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� Low-loading Pt/TiC synthesized from impregnation shows high ORR activity.
� The atmosphere during thermal pretreatment affects the Pt particle size and the ORR specific activity.
� Pretreatment of Pt/TiC in H2 leads to smaller Pt particle size and higher ORR activity.
� A surface oxide layer forms on TiC powder after calcination of Pt/TiC in air and results in lower ORR activity.
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a b s t r a c t

Low-loading Pt supported on TiC powder catalysts were synthesized by an impregnation method. After
the Pt(NH3)4(NO3)2 precursor was impregnated onto the TiC support, different pretreatment atmo-
spheres were used to study the influence on Pt dispersion, surface composition, and catalytic activity
towards oxygen reduction reaction (ORR). Direct reduction of the Pt precursor in hydrogen led to small Pt
particles with an average size of ~2.2 nm and superior ORR activity at low overpotential compared to
commercial Pt/C. However, calcination of the Pt precursor in air resulted in larger Pt particles with an
average size of ~6.7 nm and lower ORR specific activity. The decrease in ORR activity was primarily
attributed to the surface oxidation of the TiC support during calcination. X-ray photoelectron spectros-
copy (XPS) and X-ray diffraction (XRD) confirmed that the TiC powder was oxidized when the catalyst
was calcined in air. The finding reported here demonstrates the importance of pretreatment atmosphere
for synthesizing Pt-modified transition metal carbides as highly active electrocatalysts.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The need for active, stable, and inexpensive electrocatalysts
has generated interest in high surface area supports that can
decrease the use of precious metals without compromise in ac-
tivity [1]. Transition metal carbides (TMCs) are one promising
class of support materials, which often show similar chemical and
electronic properties to Pt-group metals [2]. Many transition
metal carbides exhibit high chemical stability, resistance to
corrosion and poisoning, and high electric conductivity [3]. As
summarized in recent reviews [3,4], many recent studies have
utilized low-loading platinum supported on transition metal
carbides as electrocatalysts for various applications, such as the
hydrogen evolution reaction (HER) [5,6] and oxygen reduction
reaction (ORR) [7].

Our group has previously reported that a monolayer of Pt on
titanium carbide (TiC) thin film exhibited similar HER activity as
bulk Pt, which was attributed to similar hydrogen binding energies
between Pt/TiC and Pt from density functional theory (DFT) cal-
culations [8]. This result was extended to Pt supported TiC powders
which showed same activity as a much higher loading of Pt sup-
ported on carbon powder, the conventional electrocatalyst used in
a PEM fuel cell and electrolyzer [8]. TiC is an attractive catalyst
support because it can be synthesized at a relatively low
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temperature that results in a high surface area, which is necessary
for commercial use [9]. Additionally, TiC is useful as a support for
low loading Pt compared to carbon because TiC can stabilize Pt,
preventing Pt agglomeration that leads to the loss of active Pt
surface area exhibited on carbon [1] and [10]. DFT calculations of
binding energies of PtePt, PteC and PteTiC showed that a Pt atom
is more stable to bond to a TiC surface rather than to another Pt
atom, while a Pt atom is more favorable to bond to another Pt atom
rather than to graphite [8]. Lastly, it has been demonstrated that TiC
is electrochemically stable over a wide range of pH, thus is a suit-
able support for many electrochemical reactions [11]. This includes
the oxygen reduction reaction (ORR), which occurs under condi-
tions that are generally too oxidizing for most other transition
metal carbides.

While TMCs are promising supports for Pt-group metals,
currently there is a lack of detailed studies of optimal conditions on
the synthesis of low loadings of Pt supported on TMC powders.
Generally, supported metal powder catalysts can be synthesized
from several methods including impregnation, reductive deposi-
tion precipitation, colloidal precipitation, and electrodeposition
[12]. For high metal loadings, colloidal precipitation [12] or chem-
ical reduction [13] methods are often preferred in order to achieve
high dispersion and precise control over the size of the metal
nanoparticles. Previous studies of Pt supported on TiC and its de-
rivatives, such as titanium oxycarbides or Ti3C2X2 (X ¼ OH, F),
utilized chemical reduction [14,15] or electrodeposition [16] to
synthesize relatively high-loading Pt catalysts. However, for lower
metal loadings, impregnation is favored because it is a direct and
low-cost synthesis method.

The impregnation method must be followed by a thermal pre-
treatment to decompose the metal precursor. The pretreatment
parameters such as temperature and gaseous atmosphere, e.g.,
oxidizing or reducing, affect the surface composition, morphology,
and catalytic performance of the metal catalysts [17,18]. Addition-
ally, thermal pretreatment in oxygen-containing environment can
lead to surface oxidation of the transition metal carbide support
[19]. In such case, the resulting Pt particles are supported on a
transition metal oxide shell encapsulating a metal carbide core,
rather than just the metal carbide itself. Consequently, the surface
electronic properties and metal-support interaction deviate from
the behaviors of the oxide-free support [20,21].

The main focus of this study was to synthesize and demonstrate
the catalytic activity of low-loading Pt supported on TiC powder,
and to explore how the thermal decomposition atmosphere of Pt
precursor affects the ORR activities. Specifically, Pt precursor was
impregnated on TiC powders and decomposed under three
different gas-phase conditions: Air (oxidizing environment),
hydrogen (reducing environment), and a successive sequence of air
and hydrogen (oxidizing followed by a reducing environment). The
Pt modified TiC powders were characterized with X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and transmission
electron microscopy (TEM). Copper underpotential deposition
(UPD) was used to determine the electrochemically active surface
area of Pt/TiC. The ORR was used as a probe reaction to test the
activities of the synthesized powders. Results indicate that pre-
treatment atmosphere greatly influences the catalytic activity by
affecting the surface oxidation and Pt particle size. Pt/TiC powders
synthesized under a reducing environment, without leading to
excess surface oxidation of the TiC support, demonstrate high ORR
activity. In contrast, Pt/TiC powders calcined in air show a surface
oxide layer and a poor Pt dispersion, which adversely affect the ORR
activity of the catalysts. Although the study is carried out on TiC, the
general findings of the effect of pretreatment procedures should be
useful for synthesizing low loadings of Pt on other transition metal
carbide supports.
2. Experimental methods

2.1. Synthesis

TiC powder (30e50 nm APS Powder, S.A. 35e45 m2 g�1) was
purchased from Alfa Aesar and used as received. The TiC powder
was impregnated with Pt (1.75 wt%) by using 0.018 M tetraammi-
neplatinum(II) nitrate (Pt(NH3)4(NO3)2) as a precursor dissolved in
deionized water. The slurry was stirred at room temperature for
12 h to ensure the adsorption of precursor onto the TiC surface, and
the solvent was slowly evaporated at 55 �C for ~12 h. The solid
product was further dried in air by increasing the temperature to
100 �C at a rate of 0.4 �C min�1 and drying at 100 �C for 10 h. After
the solid product was cooled and finely ground, three different
pretreatment methods were used to decompose the adsorbed Pt
precursor. For the first method, the product was calcined in air. The
powders were heated at a rate of 2.0 �C min�1 to 290 �C and held at
290 �C for 2 h [22]. The catalyst produced from this method will be
referred to as Pt/TiC(Air) for the remainder of this manuscript. For
the second method, the dried product was directly reduced under
hydrogen at a flow rate of 100 sccm (standard cubic centimeter per
minute) in a quartz tube furnace. The temperature was increased to
310 �C at a ramp rate 1.0 �C min�1, and then held at 310 �C for 5 h.
After the furnace cooled to room temperature, the powder was
passivated under an atmosphere of 99% N2 and 1% O2 (total flow
rate 20 sccm) for 1 h. The catalyst produced from the second
method will be referred to as Pt/TiC(H2). For the third method, the
dried product was first calcined in an identical manner to the first
method. After the calcination, it was successively reduced in
hydrogen at 310 �C for 3 h and passivated at room temperature in a
similar manner to the second method. The catalyst produced from
this method will be referred to as Pt/TiC(AirjH2).

2.2. Material characterization

For surface composition studies, XPS measurements were per-
formed with a Phi 5600 XPS system using an Al X-ray source. For
the bulk crystallographic information, powder XRD was performed
using a PANalytical X'Pert diffractometer with a Cu Ka radiation at
45 kV and 40 mA. TEM measurements were obtained employing a
JEOL JEM-2010F using an accelerating voltage of 200 kV.

2.3. Electrode preparation

For each Pt/TiC catalyst ink and unmodified TiC, 78 mg of the
catalyst was dispersed in 5 mL of ethylene glycol and sonicated for
at least 40 min. A total of 30 mL of ink was deposited onto a glassy
carbon electrode (0.196 cm2, Pine Research Instrumentation) by
pipetting of 10 mL ink onto the electrode and subsequent drying in
air at 100 �C three times. For Pt/TiC catalysts, the final platinum
loading on the glassy carbon electrode was 0.041 mg cm�2

disk. For
reference, commercial 40% Platinum on Vulcan XC-72 carbon
(Premetek) ink was prepared by mixing 3.4 mg of Pt/C catalyst in
5 ml of ethylene glycol and depositing on the glassy carbon elec-
trode in an identical manner. After the Pt/TiC and Pt/C inks were
dried completely, 3 mL of ~5% Nafion 117 solution (SigmaeAldrich)
was dropped on top of the electrodes to act as a binder [23].

2.4. Electrochemical characterization

A standard three-electrode setup was used for all electro-
chemical characterization. Along with the prepared working elec-
trodes, a saturated calomel electrode (SCE, Pine Research
Instrumentation) was used as the reference electrode and a Pt wire
(Alfa Aesar, 99.99%) was used as the auxiliary electrode. For
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activation of the catalysts, the working electrodes were first cycled
in argon-saturated 0.5 M sulfuric acid for 60 cycles, at a rate of 0.1
V s�1, between 0.0 V and 1.2 V for Pt/C and between 0.0 V and 1.0 V
for the Pt/TiC catalysts. All potentials are reported with respect to
normal hydrogen electrode (NHE).

For ORR experiments, the activated electrodes were first cycled
in oxygen-saturated 0.5 M sulfuric acid for 5 cycles in the same
manner as the activation step. Subsequently, a linear scan vol-
tammetry (LSV) measurement was performed at room temperature
from 1.0 V to 0.0 V, with a sweep rate of 0.01 Vs�1. During the LSV,
electrodes were rotated at 400, 900, 1600, and 2500 rpm to control
the mass transport of oxygen to the surface.

The Cu UPD stripping method was used to estimate the elec-
trochemically active surface area (ECSA) of Pt for each sample. The
hydrogen adsorption/desorption charge method [24], a commonly
used method for calculating ECSA, was not appropriate for Pt/TiC
samples because of background hydrogen adsorption onto the TiC
support. For Cu UPD stripping, the electrodes were first cleaned in
Ar-saturated 0.1 M H2SO4 solution for 60 cycles in a similar manner
to the cleaning procedure described above. A background sweep
was performed by holding the electrode potential at 0.317 V vs.
NHE for 120 s and then sweeping to 0.942 V at a rate of 0.1 V s�1.
Subsequently, an identical LSV scan was repeated in an electrolyte
of 0.1 M H2SO4 þ 3 mM CuSO4 to measure the underpotential
deposition and stripping of monolayer copper from the Pt surface.
The total charge transferred from the Cu UPD stripping (QCu) was
calculated from the current difference between the two curves.
Electrochemical surface area (ECSA) was then calculated by
dividing QCu by 420 mC cm�2, the standard value of charge transfer
for monolayer Cu deposited on polycrystalline Pt [25].
3. Results and discussion

3.1. Material characterization

3.1.1. XPS measurements
The Pt 4f regions of Pt/TiC samples (Fig.1a) confirm the presence

of Pt on the Pt/TiC catalysts. The XPS peaks at 71.1 eV (4f7/2) and
74.4 eV (4f5/2) for Pt/TiC(H2) and Pt/TiC(AirjH2) samples are
assigned to the metallic Pt. For Pt/TiC(Air), however, the binding
energies of the Pt 4f peaks are shifted to higher values because of
oxidation. For Pt/TiC(Air), the small shoulder at 72.0 eV is assigned
Fig. 1. XPS spectra of (a) Pt 4f, (b) Ti 2p.
to PtO, while the two peaks at 74.1 eV and 77.8 eV are assigned to
PtO2 [26]. The XPS results suggest that Pt was oxidized during
calcination for Pt/TiC(Air) and Pt/TiC(AirjH2), but for the latter, the
subsequent reduction in hydrogen reduced the oxidized Pt to
metallic Pt. Notably, despite the same platinum loading, the XPS
peak area ratio of Pt 4f to Ti 2p is significantly higher for Pt/TiC(H2)
than for Pt/TiC(Air) and Pt/TiC(AirjH2), as shown in Table 1. This
indicates a higher dispersion of Pt on Pt/TiC(H2) than on the other
two samples [27].

As shown in Fig. 1b, the Ti 2p3/2 and 2p1/2 region of Pt/TiC(H2)
shows peaks that are assigned to the carbidic Ti, at 454.8 eV and
461.1 eV [28]. The passivated surface gives rise to two peaks at
higher energies, 459.0 eV and 464.5 eV, which correspond to TiO2
[29]. The Ti 2p region of Pt/TiC(Air) and Pt/TiC(H2jAir) have two
dominant TiO2 peaks and only a trace of carbidic Ti peak at
454.9 eV, indicating that the surfaces of those TiC powders are
nearly completely oxidized.

3.1.2. XRD analysis
The XRD patterns of Pt/TiC samples are shown in Fig. 2. All peaks

were identified using the JCPDS database: Pt(65e2868),
TiC(65e8417), and anatase TiO2(21e1272). For Pt/TiC(H2), pattern
(c), no bulk TiO2 was detected. For Pt/TiC(Air) and Pt/TiC(AirjH2),
pattern (a) and (b) respectively, the relative intensities of peaks
show that approximately 15% of the TiC was oxidized to anatase
TiO2 . This suggests that the TiC surface was oxidized when Pt/
TiC(Air) and Pt/TiC(AirjH2) powders were calcined in air at the
temperature of 290 �C. This temperature is about 50 �C above the
minimum temperature needed for the thermal decomposition of
the precursor, Pt(NH3)4(NO3)2 [18]. Both XPS and XRD spectra of Pt/
TiC(AirjH2) show that the consequent reduction in hydrogen at
310 �C after calcination did not reduce the extent of Ti oxidation in
this sample.

3.1.3. TEM results
The TEM images in Fig. 3 show themorphology of Pt particles on

the Pt/TiC powders. The average Pt particle size in the catalysts was
greatly influenced by the decomposition environment of the Pt
precursor. Samples that were calcined in air, Pt/TiC(Air) (Fig. 3a)
and Pt/TiC(AirjH2) (Fig. 3b), showed larger Pt particles than those of
the sample reduced in hydrogen, Pt/TiC(H2). The Pt particles on
both Pt/TiC(Air) and Pt/TiC(AirjH2) were characterized by average
diameters of 6.7 ± 1.2 nm. Low dispersion of Pt after decomposition
of precursor in an oxidizing environment has been attributed to the
fast rate of decomposition, which allows the first formed Pt nuclei
to grow into large particles before other nuclei can form [18].
Another factor that may contribute to the large particle size is the
formation of mobile PtOx species during calcination [30]. The
observation of similar particle size between the Pt/TiC(Air) and Pt/
TiC(AirjH2) samples indicates that the initial decomposition of the
precursor was the crucial step for determining the platinum par-
ticle size, which was not altered by subsequent treatment in
hydrogen. By contrast, Pt/TiC(H2) (Fig. 3c) shows highly dispersed
platinum particles with an average particle size of 2.2 ± 0.7 nm,
similar to the Pt particles sizes of the commercial Pt/C catalysts [24].

3.1.4. UPD Cu stripping
The ECSAs of the samples were determined from UPD Cu
Table 1
XPS peak area ratio between Pt 4f and Ti 2p region for the prepared Pt/TiC samples.

Pt/TiC(Air) Pt/TiC(AirjH2) Pt/TiC(H2)

Pt 4f/Ti 2p 0.063 0.054 0.083



Fig. 2. XRD patterns of (a) Pt/TiC(Air), (b) Pt/TiC(AirjH2), and (c) Pt/TiC(H2).
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stripping. In Fig. 4, UPD Cu stripping currents are shown in tandem
with background currents. The stripping current for the Pt/C cata-
lyst, Fig. 4e, displays a typical UPD Cu stripping current for poly-
crystalline Pt, showing that the Cu monolayer desorption occurs in
several steps rather than in a single step [31]. The first well-defined
peak at 0.42 V corresponds to Pt(100), and the second well-defined
peak at 0.60 V corresponds to the additional Cu desorption from the
three low-index facets, i.e. Pt(100), Pt(111), and Pt(110) [31]. The Pt/
TiC samples showCu stripping currents at the same potential range.
The charge transferred, QCu, and the corresponding ECSAs are
summarized in Table 2. Pt/TiC(Air) and Pt/TiC(AirjH2) both show
significantly lower ECSA than Pt/TiC(H2), consistent with the TEM
observation of larger average Pt particles in the former two cata-
lysts. Moreover, the reduction of ECSA has been reported for TiO2
supported electrocatalysts due to the low electric conductivity of
bulk TiO2 [32,33]. Hence, the formation of the TiO2 layer on the
surface of TiC supports may also contribute to the low ECSA of Pt/
TiC(Air) and Pt/TiC(AirjH2).

Another important point from Table 2 is that the Pt/C electrode
has c.a. 2.3 times higher ECSA than the Pt/TiC(H2) electrode. Based
on the TEM observation of similar Pt particle sizes on Pt/TiC(H2) and
commercial Pt/C catalysts, the difference in ECSA is likely due to the
large discrepancy in catalyst loading. While both electrodes have
0.041 mg cm�2

disk Pt loading, the actual catalyst loading is
0.10 mg cm�2

disk for 40% Pt/C and 2.3 mg cm�2
disk for Pt/TiC. The

thinner catalyst film on the Pt/C electrode allows themajority of the
Pt particles to be in contact with the electrolyte and participate in
electrochemical reactions. The Pt/TiC electrode, however, is covered
with a thicker catalyst film, and some Pt particles inside the film are
Fig. 3. TEM images of Pt/TiC samples. (a) Pt/T
not exposed to the electrolyte solution [24], resulting in the lower
ECSA of the Pt/TiC electrodes.

This discrepancy presents an intrinsic challenge for using an
RDE setup to compare the catalysts with large Pt loading differ-
ences, as mass activities can be compared only with an assumption
that same amount of Pt is actually participating in the reaction.
Therefore, in this paper, ECSA-normalized specific activities are
compared between the Pt/C and the Pt/TiC samples.

3.2. ORR activity

Several parameters were used to assess the performance of the
catalysts towards ORR: the oxygen reduction peak potential in CV,
the half-wave potential of LSV, the kinetic current densities at
0.88 V and 0.83 V vs. NHE (0.90 V and 0.85 V vs. RHE), and the
number of electrons transferred at the rate determining step
calculated from the KouteckyeLevich plot.

3.2.1. CV under inert and oxygen conditions
Fig. 5 shows the CVs measured in O2-saturated 0.5 M H2SO4

(solid line) and in Ar-saturated 0.5 M H2SO4 (dotted line). The
reduction peaks were observed at negative CV scans for all tested
catalysts. The Pt/TiC samples did not display Pt reduction peaks in
the Ar-saturated CV due to their low Pt loadings. For Pt/C, the
reduction peak at 0.73 V in the Ar-saturated electrolyte is assigned
to Pt reduction, and the reduction peak at 0.77 V in the O2-saturated
electrolyte is the mixed potential of Pt reduction and oxygen
reduction. For CV measurements of ORR kinetics, the closer the
peak location is to the reversible O2 potential at 1.2 V, the easier for
ORR to occur on the catalyst surface. Among the Pt/TiC catalysts, Pt/
TiC(H2) showed the most positive oxygen reduction peak potential
at 0.73 V. For Pt/TiC(Air) and Pt/TiC(AirjH2), peaks were at signifi-
cantly more negative potentials, 0.61 V and 0.65 V, respectively.

3.2.2. ORR LSV
Similar trends in activity were also found with LSV. Fig. 6

compares the ORR performance of the Pt/TiC and Pt/C electrodes
in O2-saturated 0.5 MH2SO4 solution. As seen in the LSV curves, the
contribution of bare TiC support was negligible in the potential
region above 0.6 V. Therefore the reaction can be considered to
occur only on Pt surface between 0.6 and 1.0 V. Pt/TiC(H2), with the
half-wave potential of 0.78 V, exhibited a superior ORR activity
compared to Pt/TiC(Air) and Pt/TiC(AirjH2), both of which showed a
half-wave potential of 0.68 V. The CV peak potentials and the half-
wave potentials are summarized in Table 3.

The Pt/C electrode showed the most positive half-wave poten-
tial. This, however, cannot be directly compared to the Pt/TiC
samples due to differences in the ECSA, as previously discussed in
the Section 3.2.1. More direct comparison of intrinsic kinetic
iC(Air), (b) Pt/TiC(AirjH2), (c) Pt/TiC(H2).



Fig. 4. Cu UPD stripping result with background, (a) TiC, (b) Pt/TiC(Air), (c) Pt/
TiC(AirjH2), (d) Pt/TiC(H2), and (e) Pt/C.

Table 2
Charges transferred during the Cu stripping, and the electrochemically active surface
area calculated accordingly from the Cu stripping experiment.

Pt/C Pt/TiC(H2) Pt/TiC(Air) Pt/TiC(AirjH2)

QCu (mC cm�2
disk) 8.1 3.5 0.81 1.1

ECSA (m2 g�1
Pt) 47 20 4.7 6.4

Fig. 5. CVs of (a) Pt/TiC(Air), (b) Pt/TiC(AirjH2), (c) Pt/TiC(H2), and (d) Pt/C in Ar-
saturated 0.5 M H2SO4 (dotted line, 60th cycle shown) and O2-saturated 0.5 M
H2SO4 (solid line, 5th cycle shown). All CVs were recorded at room temperature and a
scan rate of 0.1 V s�1.

Fig. 6. LSV of Pt/TiC(Air), Pt/TiC(AirjH2), Pt/TiC(H2), Pt/C, and TiC in O2 saturated
0.5 M H2SO4 solution, measured at a rotation rate of 1600 rpm and a scan rate of
0.01 V s�1.

Table 3
ORR parameters of Pt/C and Pt/TiC catalysts.

CV peak (V/NHE) E1/2 (V/NHE)

Pt/C 0.77 0.81
Pt/TiC(H2) 0.73 0.78
Pt/TiC(Air) 0.62 0.68
Pt/TiC(AirjH2) 0.65 0.68
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activities is made by calculating the kinetic current density jk from
the Levich equation [34]:

jk ¼
jl � j
jl � j

where ji is the limiting current density and j is the measured cur-
rent density. Fig. 7 displays the kinetic current densities normalized
by the ECSA.

When normalized to ECSA, Pt/TiC(H2) had the highest specific
activity in the shown region among all tested samples, including Pt/
C. The improved activity of Pt/TiC(H2) compared to Pt/C was
especially evident at the low overpotential region. At 0.9 V, the
specific activity was 40% higher than that of the Pt/C catalyst.
However, Pt/TiC(H2) also had a higher Tafel slope compared to that
of Pt/C, therefore the ORR activities of the two samples eventually
converged at ~0.85 V. The specific kinetic activities of the four
catalysts at 0.88 V and 0.83 V vs. RHE are compared in Fig. 8. The
kinetic current densities were calculated by averaging the results
measured at 400 rpm, 900 rpm, 1600 rpm, and 2500 rpm.
Compared to Pt/TiC(H2), the Pt/TiC(Air) and Pt/TiC(AirjH2)
samples showed significantly lower specific activities. Pt/TiC(Air)
and Pt/TiC(AirjH2) showed specific kinetic current densities
30e40% lower than that of Pt/TiC(H2) at both potentials. This is an
intriguing finding because it is opposite to what the particle size



Fig. 7. Kinetic current densities normalized to ECSA, measured in O2-saturated
0.5 M H2SO4, room temperature, and rotation rate 1600 rpm.

Fig. 8. ORR kinetic current densities of the prepared supported Pt powders at 0.88 V
and 0.83 V vs. NHE, normalized to ECSA.

Fig. 9. KouteckyeLevich plots for the ORR catalysts in 0.5 M H2SO4.
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effect predicts for catalysts with different Pt particle sizes. The
particle size effect for ORR on Pt catalysts has been well studied
both experimentally and theoretically [35e37]. Shao et al., in
particular, used an RDE setup similar to the experimental method
presented herein to test the particle size effect [36]. There is a
general agreement that the specific ORR activity increases as the Pt
particle size increases, due to the much higher ORR activity on
Pt(100) than on Pt(111). Therefore, the low ORR specific activities of
Pt/TiC(Air) and Pt/TiC(AirjH2), despite large Pt particle sizes, imply
that there should be other factors that adversely affect the activities
of the two samples.

The major difference between Pt/TiC(H2) and the two calcined
samples is the surface composition. XPS results indicate high
contents of TiO2 on the surfaces of Pt/TiC(Air) and Pt/TiC(AirjH2)
resulting from the calcination. The decreased ORR activity sug-
gests that the surface oxidation of the TiC support inhibits the
metal-support interaction between Pt and transition metal car-
bides that might lead to a higher ORR activity as observed for Pt/
TiC(H2). Such a hypothesis is supported by the observation made
by Liu and Mustain when comparing the ORR activity of Pt/WC to
Pt/WO3; Pt/WC showed a significantly higher ORR activity and
selectivity for the desired 4 electron pathway than Pt/WO3 [38].
3.2.3. KouteckyeLevich analysis
The limiting current densities at several different disk rotation

speeds were used to construct the KouteckyeLevich plots in Fig. 9.
These plots relate limiting current densities and the rotation speeds
of the RDE, based on the principle that measured current (i) is
related to the kinetic current (ik) and the limiting current (il) as
described in equation (1):

1
i
¼ 1

ik
þ 1

il
¼ 1

ik
þ 1
Bu1=2 (1)

The slope of the KouteckyeLevich plot, B, is defined as follows:

B ¼ 0:62nFAD2=3
O2

v�1=6CO2

Where F ¼ Faraday constant, DO2
¼ oxygen diffusion coefficient,

n¼ kinematic viscosity of the solution, Co¼ oxygen solubility in the
electrolyte, and A ¼ geometric area of electrode. Using this equa-
tion, the number of electrons transferred (n) can be calculated.

As shown in Fig. 9, good linear relationships were observed for
all four catalysts. It is well known that the oxygen reduction occurs
through a 4 electron pathway on 40% Pt/C in 0.5 M H2SO4 elec-
trolyte [39]. Therefore, by setting n ¼ 4 for the Pt/C catalyst, the
number of electrons transferred were calculated as 3.4 for Pt/
TiC(Air), and 3.9 for both Pt/TiC(H2) and Pt/TiC(AirjH2). This in-
dicates that ORR takes place predominantly via the direct 4-
electron pathway on Pt/TiC(H2) as well as Pt/TiC(AirjH2). For Pt/
TiC(Air), however, significant amount of the 2-electron H2O2
byproduct is produced. Based on the results of XPS, XRD, and TEM,
the most notable difference between Pt/TiC(Air) and PtTiC(AirjH2)
was the oxidation state of Pt, while the Pt particle size and the bulk
crystallinity were similar for the two samples.
4. Conclusions

Low-loading Pt/TiC catalysts were synthesized with an
impregnation method, and the influence of the gas-phase pre-
treatment environment was studied. Two important findings are
presented in this paper.

(1) The Pt particle sizes on the synthesized Pt/TiC catalysts were
greatly dependent on the thermal pretreatment environ-
ment. When the Pt precursor impregnated on TiC was ther-
mally decomposed in H2, Pt was highly dispersed on the
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support surface with the average size of ~2.2 nm. In contrast,
when the Pt precursor was calcined in an oxygen environ-
ment, the average Pt particle size on TiC was around ~6.7 nm,
resulting in lower ECSA.

(2) The surface oxidation, for both Pt and TiC, affected the ORR
activity and selectivity. Pt/TiC(H2) was synthesized without
excessive surface oxidation of the support and showed an
improved ORR specific activity compared to Pt/C. In contrast,
Pt/TiC(Air) and Pt/TiC(AirjH2) showed lower ORR activity
than Pt/TiC(H2), suggesting that the formation of the support
oxide layer adversely affects the catalytic activity. Moreover,
it was determined from the KouteckyeLevich analysis that
Pt/TiC(Air) reduces significant portion of oxygen via the 2-
electron pathway, which may be attributed to the oxidized
surface of the Pt particles.
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