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bstract

Carbon-supported PtTi alloy nanoparticles with well-controlled particle size, dispersity, and composition uniformity, have been synthesized by
hermal decomposition and reduction of Pt and Ti precursors at elevated temperatures. The synthesized alloy nanoparticles were characterized by
-ray diffraction, high-resolution transmission electron microscopy, X-ray photoelectron spectroscopy, and energy-dispersive spectroscopy. The
atalytic activities of these alloys towards molecular oxygen electro-reduction were screened by the hydrodynamic RDE technique. Among the
ompositions tested, Pt75Ti25 displayed the highest catalytic activity and had a twofold improvement in catalytic performance as compared to a
enchmark Pt/C catalyst.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFCs) are receiv-
ng increased attention worldwide as environmentally friendly
ower trains for transportation applications. In the search for
table and more active electrocatalysts for the oxygen reduction
eaction (ORR), extensive investigations have been conducted
n platinum (Pt) alloys [1–6]. Among the materials studied, plat-
num titanium alloys (PtTi) are promising catalyst candidates
howing improved catalytic activities and good chemical stabil-
ties [4,5]. Besides Pt and Ti being well-known for exceptional
orrosion resistance in a wide range of chemical environments,
he strong Lewis acid and base interaction between Pt and Ti cre-
tes a large negative enthalpy of formation resulting in strong
hemical bonds between Pt and Ti in PtTi alloys [7–10]. As a
esult, PtTi alloys have the potential to be alternatives to pure
t catalysts with improved catalytic activities towards the ORR

nd enhanced chemical stabilities.

Nanostructured materials display unique properties that are
ot observed in bulk materials. Important challenges in devel-
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ping nanostructured materials include the ability to control
article size, monodispersity, and microcomposition uniformity.
mong various recent advances developed for carbon-supported

lectrocatalysts [11–20], preparation of nanoparticles from low
alence organometallic precursors has received great atten-
ion [21,22]. This synthesis technique allows great flexibility
n selecting particle stabilizing agents (such as polymer or
igand) and reaction solvents. Furthermore, the metal precur-
ors are easily decomposed. One notable platinum precursor is
t2(dba)3 (dba = bis-dibenzylidene acetone). Pt2(dba)3 is stable

n air (both in solid state and in solution) and can be decom-
osed in hydrogen or carbon monoxide atmospheres at room
emperature. Monometallic and bimetallic Pt-based nanoparti-
les synthesized using Pt2(dba)3 have been recently reported
23–26].

In this paper, a simple method to prepare PtTi binary
lloy nanoparticles of various Pt:Ti ratios using Pt2(dba)3
nd titanium chloride (TiCl4) as precursors is reported. The
ork focused on achieving controlled particle size, dispersity,

nd microcomposition uniformity. The fabricated nanopar-

icles were extensively characterized by different analytical
echniques and the catalytic activities of these alloys toward

olecular oxygen electro-reduction were screened using the
ydrodynamic rotating disk electrode (RDE) method. Improved
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atalytic performance was achieved for Pt75Ti25 alloys as
ompared to commercially available Pt/C catalysts.

. Experimental

.1. Synthesis procedure

Carbon-supported PtTi alloy nanoparticles with various
t:Ti ratios were synthesized using Pt2(dba)3 (dba = bis-
ibenzylidene acetone) and TiCl4(THF)2 precursors in tetrahy-
rofuran (THF) solution. The syntheses were carried out in a dry
itrogen atmosphere either using the Schlenk technique or in a
love box. Pt2(dba)3 was prepared according to a published pro-
edure [27] and TiCl4(THF)2 (Aldrich) was used as-received.
he THF solution (Aldrich) was distilled in a nitrogen atmo-
phere from Na/benzophenone and inserted into a glove box
ithout exposure to air. Vulcan XC-72R (Cabot Corp.) was used

s the catalyst support and was dried under vacuum at 130 ◦C
or 12 h before being used.

The synthesis method primarily involves (i) decomposing
t2(dba)3 and reducing TiCl4 with hydrogen at elevated tem-
eratures, and (ii) alloying of Pt and Ti at high temperatures.
he Pt:Ti ratio was controlled by precursor feed ratios since
o metal loss occurred during the synthesis procedure. The
article size was controlled by the alloying temperature and
uration.

Appropriate amounts of Pt2(dba)3, TiCl4(THF)2, and Vul-
an XC-72R were dissolved into dry THF solutions and mixed
ogether in a glove box. The mixture was ultrasonicated for
0 min followed by stirring for an additional 12 h. The THF
olution was removed slowly at room temperature by purging
ith N2. The collected powders were heat-treated at tempera-

ures ranging from 500 ◦C to 950 ◦C for 2 h in a H2/N2 (1:10 v/v)
as atmosphere forming PtTi alloy nanoparticles.

.2. Characterization

.2.1. X-ray diffraction (XRD)
The prepared PtTi alloy nanoparticles were characterized by

RD using a Bruker powder diffractometer (a combination of
odel D8 Discover and D8 Advance) equipped with a scintil-

ation detector using Cu K� radiation. The diffraction patterns
ere recorded from 2θ = 25◦ to 2θ = 90◦ at a scan rate of 0.02◦
er step and 5 s per point. The average particle size was estimated
rom diffraction peak broadening using Scherrer’s equation.

.2.2. Transmission electron microscopy (TEM) and
nergy-dispersive spectroscopy (EDS)

The morphology and size of the PtTi alloy nanoparticles were
xamined by high-resolution TEM using a Hitachi HF-2000
eld emission gun (FEG) TEM equipped with a Thermo Sci-
ntific ultra-thin window Si(Li) EDS. The average composition
f the PtTi nanoparticles, as well as the compositions of indi-

idual nanoparticles, were determined by EDS and confirmed
y inductively coupled plasma-optical emission spectroscopy
ICP-OES). The nanoparticle samples for TEM–EDS analysis
ere prepared by dispersing the PtTi/C powders in methanol and
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rop-casting onto a lacey-carbon-coated copper grid followed by
rying in air at room temperature.

.2.3. Thermogravimetric analysis and differential
canning calorimetry (TGA–DSC)

Thermal analyses were performed by using a TA Instrument
odel SDT 2960 Simultaneous TGA–DSC. The samples were

eated in air at a rate of 20 ◦C min−1 and alloy loading was
alculated by the weight change after combustion of the carbon
upport. The alloy loadings were targeted to be close to the
enchmark commercial Pt/C catalysts (∼38.5 wt% Pt) for direct
omparison with a baseline catalyst system.

.2.4. X-ray photoelectron spectroscopy (XPS)
The surface chemistries of Pt and Ti were analyzed by XPS.

he spectra were acquired from an analysis area of approxi-
ately 1 mm in diameter using a monochromatic Al K� X-ray

ource. Low energy resolution survey scans were obtained first
o determine the existing elements. The atomic concentrations of
hese elements and their local chemistries were determined from
igher energy resolution multiplex scans. The samples used for
nalysis were prepared by sprinkling the powders onto double
ided tape and blowing off the excess powder with dry nitrogen.

.3. Electrochemical analysis

Electrochemical analyses were carried out in 0.5 M H2SO4
lectrolyte solution in a conventional three-compartment three-
lectrode system using a Pt mesh counter electrode, a saturated
alomel reference electrode (SCE: 0.241 V versus reversible
ydrogen electrode (RHE)), and a rotating disk working
lectrode. The working electrode (geometric surface area:
.196 cm2) was prepared by pipetting and uniformly distributing
5 �L of catalyst ink over the glassy carbon rotating disk elec-
rode (RDE) tip surface. The catalyst ink was prepared by mixing
0 mg of carbon-supported PtTi alloy catalyst, 20 mL of Milli-
ultrapure water, and 1 mL of diluted Nafion solution (5 wt%,

ldrich) with a pulse ultrasonic probe. The electrolyte solution
as de-aerated with high purity argon prior to electrochemi-

al cleaning. Saturation with high purity oxygen was performed
rior to the electrocatalytic activity screening. The potentials
ere controlled with respect to a SCE reference electrode by
Solartron potentiostat. All hydrodynamic polarization mea-

urements were performed under a rotation speed of 2000 rpm
ith a scan rate of 5 mV s−1 in the anodic direction. Platinum
ass specific activity was used for calculating relative activity

s compared to a benchmark commercial Pt/C catalyst.

. Results and discussion

Carbon-supported PtTi alloy nanoparticle catalysts with var-
ous Pt:Ti ratios were synthesized using the wet chemistry

ethod described in Section 2. Table 1 lists the characteristic

arameters of the PtTi binary alloy nanoparticles. The ratio of Pt
o Ti in the alloy product was equal to the feed ratios of Pt2(dba)3
o TiCl4(THF)2 precursors. All PtTi alloy catalyst powders heat-
reated at temperatures ≤700 ◦C showed similar XRD patterns.
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Table 1
Characteristic parameters of various PtTi binary alloy nanoparticles synthesized

Ratio of Pt:Ti Alloying temperature (◦C) Average particle size from XRD (nm) Loading (wt%) Relative mass activity at 0.8 V

83:17 500 3.2 40.5 1.3
81:19 500 2.9 36.2 1.6
75:25 500 2.7 30.0 1.9
70:30 500 2.9 35.5 1.5
56:44 500 2.6 33.4 1.2
51:49 500 2.4 31.9 1.1
45:55 500 1.3 31.5 0.9
30:70 500 2.0 32.0 0.9
24:76 500 2.0 37.0 0.7

75:25 500 2.7 30.0 1.9
72:28 700 3.4 32.1 2.1
7
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5:25 850 5.8
5:25 950 11.7

t higher alloying temperatures, a drastic influence on the struc-
ure of the alloy nanoparticles was observed. Fig. 1(a) displays a
et of XRD patterns of carbon-supported Pt75Ti25 nanoparticle

atalysts heat-treated at 500 ◦C, 700 ◦C, 850 ◦C, and 950 ◦C.
he XRD patterns for the 500 ◦C- and 700 ◦C-treated alloy
anoparticles predominately display the Pt face-centered cubic
fcc) structure (PDF card #04-0802). The peak assignments are

ig. 1. (a) XRD patterns of carbon-supported Pt75Ti25 nanoparticles heat-treated
t 500 ◦C, 700 ◦C, 850 ◦C, and 950 ◦C; (b) the corresponding nanoparticle sizes
etermined from XRD (2 2 0) peak broadening.
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30.4 –
30.0 –

t (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) reflections. At the
igher alloying temperatures of 850 ◦C and 950 ◦C, the ordered
t3Ti L12 intermetallic structure formed as indicated by the pres-
nce of the [1 0 0], [1 1 0], and [1 1 1] superlattice diffraction
eaks (PDF card #17-0064; only [1 1 0] superlattice diffraction
eaks were labeled for simplicity). No secondary phases were
dentified by XRD in the PtTi alloy nanoparticles indicating that
he majority of the titanium was alloyed with platinum. Fig. 1(b)
isplays the particle size of the carbon-supported Pt75Ti25 alloy
anoparticles as a function of heat treatment (alloying) temper-
ture. The average particle size, calculated from broadening of
he (2 2 0) peak in the XRD data, increased gradually with alloy-
ng temperatures from 500 ◦C to 700 ◦C (2.7–3.4 nm) whereas
he higher alloying temperatures of 850 ◦C and 950 ◦C resulted
n rapid particle growth (5.8 nm and 11.7 nm).

Fig. 2(a) shows a representative TEM image of a
arbon-supported PtTi alloy nanoparticle catalyst. The alloy
anoparticles were alloyed at 500 ◦C for 2 h in a H2/N2 (1:10 v/v)
as mixture. In the TEM image, the PtTi nanoparticles appear
s dark spots on the carbon support. All PtTi alloys (see Table 1)
isplay spherical PtTi nanoparticles that are uniformly dispersed
n the carbon-support. The nanoparticle sizes ranged from 1 nm
o 4 nm with a narrow particle size distribution as determined
y particle size analyses from TEM images such as the one
hown in Fig. 2(b). The results agreed well with the XRD particle
ize analyses. High-magnification TEM was used to characterize
he atomic structure of individual PtTi nanoparticles, Fig. 2(c),
nd the results indicated that the alloy nanoparticles were well-
rystallized. The XRD and TEM results clearly demonstrate
hat the synthesis method developed here is extremely effec-
ive for synthesizing small and uniformly dispersed crystalline
tTi alloy nanoparticle catalysts.

The surface chemistries of Pt and Ti associated with the PtTi
lloy nanoparticle catalysts were characterized by XPS. The
lloy nanoparticle catalysts showed varying concentrations of
arbon, oxygen, platinum, and titanium. The main differences

etween the alloys were the amount of oxygen present and the
latinum chemistries. Fig. 3 displays a representative Pt 4f X-
ay photoelectron spectrum measured on a carbon-supported
t75Ti25 alloy nanoparticle catalyst. The spectrum displays the
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Fig. 2. (a) TEM image of a carbon-supported PtTi nanoparticle catalyst
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eat-treated at 500 ◦C; (b) the corresponding particle size distribution; (c) high-
esolution TEM image of a carbon-supported PtTi nanoparticles showing the
attice fringes.

ypical Pt 4f7/2 and 4f5/2 doublet separated by 3.33 eV (data in
lack). Least-square fitting of the Pt 4f doublet reveals three
inding energies: 71.7 eV (red), 72.9 eV (blue), and 74.8 eV
gray), for the Pt 4f peak, and the corresponding intensi-
7/2
ies (concentrations). The binding energy of 71.7 eV is higher
han the measured binding energies of zero-valent Pt from bulk
70.8 eV) and nanoparticles (70.6 eV) [28], but is almost iden-

ig. 3. XPS analysis of Pt 4f7/2 binding energy of carbon-supported Pt75Ti25

anoparticles. (For interpretation of the references to color in text, the reader is
eferred to the web version of the article.)
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ical to the Pt binding energy for an intermetallic Pt3Ti alloy
71.5 eV) documented in the National Institute of Standards

Technology (NIST) XPS database [29]. Therefore, the Pt
1.7 eV binding energy may be assigned to the Pt 4f7/2 signal
rom the intermetallic compound Pt3Ti. The assignment of the
ignal at 72.9 eV is uncertain. Though it was assigned to PtO in
iterature [28], the intensity of this peak (15–35%) reported in lit-
ratures [28,30] is too high for pure Pt. Even after heat-treating
n a hydrogen atmosphere at temperatures as high as 950 ◦C,
he signal intensity remained 20% of the total concentration in
he PtTi powders. Additionally, the PtO signal should be close
o 74.0 eV [29]. Hence, the Pt peak at 72.9 eV is suspected to
rise from Pt(OH)2 since the formation enthalpy of Pt(OH)2 is
ess than that of PtO2 or Pt organometallic compounds. The last
inding energy peak at 74.8 eV agrees well with PtO2 and is
nly a few percent in intensity.

The concentration of the Pt3Ti intermetallic alloy did not
ncrease as much as expected (from 62% to 76%) with increas-
ng alloying temperatures from 500 ◦C to 950 ◦C. Since XRD
atterns for Pt75Ti25 alloy nanoparticle catalysts heat-treated at
00 ◦C or 700 ◦C do not show the formation of the ordered Pt3Ti
tructure, the observation of the Pt3Ti intermetallic structure
y XPS is likely from the presence of Pt–Ti intermetallic type
onding and not necessarily from the formation of an ordered
tructure. This Pt–Ti bonding may contribute to the superior
atalytic activities of Pt75Ti25 alloy nanoparticles as will be
iscussed later. Moreover, even though the XPS signals of Ti
p3/2 and 2p1/2 were very weak, intermetallic Ti was observed
o increase with increasing alloying temperature.

Fig. 4(a) displays a representative micro-compositional anal-
sis of individual PtTi nanoparticles by high spatial resolution
DS performed in TEM mode. The experiments were performed
sing a probe diameter of ∼1.5 nm. The results of EDS analy-
es showed differences in the Pt:Ti ratio as a function of alloy
article size as shown in Fig. 4(b). The micro-compositions of
ndividual PtTi nanoparticles were relatively uniform with the
i content varying between 14% and 21%; however, smaller
articles tended to contain less Ti than larger particles. The
omposition difference may explain the relatively lower per-
ormance of PtTi nanopowders as compared to thin alloy films
4,5] indicating a need for even better micro-composition unifor-
ity. Overall, the micro-composition uniformity for PtTi alloy

anoparticles was fairly good in comparison to other binary alloy
anoparticles synthesized by conventional methods.

The catalytic activities towards molecular oxygen electron-
eduction were measured by the hydrodynamic RDE technique.
ig. 5(a) shows a representative hydrodynamic polarization
urve of a carbon-supported Pt75Ti25 alloy nanoparticle cat-
lyst (solid line, 30 wt% alloy) as compared to a benchmark
t/C catalyst (dashed line, 38.5 wt% Pt) under the exact same

esting conditions. The results clearly show that the prepared
t75Ti25 catalyst is more active than the benchmark Pt/C cata-

yst. A twofold increase in mass specific activity (or a 20 mV shift

o higher potential) is observed. Fig. 5(b) displays the relative

ass specific activities for various carbon-supported PtTi alloy
anoparticle catalysts as compared to a benchmark Pt/C cata-
yst. A standard volcano type plot was observed where enhanced
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Fig. 4. (a) High spatial resolution TEM–EDS analysis of micro-compositions
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Fig. 5. (a) Hydrodynamic polarization curve of carbon-supported Pt75Ti25
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intermetallic structure when heat-treated at temperatures of
f individual PtTi nanoparticles; (b) the Ti atomic concentration of individual
tTi nanoparticles as a function of particle size.

atalytic performance was found for PtTi alloys with Pt concen-
rations of 50 at.% or higher with the catalytic activity peaking
t 75 at.% Pt. The nanoparticle results match the thin film-based
igh-throughput discovery results where a similar volcano shape
nd performance levels were found [5].

Similar to other well-known Pt binary alloys that utilize 3d
ransition metals as the alloying element, the catalytic perfor-

ance of PtTi alloy catalysts is very sensitive to the Pt:Ti atomic
atio with the activity dropping as the composition shifts away
rom the optimum Pt:Ti atomic ratio of 75:25. Similarly, a sharp
rop in performance was observed in our thin film work with
small compositional shift away from the optimized ratio [5].
t present, it is still not clear whether or not the Pt3Ti inter-
etallic compound is more active towards the ORR than the

olid solution phase. A systematic study needs to be conducted
o determine the effects of atomic order/disorder on catalytic

ctivity in these binary alloy catalysts, where further synthe-
is research is necessary to create the two different phases with
imilar particle size and dispersity for comparison.

8
u
c

arbon-supported PtTi catalysts of various compositions compared to a stan-
ard commercial Pt/C catalyst. All PtTi nanoparticle powders were heat-treated
t 500 ◦C.

The mechanisms for catalytic enhancement of platinum
lloys have been studied extensively and various possible rea-
ons have been proposed [31–37] including the role of alloy
-band centers, modification of platinum d-band vacancies,
t–Pt interatomic distances, the effect of alloy facets, surface
oughening due to leaching out of non-precious elements, and
mproved wettability. The volcano type plot of activity versus
omposition shown in Fig. 5(b) indicates there could be an opti-
al d-band vacancy in Pt leading to a maximum in activity [31].
he Ti atoms may function as adsorption sites for chemisorbed
H−

ad and O2 in the dissociative adsorption of O2 as observed
n other transition metals [38]. This could influence the coverage
f OH− or O2 on the surface of catalysts and hence the catalytic
ctivity.

. Conclusion

Carbon-supported PtTi binary alloy nanoparticles with var-
ous compositions have been synthesized. Small particle sizes
ith narrow size distributions were achieved. XRD results show

hat the Pt75Ti25 catalyst particles are dominated by the Pt3Ti
50 ◦C or greater. Higher catalytic performance towards molec-
lar oxygen electro-reduction was found for PtTi alloys with Pt
oncentration of 50 at.% or greater. The peak catalytic activity
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as found for Pt75Ti25, displaying a twofold increase in activity,
r a 20 mV shift to higher potential, as compared to a benchmark
t/C catalyst.
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