping images of (B) Agg,Pd,;and (E) PdgsNi,s nanoparticles.
(C) XRD patterns of Ag—Pd nanoparticles with different ratios: (a)
Ag; (b) Agg,Pd;s;and (c) AgyPdy,. (F) XRD patterns of Pd—Ni
nanoparticles with different ratios: (a) Pd; (b) PdgsNis; and (c)
Pd;Ni..
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crystallinity of these binary metal nanoparticles. Elemental
mapping images in Figure 2B clearly confirm that Ag and Pd
are evenly distributed in the Agg,Pd,; nanoparticles, and their
atomic mole percentages are determined by the inductively
coupled plasma mass spectrometry (ICP-MS). However,
surface segregation of Pd on PdgsNi;s nanoparticles can be
observed in Figure 2E, which is a common phenomenon in Pd-
based binary alloys. It has been revealed that many factors such
as mixing enthalpy, temperature, crystal orientation on the
surface, and elastic strain energy, could have an influence on
the surface segregation behavior of Pd-based binary
alloys.”'~** The components of Ag—Pdand Pd—Ni nano-
particles can be conveniently tuned by the precursor
concentration, and thus monodisperse Ag,;sPd,, and Pds;Niy,
nanoparticles can also be obtained. With the variations of
atomic percentages, diffraction peaks of these binary metal
nanoparticles are shifted correspondingly (Figure 2C,F). These
results indicate that the W(CO)s-assisted reduction process is
a versatile synthetic method for both monodisperse single
metal and binary metal nanoparticles (Table S1).

To intrinsically understand the functions of W(CO)s in
these syntheses, we have rationally designed a series of control
experiments, as shown in Table 1. First of all, W(CO), is

Table 1. Comparison of Experimental Results under
Different Reaction Conditions

metal W(CO)s without W(CO); CcO
Ag 4.9 nm 1.5-7.0 nm 1.5-6.5 nm
Au 5.8 nm 4.6—15.0 nm 4.0-12.7 nm
Pd 12.7 nm 8 nm 2—5nm
Fe 6.9 nm 200—300 nm 84—426 nm
Co 8.5nm 20—-70 nm Co and CoO
Ni 7.9 nm 2—17 nm no product
Cu 19.5 nm 18—80 nm 10—-20 nm
In 22.5nm In and In,0; no product
Ge 6.0 nm no product ~9nm
Pb 16.6 nm no product no product

removed while keeping all other conditions unchanged, and in
this case OAm becomes the only reducing agent in the
reactions. In the absence of W(CO);, OAm itself is strong
enough to reduce some metal cations into zerovalent metals
except for Ge and Pb. For example, OAm can reduce Au*" to
Au'at elevated temperature, which has also been reported.**
However, Au nanoparticles with broad size distribution (0 ~
21%) are produced in the absence of W(CO), in our system
(Figure S17D). In contrast, the reaction proceeds faster in the
presence of W(CO),, and the size distribution is greatly
narrowed (0 = 10%) (Figure SI17E). Such results indicate that
the addition of W(CO), may promote the faster nucleation of
Au nanoparticles, which is essentialto produce uniform Au
nanoparticles. Similar results also can be found in the cases of
other metal nanoparticles including Ag, Pd, Fe, Co, Ni, Cu,
and In (Figures S17 and S18). Notably, the formations of Fe,
Co, and Cu nanoparticles become very difficult to control
without W(CO),, because of their slow nucleation kinetics
(Figures S17J and S18A,G). It is reasonable to conclude that
W(CO); plays an essential role in the nucleation and growth of
those metal nanoparticles, leading to the formation of
monodisperse metal nanoparticles.

The significant effects of W(CO), on the syntheses of
uniform metal nanoparticles should originate from CO gas
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and/or W' species that are in situ generated in solution at
elevated temperature. To explicitly understand the individual
roles of CO gas and W species, we have also carried out
another set of control experiments, in which CO gas is
continuously introduced into the solution as the reducing
agent to replace W(CO),. Compared with the cases in the
absence of W(CO)q, similar experiment results (irregular shape
and/or broad size distribution) are obtained for Ag, Au, Fe,
Cu, Pd, and Co nanoparticle systems (Table 1 and Figure
S19). It should be noted that the mixture of smaller Co (<5
nm) and CoO nanoparticles (Figures S19K,L) is produced in
this situation, and the formation of CoO nanoparticles is
probably due to the severe oxidation of tiny Co nanoparticles
in the air.’ Instead of no Ge nanoparticles produced without
W(CO)y, the introduction of CO gas results in the formation
of Ge nanoparticles, indicating CO is a stronger reducing agent
than OAm to reduce Ge** to Ge atom (Figure S20). However,
CO gas is still not strong enough to reduce Pb*" cations, and
therefore no Pb nanoparticles are produced in this case, as
shown in Table 1. As discussed above, OAm itselfis strong
enough to produce Ni and In nanoparticles although with poor
morphology uniformity. However, no nanoparticles are
obtained in the control experiments of Ni and In metals
when introducing CO gas into the reactions. It is hypothesized
that there would be some metal carbonyls (e.g., Ni(CO),)
produced during the reactions, which can be obtained via the
reaction of metal clusters and CO wunder the synthesis
condition.””** As a strong coordination ligand, CO can form
coordination complexes with some metals through the strong
coordinate covalent bond, especially in the cases of In and
Ni.*~* Hence, indium carbonyl and nickel carbonyl with high
bond stability are very stable and not easily decomposed
compared to other metal carbonyls in our system. Asa result,
the nucleation and growth of In and Ni nanoparticles are
seriously inhibited when using CO gas as a reducing agent.
However, uniform Ni and In nanoparticles are still obtained in
this W(CO)-assisted method. Thus, the presence of W°
species from the decomposition of W(CO), is probably
essential in the formation of these metal nanoparticles,
especially for In and Ni ones.

We speculate that the W° may act as a sacrificial reducing
agent to facilitate the rapid reduction of metal ions to metal
atoms in the nucleation stage. By comparing redox potentials
(vs SHE) of different metal ion/metal pairs (Table S2), the
W /W pair has a more negative reduction potential than those
of Au*"/Au, Pd*/Pd, Ag'/Ag, Cu**/Cu, and Ge*'/Ge pairs.
So, it is reasonable that W° can reduce Av*', Pd**, Ag", Cu*",
and Ge?' to zero-valence metals in this system. In contrast, it
seems impossible for the reduction of Pb*", Ni*", Co>", In*",
and Fe*" by W according to their redox potentials.

However, the UV—vis absorption (Figure S21) results of
W(CO)¢ decomposition and the nucleation stage of Ni
nanoparticles in the presence of W(CO), indicate that the
redox reactions between W and these metal cations may also
occur. As shown in Figure S21A (red line), two absorption
peaks at 352 and 380 nm appear after W(CO), decomposes.
We think that these peaks originate from the WO, clusters
because of the rapid oxidation of W species decomposed from
W(CO),, which can be further supported by its photo-
luminescence spectrum excited at 380 nm in Figure S21B,
which is similar to WO, ultrathin nanowires.”” When Ni**
precursor is introduced into the system, the spectrum is
different compared to that of W(CO), decomposition. As the

4327

temperature increases to 220 °C, the peaks of WO, clusters
disappear unexpectedly (Figure S21a, blue line), indicating the
complete consumption of W° species during the nucleation
stage of Ni nanoparticles. This result provides strong evidence
for our speculation that W° could act as a sacrificial reducing
agent in the nucleation stage of metal nanoparticles, even for
those more reactive metals.

This phenomenon should be ascribed to the enhanced
reduction ability of W° due to its ultrasmall characteristic. It
has been reported that the oxidation potential of metal
nanoparticles would dramatically decrease due to the confine-
ment effect.*** For example, when particle size decreases to
less than 3 nm, Ag and Au can react with more reactive metal
ions, such as Cu®* and Ag’, known as “antigalvanic reaction”."’
Therefore, it is reasonable to speculate that tiny W species can
act as an effective sacrificial reducing agent during the
syntheses of these metals. In addition, according to the X-ray
photoelectron spectroscopy (XPS) results (Figure S22), the W
species on all these representatives metal nanoparticles (Pd,
Ni, In, Pb) have a positive valence (+6), confirming that W°
species can be oxidized by all these metal cations. Notably,
through ligand exchange processes (refer to the Experimental
Section in Supporting Information for details), the content of
W element in the final products can be reduced to as low as
0.13 atom % (Table S3, Figure S23). The positive valence and
efficient removal of W element both indicate that the residual
W species are absorbed on metal particle surface as ligands
rather than alloying with them.

Based on these experiments, the intriguing roles of W(CO),
in the syntheses of uniform metal nanoparticles are clearly
revealed. The W(CO)4-assisted reaction process should
proceed in the following steps (Figure 3). (i) Decomposition
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Figure 3. Schematic diagrams illustrating the mechanism of the
W(CO),-assisted reaction process for the formation of different metal
nanoparticles.

of W(CO),: CO and W' species are generated through the
rapid decomposition of W(CO), at elevated temperature
(>140 °C) before the reduction of metal salts. (ii) Reduction
of metal salts: with the assistance of CO, W? species, and

OAm, metal salts with positive valence (M", n = 1—3) are
reduced to zerovalent metals (M°). (iii) Formation and
decomposition of metal carbonyls (M,(CO),): metal carbonyls
are formed by CO binding to metals with dative bond and
along with the tendency of decomposition at appropriate
temperature. (iv) Formation of uniform metal nanoparticles:
the growth of metal nanoparticles continues in the presence of
CO and other ligands to regulate their morphology and size.
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In summary, we have developed a generalized strategy for
the controlled syntheses of the 10 monodisperse metals
through the W(CO),-assisted reduction of various metal salts
in organic phase solution. By adjusting reaction parameters, the
size of these metal nanoparticles can be readily controlled
without size selection. Based on a series of control experi-
ments, W(CO), is revealed to play a crucial role in the
syntheses of uniform metal nanoparticles, greatly simplifying
the selection of reducing agents and capping ligands. The
strategy not only is applicable to single transition metals and
main group metals but also can be extended to binary metals as
well. It represents a novel versatile approach to synthesize
different kinds of metal nanoparticles, promoting the
investigations of their various applications.
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