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The preparation of metal nanocrystals (NCs) with precise and tunable size is of great interest for many applications.
Following previous reports on the synthesis of monodisperse nickel, palladium, and platinum NCs, we here show that
the narrow size distributions are the result of an optimized combination of surfactants that play a dynamic, synergistic
role in stabilizing the particles at different stages (nucleation, growth) of their preparation. This dynamical process
allows the temporal separation of nucleation and growth responsible for the narrow size distributions achievable with
this heat-up method. Finally, the uniform NCs are exploited in the preparation of binary nanocrystals superlattices
entirely based on metal components, with promising applicability in the fields of catalysis, sensing, and optics. © 2015
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Introduction

Nanocrystals (NCs) with precise tunability in size and shape
in the 1-100 nm regime are of great scientific interest because
of their properties that differ from bulk counterparts due to
quantum-size effects.’ This new class of materials has found
application in several areas such as electronics and optoelec-
tronics,”™ magnetics,’ and catalysis.®” These precisely tuned
particles are not only scientifically interesting because of their
novel properties, but can, in fact, provide valuable information
on processes that occur at length scales where the transition
between atomic or molecular and bulk properties plays a key
role. Their precise structure allows us to investigate structure-
property relations and thus, contribute to understanding the
elements that lead to enhanced performance. In addition to the
above elements, well-defined NCs provide the unique opportu-
nity to exploit inexpensive self-assembly techniques for
obtaining long-range ordered arrays where the position of the
components is essentially dictated by entropy, opening new
avenues for the design of inorganic materials at the molecular
scale.® These assemblies of precise building blocks can occur
in single component and in multicomponent mixtures, the lat-
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ter structures known as binary nanocrystals superlattices
(BNSLs). These arrays allow to study the collective properties
that these novel systems show,g’10 and have found use in
describing particle-particle interactions.'' The preparation of
BNSLs entirely based on metals can be of great potential inter-
est for catalytic applications as the proximity of two compo-
nents with tailored size and interparticle distances can result in
catalysts with improved activity and selectivity due to proxim-
ity effects or cascade reactions.

Various methods have been developed for the synthesis of
monodisperse NCs in the case of semiconductor quantum
dots,12 metal,13 and metal oxide particles.14 These procedures
often rely on postsynthesis treatments such as Ostwald diges-
tive ripening'” and size-selection procedures'>'® to reduce the
polydispersity of the sample or on complex procedures which
involve injections that reduce the final yield of particles.'’
Few methodologies have been reported that are at the same
time widely applicable and that do not rely on costly and time
consuming selection processes to obtain monodisperse par-
ticles with reduced dimensions.'®'® Understanding the path
that these NCs take to form monodisperse samples is important
to understand how to further tune their size, shape and compo-
sition, and to further engineer these structures at the atomic
scale.

In this contribution, we show that the narrow size distribu-
tions in nickel (Ni), palladium (Pd), and platinum (Pt) NCs pre-
pared by colloidal methods are a result of the role of different
surfactants that stabilize the particles during their formation at
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Figure 1. Ni (a, b, c), Pd (d, e, f), and Pt (g, h, i) NCs prepared with OLAM, TOP and eventually OLAC by high-
temperature colloidal methods. The NC size increases from left to right in each series and it is related to
the particular reaction conditions. All scale bars are 50 nm.

different stages (nucleation, growth, Ostwald ripening) of the
synthesis. The size monodispersity of the NCs is further demon-
strated by the preparation of different BNSLs based on the com-
bination of two metals, which can be promising for catalytic
and optical applications.

Experimental
Synthesis of Ni, Pd, and Pt particles

All synthesis were performed using standard Schlenk tech-
niques following the procedures reported by Cargnello et al.*’
Briefly, Ni(II), Pd(II), or Pt(Il) acetylacetonate salts were
mixed with oleylamine (OLAM), trioctylphosphine (TOP),
and eventually oleic acid (OLAC) in benzyl ether and the mix-
tures evacuated and heated to temperatures between 230°C
and 290°C to allow the formation of NCs. To study the struc-
tural evolution of the NCs, aliquots of the reaction mixture
(0.2 mL) were removed from the reaction flask at appropriate
temperatures and quenched with isopropanol (5 mL), then
NCs collected by centrifugation and redispersed in hexanes
for characterization.

Assembly of nanoparticles into binary nanocrystal
superlattices

Preparation of BNSLs followed published liquid-air inter-
face assembly procedure.21 Hexanes solutions of Ni, Pd, and
Pt nanoparticles at approximately 3 mg mL ™' concentration
were mixed in different volume ratios in a vial. A single drop
of the mixed solutions was placed on the surface of diethylene
glycol (DEG) in a Teflon well, the well was covered with a
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glass slide and left undisturbed to allow the slow evaporation
of hexanes. BNSLs membranes were transferred to grids for
transmission electron microscopy (TEM) by picking up the
floating membranes from the subphase using tweezers and
gently lifting up. Residual solvents (including DEG) were
removed by further evacuation in a vacuum chamber under
reduced pressure for at least 2 h.

Characterization techniques

TEM characterization was performed on a JEOL JEM-1400
microscope operating at 120 kV, and high-resolution TEM
(HRTEM) characterization using a JEOL 2010F microscope
operating at 200 kV. 'H-, '*C-, and *'P-NMR (nuclear mag-
netic resonance) spectra were obtained at 25°C as CDCl; solu-
tions on a Bruker DMX 300 operating at 300 MHz for proton.

Results and Discussion

Figure 1 summarizes NC samples that can be obtained with
the method that we have been previously described.?’ Ni par-
ticles in the size range 3—12 nm, Pd in the range 2.5-6.3 nm
and Pt in the range 2-3.7 nm can be obtained with size distri-
butions below 6% without the need of any postsynthetic size-
selective precipitation. The synthetic strategy involved the
thermal decomposition of metal(II) acetylacetonate com-
pounds in benzyl ether using OLAM, TOP, and OLAC as sur-
factants/stabilizing agents at different temperatures. In the
case of Ni and Pd, mixtures of TOP and OLAM were suffi-
cient to guarantee the isolation of monodisperse NCs of sizes
above 2 nm. In the case of Pt, the addition of OLAC was nec-
essary to grow larger (>2 nm) NCs. The size was tunable by
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Figure 2. Representative TEM images showing the
extended (up to pum) order of superlattices
formed by (a) 3 nm Ni, (b) 6.3 nm Pd, and (c)
3.2 nm Pt monodisperse NCs.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

varying the temperature and/or the surfactants-to-metal ratio.
The particles self-assembled into large patches of ordered
superlattices even just by drop-casting concentrated solutions
onto TEM grids (Figure 1). Using liquid-air self-assembly
techniques, it was possible to obtain areas of superlattices that
extended up to microns (Figure 2). The yields for all the pro-
cedures were quantitative when calculated based on the initial
amount of acac precursors.

The formation mechanism of the uniform NCs was investi-
gated using NMR. The nature of the precursor before any
applied thermal treatment was studied in the case of Pd using
correlated 'P- and *C-NMR (Figure 3). The addition of
OLAM to Pd(acac), precursor (not shown) did not produce any
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change in the "H-NMR spectra indicating that the amine func-
tionality was not able to displace the acac ligands in the Pd(II)
coordination sphere. Conversely, when TOP was added in dif-
ferent ratios to Pd(acac),, a clear change in both the 13C- and
3IP.NMR spectra was obtained. A TOP-Pd complex was
formed as indicated by the appearance of new sets of signals in
the *'"P-NMR spectra (between 20 and 30 ppm) and also by a
change in the color of the solution from pale yellow to bright
orange. The acac ligands were removed after the addition of
two equivalents of TOP, as showed by the appearance of the
signals of free acac ligand in the '*C spectra at 202 ppm (Figure
3, right). The acac ligands were, therefore, removed from the
coordination sphere, in contrast to what observed by Hyeon and
coworkers.'® However, only when four equivalents of TOP
were added, a small signal belonging to free TOP in solution
started to appear at —31 ppm. The formation of phosphine-Pd
complexes at room temperature has been already demonstrated
in the case of the reaction between Pd(II) acetate and triphenyl-
phosphine,22 as well as the reduction of Pd(II) centers to Pd(0),
and the phosphine-Pd(0) adduct is unstable unless an excess of
phosphine is used to stabilize the Pd(0) center. Therefore, it is
reasonable to conclude that TOP immediately displaced acac
ligands from Pd(acac),, forming a stable pPd(TOP), complex.
This complex may undergo reduction to Pd(0) in the presence
of excess phosphine.”> The formation of the Pd-TOP complex
determines the formation of the true initial precursor, and
because of the known equilibria involved in Pd-phosphine com-
plexes, the addition of excess phosphine moves the equilibrium
toward the tetracoordinated Pd, making the complex more steri-
cally hindered and, therefore, more stable and harder to decom-
pose with temperature. For this reason, we observed that the use
of a large excess of TOP required very high reaction tempera-
tures to induce the breaking of the TOP-Pd complex (Hyeon
and coworkers performed the reaction at 300°C, Ref. 16), and
working with near-stoichiometric amounts of phosphine
allowed better tuning of the particle size.

OLAM was found to be a spectator at the initial stages of
the synthesis. However, 'H- and *'P-NMR spectra of the final,
purified Pd and Pt NCs demonstrated that only OLAM was
present in the organic monolayer as protecting agent and that
no signals related to phosphorus-containing compounds were
present (Figure 4). High-performance liquid chromatography-
mass spectrometry (HPLC-MS) analysis of the remaining
washing solutions confirmed the presence of trioctylphosphine
oxide (TOPO), in addition to unreacted OLAM. All of these
elements combined provide evidence of a change in the coor-
dination ligands of the growing Pd NCs and the replacement
of TOP by OLAM occurring during the reaction. This process
is not surprising considering that the starting Pd(II) ions have
a soft character and prefer a soft coordinating base such as a
phosphine. During the formation of Pd(0) NCs, however, the
chemical hardness of the metal atoms determine the change in
coordination to the harder amine base, and OLAM binds to the
surface of the NCs.

To gain further insight into this process, we sampled the
reaction at different stages (at 200°C, at 270°C, and after heat-
ing at 270°C for 10 min, whereas the final synthesis under
these conditions requires to heat the precursors at 270°C for
15 min) and analyzed the particles after purification at each
interval using TEM and NMR techniques with the results
reported in Figure 5. The conditions used for this particular
synthesis were: Pd(acac), 0.5 mmol, TOP 2.5 mmol, OLAM
10 mmol, and 10 mL of benzyl ether. TEM images showed
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Figure 3. 3'P-NMR (left) and selected region of the *C-NMR (right) of the reaction between Pd(acac), and multiple
equivalents of TOP. The spectra of pure Pd(acac), and pure TOP are reported for comparison.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

that at 200°C (Figure 5a) black spots were present on the grid,
suggesting the presence of very small clusters that form
agglomerates on the grid (the solution at this point was already
black). At 270°C (Figure 5b) discrete Pd nanoparticles were
clearly distinguishable, but size distribution was still polydis-
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Figure 4. 'H- and 3'P-NMR (inset) spectra of purified
Pd and Pt nanoparticles showing the charac-
teristic signals of OLAM in the 'H spectrum
and the absence of signals detected in the
31p spectrum.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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perse. After heating at 270°C for 10 min (Figure 5c) the aver-
age particle size increased and size distribution became
narrower even if the value, 11%, was still higher than at the
end of the synthesis (6%). Therefore, it is plausible that the
growth of the particles follows an Ostwald ripening process in
accordance with other procedures.'>'® 3'P- and 'H-NMR data
indicated that the small clusters at 200°C were protected by
TOP only. There was an absence of OLAM signal in the 'H-
NMR spectrum. When the temperature was increased to
270°C (Figure 5b), only a small fraction of TOP-Pd species
remained, and OLAM-Pd species were the most abundant one
detected in the 'H-NMR spectrum. In the TEM image corre-
sponding to this step of the synthesis, some very small par-
ticles/clusters were still visible. The data suggest that the
growth of the particles started and TOP, being bulkier than
OLAM, was replaced on the surface of the NCs probably due
to steric effects. This trend was almost completed after heating
the solution at 270°C for 10 min (Figure 2c), as at this point no
signals related to phosphorus species were present in the *'P-
NMR spectrum and a '"H-NMR spectrum resembling that of
the final Pd particles was obtained. The presence of TOPO at
the end of the reaction (as observed by HPLC-MS analysis)
suggests that TOP is the reducing agent. The oxygen atoms
needed for the oxidation of TOP to TOPO may derive from
impurities present at the initial stages of the synthesis.23

The conclusions drawn for Pd can be extended to Ni and Pt.
The different temperature windows required for the synthesis
of the three metals (230°C for Ni, 250-290°C for Pd, and
300°C for Pt) were ascribed to the increased strength of the
metal-TOP bond. Ni-TOP complex was found to decompose
at lower temperatures than the corresponding Pd-TOP com-
plex regardless of the excess of TOP and OLAM used.”* On
the contrary, the Pt-TOP complex was even more stable than
Pd, being stable at temperatures ~300°C when the boiling
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Figure 5. Representative TEM images (top), 3'P-NMR (middle), and 'H-NMR spectra (bottom) of Pd nanoparticles
at different stages of the reaction: 200°C (column a); 270°C (column b); after 10 min at 270°C (column c).
Stars and crosses highlight NMR signals of TOP-Pd and OLAM-Pd species, respectively.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

point of the mixture was reached. We attribute this behavior to
the increased m-back-donation from the metal to the 3d p orbi-
tals as the electronegativity of the metal is reduced going from
Ni to Pd to Pt. This element is in accordance with both theoret-
ical and experimental studies.?>?° In the case of Pt, the addi-
tion of OLAC was necessary to form larger NCs. The role of
OLAC was peculiar in destabilizing the metal-TOP com-
plexes. Its role is twofold: First, OLAC compete with TOP for
the coordination to the metal center; second, the acid-base
reaction between these two compounds could induce the for-
mation of adducts that reduces the binding of TOP to form
complexes with the metals. OLAC affected the various metals
in different ways (Figure 6): while it resulted in the formation
of large Ni structures of variable, faceted shapes, it promoted
the formation of uniform and relatively larger (compared with
when prepared without OLAC) Pd and Pt NCs. In the case of

%8

Y%

mom %

Figure 6. Effect of the addition of 20
particles.
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Ni, only large, faceted particles of different shapes and sizes
were obtained, indicating that the addition of OLAC had a
very strong effect on the growth of the Ni particles. This was
due to the strong adsorption of OLAC on the Ni nuclei once
these were formed, and likely to the fact that OLAC had a
stronger binding to Ni than TOP. In the case of Pt, in a similar
way, the presence of OLAC improved the decomposition of
the metal precursor by reacting with TOP and reducing the
temperature needed for the decomposition of the Pt-TOP com-
plex. Finally, in the case of Pd, almost no effect was seen, as
the particles were of similar dimension and size dispersion as
those prepared in the absence of OLAC. This was due to the
fact that the two effects, binding of OLAC directly to Pd and
the reaction of OLAC with TOP, were balanced in strength in
the case of Pd and the result was that similar characteristics of
the particles were obtained. It is possible that further in-depth

February 2016 Vol. 62, No. 2
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Figure 7. Binary nanocrystal superlattices self-assembled starting from the monodisperse NCs synthesized in this
work (scale bars represent 50 nm).

- e - %

(a) Pd-Pt AB,-type BNSLs; (b) Pd-Pt AB,3-type BNSLs; (c) Pd-Ni AB,-type BNSLs; (d) Pt-Ni NaCl-type BNSLs. Particles used are

in this case 2.5 nm Pt, 6.3 nm Pd, and 12 nm Ni.

studies on the addition of OLAC to these syntheses can result
in the preparation of faceted, anisotropic Ni particles and
larger Pd and Pt NCs.

The monodispersity of the particles was finally exploited in
the preparation of BNSLs based on the described Ni, Pd, and
Pt particles. The variety of BNSLs prepared in this study is
shown in Figure 7. AB,, AB3, and NaCl-type systems were
obtained. We calculated the effective size ratio y between the
two components, taking into account an average contribution
of the OLAM capping molecules of 2 nm.”” In the case of
AB, systems, y was ~0.54 and ~0.59 for Pt-Pd and Pd-Ni sys-
tems, respectively; for the Pd-Pt AB;;, y was ~0.54; and
finally, for the Pt-Ni NaCl-type system, y was ~0.32. All these
values are well in accordance with theoretical predictions
based on optimum space filling.”® The formation of AB, and
AB 3 systems starting from the same Pd-Pt nanoparticles was
achieved using different concentrations of the two solutions.
The preparation of BNSLs based entirely on metals is promis-
ing for catalytic or optical applications where the close prox-
imity of two metallic surfaces can be advantageous as
demonstrated by Kang et al.'"

Conclusion

We reported here the study of the reaction mechanism for
the formation of monodisperse NCs of Ni, Pd, and Pt. We
showed that the ligands trioctylphospine and OLAM are syn-
ergistic in stabilizing the growing particles at different stages
of the synthesis, guaranteeing an appropriate environment
where nucleation and growth stages are separated and Ostwald
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ripening results in size dispersions below 6%. We also show
the preparation of BNSLs using only metallic NCs as building
blocks, with important perspectives for catalytic and optical
applications.
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