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Carbon supported binary Pt-Ti alloys were investigated for application in methanol electro-oxidation
(MOR) and oxygen electro-reduction reactions (ORR). Various compositions of Ptjgo_xTix/C (x=0, 25, 50,
and 75) catalysts were synthesized by sequential impregnation of Pt and Ti followed by annealing at 900 °C
for 30 min under H;/Ar flow. X-ray diffraction results showed formation of the Pt;Ti intermetallic phase
in PtsoTiso and Pty5Tizs catalysts after annealing at 900 °C. The Pts5oTiso/C-900 and Pt;5Tizs5/C-900 catalysts
(the ‘-900’ designation indicates the catalyst was annealed at 900 °C) exhibited 103% (87.4 mA mg[jt1 )and
198% (128 mA mgljt1 ) higher MOR activity, respectively, than in the Pt/C-900 catalyst (43.0 mA mgl;t1 ) at
0.7 V (vs.reversible hydrogen electrode (RHE)). These two catalysts also showed high ORR activity. From a
specific activity basis, the Pts5oTiso/C-900 and Pty5Tiz5/C-900 catalysts exhibited 32.3 and 30.2 pA cmrjtz,
respectively, which were 171 and 154% higher than the 11.9 pA cmljt2 value of the Pt/C catalyst at 0.8V
(vs. RHE). Methanol-tolerant ORR activity was also investigated, but in the presence of methanol, the
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PtsoTise/C-900 and Pt5Tizs/C-900 catalysts both exhibited poor ORR activity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The methanol electro-oxidation reaction (MOR) is under inten-
sive research due to its application in direct methanol fuel cells
(DMEFCs) [1]. Pt was first introduced as the MOR catalyst in DMFCs,
but poor CO tolerance prohibited its commercial application. Cur-
rently the state-of-the-art catalyst is a binary PtRu alloy which can
oxidize CO at relatively lower potential than pure Pt, but the PtRu
catalyst still suffers from high cost and low catalytic activity [2-5].
There have been various efforts aimed at solving these problems.
Most of the reported research has been focused on transition metal
doped PtRu catalysts [6-8], including ternary PtRuFe [9,10], PtRuCo
[11-13], PtRuNi [14,15], and PtRuCu [16] catalysts. Although these
PtRu-based ternary catalysts have achieved cost reduction and
activity improvement, dissolution of Ru still remains as an obsta-
cle[17-20]. As an alternative, Pt-based binary alloys have also been
investigated, and promising results have been reported in PtBi [21],
PtPb [21,22], and PtTi [23] catalysts.

The oxygen electro-reduction reaction (ORR) is also of great
interest because of its application in both DMFC and polymer elec-
trolyte membrane fuel cells [24]. For the ORR, pure Pt is widely
used, but due to the same reasons as for the PtRu catalyst (high cost
and low activity), improvement of the pure Pt catalyst is desirable.
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Alloying Pt with transition metals such as Fe [25,26], Ni [27-29], Co
[28,29], and Ti [30] has been shown to achieve both goals of cost
reduction and activity improvement. The positive effect of alloying
Pt with transition metals is generally explained by two effects: (1)
an electronic effect (Pt d-band vacancy modification) [27,31-34]
and (2) a geometric effect (contraction of Pt-Pt bonding distance
leading to a favorable condition for the ORR) [34,35].

In the present study, we examine Ti as a promoter of Pt cat-
alyst activity because it was identified as a promising candidate
for improving both the MOR [23,36,37] and ORR activity [30,38]. As
early as 1976, Janssen and Moolhuysen [36] reported a Pt-Ti alloy as
a promising catalyst for the MOR. Hamnett et al. [37] reported that
TiO, acts as a promoter for the MOR at low current densities while it
acts as an inhibitor at high current densities. A Pt3Ti catalyst inves-
tigated by Abe et al. [23] exhibited higher MOR activity than PtRu
and Pt catalysts. In addition, they claimed that ordered Pt3Ti phase
exhibited higher MOR activity than disordered Pt3Ti. For the ORR,
Ding et al.[30] reported that they could achieve a twofold improve-
ment over the ORR activity of pure Pt with a Pt;5Tiy5 catalyst. They
observed the Pt5Ti phase in their Pt75Tiys catalyst, but the role of
the Pt3Ti phase was not clear as they could not obtain 100% ordered
Pt3Ti phase even after 950 °C annealing. A Pt-TiO,/C catalyst was
also reported to exhibit higher ORR activity than pure Pt/C catalyst
[38]. Xiong and Manthiram [39] reported that a Pt/TiOy/C catalyst
showed higher ORR activity than Pt in the presence of methanol.
These reports suggest that Pt-Ti alloys merit further investigation
for application as MOR and ORR catalysts.
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The most popular method to synthesize nanometer sized elec-
trocatalysts is through chemical reduction methods (such as
impregnation method, colloidal method, micro-emulsion method,
and polyol method) because they do not require high temperature
annealing which causes particle size increase [5,40]. Unfortunately
Ti-containing electrocatalysts cannot be synthesized via normal
chemical reduction routes due to the high oxyphilic characteristic
of Ti [41]. Successful synthesis of Pt-Ti binary alloys was achieved
by synthesizing the catalysts under oxygen-free conditions [23,30].
In the present study, we deposited Pt and Ti sequentially and then
heat treated at 900 °C to form Pt-Ti binary alloys. The prepared cat-
alysts were characterized for their structural and electrochemical
properties including MOR and ORR activities. For the ORR activity,
the effect of methanol tolerance was also investigated to verify the
feasibility of the Pt-Ti catalysts for application in a DMFC cathode,
which requires methanol tolerance in addition to high ORR activity
because of methanol cross-over [1].

2. Experimental
2.1. Synthesis of catalysts

First, Pt was deposited on a carbon support (Vulcan XC-72R)
by the impregnation method using NaBH4 as a reduction agent.
Briefly, H,PtClg was dissolved in a mixture of de-ionized (DI) water
and methanol. The carbon support was added to the solution and
then put through sonication for dispersion. The mixture was fur-
ther stirred for 30 min and then Pt was reduced by adding 0.2 M
NaBH, solution to the mixture. The resulting mixture was further
stirred for 1 h to confirm termination of reduction. The Pt/C catalyst
was obtained by filtering and washing the resulting powder with DI
water. The Pt/C catalyst was dried at 100°C in an oven overnight.
The amount of Pt was adjusted to 20wt.% (carbon support +Pt).
Incorporation of Ti was performed by using the Pt/C catalyst as
a starting material. An appropriate amount of Ti acetylacetonate
(Ti(acac), 75% Ti chelate in isopropyl alcohol) solution was added to
the Pt/C catalyst. The mixture was dried at 100 °C for 2 h to remove
the solvent of the Ti(acac) solution. The dried powder was annealed
at 900°C for 30 min in flowing H;/Ar (5.2 mol.% Hy). By adjusting
the amount of Ti(acac) solution added to the Pt/C catalyst, various
compositions were prepared (Pt/C-900, Pt75Ti,5/C-900, Pt5qTiso/C-
900, Pt35Ti75/C-900, and Ti/C-900 corresponding to the Pt:Ti molar
ratio). The designation ‘-900’ at the end of the catalyst names indi-
cates that the catalysts were annealed at 900 °C for 30 min as noted
above.

2.2. Structural and electrochemical characterization of the
catalysts

Structural properties of the catalysts were characterized by col-
lecting X-ray diffraction (XRD) data over a 26 range between 20°
and 80° in a step scan mode. A 0.02° step was employed with 0.5s
counting time for each step.

A rotating disk electrode (RDE) technique was employed for
electrochemical analysis of the catalysts. To make a thin film of
the catalysts on a glassy carbon electrode (dia.: 0.45cm), cata-
lyst dispersions were prepared by adding DI water and 5wt.%
Nafion ionomer solution (2:10 volume ratio) to a certain amount
of catalyst powder. The dispersion was sonicated to get homoge-
neous mixing, and then 10 pL of the dispersion was dripped on the
glassy carbon electrode. Catalyst loading on the RDE electrode was
0.524 Mg,y cm~2. The thin film electrode was dried in air before
being tested. Cyclic voltammetry (CV) was performed by poten-
tial cycling between 0 and 1.2V (vs. reversible hydrogen electrode
(RHE)) for 50 cycles at a scan rate of 50mVs~!. Nitrogen purged
0.5M H,S04 solution was used as the electrolyte. MOR activity

was measured by potential cycling between 0 and 0.8V (vs. RHE)
at a scan rate of 50mVs~! in 1M H,SO4 + 1M methanol solution.
ORR activity was measured by a cathodic potential sweep from
1.0 to 0.2V (vs. RHE) at a scan rate of 5mVs~!. Methanol toler-
ance was evaluated by employing both (0.5M H;SO4) and (0.5M
H,S04+0.1 M methanol) solutions as the electrolyte for the ORR
activity testing. Rotation speed of the RDE during the ORR activ-
ity measurement was 2000 rpm. All potentials in this paper were
converted into RHE scale.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of the synthesized catalysts. In
the Pt;5Tiy5/C-900 catalyst, we could not observe any new peaks
except for the fcc Pt peaks. However, the 20 position of the (111)
peak slightly moved from 39.70° in the Pt/C-900 catalyst to 39.74°
in the Pt75Tiy5/C-900 catalyst. This result indicates that little if any
alloying was achieved in the Pt;5Tiy5/C-900 catalyst, because the
shift (0.04°) is not much different from the experimental resolu-
tion of the XRD data (0.02° step). In the Pt5qTiso/C-900 catalyst,
new peaks were observed at 22.8° and 32.5°, which match with
the (100) and (110) peaks of the cubic Pt3Ti phase (ICDD 62-
3259) as shown in Fig. 1(b). These peaks were also observed in
the Pty7Ti75/C-900 catalyst, as shown in inset of Fig. 1(a), which
was acquired with a longer counting time for each step to obtain
improved data. The broad peak near 25° came from the carbon sup-
port, which overlaps with the Pt3Ti (1 0 0) peak. Although the peaks
are not intense, the XRD results show the existence of the ordered
Pt;3Ti phase in both the Pt5(Ti5/C-900 and Pty5Ti75/C-900 catalysts.
This result is in accordance with a previous report [42]. Beard and
Ross Jr. [42] claimed that a Pt-TiO, mixture could be transformed
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Fig. 1. (a) The XRD patterns of Pt/C, Pt/C-900, Pt75Tiy5/C-900, PtsoTiso/C-900,
Pt5Ti75/C-900, and Ti/C-900 catalysts. Inset shows a portion of the Pt;5Tizs/C-900
XRD pattern (in the outlined box) measured with a longer counting time (3 s step™').
(b) Peak positions and intensities of Pt (ICDD 65-2868), Pt3Ti (ICDD 65-3259), Ti3Os
(ICDD 40-0806), and TiO; (anatase, ICDD 21-1272).
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Table 1
A summary of structural properties of the Pt-Ti binary catalysts.
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(111) peak position (°) d (nm) Lattice parameter (nm) Crystallite size (nm)
Pt/C 39.41 0.2285 0.3958 24
Pt/C-900 39.70 0.2269 0.3930 4.2
Pt75Tiz5/C-900 39.74 0.2266 0.3925 5.1
Pts5Tiso/C-900 39.77 0.2265 0.3923 5.7
Pty5Ti75/C-900 39.81 0.2262 0.3918 6.7

Table 2
A summary of electrochemical testing results of the Pt-Ti binary catalysts.

MOR activity at 0.7 V (vs. RHE)

ORR activity at 0.8V (vs. RHE)

Mass activity Specific activity RDE current

Mass activity Specific activity Current density decrease by the

(mA mg,!) (RA cmp?) density (mA cm~2) (mA mg,) (LA cmp?) presence of methanol (mA cm~2)
Pt/C 127 197 0.807 7.71 119 1.01
Pt/C-900 41.8 88.7 0.681 6.50 13.8 0.642
Pt75Tiy5/C-900 42.2 99.1 0.660 6.40 15.0 0.821
Pts50Tiso/C-900 69.4 211 1.00 10.6 323 1.63
Pt5Ti75/C-900 104.2 262 1.10 12.0 30.2 1.47

into the Pt3Ti phase by annealing at 900-1200°C under He flow.
It also should be noted that Pt3Ti peaks were not observed in the
Pt75Tiy5/C-900 catalyst although it is an identical composition with
the Pt3Ti phase. It can be the results of two causes: (1) the synthe-
sis method employed in the present study cannot guarantee good
mixing of Pt and Ti, as Ti could have been deposited separate from
the Pt particles so that they cannot form alloys and (2) literature
suggests this phase does not readily form. Only a small amount of
ordered Pt3Ti phase was formed as reported by Abe et al. [23] and
Ding et al. [30]. Abe et al. [23] could obtain fully ordered Pt5Ti phase
in Pt5gTisg composition. Ding et al. [30] could observe XRD peaks
of ordered Pt5Ti phase in their Pt75Tiy5/C catalyst after annealing at
850 and 950 °C, but even after 950 °C annealing, the concentration
of Pt3Ti intermetallic phase was only 76% of the total metal con-
tent. In the Pty5Ti75/C-900 catalyst, additional peaks were observed,
which were assigned as a Ti3Os phase. This is an interesting result
as only anatase TiO, peaks could be observed in the Ti/C-900 cat-
alysts. The presence of Ti3Os5 suggests that the excess TiO, was
partially reduced in the presence of Pt as it was not observed in the
Ti/C-900 catalyst. In addition, the absence of anatase TiO, peaks
in the Pt-Ti binary catalysts indicates that the amount of isolated
Ti oxides from Pt caused by two step synthesis is relatively small
|38]. Therefore, the XRD results show that the Pt-Ti catalysts are
mixtures of Pt, Pt3Ti, Ti30s5, and small amount of TiOs. It should
be noted that structural changes were observed in the Pt/C catalyst
after 900 °C annealing. As shown in Table 1, the (1 1 1) peak position
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Fig. 2. The CV results of Pt/C, Pt/C-900, and Pt-Ti binary catalysts. Testing was per-
formed in nitrogen purged 0.5 M H,SO4 solution by potential cycling between 0 and
1.2V at a scan rate of 50mVs='.

of the Pt/C catalyst moved from 39.41° to 39.70° after annealing,
which indicates contraction of Pt-Pt distance was caused during
the annealing. When we consider that the reference standard peak
position is 39.75° (ICDD 65-2868), this result suggests that the
NaBH,4 reduced Pt catalyst (Pt/C) was not fully ordered and contains
some amorphous Pt. The size of the platinum crystallites of the cat-
alysts was determined by employing the Scherrer equation [43] on
the (111) peak, giving results of 2.4, 4.2, 5.1, 5.7, and 6.7 nm for
the Pt/C, Pt/C-900, Pt;5Tiys5/C, Pt5gTiso/C, and Pt;5Tizs5/C catalysts,
respectively. The XRD results are summarized in Table 1.

The CV results are shown in Fig. 2. With increasing Ti content, a
decrease of current densities for hydrogen adsorption/desorption
(0-0.3V) and Pt oxidation (0.8-1.2V)/reduction (ca. 0.7V) was
observed. Significant changes were not observed in the CV results,
indicating that structural changes observed in the XRD results
did not affect the CV performance significantly. Electrochemically
active surface area (EAS) was calculated from the hydrogen desorp-
tion peak area (0-0.3 V along the positive scan) to compare intrinsic
activity of the catalysts. For the calculation of EAS, 210 uCcm—2
was assumed as the monolayer charge [44]. It should be noted that
the EAS calculation based on the hydrogen desorption area is not
a precise method in alloy catalysts, but it is still useful in compar-
ing relative activities. The calculated EAS values were 64.5, 47.1,
42.6, 32.9, and 39.8 m? g[jtl for the Pt/C, Pt/C-900, Pt75Tiy5/C-900,
Pt50Tiso/C-900, and Pt,5Tiz5/C-900 catalysts, respectively. The rel-
ative decrease in EAS values was not as much as the decrease in the
Pt content, which suggests that some of Ti oxides are not in contact
with Pt as discussed above.

Fig. 3(a) shows the MOR activity (current density) on the basis
of Pt mass (mA mg;t1 ). In the forward scan direction, the Pt/C cat-
alyst showed the highest MOR activity of 127 mAmg,! at 0.7 V. In
the Pt/C-900 catalyst, the mass activity significantly decreased to
41.8 mA mgl;g due to a particle size increase and the formation of
the ordered phase. The MOR activity of the Pt;5Tiy5/C-900 catalyst
(42.2 mA mgl;tl ) was very close to that of the Pt/C-900 catalyst. The
Pt5Tiso/C-900 catalyst showed significantly increased MOR activ-
ity (69.4mA mgrjt1) that was 66% higher than that of the Pt/C-900
catalyst. The MOR activity further increased in the Pty5Tiy5/C cat-
alyst to 104 mAngJ, which is 149% higher than 41.8 mAmg;tl
of the Pt/C-900 catalyst. The improvement of the MOR activity
with Ti additions is more clearly illustrated on a specific activity
scale (}LACH’ll;tZ), as shown in Fig. 3(b). This figure was obtained
by normalizing Fig. 3(a) with the EAS values. The specific activ-
ities at 0.7V were 197, 88.7, 99.1, 211, and 262 p,Acml;t2 for the
Pt/C, Pt/C-900, Pt75Tiy5/C-900, Pt5Tiso/C-900, and Pt;5Tizs5/C-900
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Fig.3. The MOR activity measurement results shown in (a) mass activity (mA mg;];t1 )
and (b) specific activity (LA cm[jtz) scale. The experiment was performed by poten-
tial cycling between 0 and 0.8V at a scan rate of 50mVs~! in nitrogen purged 1M
H,S04 +1M methanol solution.

catalysts, respectively. The specific activities of the Pt5gTi5o/C-900
and Pt,5Tiz5/C-900 catalysts were 138 and 195% higher than that
of the Pt/C-900 catalyst, respectively, while that of the Pt;5Tiy5/C
catalyst was only 12% better. The MOR activity testing results are
summarized in Table 2. As previous reports have suggested that
both TiO, [38] and formation of the Pt3Ti phase [23] can improve
the MOR activity, it is not clear whether either or both of them
caused the significant increase of the MOR activity in the Pt5Tisg/C-
900 and Pty5Ti75/C-900 catalysts. But these results clearly show
positive effect of Ti additions to Pt catalyst for the MOR. Here, it
would be helpful to compare these results with a previous report
[23]. Abe et al. [23] reported that they could achieve about 23 times
higher MOR activity in their ordered Pt3Ti catalyst at 0.82V than
that of pure Pt. Their improvement is much larger than we observed
in this paper, which might have resulted from the different synthe-
sis method, the degree of alloying, and the structure of the catalysts,
including existence of TiO, and the nature of the carbon support.
Fig. 4(a) shows the RDE test results for ORR activity mea-
surements. Current densities at 0.8V are shown in Fig. 4(b)
and Table 2 for convenient comparison. At 0.8V, the current
densities of the Pt/C-900 and Pt;5Tiy5/C-900 catalysts were
0.681 and 0.660 mA cm~2, respectively, which were lower than
0.807mAcm~2 of the Pt/C catalyst. But the PtsqTiso/C-900 and
Pty5Tiz5/C-900 catalysts exhibited improved ORR activity of 1.06
and 1.1 mAcm~2, respectively. Further comparison was made in
terms of mass activity (mAmgg,') and specific activity (wAcmp?2)
of the catalysts as shown in Fig. 4(c) and Table 2. In terms of spe-
cific activity, the change of the ORR activity was significant. The
specific activity of the Pt;5Tiys/C catalyst only slightly increased
to 15.0 pAcmp? compared with 11.9 and 13.8 pAcm,? values of
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Fig. 4. (a) The RDE test results performed by cathodic potential sweep from 1.0 to
0.2V at a scan rate of 5mVs~!. Oxygen purged 0.5 M H,SO4 solution was used as
the electrolyte. Rotating speed of the RDE was 2000 rpm. (b) Current densities of
the catalysts at 0.8 V. (c) The ORR activity of the catalyst at 0.8V shown in mass
(mA mg;?) and specific (A cm;?) scale.

the Pt/C and Pt/C-900 catalysts, respectively. However, the ORR
specific activity significantly increased (more than twice the Pt/C
and Pt/C-900 catalysts values) to 32.3 and 30.2 pAcmgtz in the
Pt50Tiso/C-900 and Pty5Ti75/C-900 catalysts, respectively. Like the
MOR activity results, one cannot unambiguously conclude whether
the high ORR activities came from TiO, or Pt3Ti formation. Based
on the previous reports [23,30,36-38], either the Pt3Ti phase or Ti
oxides might have contributed to improvement of the MOR and
ORR activities. In the present study, improvement in the ORR mass
activity in the Pty5Ti75/C-900 catalyst was 62 and 36% higher than
those of Pt/C-900 and Pt/C catalysts, respectively. This improve-
ment is not as high as the 100% improvement reported by Ding et
al. [30], which might have been caused by the different synthesis
method used and the resulting structure of the catalysts including
the degree of alloying and existence of TiO,.
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The effect of methanol on the ORR performance of these
catalysts was also investigated, and the results are shown in
Fig. 5(a). A large current density decrease was observed in all
catalysts due to the MOR. The current density decrease due to
the presence of methanol is shown in Fig. 5(b). At 0.8V, the
decrease of the ORR current densities were 1.01, 0.642, and
0.821 mA cm~2 for the Pt/C, Pt/C-900, and Pt;5Ti,5/C-900 catalysts,
respectively. The current density drop was more significant in the
Pt50Tiso/C-900 (1.63 mA cm*z) and Pty5Ti75/C-900 (1.47 mA C1‘1‘172)
catalysts, which exhibited both high MOR and ORR activities. These
results suggest that the alloyed Pt-Ti catalysts are not suitable as
methanol-tolerant ORR catalyst due to their high MOR activity. A
summary of electrochemical testing results is shown in Table 2.

4. Conclusion

The effect of Ti additions on the performance of Pt/C catalysts
was investigated. After annealing at 900 °C for 30 min under H;/Ar
flow, formation of a Pt3Ti phase was observed in the Pt5qTiso/C-
900 and Pt;,5Tiy5/C-900 catalysts. In the MOR, the Pt5gTiso/C-900
(87.4mAmgg,!) and Pt,5Tiz5/C-900 (128 mA mg,,' ) catalysts exhib-
ited 103 and 198% higher mass activity, respectively, than the
43.0mA mg[jt1 value of the Pt/C-900 catalyst. These catalysts also
showed higher ORR activity than Pt/C catalysts; specific ORR
activity increased from 11.9 pA cm[jt2 in the Pt/C catalyst to 32.3
and 30.2 pA cml;t2 in the Pt5¢Ti5q/C-900 and Pty5Ti75/C-900 cata-
lysts, respectively. The improved MOR and ORR activities of the
Pt5Tiso/C-900 and Pty5Ti75/C-900 catalysts might come from the
formation of Pt3Ti phase or the presence of Ti oxide. However,

these catalysts suffered from poor ORR activity in the presence of
methanol, which originated from high MOR activity.
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