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ABSTRACT: Structurally ordered Pt;Ti or Pt;V inter-
metallic nanoparticle catalysts with ultrasmall particle sizes
have never been successfully synthesized. Herein, we
present a KCl-nanoparticle method to successfully provide
such compounds. These two catalysts show enhanced
catalytic activity and stability for methanol oxidation
compared to pure Pt.

D irect methanol fuel cells (DMFCs) are of potential
interest for portable energy needs, since liquid methanol
has a high volumetric energy compared to compressed
hydrogen gas.'™> Pt transition-metal alloys have been widely
used as the catalysts due to their tunable electronic
structure.*”® However, due to the disordered nature of alloy,
these bimetallic catalysts still suffer poisoning behavior as their
Pt counterparts.”®’” Nevertheless, structurally ordered inter-
metallic phases of such alloy systems, on the other hand,
provide much better control over electronic structure and,
more importantly, the local geometry of metal atoms. Not only
does the activity increase, but also the poisoning effect is largely
alleviated.>® As an example, intermetallic PtPb nanoparticles
show mass-specific activities toward formic acid oxidation about
10 times higher than commercial PtRu.'® PtBi intermetallic
phase exhibits superior performance in formic acid oxidation
compared to Pt (higher current density and lower onset
potentials).'" The discovery of Pt-based ordered intermetallic
catalysts containing late 3d transition metals leads us to explore
Pt-based intermetallic compounds containing early 3d tran-
sition metals.

However, it is extremely difficult to synthesize clean Pt-3d
transition-metal intermetallic nanoparticles with small particle
sizes. First, the early 3d transition metals are extremely
oxyphilic and much less electronegative compared to the late
3d transition metals. To reduce their appropriate precursors
and incorporate them into Pt lattice requires an ultrafast and
powerful reducing process, which ultimately means using a
strong reducin§ agent such as organoborohydrides or Na
naphthalide."*">'” To achieve an ordered structure, a thermal
annealing process at elevated temperatures of 600 °C and
beyond is necessary. Furthermore, the synthesis of metallic
nanoparticles often relies on the use of organic surfactant
molecules to stabilize particles against agglomeration. This
approach may be successful for late 3d transition metals.
However, such methods can not provide the required reduction
kinetics and often decompose, producing carbonacious surface
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deposits, during the thermal anealing processes. As a result,
control of the particle size with a surfactant free method still
remains a great challenge. Previously we successfully tuned the
synthetic process and achieved structually ordered Pt-
transition-metal nanocompounds with all the desired proper-
ties.'> However, the process was limited to the late 3d
transition metals.

Here we successfully prepared the 6 nm structurally ordered
Pt;Ti and Pt;V nanoparticles using a surfactant-free nano-
particle-KCI matrix method in air-free conditions and an aprotic
solvent (THF). Potassium triethylborohydride (KEt;BH) was
used as the reducing agent due to its fast reduction kenetics. As
reported in our earlier work, the byproduct KCl serves as the
matrix for the co-produced Pt;M particles.'>'®> The nano-
particle growth occurs only slowly by a particle-particle
coalescense mechanism during annealing."> The density of
Pt-M nanoparticles in the KCl matrix and the annealing
conditions are the two main factors controling the resultant
particle sizes. The preparation procedure is shown schemati-
cally in Figure S1. The following reactions illustrate the
formation of Pt-based nanopaticles in THF using the above
method:

3PtCl, + TiCl, + 64LiCl + 80KEt,BH
= Pt,Ti + 80KCl + 8H, + 16Et;B + 64LiEt;BH (1)

3PtCl, + VCl, + 65LiCl + 80KEt,BH
= Pt,V + 80KCI + 7.5H, + 1SEt,;B + 15Et;B + 6SLiEt,BH

)
3PtCl, + 68LiCl + 80KEt,BH
= 3Pt + 80KCl + 6H, + 12Et;B + 68LiEt;BH  (3)

Pt;M nanoparticles are immediately formed after the
addition of reducing agent, KEt;BH. Meanwhile the byproduct,
KCl, is simultaneously generated. KCl is insoluble in THF'*
and serves as an encapsulant which prevents the agglomeration
of the Pt-M nanoparticles. During thermal annealing, the KCl
matrix greatly reduces the coalescence of nanoparticles, which
consequently controls the ;)article growth process and
ultimately the particle sizes."” One of the issues of using
hydride as reducing agent is the potential formation of metal
hydrides, which may impede with the formation of homoge-
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neous alloy or ordered intermetallic phases. This becomes a
significant concern when reducing early 3d transition metals,
owing to their stable hydride phases. Assuming the hydrides do
form during reduction, the enthalpy of formation of these
hydrides as well as Pt-M alloys can be used to calculate the
transition temperature between the hydride and the alloy. As
the temperature increases, the reaction to form intermetallic
phases becomes spontaneous. During the thermal annealing
process, the following equations can be used to describe such
transitions.

TiH,(s) + 3Pt(s) < Pt,Ti(s) + H,(g) (42)
VH,(s) + 3Pt(s) < Pt;V(s) + H,(g) (4b)

At a certain temperature, if AG becomes negative, the
equilibrium will move toward the alloying product direction
and the PtM alloy will be formed releasing H, gas. The
temperatures where the free energy favors the alloying reaction
of Pt and Ti (or V) are 467 K for Pt;Ti and 352 K for Pt;V.
The detailed calculated results are shown in Table S1. In our
experiments, to obtain the structurally ordered intermetallic
phases of Pt;M (M = Ti and V), the samples were annealed at
650—700 °C, which is much higher than these transition
temperatures. Finally, ethylene glycol is used to dissolve the
KCl and transiently stabilize Pt;M nanoparticles until they bind
to the catalyst support. The detailed process is shown in the
Supporting Information.

Figures 1 and S2 show the pXRD patterns for Pt/C, Pt;Ti/C,
and Pt;V/C. As expected for an FCC structure with a = 3.9230
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Figure 1. XRD patterns of Pt/C (a), Pt;Ti/C (b), and Pt;V/C (c).
The peaks that appear due to ordering of the Pt and M are marked
with a *.

(1) A, the pXRD pattern for Pt/C shows five peaks at 39.7°,
46.2°, 67.5° 81.3° and 85.7°. After annealing, the nanoparticles
in Pt;Ti/C and Pt;V/C crystallized in a cubic space group Pm-
3m with refined lattice parameters a = 3.8970(1) A and
3.8870(1) A, respectively. Compared to Pt/C, six additional
peaks with Miller indices 100, 110, 210, 211, 300, and 310 are
apparent. They correspond to the ordering reflections of Pt;M
(Ti and V) in the Cu;Au structure type.” Compared to Pt/C,
the pXRD peaks of Pt;M (Ti and V) slightly shift to higher
angles due to their smaller lattice constant relative to Pt. The
average domain sizes for Pt/C, Pt;Ti/C and Pt;V/C, are 5.5,

6.5, and 6.2 nm, respectively, as calculated by the Debye—
Scherrer equation.

TEM images of Pt/C, Pt;Ti/C, and Pt;V/C and their
corresponding particle diameter histograms are presented in
Figure S3. Histograms of metal nanoparticle diameters for more
than 100 randomly chosen particles were obtained. The average
metal particles sizes in the Pt/C, Pt;Ti/C, and Pt;V/C catalysts
as estimated from their histograms are 5.3 + 0.4, 6.1 + 0.5, and
5.8 + 0.6 nm, respectively. The size of as-prepared ordered
Pt;Ti particles using this method is much smaller than that
obtained previously (~37 nm).” The particle sizes of these
catalysts determined by TEM are slightly smaller than the
domain size determined from the XRD peaks, indicating that
the nanoparticles are mainly single crystals.'> To better
visualize the ordered intermetallic structure, we have also
studied the atomic level arrangement of Pt and Ti (or V) by
high-resolution TEM (HR-TEM). In Figure 2ac, Pt;Ti and

Figure 2. HR-TEM images of Pt,Ti/C (a) and its corresponding FFT
image of the atomic arrangement (b); HR-TEM images of Pt;V/C (c)
and its corresponding FFT image of the atomic arrangement (d).

Pt;V nanoparticles are oriented along the [001] zone axis. Since
the unique super periods are present only in the structurally
ordered intermetallic phase and are absent in the disordered
alloy phase, the ordered intermetallic structure can be directly
visualized. For example, along the [001] axis of the ordered
intermetallic structure, the projected unit cell comprises a
periodic square array of Ti (or V) followed by Pt columns at
the edges and corners of each unit cell. Such ordered
arrangements can be directly obtained from the diffraction
patterns from the fast Fourier transform (FFT) patterns, as
shown in Figure 2b,d. For example, the intermetallic structure
of Pt;Ti can be identified with the presence of superlattice
reflection signals in the electron diffraction pattern of a single
crystal domain. As shown in Figure 2b, the spacings of the
{100} and {110} superlattice spots are observed as 3.897 and
2.756 A, respectively, which match with the bulk Pt;Ti
intermetallic structure. The diffraction patterns also align with
the simulated intermetallic phase (Figure S4a). In the case of
Pt;V, the superlattice spacings at {100} and {110} appear at
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3.887 and 2.749 A, as expected for ordered PtV. The
diffraction patterns match with the simulated Pt;V intermetallic
phase (Figure S4b).

The actual metal loadings in Pt;Ti/C, Pt;V/C, and Pt/C are
28.4, 28.6, and 32.3 wt %, respectively, which were analyzed by
thermogravimetric analysis (TGA) from 40 to 550 °C under
air, as shown in Figure S5. The atomic ratios of Pt/M in Pt;M
(Ti and V) were determined by energy-dispersive X-ray
spectroscopy (EDS), as shown in Figure S6, to be 3.08 + 0.2
for Pt;Ti/C and 291 + 0.3 for Pt;V/C. These results are
consistent with the ratios of Pt/M (Ti and V) in the reactant
mixture (with a Pt-to-M mole ratio of 3). STEM-EDS mapping
of Pt;Ti/C and STEM-EDS line spectra of Pt;V/C are shown
in Figure S7. Both suggest that the Pt and Ti/V are uniformly
distributed in the nanoparticles.

Figure 3a shows typical linear sweep voltammograms
performed in 0.1 M HCIO4 + 1 M CH;OH at a scan rate of
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Figure 3. (a) Linear sweep voltammograms performed in 0.1 M
HCIO, + 1 M CH;OH at a scan rate of 20 mV s™*. The inset shows
the partial magnification of linear sweep voltammograms; (b) potential
vs time plots measured by chronopotentiometry at a constant load of 1
mA cm~2 in 0.1 M HCIO, + 1 M CH,OH.

20 mV s™'. The results of all samples tested are presented in
Table 1. When these three catalysts are compared for their
relative activity, two significant parameters are the onset
potentials and the oxidation current at a given potential.'®
Thermodynamically, the equilibrium potential of methanol
electro-oxidation is about —0.15 V (vs Ag/AgCl)."* Good
catalysts should produce oxidation currents at relatively low
overpotentials. As shown in the inset of Figure 3a, the onset
potential on Pt;Ti/C and Pt;V/C is 0.07 V, which is 100 mV

Table 1. ECSA, Onset Potentials, Mass Activities, and
Specific Activities for Pt;Ti, Pt;V, and Pt/C Catalysts

mass activities

specific activities
(mA mg™'p,)

(A mith)

ECSA  onset potentials
samples (m>g™) (vs Ag/AgCl) 03V 05V 03V 0S5V

Pt;Ti/C 48.7 0.07 V 23.7 1494 0.049 0.307
Pt;V/C 52.1 0.07 V 35.7 200.2 0.069 0.384
Pt/C 58.8 017V 104 53.6 0.017 0.091

more negative than that on Pt/C. It is also more negative than
the reported values (0.14—0.2 V) on PtRu/C catalysts.>” While
there is some variation in current density between Pt;Ti and
Pt;V intermetallic samples, they both show much better
activities than Pt/C catalyst. For example, at a given potential
of 0.5 V, the current densities for Pt;Ti/C and Pt;V/C are
149.4 and 200.2 mA mg™'p,, which are ~3 and ~4 times higher
than those for Pt/C at the corresponding potentials. These
three catalysts examined have different particle size and
composition. To further investigate the role of composition,
the specific surface activities of these three catalysts are also
evaluated. The specific surface activities of these catalysts could
be obtained by normalizing currents with electrochemically
active specific surface area (ECSA), which is determined by
CO,q stripping method."”"® The CO,q stripping voltammo-
grams for these three catalysts are presented in Figure S8. Note
that the hydrogen desorption peaks in the low potential region
are absent, since the surface is saturated by CO,q. The CO,q
species are oxidized and removed from the catalyst surface at
potentials above 0.4 V. The ECSAs calculated from the CO4
oxidation charge after subtracting the background current are
also presented in Table 1. The two carbon supported Pt;M
intermetallic catalysts exhibit much higher surface activities
than Pt/C catalyst. For example, the specific surface activities at
0.5V for the Pt;Ti/C and Pt;V/C catalysts are 0.307 and 0.384
mA cm ’p. In sharp contrast, Pt/C just produces specific
surface activities of 0.091 mA cm™2, at 0.5 V. In addition, as
shown in Figure S8, the onset potentials of CO,4 oxidation on
Pt;Ti/C and Pt;V/C are 0.40 and 0.42 V, respectively, which
are over 60 mV more negative than that on Pt/C (0.52 V),
indicating that the addition of second metal (V and Ti)
facilitates the removal of CO and diminishes the poisoning of
the catalysts. The enhanced activity of the Pt;M catalyst when
compared with Pt for methanol oxidation might be attributed
to a bifunctional mechanism.'” The cyclic voltammograms of
the catalysts from —0.2 to 1 V are shown in Figure S9. These
three catalysts display similar electrochemical behavior during
methanol oxidation. In the forward scans, the peaks at ~0.7 V
for the three catalysts are typical for methanol oxidation. The
oxidation peaks at ~0.5 V in the reverse scan are known to be
due to residual carbon species formed in the forward scan. We
conclude that methanol is not completely oxidized in the
forward scan for these catalysts, since there is a large peak in the
reverse scan. On the other hand, the peak current densities for
Pt,Ti/C (380 mA'mg'p,) and Pt;V/C (481 mA-mg™'p,) are
much higher than for Pt/C (161 mA-mg™" p,), suggesting that
Pt;Ti/C and Pt;V/C have higher activities for methanol
oxidation.

The stability of the catalysts is assessed by chronopotenti-
ometry at a constant current of 1 mA-cm ™2 as shown in Figure
3b. The onset potentials on Pt;Ti/C (0.34 V) and Pt,V/C
(0.31 V) are more negative than that of Pt/C (0.42 V), which
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indicates that these two ordered Pt;M catalysts have higher
catalytic activity relative to Pt/C. The potential change due to
surface poisoning or changes in morphology in 1 h are 34, 41,
and 80 mV-h™* for Pt;V/C, Pt;Ti/C, and Pt/C, respectively.
Apparently, two Pt;M intermetallic catalysts exhibit lower
voltage degradation rates than Pt/C, indicating that Pt;M
catalysts are more durable than Pt/C. The durability of these
three catalysts is also determined by chronoamperometry
curves which are shown in Figure S10. When the potential is
fixed at 0.6 V, all catalysts show an initial rapid current decay,
likely attributed to the formation of surface oxidation species,
such as CO,4, and CHO > However, the stable mass specific
currents for methanol oxidation reaction on Pt;V/C and Pt;Ti/
C catalysts are ~46 and ~39 mA mg™';,, which are significantly
higher than Pt/C (~17 mA mg 'p). The stability of these
catalysts is further studied using linear sweep voltammograms
by applying potential between —0.2 and 0.5 V in electrolytes of
0.1 M HCIO4 + 1 M CH;OH. Plots of currents at 0.5 V versus
cycle numbers are shown in Figure S11. After 1000 cycles, the
current densities at 0.5 V are reduced by 27.2% for Pt;Ti/C and
23.4% for Pt;V/C, which are significantly less than that for Pt/
C (40.7%), demonstrating that ordered Pt;Ti/C and Pt;V/C
catalysts have better catalytic stability. As shown in Figure S12,
ordered Pt;Ti/C and Pt;V/C catalysts exhibit enhanced
catalytic activity and stability relative to their corresponding
alloys.

In conclusion, structurally ordered Pt;Ti and Pt;V with
ultrasmall particle sizes were synthesized under air-free
conditions with THF as solvent and with KEt;BH as the
reducing agent. KCl is an insoluble byproduct which encases
the nanoparticles, preventing agglomeration. During the
thermal annealing process, the KCI matrix controls the particle
size by greatly slowing particle coalescence. Pt;Ti and Pt;V
nanoparticles are crystalline and structurally ordered, as
confirmed by XRD and HR-TEM. For methanol oxidation,
one typical anode reaction, ordered Pt;Ti/C and Pt;V/C
exhibit significant enhancement in activity and durability
compared to Pt. This synthesis strategy to prepare structurally
ordered intermetallic should be generally applicable to a wide
variety of ordered binary and ternary phases.
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