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based solid-solution alloy nanoparticles†
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Yuichiro Hayasaka,c Shu Yinb and Shunichi Satob

Catalytic Rh-based alloy nanoparticles (NPs) with inhomogeneous solid-solution structures were prepared

from homogeneous solid-solution alloy NPs. Compared with homogeneous alloy NPs, these

inhomogeneous alloy NPs exhibited enhanced catalytic activity and superior catalytic durability.

Homogeneous solid-solution alloy NPs consisting of Rh and other immiscible noble metals were

synthesized by laser-induced nucleation method in metallic ion solutions. STEM elemental mapping and

EDS composition analysis of the particles clearly demonstrated that all the constituents were uniformly

dispersed within the NPs. Moreover, the compositions of the alloys were nearly identical to the initial

feeding ratios of metallic ions in the mixed solutions, strongly indicating the formation of equimolar

solid-solution alloy NPs over the entire composition range. Although the catalytic stability of these Rh-

based homogeneous alloy NPs during CO oxidation was improved, their catalytic activity was

comparable to that of pure metal catalysts, owing to the uniform local structure at the atomic level.

However, the catalytic activity of the alloy NPs was enhanced by heat treatment, which introduced

inhomogeneity in the atomic distribution within the NPs. The enhanced activity was due to dissimilar

interfaces in the inhomogeneous solid-solution alloy NPs.
1. Introduction

Nanoparticles (NPs) of noble metals such as Rh, Pd, and Pt are
widely used as catalysts for the oxidation of CO in exhaust gas
streams1 and for the preferential oxidation of hydrogen in fuel
cells,2 owing to the advanced specic properties of these
materials. Rh NPs are well-known high-efficiency catalysts for
CO oxidation and NOx reduction.3–7 Despite the high catalytic
performance, Rh NPs are easily oxidized under oxidizing
conditions and re-clustered under reducing conditions. At high
temperatures, though their catalytic activities towards CO/NO
redox reactions simultaneously increase, Rh NPs tend to
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aggregate.8 On the other hand, Pd and Pt NPs are used in the
preparation of electrodes in fuel cells and for automobile
exhaust gas purication. However, these metal NPs suffer from
CO poisoning, resulting in deactivation of their catalytic prop-
erties.9–11 Therefore, the effective removal of CO from the
surface of thesemetal catalysts is essential for ensuring catalytic
durability. The undesirable properties of pure metal NP cata-
lysts may be improved by alloying with other metals. For
example, the oxidation of Rh NPs can be effectively suppressed
by alloying with small amounts of Pd.12 Alloy NPs of noble
metals have also drawn much attention, not only because they
enhance the activity of redox reactions by synergetic effects, but
also because the cost of catalysts can be lowered by reducing the
amount of expensive noble metals.13,14 While some kinds of
binary alloy NPs show systematic changes in catalytic activity
with changes in elemental composition, others exhibit an
abrupt enhancement in catalytic activity at the optimum
elemental composition. For example, the catalytic activity of
RhxPt1�x alloy NPs for CO oxidation is between those of pure Rh
and Pt NPs.15 By contrast, Rh-rich binary Rh1�xPdx NPs,
synthesized by the polyol reduction method with a diameter of
15 nm, are found to exhibit enhanced catalytic activity for CO
oxidation compared with that of pure Rh or Pd NPs.16 Moreover,
the Rh–Pt core–shell-structured alloy NPs, also synthesized
through the polyol reduction method in ethylene glycol (EG),
show better CO oxidizing ability than pure Rh or Pt NPs.17

Further, the preferential oxidation of CO in hydrogen in the
This journal is © The Royal Society of Chemistry 2019
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presence of core–shell-structured RuxPt1�x NPs is much supe-
rior to that with pure Ru or Pt NPs.18 Recently, an enhancement
of CO oxidizing ability was reported in the presence of Ru–Pd
solid-solution alloy NPs, which are immiscible in bulk form,
compared with that of pure Ru or Pd NPs, owing to the presence
of defect sites in the mixed fcc/hcp structures of Ru and Pd.19

To date, chemically synthesized metal and alloy particles
have been widely used as catalysts. However, it is well known
that NPs with well-tailored shape and composition are oen
fabricated using toxic reagents. In addition, multi-step proce-
dures are usually required and the use of chemicals, including
reducing agents and stabilizers, is essential. For example,
relatively strong reducing agents, such as hydrazine, are
required to synthesize alloy NPs containing several elements
with different reduction potentials. On the other hand,
sustaining the high activity of catalytic particles with a large
reactive surface area is also a critical problem during industrial
use. Normally, metal particles, whether supported or unsup-
ported, are sintered and inactivated at high temperatures.20,21

Many industrial applications, including CO oxidation, steam
reforming, and automobile exhaust control, are operated above
300 �C. Therefore, catalytic stability of particles at high reaction
temperatures is highly desired for practical applications.22–24

Rh, Pt, and Pd are metals in the 4d transition metal group
with fcc structures. It is generally difficult to form homogeneous
solid-solution alloys in the bulk form with these metals at room
temperature because of the immiscible gap in their binary
phase diagrams (Rh–Pd, Rh–Pt, and Pt–Pd), as a result of
different electronic structures. Although it has been reported
that NPs composed of immiscible metals tend to form solid
solutions,25 a special technique is still required for ensuring
that the solid-solution alloys are homogeneous, even with the
chemical reduction method.26 Recently, we successfully
demonstrated the formation of homogeneous solid-solutions of
binary27–30 and ternary alloy NPs31,32 with fully tunable compo-
sitions using tightly focused femtosecond laser irradiation of
mixed solutions containing metallic ions in an atmospheric
pressure at room temperature, without using any reducing
agents or complicated procedures. In a laser-induced highly
intense optical eld, solvated electrons and hydrogen radicals
are created via the optical decomposition of water molecules.
These transient species act as strong reducing agents for the
reduction of metallic ions to zero-valent atoms in very short
periods of time (�hundreds of picoseconds),33 resulting in NP
formation. We named this novel technique for fabrication of
NPs “Laser-induced Nucleation Method (LINM)”. This method
is quite simple, eco-friendly, and highly reproducible technique
for the formation of noble metal and solid-solution alloy NPs
with immiscible elements as long as metal ions can be reduced
by transient reactive species. Moreover, the NPs produced are
completely free from impurities. At present, there are no reports
on the catalytic activity of composition-controlled equimolar
solid-solution Rh-based alloy NPs because it is difficult to
synthesize such solid-solution alloys with immiscible elements.
Moreover, the effect of the local structure of the alloy NPs on
their catalytic activity is still unclear.
This journal is © The Royal Society of Chemistry 2019
In the present study, we investigated the catalytic activity of
Rh-based alloy NPs fabricated by laser-induced nucleation
method in mixed ion solutions. We also discussed origin of the
high catalytic activity of alloy NP catalysts from the viewpoint of
local structure within NPs.

2. Experimental
2.1. Preparation of metallic ion and mixed ion solutions

Rhodium(III) chloride trihydrate (RhCl3$3H2O, 99.5%, Wako),
palladium(II) chloride (PdCl2, 99.9%, Sigma Aldrich), and hex-
achloroplatinic(IV) acid hexahydrate (H2PtCl6$6H2O, 99.9%,
Sigma Aldrich) were purchased and used without further puri-
cation. Pure Rh, Pd, and Pt solutions were separately prepared
by dissolving salts of these metals in ultrapure water (18.2
MU cm, arium® pro UV, Sartorius AG). The concentrations of
these metals in the solutions were set at 2.54� 10�4 mol L�1. In
this study, 7.0 wt% of trisodium citrate dihydrate (Na3C6H5O7-
$2H2O, Wako Pure Chemical Industry Ltd.) was added to all the
sample solutions to achieve NPs with uniform diameters. The
citrate was removed from the NPs by hydrogen treatment before
catalyst testing. Mixed solutions were prepared by simply mix-
ing certain ratios of the Rh, Pd, and Pt ion solutions. Themixing
ratios of the Rh : Pd, Rh : Pt, and Rh : Pd : Pt solutions were
1 : 1, 1 : 1, and 1 : 1 : 1, respectively. In this paper, the pure
metal ion and mixed metal ion sample solutions of Rh, Pd, and
Pt are denoted as Rh, Pd, Pt, RhPd, RhPt, and RhPdPt.

2.2. Laser irradiation conditions

Pure Rh, Pd, and Pt NPs, as well as Rh-based mixed metal alloy
NPs, were prepared by laser-induced nucleation method in the
metal ion solutions. A quartz glass cuvette with 3 mL of pure or
mixed metal ion solution was used. A Ti:sapphire laser (Spitre
Pro, Spectra Physics Co.), which generates femtosecond laser
pulses by the chirped pulse amplier (CPA) system (wavelength:
800 nm; pulse width: 100 fs; average pulse energy: 5.5 mJ;
repetition rate: 100 Hz), was utilized. The beam was tightly
focused with an aspheric lens with a focal length of 8 mm and
numerical aperture of 0.5. Using the value of 5 mm for the laser
beam radius before the focusing lens and 1.33 for the refractive
index of water (nwater), the spot size at the focal point was
calculated to be 175 mm. The spherical aberration resulting
from refractive index mismatch between the cuvette and the
solution was considered in this calculation. Assuming no loss in
the sample solution and the optics employed in the experi-
mental setup, the beam intensity was estimated to be 2.2 �
1014 W cm�2 at the focal point.

2.3 Characterization of nanoparticles

The structure of the fabricated NPs was characterized by elec-
tron microscopy and X-ray diffraction. Bright-eld images and
selected-area electron diffraction (SAED) patterns of the NPs
were obtained using a transmission electron microscope (TEM;
JEOL, JEM2000EXII, JEOL Ltd.) operated at 200 kV. High-
resolution TEM images were acquired with a TITAN80-300
(FEI) in the STEM mode operated at 300 kV. High-angle
RSC Adv., 2019, 9, 38882–38890 | 38883
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annular dark eld (HAADF) STEM-EDSmappings were recorded
using the same instrument to measure the elemental compo-
sition and distribution in the NPs. The crystalline structure of
the NPs was determined by powder X-ray diffraction (XRD,
RINT-V, Rigaku Co.). The elemental compositions of as-
prepared alloy nanoparticles were conrmed by inductivity
coupled plasma optical emission spectrometry (ICP-OES,
Optima 3300XL, PerkinElmer). X-ray Photoelectron Spectros-
copy (XPS, ULVAC-PHI) analysis was conducted to evaluate the
electronic states of metal elements for alloy NPs.
2.4. Preparation of the supported catalyst

To investigate the catalytic activity, the fabricated NPs were
uniformly supported on g-Al2O3 particles, which are typical
supports for catalysts, by following a two-step procedure. First,
a slurry of g-Al2O3 was prepared by dispersing 1.0 g of g-Al2O3

powder (99.97%metal basis, Alfa Aesar) in 33.0 mL of ultrapure
water (18.2 MU cm). The slurry was then sonicated in an
ultrasonic bath for 1 h. Subsequently, 3.0 mL of the g-Al2O3

slurry was mixed with 9.0 mL of a colloidal solution of NPs
prepared by laser irradiation. The remaining g-Al2O3 solution
was then added. This procedure yielded a colloidal solution
with 0.059 wt% metal-supported catalyst. The colloidal solution
of supported NPs was then dried for 1 day using a freeze dryer to
obtain the catalyst in the powder form. The as-prepared catalyst
powder was pressed into a pellet using a uniaxial press with
a pressure of 16 MPa (Riken Seiki Co. Ltd.) for 7 min. The
formed pellet was crushed and sieved to obtain granules with
sizes in the range of 180–210 mm. As a result, the effective
surface area of the catalyst samples was almost uniform.
2.5. Catalysis testing

The activity of the CO oxidation catalytic reaction was measured
as follows. The granule catalyst (70 mg) obtained via the
procedure described above was loaded into a tubular glass
reactor (inner diameter: 3.35 mm) and set on a quartz wool
base. The reactor was then connected to a gas chromatograph
(GC-8, Shimadzu Co.) for measuring the extent of CO to CO2

conversion. Prior to the catalytic activity measurements, the
catalyst sample was treated at 300 �C for 2 h in H2 gas with
a ow rate of 30 cm3 min�1 to remove impurities, including
citrate, from the surface of the sample. Following hydrogen
treatment, a gas mixture containing CO/O2 (1 and 0.5%,
respectively) with He as a carrier gas was passed through the
reactor at a ow rate of 30 cm3 min�1. Aer 15 min, the gas at
the outlet was collected and analysed by gas chromatography
with a thermal conductivity detector. The catalyst was heated at
a rate of 5 �C min�1 until CO was completely oxidized to CO2,
and then cooled to 150 �C at the same rate. The CO to CO2

conversion rate was recorded as a function of temperature
during the heat cycle. CO conversion was then calculated by the
simple formula, XCO (%) ¼ (1 � [CO]out/[CO]in) � 100, where
[CO]in and [CO]out are the input and output amounts of CO,
respectively.
38884 | RSC Adv., 2019, 9, 38882–38890
2.6. Heat treatment of alloy nanoparticle catalysts

The sample was initially heated to 300 �C in H2 gas with a ow
rate of 30 cm3 min�1 to remove adsorbed water molecules and
decompose contaminants consisting of citrate present on the
surface. Thereaer, 28.8 mg of the sample was placed in
a reaction chamber and a mixed gas composed of Ar and O2 was
introduced at ow rates of 80 and 320 cm3 min�1, respectively.
The temperature of the system was then increased up to 1000 �C
at a rate of 10 �C min�1.
3. Results and discussion

When the femtosecond laser pulses were incident on the solu-
tion through an aspheric lens, a tiny ash of plasma was
observed and ne bubbles of oxygen and hydrogen gases were
generated around the focal point, indicating the optical break-
down of water molecules. Aer a certain duration of highly
intense femtosecond laser irradiation, alloy NPs were formed in
the mixed ion solutions. During laser irradiation, metallic ions
were reduced to zero valence atoms (nuclei) by the transient
reactive species generated through the photodecomposition of
water molecules. Then, NPs were formed through nucleus
growth in the solutions. When laser irradiation was stopped
before complete reduction of ions in the solution, relatively
large particles with a wide size distribution would be formed
through autocatalytic action of the nuclei with unreacted ions.
At the same time, formed NPs were broken into small pieces by
successive laser pulses. Therefore, irradiation time was impor-
tant to obtain NPs with small particle size and narrow size
distribution. The details of the fabrication mechanism have
been reported previously.27–32

TEM images of the as-prepared NPs of Rh, Pd, Pt, RhPd,
RhPt, and RhPdPt are shown in Fig. 1. The mean diameters of
the Rh, Pd, Pt, RhPd, RhPt, and RhPdPt NPs calculated by
measuring over 100 particles in the TEM images were 16.5 �
6.5, 8.5 � 2.1, 9.5 � 2.3, 10.2 � 2.3, 11.8 � 3.3, and 11.5 �
3.2 nm, respectively. The average determined by EDS analyses
were Rh44.2Pd55.8, Rh53.1Pt46.9, and stoichiometries of the RhPd,
RhPt, and RhPdPt NPs Rh29.3Pd34.9Pt35.8, respectively. The
stoichiometric ratios suggest that the compositions of the NPs
are comparable to the initial feed ratios of the metallic ions in
the mixed solutions.

STEM-EDS elemental mapping was performed to evaluate
the distribution of elements in the alloy NPs fabricated in the
mixed solutions. Fig. 2 shows a typical STEM-EDS mapping for
the NPs of RhPt. The particles were found to be spherical in the
HAADF-STEM image (Fig. 2a). The elemental mappings and
reconstructed images of the RhPt NPs (Fig. 2b–d) clearly indi-
cate the homogeneous distribution of each element in the NPs.
Moreover, the line scanning prole (Fig. 2f) also shows
a uniform distribution of Rh and Pt in the particles. These
results clearly demonstrate that homogeneous solid-solution
RhPt alloy NPs were formed, despite the immiscible nature of
Rh and Pt.

In the samemanner, elemental mapping was also conducted
for the NPs fabricated in RhPd and RhPdPt mixed solutions,
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 TEM images of the as-prepared NPs, synthesized by laser-
induced nucleation method in (a) Rh, (b) Pd, (c) Pt, (d) RhPd, (e) RhPt,
and (f) RhPdPt solutions.

Fig. 2 STEM-EDS mapping for the NPs fabricated in RhPt solution. (a)
HAADF-STEM image, (b) Rh-L and (c) Pt-L STEM-EDS mappings, (d)
reconstructed image of the maps in (b and c), (e) magnified HAADF-
STEM image of a particle in (a), and (f) EDS line profile of Rh and Pt
along the green arrow shown in (e).

Fig. 3 XRD patterns of the NPs fabricated in Rh, Pd, Pt, RhPd, RhPt,
and RhPdPt solutions. The positions of the (111) and (200) peaks for Rh
(solid), Pd (dotted), and Pt (broken) are indicated.
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and the results conrm the formation of solid-solution alloys,
as illustrated in Fig. S1.† The crystallinity of the NPs was
investigated by XRD analysis. Fig. 3 shows the XRD patterns of
the NPs fabricated in Rh, Pd, Pt, RhPd, RhPt, and RhPdPt
solutions. All the XRD patterns are characteristic of the fcc
crystal structure. The interplanar spacings of the Rh, Pd, and Pt
NPs calculated using the diffraction peaks originating from the
(111) plane of the fcc crystal were 2.20, 2.25, and 2.26 Å,
respectively, which agree with the known values for bulk Rh, Pd,
and Pt (JCPDS card no. 05-0685, 46-1043, and 04-0802). Further,
the interplanar spacings of the NPs formed in the RhPd, RhPt,
and RhPdPt solutions were calculated to be 2.22, 2.23, and 2.24
Å, respectively, and these values are proportional to the theo-
retical values deduced using Vegard's law. Elemental composi-
tions of as-prepared RhPd, RhPt and PhPdPt alloy NPs
measured by ICP were Rh49.9Pd50.1, Rh49.0Pt51.0 and
Rh32.3Pd34.3Pt33.1, respectively. This also suggested that the
elemental compositions of prepared alloy NPs were fairly re-
ected the feeding ratios of metallic ions in mixed solutions.

The detailed structures of the particles were examined by
HR-TEM. Fig. S2† shows an HR-TEM image of the particles
fabricated in the RhPd solution as a representative example. It is
clear that the fabricated particles were polycrystalline with
spherical morphologies. In addition, the electric states of Rh,
Pd and Pt were identied as metallic states by XPS analysis
This journal is © The Royal Society of Chemistry 2019
(Fig. S3†). Peak shi into lower-binding energy side in the
spectra could be originated from solid-solution alloy structure
of NPs.
RSC Adv., 2019, 9, 38882–38890 | 38885
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Table 1 Temperatures corresponding to 50% CO conversion for
various as-prepared metal and alloy NP catalysts

T50�0.5(CO) (�C)

(a) Rh 262
(b) Pd 266
(c) Pt 314
(d) RhPd 260
(e) RhPt 276
(f) RhPdPt 267
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Compositional and structural analyses of the fabricated NPs
by spectroscopic and diffraction techniques clearly demon-
strated the formation of solid-solution binary and ternary alloy
NPs, despite the immiscible nature of Rh–Pd, Rh–Pt, and Pd–Pt
binary systems. The formation of alloy NPs might be attributed
to the high reduction potential (��2.84 eV) and very short
lifetime (�hundreds of nanoseconds) of the solvated electrons
and hydrogen radicals formed by the photodecomposition of
water molecules in the strong optical eld. The detailed reac-
tion scheme has been discussed previously.27–30 In the present
study, based on in situ UV-visible spectral observations, the
metallic ions appeared to be completely reduced in solution
within 30 min under irradiation at a repetition rate of 100 Hz.

Aer the successful formation of the fully tunable homoge-
neous solid-solution alloys, the as-synthesized metal and alloy
particles were supported on g-Al2O3 particles using the two-step
procedure described in the experimental section.

The catalytic CO oxidation activities of the supported NPs
were characterized. Fig. S4† shows the TEM images of the g-
Al2O3 supported NPs. The average diameters of the Rh, Pd, Pt,
RhPd, RhPt, and RhPdPt alloy NPs estimated from the TEM
images were 16.8 � 4.8, 9.3 � 2.1, 7.3 � 2.5, 10.4 � 2.1, 14.6 �
5.0, and 10.3� 2.7 nm, respectively, which were the same within
experimental error to the diameters of the as-prepared NPs
shown in Fig. 1. It is obvious that the fabricated NPs were
uniformly dispersed on the surface of the g-Al2O3 support.

Fig. 4 shows the catalytic CO oxidation activities of the Rh,
Pd, Pt, RhPd, RhPt, and RhPdPt NP catalysts. The temperatures
corresponding to 50% conversion of CO to CO2 (T50) for each
catalyst are summarized in Table 1. The T50 values indicate that
Rh exhibits the best catalytic performance for CO oxidation
among the pure metal catalysts, whereas Pt exhibits the lowest
activity. The catalytic activities of the binary and ternary Rh-
based alloy NP catalysts are between those of pure Rh and Pt.
This order of catalytic activity may be explained as follows.
Generally, Rh is known to be an active catalyst for CO oxidation,
whereas Pd and Pt suffer from CO poisoning, which was also
Fig. 4 Catalytic CO conversion on (a) Rh, (b) Pd, (c) Pt, (c) RhPd, (d)
RhPt, (e) RhPt, and (f) RhPdPt NP catalysts at different temperatures.

38886 | RSC Adv., 2019, 9, 38882–38890
demonstrated previously by Kalinkin et al.34,35 Moreover, Park
et al. found that the CO oxidizing ability of Rh–Pt binary alloy
particles could be controlled by changing their composition.15

In both cases, the activity of pure Rh was found to be much
higher than that of pure Pt, whereas the activities of the alloy
catalysts were between those of the individual pure metals. In
addition, the surface reaction between adsorbed CO (COads) and
O (Oads) on both noble metals was very efficient. However, it was
reported that differences in the rates of O2 dissociative
adsorption on polycrystalline surfaces of Pt and Rh metals
existed. The dissociative sticking probabilities of Pt and Rh were
about 0.2 and 1.0, respectively.36,37 Therefore, at low tempera-
tures, the competitive adsorption of CO and O2 led to more
efficient formation of Oads at the vacant sites on the Rh surface
than those on the Pt surface, resulting in the faster formation of
vacant sites through the reaction between neighboring COads

and Oads. As shown in Fig. 4, the activity of the Pt catalyst is
much improved in our experiments by alloying with Rh or Rh
and Pd in the binary and ternary alloy catalysts, and the T50
values signicantly decrease from 313 �C for the Pt catalyst to
275 and 266 �C for the RhPt and RhPdPt alloy catalysts,
respectively. This result indicates that CO adsorbed on the
surface of the Pt atoms was also effectively oxidized on the
surface of other noble metal atoms through the Langmuir–
Hinshelwood mechanism.

The catalytic stability of the NP catalysts was also investi-
gated by hysteresis analysis for CO conversion during a heating–
cooling process. Fig. S5† shows the catalytic performance of the
Rh, Pd, and Pt pure metal NP catalysts and the RhPd, RhPt, and
RhPdPt alloy catalysts. The catalytic activities decreased during
the catalysis testing for pure Rh and Pt, owing to oxidation and
clustering of Rh and CO poisoning of Pt. In contrast, the cata-
lytic performance of the alloy NP catalysts remained
unchanged. Although cycle test must be required for evaluation
of durability of catalyst, the tentative catalytic durability was
improved in the alloy catalysts. The stability of the alloy NP
catalysts might be caused by differences in the binding prop-
erties of the constituents in the alloy NP, with strong metal–
metal interactions inuencing the bonding between catalyst
surfaces and reactants.

The morphologies of the NPs aer catalysis were examined
by TEM (Fig. S6†). In the case of the Rh NP catalyst, large
aggregated particles were observed even aer one cycle catal-
ysis. This morphology was completely different from that of the
as-prepared NPs (Fig. S4†). This change is reported to be due to
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Thermogravimetric analysis and differential thermal analysis of
RhPd alloy NPs supported on g-Al2O3.
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the oxidation and/or re-clustering of Rh at high temperatures.26

However, no signicant morphological changes or re-clustering
effects were observed for the other NP catalysts aer catalysis. In
addition, the elemental mappings of the alloy NP catalysts aer
catalysis provided visual evidence of the homogeneous struc-
tures of the solid-solution alloy NPs, as shown in Fig. S7.† The
compositional line proles of the alloy NPs also conrmed that
each element was homogeneously distributed within the parti-
cles. These results indicate that the binary and ternary Rh-based
alloy NPs were stable at the atomic level throughout the catal-
ysis process.

Although the catalytic stability was improved by alloying, the
actual catalytic activity of the alloy NPs was not remarkably
improved compared to those of pure Rh and Pd in the present
study. This result could be explained by related previous
studies. Alayoglu and Eichorn found that the catalytic activity of
RhPt core–shell alloy particles was much higher than that of
homogeneous alloy particles.17 They argued that the enhanced
activities might be attributed to the architectural conguration
of the particles, which inuences the electronic structure and
facilitates alternate reactions on the surface of the particles.
Similarly, the synergistic effects of core–shell RhPd particles
was also demonstrated by Araya and D́ıaz, who concluded that
the synergetic effects heavily depended on the distribution of
Rh and Pd on the particle surface.38 On the other hand, Kusada
et al. reported that RuPd solid-solution alloy NPs showed
outstanding catalytic activity compared with those of pure Ru
and Pd.19 The authors claim that the improved catalytic activity
was caused by the presence of defect sites in the alloy particles
composed of fcc and hcp crystal structures. In fact, an inho-
mogeneous distribution of Ru and Pd was conrmed by EDS
elemental mapping of the Ru–Pd alloy NPs. In other words, the
unusual synergetic effect was attributed to the inhomogeneous
local structure of the alloy NPs.

To validate this viewpoint, we attempted to synthesize
inhomogeneous alloy NPs with defect sites and/or structural
inhomogeneity by heat treatment of the homogeneous solid-
solution alloy NPs. First, as a representative example, the
thermal stability of the RhPd NP catalyst during heat treatment
was measured by thermogravimetric-differential thermal anal-
ysis (TG-DTA). The results of the TG-DTA analysis for the RhPd
alloy NP catalyst are presented in Fig. 5. It is difficult to observe
clear weight changes in the TG curve (dashed line), except for an
endothermic peak around 100 �C, which was attributed to the
evaporation of water adsorbed on the sample. On the other
hand, a large endothermic peak at 624.2 �C is observed in the
DTA curve (solid line), in addition to a small peak around
100 �C. It is known that Rh and Pd are oxidized in an oxidizing
atmosphere via an exothermic reaction at high temperatures
and the oxidized metals return to the metallic state at much
higher temperatures via an endothermic reaction. Therefore,
although further investigations are needed, it is predicted that
local structural changes in the homogeneous solid-solution
alloy NPs occur around 600 �C. Based on the TG-DTA analysis,
the homogeneous alloy NP catalysts were heat treated at 600 �C.
The homogeneous alloy NP catalysts (70 mg) were placed in
a reaction chamber and subjected to H2 treatment using the
This journal is © The Royal Society of Chemistry 2019
same procedure described earlier. O2 gas was subsequently
passed through the reactor and the samples were heated to
600 �C at a rate of 5 �C min�1. Following the O2 treatment, the
samples were subjected to H2 treatment once again at 300 �C to
facilitate the reduction of the oxidized portion of the catalyst.
Since the oxidation–reduction properties depended on element,
the elemental distributions tend to be disordered due to pref-
erential oxidation and reduction processes during above-
mentioned heat treatment.

The local structure of alloy NPs aer heat treatment was
evaluated by EDS elemental mapping. Fig. 6 shows the STEM-
EDS mapping for the RhPt NPs, as a representative case. An
inhomogeneous distribution of all the elements is clearly
observed in the NPs. This result strongly demonstrates that
inhomogeneous alloy NPs were successfully prepared by the
heat treatment of the homogeneous solid-solution alloy NPs. In
the same manner, elemental mappings were also obtained for
the RhPd and RhPdPt NPs, and the results conrmed the
formation of inhomogeneous solid-solution alloys, as shown in
Fig. S8.†

Fig. 7 shows the catalytic CO conversion performance of the
inhomogeneous alloy NP catalysts. The T50 values for these
catalysts are summarized in Table 2. It should be noted that the
catalytic activities of the inhomogeneous alloy NP catalysts
show improvement in comparison with the corresponding
homogeneous NP catalysts (Fig. 4). For example, the active
catalytic conversion of CO occurred at a lower temperature with
the inhomogeneous RhPd alloy NP catalyst than with the
homogeneous RhPd catalyst. In addition, the T50 value for the
inhomogeneous RhPd alloy was 249 �C, whereas that for the
homogeneous RhPd catalyst was 260 �C. This catalytic
enhancement could be attributed to a dissimilar interface in the
inhomogeneous solid-solution alloy NPs, which alters the
electronic structures of the surface. As a result, CO oxidation is
more facile on the inhomogeneous alloy catalysts than on the
pure metal catalysts. This result is analogous to the behaviour of
other inhomogeneously structured alloy NP catalysts, such as
core–shell17,18 and partly phase-segregated catalysts.19
RSC Adv., 2019, 9, 38882–38890 | 38887
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Fig. 6 STEM-EDS mapping of the RhPt alloy NPs after heat treatment
of the homogeneous RhPt alloy NPs. (a) HAADF-STEM image, (b) Rh-L
and (c) Pt-L STEM-EDS mapping, (d) reconstructed image of the maps
in (b and c), (e) magnified HAADF-STEM image of a particle in (a), and (f)
EDS line profiles of Rh and Pt NP along the green arrow in (e).

Fig. 7 Catalytic CO conversion on the alloy NPs before and after heat
treatment. Catalytic CO conversion on the as-prepared (a) RhPd, (b)
RhPt, and (c) RhPdPt alloy NPs, and on the corresponding heat-treated
(d) RhPd, (e) RhPt, and (f) RhPdPt alloy NPs at various temperatures.

Table 2 Temperatures corresponding to 50% CO conversion for
various alloy NP catalysts after heat treatment

T50�0.5(CO) (�C)

(a) RhPd H.T. 249
(b) RhPt H.T. 262
(c) RhPdPt H.T. 251
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The catalytic stability of the inhomogeneous alloy NPs was
also investigated by hysteresis analysis of the catalytic CO
conversion reaction during heating and cooling processes, as
38888 | RSC Adv., 2019, 9, 38882–38890
shown in Fig. S9.† The catalytic activities of all the inhomoge-
neous alloy NP catalysts remained unchanged during the
heating and cooling processes, indicating their improved cata-
lytic stability. Therefore, it could be concluded that the high
catalytic performance of the alloy NP catalysts is due to the
inhomogeneous local structure of the alloy NPs, whereas the
catalytic stability is attributed to the solid-solution.
4. Conclusions

In this study, inhomogeneous solid-solution alloy NP catalysts
with high catalytic activity and improved stability were
successfully fabricated by femtosecond laser irradiation of
mixed ion solutions, followed by application of an appropriate
heat treatment. The local structures of the alloy NPs formed
through high-intensity laser irradiation of the solutions were
evaluated by STEM-EDS elemental mapping and EDS compo-
sitional analyses. The results of these analyses allowed us to
conrm the equimolar solid-solution structures with uniform
distribution of elements and controllable compositions. Cata-
lytic CO oxidation was carried out for the pure metals as well as
the homogeneous alloy NPs. Although the catalytic stability of
the pure metal NPs was signicantly improved by alloying with
other noble metal elements, the catalytic activities of the alloy
NPs were not very different from that of pure Rh, owing to the
uniform local structure. On the other hand, the catalytic activity
of inhomogeneous alloy NP catalysts prepared by heat treat-
ment of the homogeneous catalysts was remarkably enhanced.
These inhomogeneous catalysts also exhibited improved
stability. These results are attributed to the preferential catalytic
oxidation reaction of CO at the interface between different
phases. To the best of our knowledge, this study is the rst to
demonstrate the origin of the high catalytic activity observed for
alloy NP catalysts from the viewpoint of the local structure
within NPs.
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