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The development of active and stable catalysts has emerged as an important strategy in the catalytic abatement
of CO. This article reports the use of the novel Pt-based catalyst supported on crystalline Ta,05 nanotubes pre-
pared by sputtering and anodization methods in CO oxidation reaction. Crystalline and amorphous Ta;0s NTs
and Pt modified sample were found active in low temperature CO oxidation. Results showed that active and high-
ly stable Pt/Ta;0s NTs catalyst could be a promising system for CO removal from gas exhaust.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

There is no perfect energy source that has no environmental impact.
Nowadays, even with the best regulation concerning air pollution, indus-
trial production cannot be done with any impact on the environment.
Moreover, yet, no form of energy production can meet those standards.
One of the most dangerous gas pollution is the CO emission. The largest
contribution in CO emission is coming from motor vehicles. Especially
in urban area this contribution can exceed 90% which turns the catalytic
removal of CO as one of the most important application area in both in-
dustrial and automotive pollution control [1-4]. Over the last 20 years,
the development of highly active catalysts for the catalytic oxidation of
carbon monoxide has attracted much attention. An important application
is the preferential oxidation of CO (PROX) in the presence of H, for the re-
moval of CO traces from H, in proton exchange membrane (PEM) fuel
cells [5,6]. In the absence of carbon monoxide these fuel cells are able to
run at lower temperatures with an enhanced efficiency. Pt supported
on Al,O3, CeO, [7] or Fe,05 [8] showed improved performance for CO ox-
idation compared with the unsupported catalysts. The use of semicon-
ductor oxides, such as TiO,, as catalyst support for metallic NPs has
emerged as an important strategy to increase their catalytic activities
for CO oxidation [9-12]. Recently, Somorjai et al. found a strong correla-
tion between the oxidation state of the oxide support and the catalytic ac-
tivity at the oxide-Pt interface [8].
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Tantalum pentoxide (Ta,Os) is a functional semiconductor oxide
material widely used as a gas sensor, hot mirror coating, waveguide
and photocatalyst [13,14]. However, to the best of our knowledge,
Ta,05 nanotubes has not yet been studied as a support for noble metal
NPs (e.g., Pt, Pd, Au) in the CO oxidation reaction. The structural defects
and vacancies present on the surface of Ta,Os can provide enhanced
rates of the diffusion of adsorbed oxygen and lead to an increase in
the catalytic activity [15-17].

Recently, a modified sputtering deposition method has been
employed to deposit Ni and Pd NPs directly on the surface of the
solid supports [18,19]. The sputtering method has several advan-
tages when compared to the classical bottom-up methods for the
preparation of metal NPs, including no contamination from sol-
vents or precursors, direct deposition on both liquid and solid sup-
ports, and synthesis of large amounts of NPs by the simple control
of physical parameters (power and time) [20-22].

Herein, a modified sputtering deposition method [ 18] was chosen to
produce Pt NPs directly onto Ta;0s NT support. Ta,0s NT support was
successfully prepared by anodization method [23]. The catalytic activity
of Pt NPs supported on Ta;0s NTs was studied for the oxidation of
carbon monoxide.

2. Experimental
2.1. Synthesis of Ta,0s NTs

Ta,05 nanotubes were prepared by anodizing high-purity Ta disks
(3 cm of diameter, 99.99%) in an electrolyte contained 1 vol.% of
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hydrofluoride acid (HF, 40%), 4 vol.% deionised water, and sulfuric acid
(H2S04, 98%) as the solvent at a voltage of 50 V at 50 °C for 20 min [23].
After the anodization process the as-prepared NTs were calcined in a
muffle furnace under atmospheric air at 800 °C for 60 min, with a

heating rate of 5 °C min ™~ '.

2.2. Preparation of platinum nanoparticle

Platinum nanoparticles were prepared by sputtering method. A Pt tar-
get was sputter deposited onto Ta,Os NT surface by using a mechanical
agitation apparatus, placed inside the vacuum chamber, to permit ho-
mogenous distribution of the obtained Pt NPs on the NTs [18], (scheme
S1). For more details of Pt NPs preparation by sputtering method, readers
are encouraged to see Supporting Information.

2.3. Characterizations

A scanning electron microscope (FESEM, FEI Inspect F50 — LNNano),
transmission electron microscope (JEOL JEM 2100F — LNNano) and a
high-resolution transmission electron microscope (HRTEM, model
JEOL JEM 3010 — LNNano) were used to observe the morphologies of
the Ta,Os NTs and Pt NPs, respectively. X-ray powder diffraction
(XRD) was applied to analyze crystal structures. The diffraction
patterns were recorded in a Philips X'PERT diffractometer with Cu
Ko radiation (N = 1.54 A) at 2theta = 5-100° with a 0.02° step
size and measuring time of 5 s per step. Rietveld refinement proce-
dures were used for the crystal structure analyses using Fullprof
software [24]. Measurements of specific surface area (Sggr) were calcu-
lated according to the Brunauer-Emmett-Teller method (BET) using ni-
trogen absorption isotherms obtained in a Micromeritics TriStar I 3020
apparatus. X-ray photoelectron spectroscopy (XPS) was applied to ana-
lyze chemical composition of the Ta,05 NTs using conventional equip-
ment with a high-performance hemispheric SPECSLAB II energy
analyzer and a non-monochromatic Al Ko (hv = 1486.6 eV) radiation
as the excitation source.

2.4. Catalytic CO oxidation

The catalytic CO oxidation experiments were performed using
20 mg of Ta,0s5 NTs powder placed in a quartz tube reactor (length:
20 mm, width: 5 mm). The reaction temperature was controlled by a
temperature sensor on the Integrated Microreactor-MS with CATLAB-
PCS Module & QIC-20 MS. A continuous flow of the reactant mixture
containing 1.75 vol.% CO, 7 vol.% O,, and Ar balance was passed through

the reactor with a total flow rate of 100 mL min~ .

3. Results and discussion

Ta,05 NTs were obtained after the Ta metal was anodized for 20 min
in H,SO4-based electrolytes [23]. As-anodized Ta,05 NTs were amor-
phous and thermal treatment process was performed to achieve its
crystallization. Here, the Ta,Os NTs were calcined at 800 °C for 60 min
in a conventional furnace and their structural properties were examined
by means of X-ray diffraction (Cu-Ko radiation). The XRD patterns
along with Rietveld refined data, is presented in Fig. 1, revealed that
the amorphous NTs were converted to an orthorhombic phase (JPCDS
file 25-0922). Rietveld refinements show that the refined cell parame-
ters are a = 6.20, b = 40.28 and ¢ = 3.88 A and that the crystal size
of the Ta,05 NTs is about 15.5 nm with a preferred orientation in the
(0 0 1) direction. By the XRD pattern, the Ta,0s sample calcined at
800 °C at 60 min showed a degree of crystallinity of the 34% (more de-
tails see Supporting Information).

The morphologies of the Ta,0s NTs were characterized by field-
emission scanning electron microscopy (FESEM, FEI Inspect F50) and
scanning transmission electron microscopy (STEM JEOL JEM 2100F).
As anodized Ta;0s5 NTs measured about 5 um in length, 100 nm in
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Fig. 1. XRD patterns for as-prepared and calcined Ta,05 NTs.

diameter, 50 nm in pore diameter and with the wall thickness of
about 30 nm, (Fig. 2). As anodized NTs have continuous smooth walls
and are open at the top. The inset in Fig. 2b is a bottom view of the
Ta,0s5 NTs after calcination, indicating that the NTs are closed at the
bottom. After calcination at 800 °C for 60 min, small holes and grains
are observed in the NTs wall (Fig. 2c). However, the tubular structure
was not yet affected [25]. Fig. 2d shows a HRTEM image of the Ta,05
NTs support after the calcination. The inset in Fig. 2d corresponds to
an interplanar distance of 0.389 nm, which are consistent with the
interplanar distance of (0 0 1) planes of Ta,0s. The fringes confirm the
crystallinity of the Ta,Os NTs, which is in accordance with the corre-
sponding fast Fourier transformation (FFT) shown in the inset (Fig. 2d).

The specific surface area (Sggr) of 16.2 and 19.8 m? g~ ! was found
for the as-anodized and calcined NTs at 800 for 60 min, respectively
(Table 1). XPS spectroscopy was used to analyze the surface chemistry
of the prepared NTs. The as-anodized NTs showed sulfur and fluorine
contamination with a molecular concentration on the surface of about 6
and 5%, respectively (Table 1). These contaminants originated from HF
and H,SO,4 used in the preparation of Ta,O5 NTs. Both S and F were
completely removed from the material surface by heating the NTs at
800 °C for 60 min.

Crystalline Ta,05 NTs (800 °C for 60 min) were used as the support
for the deposition of Pt NPs by a modified sputtering method shown
in Scheme 1.

Fig. 2 shows the representative top-view STEM images of the Ta;05
NTs after Pt NPs deposition. Higher magnification STEM image (Fig. 2e),
shows Pt NPs of 2-1.7 nm in size on Ta,0s NTs. STEM image obtained
using a HAADF detector confirms the presence of these very small Pt
NPs by atomic number contrast between the Pt and Ta,Os (Fig. 2f and
g). During the sputtering process, it is expected that majority of the
formed Pt NPs will be on the external surface of NTs. As nanotubes have
a large diameter (50 nm) compared to the diameter of the nanoparticles,
it is possible also that nanoparticles could be deposited inside the nano-
tubes. However this probability is rather small.

The Pt loading of 0.57 wt.% was quantified using flame atomic ab-
sorption spectroscopy (FAAS). The optical images (see Scheme 1)
show the color evolution (from white to gray) of the material before
and after Pt sputtering, which confirms the deposition of metallic Pt.

In the first set of experiments, the catalytic activity of the Ta,0s sup-
ports (crystalline and amorphous Ta,0s NTs) was investigated in the CO
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Fig. 2. FESEM images: a) as-prepared (amorphous) Ta;Os NTs and b) crystalline Ta;0s
NTs; ¢) TEM image of crystalline Ta,0s NTs, d) HRTEM image and the FFT pattern
(inset) of crystalline Ta;Os NTs, e) STEM image of crystalline Ta;Os NTs uniformly loaded
with Pt NPs, f) STEM image of high magnification of Pt NPs and g) HAADF-STEM image of
Pt NPs.

oxidation reaction and results are presented in Table 2. The efficiency of
Ta,05 NTs in the carbon monoxide conversion was confirmed by a series
of catalytic experiments and significant differences were observed in
the catalytic activity of amorphous and crystalline NTs as described
below. While, the amorphous material demonstrated initial conversion
at 200 °C and reached the 100% conversion level at 438 °C, the CO
oxidation over the crystalline Ta,05 NTs started at about 157 °C and
reached 100% conversion at 259 °C (Table 2). The Tsq values (light-off
temperature) for the CO oxidation reaction are quite low for both amor-
phous and crystalline samples at 313 and 249 °C, respectively. With the

Table 1
Characterization of the Ta;Os NTs supports.
Ta,05 NTs Tay05 NTs
(As-prepared) (Crystalline)
Crystal structure Amorphous Orthorhombic
Sper (M2 g™ 1) 164 £ 03 182+ 04
S2p° 6% Not detected-
F1sP 5% Not detected-

2 Specific surface area.
b Chemical surface composition (%) by XPS.

Sputtering process
Pt Target

Mechanical resonant
system

Ta20s5 NTs

~ Sputtering Pt |

"

Scheme 1. Schematic representation of the Pt NPs deposition on Ta,0s NTs support by the
modified sputtering method and optical images of Ta;0s NT powder before and after de-
position of Pt NPs.

addition of Pt NPs on Ta,0s5 NTs crystalline, the Tsq value was signifi-
cantly reduced (AT) to 151 °C (see Table 2).

The crystalline Ta,Os NTs exhibited higher catalytic activity than the
amorphous NTs, with any significant difference in the surface area of
these materials (Table 1). This suggests that the high crystallinity of
the calcined material plays an important role and strongly influenced
the catalytic activity. The differences observed in chemical composition
of the surface (presence of S and F in the case of amorphous material)
also should be taking account. Indeed, some works stressed on the poi-
soning effect of chlorine contamination in CO oxidation reaction. Cl was
found to act as a poison, making both the adsorption of O, and the for-
mation of the CO-0, intermediate complexes more difficult [26-28].
Thereby, the crystalline Ta;0s NTs seems to be a more promising sup-
port for Pt catalyst since this material demonstrated higher activity
and no contaminations on the surface.

After the deposition of Pt NPs onto crystalline Ta,O5 NTs, the catalyt-
ic activity of the material in CO oxidation was further improved. In this
case, the CO oxidation process started at low temperature (97 °C) and
reached 100% conversion at 178 °C (Table 2). A clear indication of the in-
crease of activity in the case of Pt/Ta,0s catalyst was observed in the
reaction rate expressed per catalyst mass at 200 °C. It was enhanced
24 and 37 times as compared to the crystalline and amorphous Ta,0s,
respectively (Table 2). Additionally, Fig. 3a shows the CO conversion

Table 2
Catalytic activity of the Ta;0s NTs supports and Pt/Ta;0s5 in CO oxidation.
Sample Tinitial" Tsos” Tio0% Rate?
(O (O (O
Ta,05 NTs (as-anodized) 200 313 438 0.09
Crystalline Ta,0s NTs 157 249 259 0.14
Pt/Ta,05 NTs 97 151 178 334

2 Temperature of initial conversion.
b Temperature of 50% of CO conversion.
¢ Temperature of 100% of CO conversion.

4 Reaction rate expressed in mmolco g~ ' s~

s
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Fig. 3. a) CO conversion as a function of temperature over Pt/Ta,05 NTs (black and red ar-
rows indicate the reaction temperature increasing and decreasing, respectively) and b)
Temporal stability of CO oxidation reaction versus time-on-stream over Pt/Ta,;Os NTs at
160 °C. (For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

curves for heating and cooling cycles using Pt NPs supported on crystal-
line Ta;05 NTs without any pretreatment of the catalyst.

As shown in Fig. 3a, the CO conversion increased smoothly from
room temperature to less than 175 °C; then, a sudden sharp jump to
the maximum CO conversion (100%) occurred at 178 °C and was main-
tained until 500 °C. In the cooling cycle, a strong counterclockwise
hysteresis in activity was observed, suggesting the activation of the cat-
alyst in the heating cycle. The specific rate of the reaction expressed by
mass of the Pt calculated at 10% of conversion is 60 mmol CO-s™ - gp;!
(at 162 °C). This value is at least 100 times higher than other Pt catalysts
reported in the literature [29,30].

One on the most important property of the catalyst is its resistance
to poisoning, coke deposition or particle size growth. The stability of
the Pt/Ta,05 NTs catalyst was tested at 160 °C for long time-on-stream
after the first catalytic cycle. As shown in Fig. 3b, high conversion of
CO to CO, (96%) was maintained for 16 h without any loss of activity.
This behavior confirms the very high stability of the Pt/Ta,05 compared
to other examples in the literature, such as the Pt/TiO, NTs catalyst
which deactivated just after the first catalytic run [12,29].

Overall, the Pt/Ta,05 catalyst studied here showed better stability
and lower reaction temperatures for CO oxidation than Pt catalysts sup-
ported on other semiconductor supports such as TiO, [31], CeO, [7], and
Nb,Os [32]. The catalyst reached 100% conversion of CO, and this maxi-
mum activity could be traversed from both heating and cooling cycles

without any loss of activity. This behavior excludes side reactions,
coke deposition, and product inhibition as primary causes of catalyst
deactivation.

4. Conclusions

In summary, crystalline Ta,0s NTs prepared by anodization and cal-
cination exhibited higher catalytic activity for CO oxidation than amor-
phous Ta,05 NTs sample. Furthermore, the deposition of ultra-small Pt
NPs prepared by a sputtering method improved the catalytic properties
and reduced the reaction temperature to less than 200 °C. Moreover,
this catalyst showed remarkable high stability as compared with other
highly active Pt materials [12]. This is a very important and highly desir-
able property from a practical point of view.
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