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ABSTRACT: The cathodic corrosion method described
here is a simple, clean, and fast way of synthesizing nano-
alloys with high catalytic performance. Using a series of
Pt—Rh alloys as an example, we show that this one-step
method can convert a bulk alloy electrode into an aqueous
suspension of nanoparticles, retaining the composition and
crystal lattice structure of the starting alloy. Compared to
pure metals, these alloy nanocatalysts are more active
toward CO and methanol oxidation and nitrate reduction
reactions. Nanoparticles made of PtRu, Ptlr, PtNi, AuCo,
AuCu, and FeCo bulk alloys demonstrate the universality of
this synthesis method.

ver since the Bronze Age, humankind's progress has been

facilitated by the use of alloys, and today alloys are used
everywhere from cutlery to turbines. Heterogeneous catalysis is a
field in which the use of alloy nanoparticles is important for
producing more cost-efficient, more active, and more selective
catalysts. "> While the technology for the fabrication of bulk metal
alloys has been perfected over centuries, until now there has been
no universal method to rapidly synthesize metal alloy nanopar-
ticles with predefined composition, structure, and catalytic
properties. In this Communication we report on a conceptually
novel method for making alloy nanoparticles by cathodic atomi-
zation of bulk alloys. We show that the composition of the
nanoparticles is essentially identical to that of the starting alloy
material, while their catalytic properties match or exceed those of
similar alloy catalysts prepared by colloidal methods.

Most methods of chemical synthesis of alloy and core—shell
nanoparticles involve (co)reduction of metal salts within micelles
or colloids,>® while the so-called carbonyl synthesis route offers
an intriguing variation by creating a bimetallic precursor.”” While
much work has been done to perfect these methods for making
nanoparticles, they present inherent inconveniences. First is the
inevitable presence of the organic components employed during
the synthesis on the surface of the nanoparticles, which is also
applicable to pure metal nanoparticles. These surfactants or
capping materials contaminate the final product and adversely
affect its performance, e.g, in catalysis® '*> or in biological
applications.''> Gas-phase synthesis, like laser vaporization of
solid targets, magnetron sputtering, or ion sputtering, gives clean
nanoparticles, including alloys and mixtures, but the technique
suffers from low yields and the relatively wide size distribution
and particle agglomeration.'®"” The impregnation and incipient
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wetness method of supported nanoparticles synthesis often
results in relatively large particles with a nonuniform composi-
tion due to support irregularities and se§regation of metals due to
the differences in their reducibility.'>’

Recently, a radically different method of nanoparticles synthe-
sis has been developed that avoids many of these short-
comings.'”*® This method, which works for a wide variety of
metals, proceeds via cathodic corrosion of a metal electrode,
rapidly atomizing it into a suspension of metal nanoparticles. By
using this method one can synthesize small, clean, and catalyti-
cally active nanoparticles that are directly usable as catalysts. Our
current understanding of this process is that, at the strongly
negative electrode potentials employed, highly nonequilibrium
(clusters of) negative metal anions are formed, which serve as
precursors for the formation of the nanostructures and nano-
particles.'” Because of the nonequilibrium conditions, we pro-
pose that, instead of going through the preferential dissolution of
one of the metals, the reaction goes through the dissolution of
negatively charged alloy clusters. Here we demonstrate that this
method can also be used for the synthesis of metal alloy
nanoparticles. Using a series of Pt,Rh, wires, we verify the ability
of the method to retain alloy composition from bulk metal to
nanoparticles. We also present evidence that the method works
for other commercially available as well as custom metal alloys,
demonstrating a high degree of universality while maintaining
good control of alloy composition.

The experimental setup is presented in Figure 1A. In brief, an
alloy wire to be atomized is immersed in an electrolyte, and ac
potential versus a glassy carbon counter electrode is applied until
all submerged metal is converted into a black suspension of metal
nanoparticles. A negative dc offset ensures that the formation of
the nanoparticles proceeds via a reduction (cathodic) process.'®
The average currents during each negative (positive) voltage
half-cycle are plotted as a function of time as shown in Figure 1D.
The initial saturation of the current is due to limited capacity for
hydrogen gas evolution, while the decrease of the current toward
the end is due to the corrosion of the wire. The positive currents
at the non-negative voltage half-cycle (0 V) are related to the
oxidation of the hydrogen formed at the negative cycle. A black
suspension coming off the electrode can be observed throughout
the experiment. As can be seen in Figure 1, a wire of ca. 0.12 mm
diameter, immersed 2.5 mm in the solution, can be dispersed into
nanoparticles in around 500 s.>'
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Figure 1. (A) Experimental setup for the cathodic corrosion synthesis of the nanoparticles: (a) support, (b) coarse screw, (c) fine micrometric screw,
(d) working electrode, and (e) high surface area electrode. (B) Potential program applied: square wave between 0 and —10 V and 100 Hz. (C) Current
responses at the electrode at 100 s for the Pt;oRh;, wire. (D) Average ac current measured during the positive (negative) half-cycle vs time for different
PtRh wires: (light blue) Pt, (dark blue) PtooRh,, (green) Pt;oRhs, (red) PtyoRhg, and (black) Rh. The wire was always submerged 2.5 mm into the

solution. Test solution: 1 M NaOH. E,;; =
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Figure 2. Voltammetric profiles for (light blue) Pt, (dark blue)
PtooRhp, (green) Pt;oRhs, (red) PtyoRhgg, and (black) Rh nanoparti-
cles supported on a gold polycrystalline disk in (A) 0.5 M H,SO, (B) 0.5
M H,SO, + 0.01 M NaNOs solution, and (C) 0.5 M H,SO,4 + 0.5 M
CH,OH solution. Scan rate: (A) 50 and (B,C) 20 mV/s.

Next we studied the electrochemical properties of the nano-
particles prepared by the cathodic corrosion method. In the case
of platinum and some related metals, recording a current—
voltage characteristic of an electrochemical interface under con-
trolled conditions (a so-called blank voltammogram) is a well-
established method to determine qualitatively not only the
composition of the electrode material but also the cleanliness
of the interface.'”* >’ Figure 2A shows the blank voltammetry
of the PtRh nanoparticles supported on a gold electrode in
sulfuric acid. The features between 0.05 and 0.4 V are related to

the adsorption/desorption of a monolayer of hydrogen and
anions,”® and those between 0.4 and 0.9 V to the adsorption/
desorption of OH species on Rh.*** The voltammetric profiles
of Pt and Rh nanoparticles are in good agreement with previous
results obtained for polycrystalline electrodes in the same
solution.””*° By calculating the charge under the hydrogen
desorption/adsorption peaks, and knowing the mass of the
catalyst, we can estimate the average size of the nanoparticles
for pure metals. The values (Pt ~ 9 nm and Rh &~ 6 nm) obtained
by this approximation agree with those obtained by TEM and
XRD (Figure 3A,C).

The blank voltammograms present two characteristics indica-
tive of bimetallic nanoparticles. As the content of Rh is increased,
at the lower potentials the two peaks of hydrogen shift toward
more negative potentials, becoming one single peak character-
istic of Rh. In the higher potential region, the charge related to
the adsorption/desorption of OH increases with the concentra-
tion of Rh in the sample.*>*°

Having characterized the nanoparticles synthesized by this
method, we studied the activity of these nanoparticles toward
three important electrocatalytic reactions: nitrate reduction, CO
oxidation, and methanol oxidation. The oxidation of methanol
on bimetallic catalysts is an important and widely studied
reaction due to applications in low-temperature fuel cells, with
a number of studies on PtRh alloys.>' ~** As for the reduction of
nitrate, Rh is generally considered to be most active monome-
tallic electrocatalyst,*** but remarkablgf little attention has been
given to PtRh alloys for this reaction.”

Figure 2B shows the voltammograms of nitrate reduction in
acidic solution over PtRh alloy nanocatalysts. Two important
behaviors should be highlighted:

The maximum negative current, corresponding to the reduc-
tion of nitrate, increases proportionally to the content of Rh, but
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Figure 3. (A) TEM image of the PtooRh o nanoparticles sample. (B) Rh content in the nanoparticles sample obtained from EDX spectra as a function of
the content of Rh on the wire (commercial data). (C) XRD patterns of nanoparticles with different Pt,Rh.

surprisingly the RhgoPt, nanoalloy exhibits an even higher current
density than pure Rh nanoparticles, also when compared in terms
of current density per electrochemically active surface area. The
maximun current density observed in the sample RhgyPt,q is 560
uA/cm?, while the maximum current density observed in the pure
Rh sample for the same concentration for nitrate is 400 «A/cm”.
Previous results for Rh nanoparticles ** and Rh massive electrode™*
report maximum currents of 500 (A/ cm’ (in a 10 times more
concentrated solution) and 300 #A/cm’.

The RhgoPt,, sample also exhibits a smaller difference bet-
ween the reduction currents in the negative and positive scans,
suggesting that the reactivity of intermediate species (nitrite,
NO) leads to less hysteresis compared to the other samples.
While Rh is generally considered the best monometallic catalyst
for nitrate reduction,* the observation that our RhgoPt,, nano-
particles are superior to pure Rh is new and significant. The high
activity of Rh is usually ascribed to its ability to strongly bind
(oxy)anions. Further studies would be required to elucidate the
origin of the enhanced activity of the RhgoPt, nanoparticles.

Figure 2C shows the voltammetric response of the supported
nanoparticles toward the oxidation of methanol. As can be seen,
the samples of Rh and Rhg,Pt, show no (or negligible) activity
toward the oxidation of methanol, in agreement with previous
results on bulk electrodes.® ~** This is due to the inhibition of
methanol adsorption by the strong adsorption of poisoning CO
on Rh, as reported earlier.>> The samples with higher platinum
content, however, show significant oxidation currents in the
potential region between 0.4 and 0.9 V. The voltammetric
profiles of the three high-content platinum samples show very
similar behavior, the most important characteristic being the
hysteresis between the positive and negative scans. The lower
oxidation currents during the positive scan are due to the initial

CO poisoning of the surface. At higher potentials this CO is
oxidized off the surface, and during the negative scan the
oxidation of methanol is not limited by the presence or formation
of the poison, and for that reason the currents are higher.

The alloys PtgoRh,( and Pt;oRh3, present a hysteresis of about
60 mV between the positive and negative scans, which is 40 mV
smaller than the hysteresis of the Pt sample. This is probably due
to the higher reactivity of these alloys toward the oxidation of
surface-poisoning CO (see also Figure SS). It is therefore clear
that, compared to pure metals, PtRh alloys show better catalytic
activity for the oxidation of methanol and CO, which are
reactions of special interest for fuel cells and, in the gas phase,
for automotive exhaust catalysis.'>'>*"*

To demonstrate the universality of our cathodic atomization
method, we have prepared nanoparticles from Ptgylr,o, PtosRus,
and Pts(Nis alloy wires, and also AuCo, AuCu, and FeCo alloys.
In all cases TEM analysis shows nanoparticles with a mean size
below 10 nm, EDX confirms the bimetallic composition, and the
shift of XRD lines indicates proper alloying.”® Electrochemical
studies of CO and methanol oxidation on PtRu nanoalloys, and
the oxygen reduction reaction on PtNinanoalloys, as prepared by
the method of cathodic corrosion, confirm their usability as
nanocatalysts.”>

To summarize, we have shown that cathodic corrosion is a
facile method to prepare clean nanoparticles of various alloys that
can be used directly as (electro)catalysts. We demonstrate that
these nanoparticles are properly alloyed and retain the composi-
tion of the starting bulk material. For the PtRh alloys, the size
decreases as a function of Rh content: we obtained Rh nano-
particles of 4 £ 2 nm and alloy nanoparticles of S &= 3 nm. Even
smaller nanoparticles were obtained for PtRu (3 & 3 nm), which also
showed excellent catalytic properties toward CO and methanol

17628 dx.doi.org/10.1021/ja208264e |J. Am. Chem. Soc. 2011, 133, 1762617629



Journal of the American Chemical Society

COMMUNICATION

oxidation. While we have tested this method for binary alloys, it is
to be expected that the method should also work for ternary alloys,
thereby further expanding the range of applications. Moreover,
their catalytic properties can be tuned further by subsequent
annealing and/or chemical etching treatments, for instance toward
the preparation of core—shell or de-alloyed nanoparticles™’~*
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