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Comparison of Oxygen Reduction Reaction Activity of
Pt-Alloy Nanocubes
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2. Department of Chemistry, American University, Washington DC 20016, USA ;
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Abstract : Alloying Pt with the first row non-noble transition metals has been demonstrated to increase the catalytic activity to-
ward oxygen reduction reaction (ORR), which is the cathode reaction of the proton exchange membrane fuel cells (PEMFCs) and
metal-air batteries. However, how much the ORR activity improvement comes from the alloying elements remains controversial. In
this paper, the nanocubes of PtMn, PtFe, PtCo, and PtNi with the similar size and composition were prepared and their ORR activi-
ties were explored, in order to investigate the effects of alloying elements on the catalytic activity. The use of cubic shape particles
minimizes the contribution to the activity from particle surface structural difference. The results showed that the ORR activity vs. Pt

d-band center plot had a volcano shape and PtCo nanocube is the most active. These observations are in harmony with density func-

tional theory calculations on well-defined surfaces in the framework of the d-band theory.
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Fuel cells are promising power sources for vehi-
cles and portable electronic devices due to their envi-
ronmentally friendly nature and high energy conver-
sion efficiency. Among many technical challenges,
the sluggish kinetics of oxygen reduction reaction
(ORR), the high cost of Pt, and the vulnerability of Pt
electrocatalyst toward reaction poisons significantly
hinder the widespread applications of proton ex-
change membrane fuel cells (PEMFCs)!"?. Therefore,
developing inexpensive, highly active and poison re-
sistant catalysts for ORR is an active research area. In
this regard, Pt alloy nanoparticles have attracted in-
creasing interests because of their higher ORR activi
ty compared to pure Pt™?!. The presence of a second
transition metal alters the electronic structure of Pt,
and therefore, changes its adsorption property and
catalytic activity. In fact, significantly improved ORR
activity has been reported on Pt alloyed with less ex-
pensive 3d-transition metals (PtM, M = MnP, Fe™,

Co*" Ni®¥ etc.). However, there are significant incon-
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sistencies in the magnitude of ORR activity improve-
ment of Pt-based bimetallic alloys in the literature.
For example, Toda et al.” reported an up to 10-time
enhancement of ORR activity on Pt-Ni, Pt-Co and
Pt-Fe catalysts over the pure Pt, but less than 3-fold
improvement was observed on Pt-Co and Pt-Ni by
Paulus et al"”.,

Different periodic trends of ORR activity have
also been reported on Pt alloys"". Sometime ago, Muk-
erjee et al. reported a volcano shape plot of specific
activity of Pt-based alloys (PtCr, PtMn, PtFe, PtCo,
PtNi) versus alloying elements and PtFe lied at the
top of the curvel. However, Pt;Ni and Pt;Co have the
highest catalytic activity, respectively, based on theo-
retical calculations™ and experimental results on ma-
croscopic Pt;Ti, Pt;Fe, Pt;Co, Pt;Ni, and Pt surfaces
prepared under ultra high vacuum™. Others reported
similar specific ORR activities on PtFe, PtCo and Pt-
Ni nanoparticles after 1200 potential cycles between
0.6 and 1.0 V vs. RHE in Ar-saturated 0.10 mol -L"

*Corresponding author, Tel: (001-202)8851763, E-mail: szou@american.edu
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HCIO,™. Tt has been demonstrated that ORR activity
is not only affected by the second metal in Pt-based
alloy catalyst™, but also strongly depends on the par-
ticle surface structure ™ and composition "*'"1. The
above discrepancies may arise from the different
shapes, sizes, and compositions of the Pt-based alloy
nanoparticles. In order to minimize these confound-
ing factors and reveal the effects of the alloying metal
on the ORR activity, it is critical to control the struc-
ture and composition of the particles.

The synthesis of different Pt-based bimetallic al-
loy nanoparticles with well controlled shapes has

been advanced rapidly recently!"®'”

. Taking advantage
of this progress, we synthesized the monodispersed
Pt-based bimetallic nanocubes (PtMn, PtFe, PtCo, and
PtNi), which are enclosed by {100} facets, at elevated
temperatures in organic solutions, and compared their
ORR activity with Pt nanocubes of similar size. A-
mong these nanocubes, PtCo exhibited the highest
ORR activity, which can be explained by its optimal
Pt d-band center energy. Because of the well-con-
trolled structure of the nanocubes used in this study,
the observed catalytic activity difference can be safe-

ly attributed to the alloying elements.
1 Experimental
1.1 Synthesis and Characterization of Pt-

Alloy Nanocubes

The Pt and Pt-based alloy nanocubes (NCbs) in-
cluding PtMn, PtFe, PtCo and PtNi were prepared by
utilizing previously reported methods!"®*!, Brief syn-
thesis procedures are described in the following. For
synthesizing PtFe and PtCo NPs, 0.020 g of platinum
(II) acetylacetonate (98%, Acros Organics), 0.010 g of
iron(II) chloride tetrahydrate (99.99%, Aldrich) or
0.0125 g of cobalt acetate tetrahydrate (99.999%,
Aldrich), 8.0 mL of oleylamine (80% ~ 90%, Acros
Organics), and 2.0 mL of oleic acid (90%, Aldrich)
were loaded into a three-neck flask. The mixture was
purged with nitrogen gas for 10 min before it was
heated to 130 °C in an oil bath with continuous stir-
ring under the nitrogen stream. Next, 0.050 g of tung-
sten hexacarbonyl (97%, Aldrich) was added to the

solution, and the temperature was raised to 240 °C

and reacted for 40 min at this temperature. We found
that the stir rate is an important parameter that in-
fluences the shape of the particles. In this work, 85
r-min’ stir rate was typically used. The synthesis pro-
cedure of PtNi is similar to those of PtFe and PtCo.
The only difference is that the Ni precursor (0.4 mL
NiCl, solution which was prepared by dissolving
0.238 g of nickel (II) chloride hexahydride (99.95%,
Alfa Aesar) into 5.0 mL of oleylamine and 5.0 mL of
oleic acid) was added to the reaction mixture after the
tungsten hexacarbonyl was added. It is worth point-
ing out that the injection rate of Ni precursor also
plays an important role in the shape control. The opti-
mal injection rate was one drop per 15 seconds con-
trolled by a syringe (1 mL, 27 gauge). During the
injection of Ni precursor, the temperature was raised
from 130 °C to 200 °C. After the Ni precursor injec-
tion, the temperature was further increased to 240 °C
and reacted for 15 min. The PtMn NCbs were synthe-
sized as follows. 0.040 g of platinum(Il) acetylaceto-
nate was dissolved in a mixture of 5 mL of benzyl
ether (99%, Acros Organics), 3.68 mL of oleylamine,
and 0.63 mL of oleic acid. The solution was purged
with nitrogen for 10 min and then the reaction flask
was placed into an oil bath preheated to 200 °C. 3.5
mL of manganese(0) decacarbonyl stock solution pre-
pared by dissolving 0.078 g manganese(0) carbonyl
(98%, from Aldrich) in 20.0 mL of benzyl ether was
injected to the reaction mixture once the temperature
reached 160 °C. The reaction was allowed to run at
200 °C for 30 min. Before microscopic measure-
ments, the as-synthesized nanoparticles were washed
with hexane and ethanol by repetitive centrifugation
and dispersion to remove majority of the surfactants.
The cleaned particles were redispersed in the same
volume of hexane by sonication. Transmission elec
tron microscopic (TEM) images of the washed parti-
cles without subject to potential cycling treatment
were obtained using a JEOL JEM-1200 microscope
at an accelerating voltage of 120 kV. The composi-
tion of the NCbs was determined by using an induc-
tively coupled plasma optical emission spectrometer
(ICP-OES, Optima 7300 DV, Perkin Elmer). The sam-
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ples for determination of the Pt/M ratio before elec-
trochemical potential cycling were prepared by plac-
ing 15 pL of the nanoparticle suspension to a fresh
aqua regia to dissolve the particles overnight. For the
determination of the Pt/M ratio after the potential cy-
cling, 15 pL of the nanoparticle suspension was
drop-coated on a glassy carbon (GC) disk electrode
and the nanoparticles were digested after the electro-
chemical measurements in a freshly prepared aqua
regia overnight. The obtained solution was diluted 20
times by water before ICP-OES measurements.

1.2 Preparation of Carbon Supported Ele-

ctrocatalysts
To make carbon supported Pt-alloy or Pt

nanocube electrocatalysts, the particle suspension in
hexane was dried in air and weighed. Carbon black
(Cabot Corporation) with the same weight as that of
dry NCbs was dispersed in a mixture of ethanol and
hexane, and sonicated for one hour. The carbon sup-
ported Pt-alloy (or Pt) NCbs were prepared by mixing
the carbon black suspension and the particles drop-
wise. The resultant solution was stirred vigorously
overnight to form a catalyst with a nominal 50% (by
mass) metal loading. To further remove the residual
organic surfactants on the particles before electro-
chemical studies, the PtM/C (or Pt/C) electrocatalyst
were subject to a thermal annealing treatment at 185
°C in air for 45 min followed by a second thermal an-
nealing treatment at 300 °C in N, atmosphere for an
other 45 min. The 1 mg Pt-alloy/C (or Pt/C) per mL
electrocatalyst suspension was prepared by dispersing
the thermally treated Pt-alloy/C (or Pt/C) in the mix-
ture of water, isopropanol, and Nafion solution
(5wt% in water/alcohol mixture) with a volume ratio
of water, isopropanol, and Nafion solution being
4:1:0.025.
1.3 Electrochemical Measurements

To study the electrochemical properties of these
nanocubes, cyclic voltammograms (CVs) and polar-
ization curves (RDE) were recorded in 0.10 mol - L
HCIO, solutions with a conventional two-compart-
ment three-electrode cell using a CHI 700B electro-

chemical analyzer. A Pt wire served as the counter

electrode, and a KCl-saturated Ag/AgCl electrode
was used as the reference electrode. However, all of
the electrode potentials were reported with respect to
a reversible hydrogen electrode. The working elec-
trode was prepared by drop-coating 15 L of PtM/C
(or Pt/C) suspension on a GC electrode (geometric
area: 0.196 cm?). The nominal Pt loading was 6.8 pg
for all of the PtM/C catalysts, and 6.0 pg for Pt/C.
The cell resistance was compensated with the iR
compensation function in the analyzer. The Pt surface
areas of the catalysts were determined electrochemi-
cally by CO stripping charge assuming the charge for
oxidation of a monolayer of adsorbed CO is 0.420
mC-cm??, The CO stripping experiments were car-
ried out as follows: after the adsorption of CO under
potentiostatic control at 0.16 V for a period of 5 min
the cell was flushed with N, for 20 min to remove
un-adsorbed CO and finally the potential was
scanned at 100 mV -s™. All of the solutions were pre-
pared using water purified by a Milli-Q system with a
resistivity of 18.2 M() -cm. All of the measurements

were made at room temperature (22 + 1 °C).

2 Results and Discussion

The shape of Pt-based nanocubes was first ex-
amined using TEM as shown in Figure 1 (A-E). The
images clearly reveal the feature of cubic shape of
these particles. The average side-lengths are all
around 9 = 1 nm. The percent of particles that are
nanocube is 80% ~ 90%. The similar size of these Pt
and Pt-based bimetallic catalysts ensures the ORR ac-
tivity comparison without the complication of the
size effect™?,

The surface of the as-prepared NCbs is covered
partially by the surfactants used in the synthesis to
control the size and shape, as manifested by the ab-
sence of diminishing hydrogen adsorption/desorption
peaks characteristics of well-defined surfaces 1+,
These surfactants obscure the catalytic activity stud-
ies. Effective removal of these surfactants is a prereq-
uisite of using these NCbs as model catalysts®*!. By
annealing the NCbs in vacuum or an inert atmosphere
(N,, Ar, etc.), the surfactants can be largely removed.

Prior to electrochemical characterizations, the as-pre-
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pared NCbs were subject to a thermal annealing treat-
ment at 185 °C in air for 45 min followed by thermal
annealing at 300 °C in N, for another 45 min. The ef-
fects of thermal annealing treatments were manifest-
ed by the appearance or increase of hydrogen adsorp-
tion/desorption peaks in CVs obtained in 0.10 mol - L™
HCIlO,. No obvious size or morphology change was
observed for the NCbs after the thermal treatments,
as shown by the TEM image of the annealed Pt
NCbs/C in Figure 1(F), and PtCo NCbs/C in Figure 2.
The upper limit of the annealing temperature at 300 °C
was set by the deterioration of the cubic shape above
this temperature.

To evaluate their electrocatalytic activity, the
NCbs/C were drop-coated on a GC electrode after
they were thermally treated and dispersed in the mix-
ture of water, isopropanol, and Nafion solution as de-
scribed in the experimental section. Before CVs and
ORR polarization curves were recorded, these NCbs
were subject to potential cycling between 0.05 and
1.0 V for 100 cycles in 0.10 mol-L* HCIO, to further
clean the particle surface. Figure 3 presents the CVs
of PtM and Pt NCbs/C on a GC electrode in deaerat-
ed 0.10 mol -L"' HCIO,. Two pairs of hydrogen ad-
sorption/desorption peaks at ~ 0.27 V and ~ 0.38 V

Fig. 1 TEM images of PtM and Pt NCbs (Scale bar: 20 nm.)
A.PtMn; B. PtFe; C.PtCo; D. PtNi; E-F. Pt andPt/C

Fig. 2 TEM image of PtCo NCbs/C after 300 °C annealing
(Scale bar: 20 nm)

were clearly evident, suggesting the dominance of the
{100} facet on these nanocubes™. These current fea-
tures also suggest the cleanness of the NCb surfaces
after the pretreatment processes®..

The ICP-OES measurements were performed to
monitor the particle composition before and after the
potential cycling (PC) pretreatments, and the results
are summarized in Table 1. All of the as-synthesized
PtM alloys have a similar Pt to M ratio of 3 to 1.
However, the ratio increased to about 4 to 1 after the
electrochemical cycling pretreatment. The Pt/M ratio
increase after the potential cycling indicates that part
of the M in the alloy NCbs was leached out and a
Pt-rich NCbs surface was formed. The presence of a
Pt-rich surface is supported by the observation of
characteristic hydrogen adsorption/desorption peaks

on Pt{100}. Further support of this notion comes from
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02 0.4 0.6 0.8
E/V(vs. RHE)

Fig. 3 Cyclic voltammograms of PtM and Pt NCbs/C in 0.10
mol- L' HCIO, solution (Scan rate: 100 mV -s™)
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the surface sensitive carbon monoxide oxidation. The
CO oxidation peaks in the stripping voltammograms
obtained on Pt alloys nearly overlap with that from
pure Pt NCbs (Figure 4). Were there abundant transi-
tion elements on the catalyst surfaces, the CO strip-
ping peak would be more negative than that on the
pure Pt Based on the amount of alloying element
lost and the size of the particles, the dealloying is es-
timated to occur only on the top two atomic layers of
the particles. The hydrogen adsorption/desorption and
CO oxidation peaks characteristics of {100} facets are
clearly observed in the CVs (Figures 3 and 4), sugge-
sting that the surface structures were not seriously
disrupted by the dissolution of the less noble alloying
element™. In fact, the appearance of the CO stripping
peak near ~ 0.77 V and the absence of a shoulder peak
at around 0.72 V are indicative of the absence of sig-
nificant amount of defect sites on these nanocubes™..
Rotating disk electrode (RDE) voltammetry was
used to examine the effects of different transition
metals on ORR kinetics of PtM electrocatalysts. A
typical set of polarization curves obtained on Pt and

Tab. 1 Compositions of PtM NCbs before and after potential
cycling (PC) pretreatments

PtMn PtFe PtCo PtNi

Pt:M mole ratio before PC 2.8 3.2 2.8 2.9
Pt:M mole ratio after PC 4.0 4.2 39 4.3

0.6

e < e
w o~ W

J/(mA- cm‘z)

>
o

00.0 0.2 0.4 0.6 0.8 01.0
E/V(vs. RHE)

Fig. 4 CO stripping voltammograms obtained on PtM and Pt
NCbs/C in 0.10 mol- L' HCIO,. Scan rate: 100 mV -s™

the four PtM NCbs in an O,-saturated 0.10 mol - L’
HCIO;, solution at 295 K are presented in Figure 5.
The results show that the ORR activity is strongly de-
pendent on the different transition metals. The kinetic

current was evaluated by using the Koutecky-Levich

equation:
1L_1_1
I I, 1 0

where [/ is the current at a given potential, /, is the ki-
netic current at this potential, and /, is the limiting
current at the plateau. The area specific ORR activity
was obtained by normalizing the kinetic current to
the catalyst surface area estimated from the CO oxi-
dation charge. Consistent with previous studies, all of
the PtM NCbs showed higher ORR activity than Pt
NCbsP* #11 The specific ORR activity measured at
0.85 V is plotted against the d-band center energy and
a volcano shape plot is obtained (Figure 6). The spe-
cific activity was reported at 0.85 V instead of the
more commonly used 0.90 V to avoid large uncer-
tainties in ORR activity at the latter potential due to
the significantly lower current. It is known that Pt
(100) single crystal surfaces are significantly less ac-
tive than Pt(111) surfaces for ORR in acidic media™.
The PtCo NCbs shows the highest ORR activity,
which is more than two times of that from Pt NCbs.
Similarly, the PtCo also has the highest mass activity,

00.0 0.2 0.4 0.6 0.8 01.0
E/V(vs. RHE)

Fig. 5 Polarization curves for ORR on PtM and Pt NCbs/C

supported on a rotating GC disk electrode in O, satu-

rated 0.10 mol -L"!' HCIO, solution at 295 K. Scan

rate: 20 mV s, rotation rate: 1600 r-min’!
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0L.0 the oxygen adsorption energy on various Pt skins is
linearly proportional to the d-band center position .

08 | 020 Therefore the adsorption energy of oxygen on PtM is
E: “:§ lower than that on Pt. According to the Sabatier prin-
<3:E 06 | 0.15 E cipleP”, for metal surfaces that strongly bind oxygen on
E % their surfaces, the ORR rate is limited by the removal
% 0a 0.10 % of adsorbed O (ads) or H,O,(ads) species. These
g 2 species will oxidize the metal surface and block the
& = reactivity of oxygen reduction®. For metals that bind
02 003 oxygen too weakly, the ORR rate is restricted by the
e ff::s‘gglf‘fl‘t‘;”‘y slow dissociation of O,(ads). Under this context, the

00.0 00.00
-3.1 3.0 -29 -28 -2.7 2.6 -2.5 -24 -23

d-band center/eV(vs. Pt Fermi level)

Fig. 6 Relationship between ORR activities measured at 0.85
V and the calculated d-band center values for Pt and
PtM catalysts. The d-band center values were taken

from ref.®.

which was measuredas the kinetic current at 0.85 V
normalized to the Pt mass in the NCbs.

The trend of ORR activity on these cubes agrees
well with that observed by Stamenkovic et al. on
macroscopic Pt:M (M = Ti, Fe, Co and Ni) surfaces
prepared under ultrahigh vacuum™, but differs from
those reported by others®™ > "I, The difference may be
attributed to the well-controlled surface structure
used in the present work and in Stamenkovic et al'.
To the best of our knowledge, ORR activity compari-
son on facet-controlled nanocrystals of PtM has not
been reported before. The observed trend can be un-
derstood in the framework of the d-band theory™. At
the center of this theory is that the adsorption energy
of a species is proportional to the metal d-band center
(i.e. average d-band energy) and the d-band center
can be tuned by alloying with a second metal through
the electronic and strain effects™. It has been shown
both experimentally and theoretically that for Pt;M
alloys (M = the first row transition metals) with a Pt top
layer (the so called “Pt-skin”) the d-band center of the
Pt top layer is lower than the pure Pt, and the adsorp-

[4,29]

tion energy consequently decreases™**. Through densi-

ty function theory (DFT) calculations it was shown that

d-band center for pure Pt is too high, and therefore,
Pt binds oxygen too strongly, while the d-band center
for PtMn is too low and the ORR is limited by the
slow O, dissociation. The highest ORR activity ob-
served on PtCo nanocubes is a manifestation of the
most suitable d-band energy among different alloy

metals.

3 Conclusions

In summary, four Pt-based binary alloy NCbs as
well as pure Pt NCbs have been synthesized and used
for comparing alloy effects of early transition metals
on the ORR activity in 0.10 mol -L"' HCIO,. These
nanocubes enable the study of effects of the nature of
the alloying transition metals on the ORR activity
without the complications of other structural varia-
tions such as size and shape. Our results clearly
demonstrate that ORR activity strongly depends on
the alloyed elements. The activity is governed by the
strength of the oxygen-metal interaction, which in
turn depends on the metal d-band energy center. The
PtCo has the most optimal d-band energy which re-
sults in the highest ORR activity among four transi-
tion metals we tested here. The results provide exper-
imental data that may stimulate further theoretical
work beyond {111} facets, and more importantly, de-
monstrate that searching for surfaces with appropriate
oxygen binding energy is an effective way for devel-
oping highly active ORR catalysts.
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