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Abstract Platinum nanoparticles supported on FeCr alloy

have been synthesized at a large-scale by sequential elec-

trical explosion of FeCr alloy and Pt wires in ethanol.

X-ray diffraction showed corresponding peaks of non-

oxide phase Pt and FeCr alloy nanoparticles. Transmission

electron microscopy showed uniform dispersion of Pt

nanoparticles on the support with an average size of 2 nm

and high thermal stability up to 600 �C. These Pt-FeCr

alloy nanoparticles were found to be active for CO oxi-

dation with an activation energy of 15 kcal mol-1 and

negligible deactivation. This work demonstrated the

application of the electrical wire explosion process for

synthesis of supported metal catalysts with high thermal

stability and activity.

Keywords Electrical wire explosion �
Pt–Fe nanoparticles � Nanocatalyst � CO oxidation

1 Introduction

Recently, the demand for rapid large-scale synthesis of

nanomaterials by effective and low-cost methods has

increased due to potential applications in nanotechnology

and catalysis [1, 2]. To obtain higher catalytic activity, a

high dispersion of metal nanoparticles on the support

material is desired, where metal oxides are commonly used

as support materials. The use of metal/alloys provides high

thermal stability due to the strong chemical bonds that form

between the alloy and the active metal on the surface [3–7].

The use of metal nanoparticles in high temperature cata-

lytic reactions has prompted great attention to be paid to

the synthesis of thermally stable nanocatalysts [8, 9]. The

overall performance of a supported metal nanocatalyst

depends highly on the size and shape of the nanoparticles,

the structure and properties of the oxide supports, and

metal-oxide interactions [4, 10]. Most common techniques

used to prepare oxide-supported nanoparticles include

co-precipitation and deposition precipitation [11, 12]. All

of the conventional synthesis methods use an organic

capping agent to control the size and shape of the active

metal or support nanoparticles. Nanoparticles with capping

layers are not suitable for high temperature ([300 �C)

reactions, such as CO oxidation [8], partial oxidation [13],

hydrocarbon cracking [14], combustion [15], and ignition

behavior studies [16], as the capping molecules decompose

and cause aggregation of the nanoparticles. Furthermore,

these methods are time consuming, not suitable for large-

scale synthesis, nor applicable for all metals and metal

oxides. Hence, the faster, large-scale synthesis methods

known in powder technologies, such as gas-phase chemical

reaction [17], spray pyrolysis [18], laser ablation [19],

flame processing [20], and vapor deposition [21], can be

used to synthesize catalytic nanomaterials. These methods

are widely used in the catalytst community, however,

owing to the difficulty in controlling synthesis parameters

that are crucial for optimal catalytic performance. Con-

sidering the demand for rapid and large scale synthesis of

supported metal catalysts, the electrical wire explosion

(EWE) process appears to be a promising method to pro-

duce nanomaterials with new properties [22]. Non-oxide
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phase nanoparticles can be produced when the EWE

method is conducted in liquid media. In this process, a thin

metal or alloy wire in certain gas and/or liquid media is

exploded using a large impulse current. This method is

particularly advantageous because of the high yield and

short reaction time [23].

In this study, we aimed to synthesize high-temperature

stable alloy nanoparticles using the electrical wire explo-

sion method to explore alternative synthesis methods for

nanocatalysts. The Pt-FeCr alloy nanoparticles produced

by the EWE process exhibit high thermal stability

([600 �C) and are suitable for high temperature reactions.

High thermal stability is important to retain the initial

structure of the nanoparticles both during pretreatment and

the course of the reaction by overcoming sintering effects.

CO oxidation, a model reaction, has been investigated

using these alloy nanoparticles to explore the catalytic

performance of nanoparticles synthesized by the EWE

process. The alloy nanoparticles were characterized by

x-ray diffraction, transmission electron microscopy and

x-ray photoemission spectroscopy.

2 Materials and Methods

2.1 Synthesis of Pt-FeCr Alloy Nanoparticles

Pt-FeCr alloy nanoparticles were synthesized by the EWE

method (Fig. 1) in ethanol using Pt and FeCr alloy wires as

source materials [22]. In this method, a metal wire was

installed between high-voltage electrodes, which were

connected to a 60 lF capacitor bank through a triggered

spark gap switch. The wires were continuously fed by a

feeding roller installed on the exploding vessel and were

guided by a nozzle into the vessel. A voltage of 2.0 kV was

applied to the metal wire. The metal wire overheated and

evaporated swiftly when a very strong pulse current (cur-

rent density of 2.9 9 108 A cm-2) passed through the

wire, resulting in an explosion. The expansion duration

could be as short as several tens of microseconds [24].

FeCr alloy wires were exploded and subsequently con-

densed in ethanol. Then, Pt wires with a diameter of

0.1 mm were exploded and subsequently condensed in the

FeCr alloy colloidal solution. Preparation of nanoparticles

in ethanol by the electrical wire explosion process has

several advantages over conventional wire explosion in air.

By this process, a non-oxide metal powder can be formed

without requiring vacuum conditions. These non-oxide

phases remain dispersed in ethanol and are stable for sev-

eral days. Further investigation is required to determine

why these alloy nanoparticles do not aggregate. One pos-

sible explanation would be the contribution of an electro-

static force due to surface charges on the nanoparticles that

keep them apart. These nanoparticles can be harvested by

evaporating the ethanol to form the powder sample which

can be used in conventional fixed bed flow reactors.

The sequential explosion of FeCr alloy and Pt wires

formed highly dispersed FeCr alloy and Pt nanoparticles,

respectively. The particle size of the alloy nanoparticles

can be controlled by using different wire diameters. The

15.4 ± 1.5 nm FeCr alloy nanoparticles were produced

using a 0.2 mm wire [22]. Platinum wires were exploded

and subsequently condensed in the FeCr alloy colloidal

solution to produce highly dispersed Pt on the FeCr alloy

nanoparticles. In the EWE process, the wire is usually

overheated and evaporated swiftly when a very strong

pulse current with high current density passes through it,

resulting in explosions that produce a shock wave, yielding

metal powders. Unless complete evaporation of the metal

wire occurs due to an excess supply of energy in the EWE

process, the wire splits into metal vapors and overheated

metal droplets [25]. The overheated metal droplets formed

by incomplete evaporation of the wire form submicro- and

micrometer sized particles.

2.2 Characterization

The Pt-FeCr alloy nanoparticles synthesized by the EWE

method were analyzed using powder x-ray diffraction to

Fig. 1 Schematic of the electrical wire explosion process for the

synthesis of Pt-FeCr alloy nanoparticles
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determine the crystal structure on a D-Max 2200 (RIGA-

KU, JPN). The morphology, size, and composition of the

Pt-FeCr nanoparticles were investigated by transmission

electron microscopy and energy dispersive spectroscopy

using a JEM-2100F (JEOL, JPN). The surface composition

and constituents of the alloy nanoparticles were analyzed

by x-ray photoelectron spectroscopy using a Sigma Probe

(Thermo VG Scientific) instrument equipped with an

Al-Ka x-ray source (1486.3 eV).

2.3 Catalytic Activity

CO oxidation was performed in an ultrahigh-vacuum batch

reactor (1L) with a base pressure of 5.0 9 10-8 torr [26].

A thin film of Pt-FeCr alloy nanoparticles deposited on a Si

wafer (0.7 9 1.1 cm2), using the drop casting method, was

mounted in the reaction chamber. The reaction chamber

was evacuated and isolated with a gate valve before it was

charged with 40 torr CO, 100 torr O2 and 620 torr He at

room temperature. The reaction mixture was circulated

continuously through the reaction line by a metal-bellows

recirculation pump at a rate of 2 L min-1. The CO con-

version was monitored as a function of reaction tempera-

ture (180–230 �C). The reaction mixture was continuously

analyzed through an online GC. A DS 6200 gas chro-

matograph equipped with a thermal conductivity detector

and a 150 long, 180 outer diameter stainless steel 60/80

mesh size carboxen-1000 (Supelco) column was used to

separate the reaction mixture for analysis. Percentage CO

conversion was reported and calculated based on the CO2

product molecules produced per weight of the catalyst per

second of reaction time.

3 Results and Discussion

As the synthesis process of the Pt-FeCr alloy nanoparticles

involved sequential production of the support FeCr alloy

and Pt nanoparticles, a majority of the Pt nanoparticles

(2 nm) were found deposited on the support, as studied by

spot-energy dispersive spectroscopy (EDS) analysis.

However, the presence of free Pt nanoparticles cannot be

ruled out, but they make up less than 5% of the total Pt

nanoparticles studied by EDS analysis. The geometric size

distributions of the FeCr alloy and Pt nanoparticles were

reported earlier [22] and the average size of the FeCr alloy

and Pt nanoparticles were found to be 15.4 and 2 nm,

Fig. 2 X-ray diffraction patterns of Pt-FeCr alloy nanoparticles

formed by the electrical wire explosion process after calcination at

600 �C

Fig. 3 Transmission electron microscopy images of Pt-FeCr alloy

nanoparticles produced by the electrical wire explosion process after

being calcined at 600 �C. Scale bar equivalent to 5 nm
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respectively. The background reaction performed on the

FeCr alloy nanoparticles did not show any measurable

catalytic activity for CO conversion between 180 and

230 �C. Therefore, the measured catalytic activity on the

Pt-FeCr alloy nanoparticles can be exclusively attributed to

the Pt nanoparticles. The majority of the crystalline phases

of the Pt-FeCr alloy were found to be similar to that of the

FeCr alloy with some impurities like Fe5C2 and Al2O3 [22].

Figure 2 shows the x-ray diffraction patterns of colloidal

nanoparticles produced by the electrical explosion of FeCr

alloy and Pt wires. XRD peaks corresponding to Pt, Fe and

FeCr alloy are present in the sample, indicating the

presence of Pt nanoparticles as a separate phase on

the FeCr without any alloy formation with the support.

Figure 3 shows a high-resolution transmission electron

microscopy (HR TEM) image of Pt-FeCr alloy nanoparti-

cles calcined at 600 �C/30 min. It can be observed that

Pt nanoparticles with an average diameter of *2 nm are

present on the surface of the FeCr alloy with no particle

aggregation. The Pt nanoparticles are spherical with uni-

form dispersion on the support even after calcination at

600 �C. The EWE method produced highly dispersed Pt

nanoparticles on the support, corroborating the XRD find-

ings, akin to conventional synthesis methods for supported

Fig. 4 X-ray photoemission

spectra of Pt-FeCr alloy

nanoparticles a Pt4f, b Fe2p,

and c Cr2p

Fig. 5 a CO oxidation activity

(turnover rate) of Pt-FeCr alloy

nanoparticles as a function of

temperature and b Arrhenius

plots for CO oxidation showing

the activation energy of 15 kcal/

mol
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metal catalysts. Pt was deposited on the surface without

any indication of alloy formation despite the high operating

temperatures ([104 K) of the EWE process. The uniform

dispersion of the Pt metal on the support is mainly due to

the sequential explosion of the FeCr and Pt alloy wires,

respectively.

Figure 4 shows the x-ray photoelectron spectra of Pt-

FeCr alloy nanoparticles after calcination at 600 �C in air/

30 min. Surface analysis of the Pt-FeCr alloy nanoparticles

shows peaks corresponding to all of the constituent ele-

ments [27]. Figure 5a reveals XPS peaks corresponding to

Pt4f. A deconvoluted spectrum shows the presence of the

main peak (f7/2) at 71.2, 72.2 and 74.1 eV, which can be

assigned to Pt0 (58%), Pt?2 (13.5%), and Pt?4 (28.4%),

respectively [27, 28]. Figure 5b shows a photoemission

spectrum of the Fe2p main peak (p3/2) with a binding

energy value of 707.0 and 709.1 eV, indicating the pres-

ence of metallic Fe (62%) and Fe2? (38%) [29], respec-

tively. Figure 5c shows a XPS of Cr2p with binding energy

values of the main peak (p3/2) at 574.4–576.9 eV. These

binding energies can be attributed to Cr0 (52.4%) and Cr3?

(47.6%) [27, 28], respectively. Using the sensitivity factors

of Pt4f, Fe2p, and Cr2p and the integrated peak areas of

each peak, the alloy surface compositions were estimated.

The ratio of the surface composition of Fe to that of Cr was

2.8, close to the ratio of the bulk composition of the FeCr

alloy (*3). Some oxides of Fe and Cr were observed in the

XPS data, presumably because of the synthesis in ethanol.

Prior to CO oxidation, the catalysts were reduced in H2/He

at 300 �C for 2 h.

CO oxidation was performed on a thin film of Pt-FeCr

alloy nanoparticles prepared by the drop casting method

and reduced under H2/He at 300 �C for 1 h. Pt loading on

the FeCr alloy nanoparticles were found to be 2.6 wt%

(ICP-AES) and Pt dispersion about 46% (calculated from

TEM images). Based on these values, the turnover rate was

obtained under catalytic CO oxidation. Figure 5a shows the

catalytic activity on the Pt-FeCr alloy nanoparticles as a

function of temperature at 1 atm. Figure 5b shows the

corresponding Arrhenius plots for CO oxidation. From the

slope, the activation energy of 15 kcal/mol was calculated.

This value is lower than that of Pt single crystals

(30–40 kcal/mol) or Pt nanoparticles (25–30 kcal/mol) on

various oxide supports [8, 30]. The lowering of the acti-

vation energy on this alloy nanocatalyst may be due to a

synergic effect between the Pt nanoparticles and the FeCr

alloy. The turnover frequency of the Pt-FeCr alloy nano-

particles at 200 �C is 0.16 (/s/Pt site), as can be seen in

Fig. 5a. This value is slightly lower than that of Pt nano-

particles (0.2–0.6/s/Pt site) [26] at 200 �C presumably

because of the presence of carbonate species formed during

the EWE and calcination processes.

This result suggests that the Pt-FeCr alloy nanoparticles

can be good catalytic materials for Pt- or Fe-based catal-

ysis, such as diesel oxidation or ammonia synthesis.

Figure 6 shows the rate of CO oxidation on the Pt-FeCr

alloy nanocatalysts as a function of reaction time at various

temperatures. It can be observed that, at a given tempera-

ture, CO oxidation increased linearly without any deacti-

vation. The rate of CO oxidation increased linearly as the

temperature increased from 180 to 230 �C, showing the

absence of deactivation. As alloys are known to increase

the melting temperature compared to pure metal particles,

FeCr alloys demonstrate outstanding thermal stability

compared to other iron-based alloys and they have been

used in the fabrication of catalyst supports, gas burners,

industrial heaters, and other high-temperature devices [31,

32]. The absence of catalytic deactivation indicates that the

interface mixing between the Pt nanoparticles and FeCr

alloy can be ignored.

Platinum is a well-known catalyst metal, as well as an

expensive and widely studied metal for diesel oxidation in

internal combustion engines [33]. It is necessary to explore

possible opportunities to reduce the Pt content in catalyst

systems for economic reasons, while not compromising

catalytic activity. There has been a great deal of research

activity to develop Pt-based hybrid nanocatalysts with high

catalytic activity and thermal stability, including core–shell
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and bimetallic nanocatalysts [8, 30]. The synthesis of

Pt-FeCr alloy nanoparticles by the EWE method can pro-

vide novel nanocatalysts that have high catalytic activity

and good thermal stability.

4 Conclusions

Rapid and large-scale synthesis using the electrical wire

explosion process for thermally stable supported Pt nano-

particles for catalytic applications has been demonstrated.

By this method, highly dispersed Pt nanoparticles with an

average size of 2 nm were produced. This synthesis

method is advantageous over conventional methods for

ultra small nanoparticles, is versatile, and can be extended

for many metals and supports. The high thermal stability of

these nanoparticles is useful to investigate mechanisms at

higher reaction temperatures and ignition behaviors. CO

oxidation on the Pt-FeCr alloy nanoparticles was carried

out, and it was found that the Pt-FeCr alloy nanoparticles

are active for CO oxidation with an activation energy of

15 kcal/mol and negligible deactivation.
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