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ARTICLE

Synthesis of Pt-Rich@Pt-Ni Alloy Core-Shell
Nanoparticles Using Halides

Eui-Tak Hwang, Young-Woo Lee, Han-Chul Park, Da-Hee Kwak, Da-Mi
Kim, Si-Jin Kim, Min-Cheol Kim, Jin-Yeon Lee, Seul Lee, and Kyung-Won
Park*

We demonstrated the synthesis of Pt-Ni alloy core-shell nanoparticles (NPs) via a one-pot
thermal decomposition method, optimized by variation of the concentration of
cetyltrimethylammonium chloride (CTAC) and reaction time. The samples prepared without
CTAC and in 30 mM CTAC at 250 °C for 180 min exhibited the formation of single Pt-rich phases
between metallic phases. With increasing CTAC concentrations (60-120 mM) at a constant
temperature and time (250 °C for 180 min), the products contained both Pt-rich and Pt-Ni alloy
phases, consisting of a Pt-rich core with a Pt-Ni alloy shell (Pt-rich@Pt-Ni), in contrast to the
single Pt-rich phases prepared at low concentrations or in the absence of CTAC. As the reaction
time increased from 10 to 180 min in 60 mM CTAC at 250 °C, the Pt-rich NPs were observed to
grow in the initial stage, i.e. until a critical reaction time of 60 min, with subsequent formation of
the Pt-Ni alloy phase on top of the as-formed Pt-rich NPs. The morphology and structure of the
as-prepared NPs were characterized using TEM, EDX and XRD.

Introduction However, for the preparation of core-shell alloy
nanostructures, the use of a two-step seed-mediated method has
considerable processing difficulties, resulting in formation of
heterogeneous NPs. Therefore, there is a large need for the
challenging creation of a facile one-pot method for formation of
porous core-shell alloy nanostructures. Most metal NP
synthesis methods in water or polar solvents have other additive
ions including halides such as chloride, bromide, or iodide,
which have a strong tendency to adsorb onto the metallic
surfaces, affecting the corresponding surface energies.”!
Fundamental studies on the effects of additives on the growth
kinetics of these reaction systems have investigated how the
type of additive affects nanoparticle growth.?

Here, we suggested Pt-Ni nanostructures consisting of a Pt-
rich core and a Pt-Ni alloy shell (Pt-rich@Pt-Ni), by means of a
one-pot thermal decomposition method in the presence of
CTAC in organic solution. The Pt-Ni core-shell NPs were
prepared by varying the synthetic conditions such as CTAC
concentration, reaction time, and type of halide, etc.

Metallic nanostructures with a particularly large active surface
area and a highly branched morphology have received much

attention because of the fact that their morphology and

1-11

composition can be enhance

12-14

adjusted to catalytic,

magnetic, and electrical'>™"” properties. For instance, Pt-
based alloy nanoporous nanoparticles (NPs) such as Pt-Ni, Pt-
Co, and Pt-Cu, having large surface areas and small pores, were
synthesized via a facile chemical dealloying process using
nanocrystalline alloys as precursors.'’ Porous single-crystalline
Pd NPs of controllable sizes have been prepared by using a
seed-mediated method in aqueous solutions with cetyltrimethyl-
ammonium chloride (CTAC) as a stabilizing agent.’ In
particular, Pt-based core-shell NPs such as Au@Pt, Pt@Pd, and
Pd@Pt have gained interest due to their excellent properties
compared to monometallic nanostructures. Recently, the
simultaneous reduction of multiple metal precursors with
reducing agents in the presence of CTAC resulted in the
formation of trimetallic Au@PdPt core-shell NPs with an
octahedral Au core and a dendrite Pd-Pt alloy shell.'®

) Experimental
Furthermore, Au@Pd@Pt triple-layered core-shell NPs

consisting of an Au core, Pd inner layer, and nanoporous Pt
outer shell have also been synthesized, using a simple
spontaneous method.'?°

This journal is © The Royal Society of Chemistry 2013

Pt-rich@Pt-Ni NPs were prepared by means of a one-pot
thermal decomposition method in the presence of CTAC as a
capping agent. A mixture solution of 10 ml 1-octadecene (90%,
Aldrich), 2 ml oleylamine (70%, Aldrich), 2 ml oleic acid
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(65~88%, Aldrich), and 30-120 mM CTAC (25%, Aldrich) was
prepared at 250 °C under a N, atmosphere. A metal salt solution
of 0.0442 g Pt(acac), (97%, Aldrich), 0.035 g Ni(acac), (95%,
Aldrich), 5 ml 1-octadecene, and 4 ml oleylamine was added to
the mixture, and kept at 250 °C for different reaction times. For
comparison, pure Pt NPs were prepared by means of a thermal
decomposition method in the presence of CTAC without Ni
salt. A metal salt solution of 0.0442 g Pt(acac),, 5 ml 1-
octadecene, and 4 ml oleylamine was added to the mixture, and
kept at 250 °C for 180 min. All resulting colloidal solutions
were rapidly cooled down by pouring into 100 ml n-hexane
(95%, SAMCHUN). The resulting products were collected and
washed several times with ethanol (95%, SAMCHUN) using
centrifugation. To completely remove the remaining surfactant
after the reaction, the products were maintained in a 30 ml
acetic acid solution (99.7%, SAMCHUN) at 80 °C for 12 h.”
The final products were washed with ethanol several times and
dried using an evaporator.

The morphology of the samples is characterized by field-
emission transmission electron microscopy (FE-TEM) and
high-angle annular dark-field scanning TEM (HAADF-STEM)
using a Tecnai G2 F30 system operating at 300 kV. Energy
dispersive X-ray spectroscopy EDX analysis of the samples
was performed on an FE-TEM (Tecnai G2 F30 system). TEM
samples were prepared by placing drops of the nanoparticle
suspension dispersed in ethanol on a carbon-coated copper grid.
For structural analysis of the catalysts, X-ray diffraction (XRD)
analysis was carried out using a Bruker D2 PHASE system with
Cu Ka source (A= 0.15406 nm) radiation at 30 kV and 10 mA.

Results and discussion
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Fig. 1 Wide (a) and fine (b) scan XRD patterns of the as-prepared Pt-Ni NPs,
prepared with varying CTAC concentrations at 250 °C for 180 min. The red and
blue bars correspond to the reference peaks of Pt and Ni.

The samples were prepared via a thermal decomposition
method at 250 °C for 180 min, with different concentrations of
CTAC. In the case of pure Pt, the XRD peaks at 39.67, 46.15,
and 67.48 corresponded to (111), (200), and (220), respectively,
indicating a face-centered cubic (fcc) crystal structure. The
samples prepared without CTAC and in 30 mM CTAC
exhibited a higher XRD peak shift in the 20 values compared to
the typical polycrystalline Pt. Assuming a substitutional solid
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solution between Pt and Ni, the higher angle shift of the
diffraction peak positions reveals a single Pt-rich phase
formation between metallic phases.”**> However, it is
surprising that with increasing CTAC concentration in the
range of 60-120 mM, the products seemed to have overlapping
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Fig. 2 FE-TEM (a) and HR-TEM (b) images, and fine scan XRD pattern (c) of Pt-
rich@Pt-Ni prepared in the presence of 60 mM CTAC at 250 °C for 180 min.
HAADF-STEM image and elemental mapping profiles (d)-(g) of a single Pt-
rich@Pt-Ni NP. EDX spectra of the core (h) and shell (i) regions of a single Pt-
rich@Pt-Ni NP.

XRD peaks relevant to Pt-based alloy phases in the overall
diffraction range (Fig. 1(a)). In particular, (220) peaks for the
products could be evidently distinguished by two peaks,
implying that the products prepared at relatively high CTAC
concentrations contained two Pt-Ni alloy phases, compared to
those prepared at lower concentrations or in the absence of
CTAC. Structural analysis of the sample prepared in the
presence of 60 mM CTAC at 250 °C for 180 min was carried
out, as shown in Fig. 2. The as-synthesized NPs had an average
size of 45.7 nm and a very dark contrast at the center of the
nanodendrites, indicating that the NPs had three-dimensional
structures (Fig. 2(a and b)).?*?’ The inset of Fig. 2(b) exhibited
a polycrystalline structure of the NPs as also confirmed in the
XRD data. Furthermore, as indicated in Fig. 2(c), the XRD
peak of the NPs could be evidently fitted by two peaks (denoted
as A and B, respectively).>® On the basis of the Vegard’s law of
dp.ni = x°dp; + (1-x)-dy;, the Pt:Ni atomic ratios estimated from
the diffraction peaks of A and B were 94:6 and 74:26,
respectively.’'*> The XRD analysis indicated that the Pt-
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Fig. 3 Comparison of the elemental compositions of Pt and Ni for the Pt-rich@Pt-
Ni prepared in the presence of 60 mM CTAC at 250 °C for 180 min.
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Fig. 4 Fine scan XRD pattern (a) of Pt-rich@Pt-Ni prepared in the presence of 90
mM CTAC at 250 °C for 180 min. (b) Comparison of the elemental compositions
of Pt and Ni for the Pt-rich@Pt-Ni prepared in the presence of 90 mM CTAC at
250 °C for 180 min. HAADF-STEM images and elemental mapping profiles (c-f) of
a single Pt-rich@Pt-Ni NP. EDX spectra of the core (g) and shell (h) regions in the
Pt-rich@Pt-Ni NP.

Ni NPs contained two distinct phases with different elemental
compositions of Pt and Ni. The HAADF-STEM and elemental
mapping images of a single NP were characterized, as shown in
Fig. 2(d-g). The elemental mapping of Pt and Ni obtained by
HAADF-STEM-EDX revealed that the as-prepared sample held
two different Pt:Ni ratios, in the inner and outer regions.
Furthermore, the point EDX analysis of the single NP
supported the existence of two elemental compositions of Pt:Ni,
ie. (96:4) and (71:29) in the inner and outer regions,
respectively (Fig. 2(h and 1)). The EDX data demonstrated that
the Pt-Ni NPs contained two distinct phases with different
elemental compositions of Pt and Ni, which is in good
agreement with the XRD analysis (Fig. 3).
The samples prepared in the presence of 90 and 120 mM CTAC
at 250 °C for 180 min were also characterized by XRD,
HAADF-STEM, and EDX. In the case of the sample prepared
with 90 mM CTAC, the atomic ratios of Pt:Ni estimated from
the XRD diffraction peaks of A and B were 88:12 and 64:36,
respectively, corresponding to the elemental compositions of
Pt:Ni = (84:16) and (66:34) in the inner and outer regions,
respectively, measured by EDX (Fig. 4). In the case of the
sample prepared with 120 mM CTAC, the Pt:Ni atomic ratios
were estimated to be 87:13 and 73:27, respectively,
corresponding to elemental compositions of Pt:Ni = (81:19) and
(72:28) in the inner and outer regions, respectively, measured
by EDX (Fig. 5). Comparing the data from XRD and EDX, it
can be inferred that NPs consisting of a Pt-rich core with a Pt-
Ni alloy as a shell (Pt-rich@Pt-Ni) can be prepared by a one-
pot process at relatively high concentrations of CTAC.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Fine scan XRD pattern (a) of Pt-rich@Pt-Ni prepared in the presence of 120
mM CTAC at 250 °C for 180 min. (b) Comparison of the elemental compositions
of Pt and Ni for the Pt-rich@Pt-Ni prepared in the presence of 120 mM CTAC at
250 °C for 180 min. HAADF-STEM images and elemental mapping profiles (c-f) of
a single Pt-rich@Pt-Ni NP. EDX spectra of the core (g) and shell (h) regions in the
Pt-rich@Pt-Ni NP.

To demonstrate the effect of reaction time on the growth of the
Pt-rich@Pt-Ni NPs, the samples were synthesized in 60 mM
CTAC at 250 °C for various reaction times. The XRD patterns
of the NPs grown for 10~60 min exhibited a slightly higher
angle shift of the diffraction peak positions compared to
polycrystalline Pt with an fcc structure, indicating the presence
of a single Pt-rich phase with an average composition of Pt:Ni
= 93:7 (Fig. 6). Following 100 min growth, the Pt-Ni NPs
displayed XRD peaks fitted by two phases with different
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Fig. 6 Wide (a) and fine (b) scan XRD patterns of the as-prepared Pt-Ni NPs
prepared in the presence of 60 mM CTAC at 250 °C for varying reaction times.
The red and blue bars in Fig. 6 correspond to the reference peaks of Pt and Ni.
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Fig. 7 XRD pattern of the product prepared from Ni salt solution with 60 mM
CTAC in the absence of Pt salt at 250 °C for 180 min.

compositions of Pt and Ni. The Pt:Ni atomic ratios estimated
from the left-side and right-side diffraction peaks were 92:8 and
74:26, respectively. After growth for 180 min, the Pt-Ni NPs
also showed two Pt-based phases corresponding to A and B
with Pt:Ni = 94:6 and 72:28, respectively. In synthetic
conditions for the Pt-Ni NPs, such as 60 mM CTAC and 250
OC,

the Pt-rich phases form in the initial stage until a critical
reaction time, after which the Pt-Ni alloy phases form. By
considering both the effects of CTAC concentration and
reaction time, it was concluded that the Pt-rich@Pt-Ni NPs can
be formed at a critical CTAC concentration (> 60 mM) during a
reactions occurring over a particular period of time (> 100
min).

It is notable that the standard reduction potential of Pt*" into Pt°
is much higher than that of Ni*" into Ni°, thus implying that the
formation of Pt nuclei is more spontaneous than that of Ni
nuclei.'®?** As indicated in Fig. 7, no nickel metallic phase
(Ni°) was formed during the synthesis in Ni salt solution with
CTAC in the absence of Pt. However, it was surprising that
despite the difference in the standard reduction potential of
metal salts, Pt*" and Ni*" could be co-reduced to zerovalent
atoms. Recently, Li and co-workers reported that Ni*" could be
co-reduced to zerovalent atoms in the presence of noble metals
such as Pt** by noble-metal-induced reduction (NMIR)
effect.***¢ It would be challenging to completely understanding
of the role of the chloride in the synthesis of Pt-rich@Pt-Ni
NPs, because of various halide-metal crystal and halide-metal
ion interactions. However, Murphy and Haas suggested that the
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Fig. 8 Schematic growth mechanism of the Pt-rich@Pt-Ni NPs cntanning Pt** and
PtCl” with different reduction pathways.

Fig. 9 Shell/core thickness ratio of the Pt-rich@Pt-Ni NPs with different CTAC
concentration

interaction could change the reduction potential of the metal ion
forming halide-metal complex with the influence of the halide
concentration.”"*” In our study, the reduction process of
[PtC1,]/Pt° in the presence of CTAC could be accompanied
with Pt>*/Pt°. At low concentrations or in the absence of CTAC,
the Pt-Ni NPs with single Pt-rich phases might be formed by
the process of Pt**/Pt° reduction, with relatively high reduction
potential. On the other hand, at relatively high CTAC
concentrations, two completely different reduction pathways of
both Pt**/Pt° and [PtCl,]*"/Pt° with NMIR effect can result in
two Pt-Ni alloy phases in the Pt-Ni NPs (Fig. 8). However, one
fundamental question that Pt-Ni NPs consisting of a Pt-rich
core and a Pt-Ni alloy as a shell could be prepared by a one-pot
process at relatively high concentrations of CTAC is still
remained. Haas et al. reported metal-halide complex could be
formed in the presence of CTAB and the amount of complex
was increased with CTAB concentration.’” Also, in the present
study, Pt-Cl complex (such as PtCl,’") can be formed by CTAC
increased with CTAC
concentration. As a result, our synthetic system contains two

and the amount of complex is

types of Pt precursors such as Pt** and PtCL>", which might be
reduced through two different reduction pathways as follows:
+ 2e — Pt E°= 1.18V

pt** (1)

PtCl + z&¢ — Pt+xCl E°=~0.75V (2)

In the synthetic system containing Pt2+ and PtCL>", Pt*" can be
firstly reduced with Ni forming a Pt-rich core in Pt-Ni NPs
(Eq.(1)). Next, PtCl,*" can be reduced with Ni at the lower
reduction potential (Eq.(2)) forming a Pt-Ni alloy shell in Pt-Ni
NPs. However, as shown in Fig. 9, the ratio of Pt-Ni alloy shell
to Pt-rich core in Pt-Ni NPs was increased with CTAC
concentration. This means that the portion of Pt-Ni alloy shell
in Pt-Ni NPs is increased during the synthetic process with a
higher CTAC concentration. Thus, PtCl,’" formed by CTAC
might facilitate the reduction of Ni compared to Pt*".

This journal is © The Royal Society of Chemistry 2014
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Furthermore, to confirm the effect of chlorine as a halogen
agent on the formation of Pt-rich@Pt-Ni NPs, the sample was
synthesized in the presence of 0.5 M HCI as a halogen source,
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Fig. 10 (a) Fine scan XRD pattern of the Pt-Ni NPs prepared in 0.5 M HCl at 250 °C
for 180 min. HAADF-STEM image and elemental mapping profiles (b-e) of a single
Pt-Ni NP. EDX spectra of the core (f) and shell (g) regions in the Pt-Ni NP.

instead of CTAC, at 250 °C for 180 min. From the XRD
patterns of the product, the Pt:Ni atomic ratios for the
diffraction peaks of A and B were determined to be 93:7 and
84:16, respectively (Fig. 10(a)). The XRD analysis indicated
that the Pt-Ni NPs also contained two distinct Pt-Ni alloy
phases with different elemental compositions of Pt and Ni. The
HAADF-STEM and elemental mapping images of a single NP
were characterized, as indicated in Fig. 10(b-e), revealing that
the as-prepared sample held two different Pt:Ni ratios between
the core and shell regions. Furthermore, the point EDX analysis
of the sample supported two phase compositions of Pt:Ni, i.e.
(92:8) and (85:15) in the inner and outer regions, respectively
(Fig. 10(f and g)). By comparing the XRD and EDX data, it
was found that the Pt-Ni NPs synthesized in the presence of
HCI consisted of a Pt-rich phase as a core with a Pt-Ni alloy
shell, which is in accordance with the Pt-Ni NPs synthesized in
the presence of CTAC under the same conditions. This
demonstrates that Cl sources from cetyltrimethylammonium
chloride and hydrochloric acid can play a key role in the
formation of Pt-rich@Pt-Ni NPs. Also, to investigate the effect
of bromine as one of halogen agents on the formation of Pt-rich
@Pt-Ni NPs, the samples were prepared in the presence of
cetyltrimethylammonium bromide (CTAB) and HBr as a
halogen source, respectively, instead of CTAC, at 250 °C for
180 min. By comparing the XRD and EDX data, it was found
that the Pt-Ni NPs synthesized in the presence of CTAB and

This journal is © The Royal Society of Chemistry 2014
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HBr consisted of Pt-rich cores and Pt-Ni alloy shells, which is

in accordance with the Pt-Ni NPs synthesized in the presence of
CTAC under the same conditions (Fig. 11 and 12). This

Q)

A.U.

CTAB at 250 °C for 180 min. HAADF-STEM images and elemental mapping
profiles (b-e) of a single Pt-Ni NP. EDX spectra of the core (f) and shell (g) regions
in the Pt-Ni NP.

suggests that Br sources from CTAB and HBr as well as Cl
sources from CTAC and HCI can play a key role in the
formation of Pt-rich@Pt-Ni NPs.

X
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Fig. 12 Fine scan XRD pattern (a) of Pt-Ni NPs prepared in the presence of 0.5 M
HBr at 250 °C for 180 min. HAADF-STEM images and elemental mapping profiles
(b-e) of a single Pt-Ni NP. EDX spectra of the core (f) and shell (g) regions in the
Pt-Ni NP.

Conclusions

In summary, we demonstrated the synthesis of Pt-Ni NPs by
means of a one-pot thermal decomposition method in the
presence of different CTAC concentrations, for different
reaction times. In particular, the Pt-rich@Pt-Ni NPs consisting
of a Pt-rich phase as a core with a Pt-Ni alloy shell could be
prepared in relatively high CTAC concentrations under
sufficient reaction times. In the early stages of the thermal
decomposition process, at over critical values of both CTAC
concentration and reaction time, the nucleation of Pt may occur
dominantly in the core of the NPs compared to the Ni
nucleation, resulting in the formation of a Pt-rich phase in the
core of the NPs until a critical reaction time, after which the Pt-
Ni alloy phases form. In the synthetic system containing Pt*"
and PtClY, Pt*" might be reduced with Ni forming a Pt-rich
core, and then PtClL>" might be reduced with Ni at a lower
reduction potential forming a Pt-Ni alloy shell in Pt-rich@Pt-Ni
NPs. These NPs might be able to be used to improve the
catalytic activities of hydrogenation or oxygen reduction
reaction due to the change of the surface electronic structure.
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