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Investigation on CO catalytic oxidation reaction
kinetics of faceted perovskite nanostructures
loaded with Pt
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Perovskite lead titanate nanostructures with speciﬁc {111}, {100} and {001} facets exposed, have been
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employed as supports to investigate the crystal facet eﬀect on the growth and CO catalytic activity of Pt
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nanoparticles. The size, distribution and surface chemical states of Pt on the perovskite supports have
been signiﬁcantly modiﬁed, leading to a tailored conversion temperature and catalytic kinetics towards
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CO catalytic oxidation.

Noble metals, such as Pt, Au, Pd and Rh can generate high
catalytic activity, oﬀering great opportunity and raising interest
in industrial catalysis and theoretical study, and so on.1–6
Bringing the catalyst to the nanoscale has been extensively
investigated in various systems from organic synthesis, CO
oxidation to water–gas reaction, etc.7–12 In particular, the shape
and size control of the noble metal catalysts have been proved to
signicantly aﬀect the catalytic performance.13,14 For example,
the activation energies for the electron–transfer reaction
between Fe(CN)63 and S2O32 has been determined to be
eﬀectively tailored by the shape of the Pt nanoparticles from
tetrahedral to cubic to spherical.15,16 Furthermore, the {100}
surface of the Pt nanocubes with a size below 10 nm is more
eﬃcient to enhance catalytic performance towards the formation of n-butylamine, compared to that of the Pt {111}.13 On the
other hand, noble metals grown on specic facets of the oxide
supports demonstrated a remarkable catalytic activity, which
should be attributed to the creativity of new reactive sites and
the interfacial eﬀect.1,17,18 CeO2 has been identied to be eﬀective in exerting strong shape/crystal plane eﬀect on Au by
stabilizing and activating the Au nanoparticles in water-gas
shi (WGS).19 It has been argued that the formation energy of
oxygen vacancies on the oxides surface is tightly associated with
the stability of Au, which is signicantly mediated by the
exposure of crystal planes. Therefore, it is reasonable to
consider that the specic exposed facets of the oxide supports
should not only play a key role in determining the stability of

a

College of Machinery and Automation, Zhejiang Sci-Tech University, Hangzhou
310018, P. R. China. E-mail: yinsm@zstu.edu.cn; 2685341028@qq.com;
jinlinyang@126.com

b

State Key Lab of Silicon Materials, School of Materials Science and Engineering,
Zhejiang University, Hangzhou 310027, P. R. China. E-mail: renzh@zju.edu.cn

c
Advanced Membranes and Porous Materials Center, King Abdullah University of
Science and Technology, Thuwal 23955-6900, Kingdom of Saudi Arabia

6102 | RSC Adv., 2017, 7, 6102–6107

the deposited noble metal catalysts, but also in changing their
growth behaviour and shape. Compared with simple metal and
metal oxides, perovskite oxides have been widely used as catalysts or oxide support for noble metal catalysts for fuel cells and
oxygen evolution reaction because of their exible structure
tolerance and fruitful surface conguration. In the case of Pt–
SrTiO3 (STO) system, the facets ratio of {111} and {100} of Pt
growth on {100} of the nanocubiod STO was determined by the
interfacial energy, and a perfect epitaxial growth of Pt on STO
{100} was achieved by lowering signicantly reducing the
interfacial energy via lattice agreement.20 Such Pt–STO was
employed as the catalyst in propane oxidation by lowering the
reaction temperature of 50  C compared to that of Pt–Al2O3.21
These fascinating advances encourage us to further intensively
explore the facet eﬀect of perovskite nanostructures on the
growth of noble metals and their corresponding catalytic
activity.
Perovskite ferroelectric oxides, such as PbTiO3 (PT), Pb(Zr,Ti)
O3(PZT), have found many technical applications ranging from
nonvolatile ferroelectric random access memories to electromechanical device. With the minimization of these devices,
PT-based nanostructures have been the focus of many eﬀorts for
understanding ferroelectricity and piezoelectricity at nanoscale.22 In the past few years, our group developed various
(hydrothermal, sol–gel and solid state reaction, etc.) approaches
to preparing single-crystal PT-related nanostructures from
nanodots, nanobers to nanoplates.23–27 In addition to
conventional piezoelectric, ferroelectric and phase transition
investigation, gas catalytic, photocatalytic and bendingsensitive photoluminescence properties of the nanostructures
have been investigated on the basis of their surface or interface
character.23,28 In particular, Pt-loaded PT nanostructures show
obvious catalytic activity towards CO oxidation, even at near
room temperature, oﬀering the opportunity to develop novel
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perovskite-based catalysis.24 However, the eﬀect of crystal
planes of PT nanostructures on their catalytic kinetics and
mechanism of CO oxidation has not been comprehensively
pursued and revealed. Here we choose single-crystal nanober,
nanoplate and truncated octahedron of perovskite PT as
supports to discuss the deposition of Pt nanoparticles on them,
where {100}, {001} and {111} are dominantly exposed. These
exposed planes have been revealed to eﬀectively modify the size,
morphology and distribution of Pt nanoparticles, giving rise to
a change in reaction kinetics and activated energy of the Pt/PT
systems. It is supposed that the exposed facets and Pt nanoparticles on them should together make essential contributions
to the catalytic performance of the systems.

Experimental details
Preparation
Firstly, three perovskite nanostructures have been synthesized
via hydrothermal/hydrothermal-heat treatment process in
advance.24,25,27 The as-obtained PT products were dispersed in
deionized water in an ultrasonic bath for 30 min, respectively.
The Pt/PT nanostructures were obtained by adding 0.05 M
chloroplatinic acid (H2PtCl6$6H2O, aq) into the above
mentioned solutions containing PT nanostructures. Aer stirring for 15 min (at room temperature), 0.2 M sodium borohydride (NaBH4, reductant) solution was added dropwise into the
mixture and then kept in the ultrasonic bath for 30 min. The
nal powder was derived aer centrifuging, washing and then
drying at 60  C for 24 h.

RSC Advances

dry He ow. Aer cooling to room temperature, a dry 0.7 vol%
CO/He and 33.3 vol% O2/He mixture feed stock was introduced
into the reactor with diﬀerent ratios and space velocities (SVs),
in order to achieve diﬀerent CO/O2 ratios and control the
conversion of CO below 15%. All reactants and products were
analyzed by on-line gas chromatography.

Results and discussion
Three supports of tetragonal perovskite PT nanostructures were
characterized and shown in Fig. 1. PT nanocrystals were
prepared by a combination of hydrothermal and solid state
reaction, further determined to adopt a truncated octahedral
shape with a size distribution of 20–50 nm and {111}/{001}
exposed (Fig. 1a and 2a).24 Clear lattice images in Fig. 1b
conrmed that the nanocrystals are single-crystal in character.
Single-crystal PT nanobers (Fig. 1c and d) were obtained by
a hydrothermal and subsequent solid state phase transformation, and these nanobers were characterized to grow
along [001] with {100} facets exposed.25,29 Single-crystal PT
nanoplates were formed hydrothermally via a self-template
growth process, where {001} are dominantly exposed.27
These three nanostructures were respectively employed as
oxide supports for Pt deposition and growth by using H2PtCl6$6H2O aqueous solution. Pt nanocrystals with a size of 3–5 nm

Characterization
Scanning electron microscope (SEM) images were collected by
the Hitachi eld emission SEM MODEL S-4800. X-ray photoelectron spectra (XPS) were acquired using a Thermo ESCALAB
250 photoelectron spectrometer with Al Ka source. Thermogravimetry (TG) and diﬀerential scanning calorimetry (DSC)
analysis was carried out on a TGA-SDT (Q600 V8.2 Build 100)
instrument. Nitrogen gas adsorption experiments are carried
out on an Accelerated Surface Area and Porosimetry system
(ASAP-2020, Micromeritics, Norcross, GA). High-resolution (S)
TEM imaging was carried out on a FEI Titan ST microscope at
300 kV. A HAADF detector with inner detection angle of 76 mrad
was used for the STEM imaging. HRTEM simulation was carried
out using multi-slice method with the qSTEM code. Electron
tomography tilt series from 65 to 65 at 1 interval were
acquired in STEM mode, which were aligned and then reconstructed to a 3D volume using the SIRT function in the FEI
Inspect 3D soware. The 3D volume rendering, density
segmentation and isosurface construction were achieved by the
Avizo soware.
Catalytic oxidation of CO
The ambient pressure CO oxidation and kinetic study was performed in a continuous ow xed-bed quartz tubular reactor (6
mm i.d.). 50 mg (40–60 mesh) 1% Pt/PT catalyst was packed in
the reactor and pre-treated at 120  C for 2 h under a 50 ml min1
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TEM and corresponding HRTEM images of perovskite PT
nanostructures (a and b) nanocrystals, (c and d) -ﬁbers and (e and f)
-plates. (PT: JCPDF ﬁle no. 06-0452).

Fig. 1
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TEM and HRTEM images of Pt/PT nanostructures: (a and d)
nanocrystals; (b and e) nanoﬁbers and (c and f) nanoplates.

Fig. 2

were successfully obtained and well dispersed on the surface of
PT truncated octahedron, and these nanocrystals were further
identied to selectively deposit on the {111} of truncated octahedron24 (Fig. 2a and d). When prepared by a simple solution
reduction reaction without any surface surfactant, the {111}
facets of Pt NPs tended to be exposed more easily than other
facets such as {100} considering the surface free energy of {111}
and {100} (gPt{111}/gPt{100} of 0.84).20 Compared with that of
PT truncated octahedron, there are two major types for Pt
particles to exist on the surface of perovskite single-crystal
nanobers, as observed in TEM. One type is that Pt particles
grew into an aggregation (clusters) with the size of 5–20 nm, and
the other type is that Pt particles with a size of 5–10 nm exist on
the surface of perovskite single-crystal nanober, as shown in
Fig. 2b and e. In stark contrast, severe aggregation of Pt nanoparticles can be clearly observed in the case of PT nanoplates,
where the size of aggregation is up to 100 nm (Fig. 2c), consisting of large-scale single-crystal Pt nanoparticles of 3–5 nm
(Fig. 2f). This implies that the deposition and growth of welldispersed Pt nanoparticles are not favored energetically. As
predicted in the case of Pd–LiNbO3, the polar surface has
a signicant eﬀect on the deposit and growth of Pd atoms to
generate either a clustered conguration or a dispersed
pattern.30 For the case of PT nanoplates, the two exposed {001}
facets correspond to polar surface, possibly leading to the
aggregated conguration of Pt nanoparticles or additional
deposited sites (side facets of the nanoplates, such as {100}). On
the basis of above results, the ability to obtain well-dispersed Pt
nanoparticles decreased from {111}, {100} to {001} of tetragonal
perovskite PT.
As discussed above, the size and conguration of Pt particles
changed signicantly on the {111}, {001} and {100} of PT
supports. It is therefore interesting to explore their eﬀect on the
catalytic performance and kinetics of the systems towards CO
oxidation. For all the three blank PT samples without Pt loading
in Fig. 3a, the nanoplates were determined to show the highest
catalytic activity for CO oxidation, which begins at about 110  C
and achieve 85% conversion rate at 250  C. In contrast, the
PT nanobers demonstrate almost no activity from room

6104 | RSC Adv., 2017, 7, 6102–6107

Fig. 3 (a) Catalytic activity of the Pt-loaded (solid) and Pt-free (open)
PT nanocrystals (green), nanoﬁbers (red) and nanoplates (blue); (b)
reaction orders for CO (solid) and O2 (open) of the three corresponding Pt/PT nanostructures and (c) Arrhenius plots and linear
regression analysis.

temperature to 250  C. For the PT nanocrystals, the oxidation
reaction occurred at 150  C and a 60% rate was observed at
250  C. It is clear that the reaction activity decreased from the
nanoplates, nanocrystals to nanobers. When loaded with Pt
nanoparticles, the situation changed completely. Nearly 100%
conversion of CO can be achieved for Pt/PT nanocrystals at
a temperature as low as 50  C, which is signicantly lower than
the temperature of 100% CO conversion (100  C) for the Pt/PT
nanoplates, as shown in Fig. 3a. The behaviour of the nanobers
is almost the same as that of the nanoplates. Furthermore,
kinetic orders of CO and O2 over the Pt/PT nanoplates, nanocrystals and nanobers are calculated to be 0.25 and 0.48,
0.30 and 0.44, 0.5 and 0.45, respectively (Fig. 3b). These are
apparently diﬀerent from those monofunctional pathways that
either have a [O2]1 dependence over Pt,31 Pd32 and Rh33 catalysts
through a *–CO* assisted O2 activation as the rate-determining
step (rds)33,34 or a [CO]1 dependence for CO desorptioncontrolled kinetics.35 The reaction orders are close to observed
ones in a Pt/Rh/CeO2/Al2O3 system involving a bifunctional
pathway, which refers to a reaction between CO adsorbed on the
metal and oxygen from support at the metal/support interface.36
It gives a less negative reaction order for CO and a positive 0.5
order for O2, where the O2 molecular adsorption on the PT
support is the rds. A regression analysis of Arrhenius plot
(Fig. 3c) determines that the apparent activation energies (Ea) of
CO oxidation are 22.9(0.4) kcal mol1 for Pt/PT nanocrystals,
26.5(1.6) kcal mol1 for Pt/PT nanoplates, and 32.7(2.9) kcal
mol1 for Pt/PT nanobers, which are close to the Ea values for
either oxygen molecular adsorption on TiO2 (ref. 37) or CO
desorption on Pt metal,38 and also close to a typical Ea for Pt NPs
supported on other oxide support, like Al2O3 (26.7–41
kcal mol1) (Table 1).36,39
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The morphology, size and surface chemical state of Pt NPs for
the three Pt/PT nanostructures
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Table 1

Pt/PT nanocrystals
Pt/PT nanobers
Pt/PT nanoplates

Morphology of Pt

Size of Pt/nm

Pt4f/eV

Well-distribution
Slight aggregation
Severe aggregation

3–5
5–20
100

70.84
70.53
70.49

To understand the results in Fig. 3, the surface structures of
Pt-free and Pt-loaded PT samples were analyzed by BET and XPS
measurement. Before Pt deposition, the surface area of the
blank supports was detected to be 14.50 m2 g1, 1.14 m2 g1 and
0.7 m2 g1 and respectively for the PT nanocrystals, nanoplates
and nanobers. Among them, the nanocrystals have the largest
BET surface area. Obviously, the conversion temperature of the
blank PT support is not dominated only by their surface areas.
Furthermore, the surface states of the blank supports were
characterized by XPS analysis, as shown in Fig. 4b. For the three
supports, the binding energies of Ti2p are 458.07 eV, 457.13 eV
and 457.12 eV, indicative of the typical Ti4+ and Ti3+ ions,
respectively.40 These results may allow us to expect that
accompanied with Ti3+, more defects, such as oxygen vacancies,
exist on the {001} and {100} of PT supports, possibly leading to
a higher catalytic activity of the support by improving O2
molecular adsorption than that of {111} of PT.
According to Fig. 3a, however, the Pt-free nanobers
demonstrated almost no activity of CO oxidation up to 250  C.
For blank support, CO and O2 molecular adsorption as well as
subsequent oxidation reaction simultaneously occurred on the
surface of the supports. Moreover, the O2 molecular adsorption

Fig. 4 (a) Pt4f and (b) Ti2p XPS spectra of Pt/PT nanostructures.
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as rds also occurred on the surface of supports in the cases of Ptloaded PT. Although the three systems presented very similar
reaction order of O2 in Fig. 3b, the reaction rate at the same
condition is diﬀerent, and the lowest one is the case of the
blank nanobers. The adsorption of the molecular oxygen as
electron-withdrawing adsorbate with large dipole (2.92D) has
been proposed to be greatly enhanced in a negative electric eld
mainly through the rst-order stark eﬀect.41 Such eld can be
generated by a negatively poled ferroelectric surface here in
{001} and {111} PT, whereas the polar surfaces are not involved
in the {100} PT. Particularly, ferroelectric polarization are
completely projected on the {001} of tetragonal PT (vertical to
polar c axis), and partial ferroelectric polarization projection
occurs on {111}. This suggests that the absorption process of O2
should be more favourable on the {001} and {111} than that of
{100} for PT, which may explain the change in CO oxidation
performance of the blank supports in Fig. 3a.
Furthermore, for the Pt/PT systems, the CO catalytic oxidation reaction centers transferred from the surface of the blank
support to Pt NPs on them in Fig. 3a, where CO adsorbed on the
surface of Pt and O2 adsorbed on PT. Due to a very low lattice
mismatch, Pt nanocrystals with a size of 3–5 nm were successfully obtained and well dispersed on {111} of PT nanocrystals.
Larger area by reduced size and more reactive sites on {111} of
Pt are crucial for lowering the energy barrier and reaction
temperature of CO oxidation. In addition, from the nanoplates
and nanobers to the nanocrystal support, the increased
binding energies of Pt4f7/2 and Pt4f5/2, respectively, imply
increased oxidization states of Pt on the PT nanocrystals. A
broad shoulder of Pt4f5/2 for the Pt/PT nanocrystals (as in
Fig. 4a) is indicative of Pt2+ (ref. 42) that could originate from
the surface oxidation states of the Pt NPs due to the decreased
size, as shown in Fig. 2. Such surface oxidation state of Pt also
can make important contribution to improving the reaction
activity of CO oxidation for the Pt/PT nanocrystals, where this
eﬀect is not obvious for the other two systems. Therefore, it is
not diﬃcult to understand that the Pt/PT nanocrystal system
have the lowest 100% CO conversion temperature and the
lowest Ea of (22.9(0.4) kcal mol1) among three supports.
Derived from Fig. 3b, the reaction of CO oxidation for Pt/PT
present here experienced a bifunctional pathway, where a reaction occurred between CO adsorbed on Pt and oxygen from
support, and the O2 molecular adsorption controlled kinetics
here (reaction determining step, rds, O2 þ */O*2 ).43 For the
three systems, the saturated absorption of CO on Pt NPs can be
achieved easily since a less negative reaction order for CO was
obtained from Fig. 3b. It is thus supposed that the reaction
kinetics and Ea here are mainly determined by O2 molecular
adsorption process and subsequent oxidation reaction, especially for Pt/PT nanoplate and nanober systems.
In summary, the single-crystal nanober, nanoplate and
truncated octahedron nanoparticle of perovskite PT, where
{100}, {001} and {111} are dominantly exposed, have been
employed as the supports to investigate the crystal plane eﬀect
on the size, distribution, surface chemical states of deposited Pt
nanoparticles and thus their catalytic dynamics towards CO
oxidation. It was revealed that the ability to obtain well-
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dispersed Pt nanoparticles decreased from {111}, {100} to {001}
of tetragonal perovskite PT. The Ea of CO oxidation are
22.9(0.4) kcal mol1 for Pt/PT nanocrystals, 26.5(1.6) kcal
mol1 for Pt/PT nanoplates, and 32.7(2.9) kcal mol1 for Pt/PT
nanobers, and a bifunctional pathway, where a reaction
occurred between CO adsorbed on Pt and oxygen from support,
and the O2 molecular adsorption controlled kinetics, has been
revealed. The ndings described here suggest that the exposed
facets of perovskite nanostructures play a key role in the growth
and surface state of Pt NPs, oﬀering the opportunity to tailor
and optimize catalytic performance.
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