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Cataluminescence and Catalysis Properties of CO Oxidation Over Porous
Network of ZrO, Nanorods Synthesized by a Bio-Template
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Abstract: A network of ZrO, nanorods was prepared using the porous biomembranes as templates. The sample was char-
acterized by SEM, XRD and nitrogen physicosorption isotherm. ZrO, nanoparticles were also prepared with a hydrother-
mal method in order to compare with this network. The results showed that after being calcined at 800 °C for 24 h, a vol-
ume contraction of ZrO, nanorod network occurred accompanied by a phase transformation of tetragonal-to-monoclinic
Z1r0,; but the nanoparticles have grown into the large microparticles; as a result, ZrO, nanorod network has a higher BET
area (45.7 m g") and a larger pore volume (0.20 cm’ g"). The calcined network showed a higher cataluminescence (CL)
intensity of CO oxidation and a higher combustion activity than the calcined particles, which was ascribed its high surface

area, as well as advanced pores.
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1. INTRODUCTION

Over the past few years, much research attention has
been paid to one-dimensional nanostructures because of their
potential applications in nanodevices [1-3]. It is well known
that the properties of materials can be influenced by their
physico-chemical structures. Recently, Y. Li et al. have re-
ported that CeO, nanorods had a higher activity for CO oxi-
dation than the nanoparticles. They attributed to the well-
defined reactive crystal plane for single crystalline CeO,
nanorods [4]. It is important for us to research the correlation
of the morphology with properties of materials.

ZrO, has high strength and fracture toughness, high melt-
ing point, low thermal conductivity, and high corrosion resis-
tance. ZrO, has been widely applied as structural materials,
thermal barriers coatings, gas-sensing, solid oxide fuel cell,
and catalysts [5-8]. A variety of anisotropic ZrO, particles,
e.g., nanotubes [9-15], nanorods [16-18] and nano-laminae
[19], have been researched. Compared with artificial tem-
plates, biological templates are generally cheap, abundant,
and environmentally benign [20]. A variety of natural bio-
logical templates have been employed for the synthesis of
porous materials with sophisticated structural ordering
analogous to natural materials [21-28]. For example, Qi et al.
reported a novel synthesis of ZrO, tubes [10] and hierarchi-
cally ordered macroporous networks composed of TiO, tubes
[28] by using eggshell membranes as templates; but they did
not show the physicochemistry properties of the tube net-
work. Recently, biological templates, such as cuttlebone and
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inorganic skeletal plates of echinoids [22,23], organized bac-
terial threads [24, 25] and wood cellular structures [26,27],
have been used to synthesize hierarchically ordered macro-
porous materials with bimodal porosity, which combined the
good mass transport and accessibility of macroporous net-
works with the high surface area, selectivity, and catalytic
properties of the smaller pore systems.

Following the report by Qi et al. [10], ZrO, nanorod net-
work was prepared using eggshell membranes as templates
while using inexpensive inorganic salts as precursors. The
samples were characterized by SEM, XRD and N, adsorp-
tion isotherm. In this work, we have not obtained a network
of ZrO, tubes. Moreover, CL properties of CO oxidation and
combustion activity of CH4 over the network of ZrO, nano-
rods were mainly researched. By comparison, ZrO, nanopar-
ticles were also prepared by a hydrothermal method.

2. EXPERIMENTAL

Chemicals: The zirconium precursor, ZrOCl, was pur-
chased from Beijing Chemical Company, Ltd.. Commercial
eggs were locally available. All the other chemicals used in
the experiments were of analytical grade and the water used
was deionized.

2.1. Separation and Purification of Eggshell Membranes

Eggshell membranes can be easily isolated from egg-
shells. Briefly, eggs were gently broken and emptied the
liquid egg white; then the manually separated membranes
was washed with 1 M HCI solution to dissolve CaCO; and
washed with water and ethanol thoroughly. Finally, the
membrane was used as the template for the ZrO, coating.
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2.2. Synthesis of ZrO, Nanorod Network and Nanoparti-
cles

The synthesis of ZrO, nanorod network follows the re-
port by Qi et al. [10]. In a typical synthesis, the egg mem-
brane was impregnated with a 0.25 M solution of ZrOCl, for
24 h under stirring. The template was taken out and then
washed with deionized water to remove the remainder solu-
tion on template surface. The obtained sample was impreg-
nated with a 2 M NHj; - H,O solution for 2 h and aged for 24
h. The sample was washed with water until no Cl ions can be
detected by AgNO; solution. The resulting hybrid sample
was dried at 80 °C overnight, calcined at 250 °C for 2 h and
then 550 °C for 5 h in air to remove the bio-template.

To prepare ZrO, nanoparticles, 20 mL of 0.5 M ZrOCl,
solution was mixed with 20 mL of 5 M NaOH solution under
vigorous stirring for 0.5 h. The resulting colloid was put into
a 50-mL autoclave and then subjected to hydrothermal
treatment at 240 °C for 24 h. After cooling to room tempera-
ture, the solids were separated by centrifuging, washed with
deionized water, and dried at 110 °C for 24 h.

To investigate the thermal stabilities of the samples, the
samples were calcined at 800 °C for 24 h under flowing air.

2.3. Characterization

The morphology of the sample was characterized using
SEM (KYKY 2800). The acceleration voltage was 15 keV
and the current was 1.2 nA. The samples were characterized
by X-ray diffraction (XRD) on a Rigaku D/MAX-RB X-ray
powder diffractometer, using graphite monochromatized Cu
Ka radiation (A= 0.154 nm), operating at 40 kV and 50 mA.
The patterns were scanned from 20° to 70° (20) at a scanning
rate of 5° min™". A nitrogen adsorption isotherm was per-
formed at 77 K on a Micromeritics ASAP2010 gas adsorp-
tion analyzer. Each sample was degassed at 200 °C for 5 h
before the measurement. Surface area and pore size distribu-
tion were calculated by BET (Brunauer-Emmett-Teller) and
BJH (Barrett-Joyner-Halenda) methods, respectively.

2.4. Evaluation of Cataluminescence (CL) Properties

The CL detection system employed in this work consists
of a CL-based sensor, a digital programmable temperature
controller of the sensor, and an optical detector. The CL sen-
sor was made by sintering a 0.2-mm-thick layer of the cata-
lyst powder on a cylindrical ceramic heater of 5 mm in di-
ameter. Typically, 0.02 g of catalyst powders were mixed
with absolute ethanol to prepare a paste, and the paste was
coated on the surface of heating tube; and then, it was heated
in an oven at 110 °C for 24 h and heated at 450 °C for 1 h in
air to form a coating. In order to accurately control the thick-
ness, the same procedure was repeated. The obtained sensor
was set in a quartz tube of 12-mm (i.d.) through which an air
at atmospheric pressure flows at a constant rate. A certain
volume pulse of CO was injected into the flow of air. The
sample gas can flow only through the outside of the ceramic
heater because this ceramic tube is solid. The temperature of
the sensor was controlled using a digital temperature control-
ler. The CL intensity was measured by a photon-counting
method with a BPCL ultraweak chemiluminescence analyzer
(BPCL, Chemiluminescence analyzer made by Biophysics
Institute of the Chinese Academy of Science). In the experi-
ment, the optical filter with the wavelength of 610 nm was
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used. Before each test, the catalyst sensor was heated at 450
°C for 1 h in air to avoid the influence of previous absor-
bates.

2.5. Catalytic Combustion of CH,

The reaction of methane combustion was carried out in a
conventional flow system under atmospheric pressure. 1 mL
of the sample (20-40 mesh) was loaded in a quartz reactor
(i.d. = 10 mm), packed with quartz beads on both top and
bottom of the catalyst bed. A mixture gas of methane (3
vol.%) and air (97 vol.%) was fed into the catalyst bed at a
gas hourly space velocity (GHSV) of 60, 000 h™'. The inlet
and outlet gas compositions were analyzed by on-line gas
chromatography, using a packed column of carbon molecular
sieves and a thermal conductivity detector (TCD). Before
each run, the catalyst was flushed with air at 450 °C for 0.5 h
in order to remove the previous absorbates from the catalyst
surface, and then cooled to 30 °C. Here, the temperatures at
10% and 90% conversions of methane were designated as
Ty and Ty, respectively, which were used to compare activi-
ties of the catalysts.

3. RESULTS AND DISCUSSION

3.1. Morphologies, Crystal Phases and Textures of ZrQO,
Samples

Fig. (1) presents the SEM images of ZrO, samples after
being calcined at 550 °C for 5 h. A network of nanorods
(NRs) was prepared using this template route, and the nano-
rods have the diameters in the range of 50-100 nm (Fig. 1a);
but the uniform nanoparticles (NPs) of 50 nm in size were
obtained by a hydrothermal method (Fig. 1b). It is clear that
the preparation method has a significant influence on the
morphology of the sample. It is well known that there are a
plenty of functional groups (e.g., amines, amides and car-
boxylic) on the surface of this bio-membranes template [29].
Zirconium ions can be easily chelated or adsorbed onto the
template surface, as a result, the coating of zirconium on the
template can form. While the hybrid gel formed, the mor-
phology of biomemberane could also be transcribed into the
zirconium hydroxide gel. The framework of the hybrid gel is
further solidified after being aged and dried. After calcina-
tion, the formed zirconia sample maintained the network
morphology. The morphology templating process is similar
to our previous study [30], in which we have prepared alu-
mina nanorods use CMC (carboxymethyl cellulose) network.
In this work, we have not obtained ZrO, nanotubes as re-
ported by Qi et al. [10]. The reason is still not clear. In our
experiment, ZrOCl, was used as the Zr source, while Qi et
al. use zirconium propoxide was used as the Zr source [10].
We could believe that this may be related to the different Zr
source.

We further investigated the stabilities of these samples.
As shown in Fig. (1¢, d), after being calcined at 800 °C for
24 h in air, a significant constriction can be observed for the
nanorod network; but the nanoparticles have grown and/or
agglomerated into the large particles of 0.5-1 pum in sizes.
Fig. (2) shows XRD patterns of ZrO, samples. The as-
synthesized sample by template mainly consists of tetragonal
phase containing small amounts of monocilinic phase; after
calcinations at 800 °C, the amount of monocilinic phase in-
creased while that of tetragonal phase decreased; as a result,



88 The Open Catalysis Journal, 2009, Volume 2

Teng et al.

Fig. (1). SEM images of ZrO, samples: (a,b) NRs and NPs, Nanorod network and nanoparticles before calcination at 800 °C, respectively;
(c,d) NRs800 and NPs800, Nanorod network and nanoparticles after calcination at 800 °C for 24 h, respectively.

the calcined sample consisted of more monocilinic and less
tetragonal phases. By the hydrothermal method, the as-
synthesized sample mainly consisted of monocilinic phase
with a little tetragonal phase. After calcinations at 800 °C,
the diffraction peaks of the sample become sharper, indicat-
ing that the crystals grew significantly. Calculated by Scher-
rer equation, the crystal size of the nanorod sample increased
from 15.8 to 20.5 nm; but the crystal size of the nanoparticle
sample significantly increased from 10.6 to 50.8 nm. The
above results indicate that a tetragonal-monoclinic phase
transformation occurred, leading to the formation of more
monoclinic phase. It has been documented that the hydrated
Zr(OH); can crystallize into a tetragonal ZrO, upon anneal-
ing and the tetragonal-to-monoclinic phase transformation
can occur at various temperatures for nanocrystals [31].

Intensity / a.u.

2Theta / degree

Fig. (2). XRD patterns of ZrO, samples: (a) NRs, (b) NPs, (¢)
NRs800, (d) NPs800.

The textural properties of the samples were investigated
further, as shown in Table 1 and Flg (3) The rodlike sample
had the larger pore volume (0.42 cm’ g " than that (0.24 cm?®
g " of the nanoparticles. Notably, after being calcined at 800
°C for 24 h, although a significant volume contraction (about
52 vol.%) of ZrO, nanorod network occurred, the sample had

a large pore volume (0.20 cm’ g "; but the nanoparticle sam-
ple had much small pore volume (0.05 cm” g ), indicating
that the nanoparticle sample had sintered more severely than
the rodlike network during the calcination process. As a re-
sult, the BET area of nanoparticle sample decreased about
54.8% (55.8 vs 252 m’ g "; however, the surface area ofthe
rodlike network decreased about 19.5% (56.7 vs 45.7 m’ g h.
Horiuchi ef al. [32] have reported that the nucleation of a-
Al,O5 phase first occurred at the contacting neck between the
particles. Because the contacting points between the particles
are considered as the nucleating and/or sintering sites, the
decrease of contacting chance would suppress the phase
transformation and the particle sintering. Their differences in
thermal stability may be related to their different morpholo-
gies. It is well known that the nanoparticles are easy to pack
closely, which means that there are more contacting points
among the particles. Therefore, the ZrO, nanoparticles would
sinter severely under the high-temperature calcination. As
shown in Fig. (3), however, the rodlike network with a loose
structure has advanced pores, meaning that the contacting
points among the particles are less; and the sintering of the
network of nanorods was refrained to some extent. As a re-
sult, the rodlike network has a higher surface area. It could
be assumed that the advanced pore structure of network has
relieved the sintering of particles effectively. Barry et al.
[33] have also prepared fibrous Al,O; with a high surface
area at high temperature and they ascribed the high ability
resistant to sintering to the crude structure and fiberform
morphology for Al,O; particles. According to the research of
Ishikawa et al. [34], the sintering of Al,O; proceeds simulta-
neously with phase transition from a metastable phase to a-
Al Oj; at the contacting neck between the particles.

3.2. Cataluminescence (CL) Properties of CO Oxidation
Over ZrO, Samples

Typically, we determined CL intensities of CO oxidation
over ZrO, nanorod network at different test temperature (7).
Observed from Flg (4), the CL intensities increased from
1.5x10° to 1.5x10* a.u. while the temperature increased from
200 to 400 °C. It is clear that the test temperature has a sig-
nificant influence on CL intensity. This is because CO con-
version increased with the temperature. More CO molecules



Cataluminescence and Catalysis Properties of CO Oxidation Over Porous Network

The Open Catalysis Journal, 2009, Volume 2 89

Table 1. Surface Areas, Particle Sizes and Crystal Sizes of ZrO, Samples
Sample PISA (m? g?) €y, (em’® g™ ' d, (nm) Dy
' NRs 56.7 0.42 322 15.8
[ NRs800 45.7 0.20 25.8 20.5
I NPs 55.8 0.24 11.5 10.6
[ NPs800 25.2 0.05 38.5 50.8

“'NRs and NRs800, Nanorod network before and after calcination at 800 °C, respectively; NPs and NPs800, Nanorod network before and after calcination at 800 °C, respectively; B

Surface area calculated by the BET method, ! Pore volume calculated by the BJH method, ' Average pore size, ! Crystal size calculated by Scherrer equation.

were oxidized into CO, molecules at high temperatures. It is
important for CL determination to maintain a constant test
temperature. Fig. (5) gives the typical CL spectra of CO over
ZrO, samples at 400 °C. Our experiments showed that while
heating the catalysts in the absence of CO or heating the
flowing mixed gases of CO and air, no emission of ther-
moluminescence can be observed. This confirms that the
luminescence signal results from the catalytic oxidation
process of CO by the catalyst. It could be observed that CL
intensity at maximum (1.52x10* a.u.) of NPs is higher than
that (1.15x10* a.u.) of NRs. Note that the thermal stability of
a catalyst is an important factor for the practice applications.
Nevertheless, CL intensity at maximum (0.75 x10* a.u.) of
NRs800 was higher than that (0.61x10* a.u.) of NPs800.
This result may be closely related to their BET areas.
Moreover, the porous networks with a higher BET area may
favor for the good mass transport and the accessibility of
gases to solid, compared with the less porous sample with a
low BET area. As far as CL mechanism is concerned,
Breysse et al. [35] have proposed a mechanism of recombi-
nation radiation of ThO,. CO is chemisorbed on the surface
of ThO,, and combined with surface hole to form the CO™
ion; O, is dissociated and chemisorbed on the surface of
ThO,, and combined with surface electron to form the O
ion. This means that the chemisorbed CO forms a positively
ionized surface state (the surface donor state) accompanied
by the localized hole; and the chemisorbed oxygen forms a
negatively ionized surface-state (the surface acceptor state)
accompanied by the localized electron. Surface reaction be-
tween these chemisorbed species will occur to form the
chemisorbed CO,. The chemisorbed CO, accompanied by
the localized electron and hole is a chemisorption surface
state bound to an exciton. CO, desorption is accompanied by
annihilation of the exciton, and luminescence is emitted by
recombination of electron and hole. In consideration of their
similar crystalline phases, the large BET area of NPs800
could favor for the adsorption of the reacting gases and form
more positive CO" surface negative O", which needs further
research. As a result, the network of nanorods had a higher
CL intensity, and could potentially be used to fabricate a
stable CL sensor.

3.3. Combustion Activities of CH; Over ZrO, Samples

It is well known that at low conversions of methane,
methane combustion is controlled mainly by surface cata-
lytic reaction; at high conversions of methane, the oxidation
of methane usually includes surface reaction and free radical
reaction. The free radical reactions are more dependent on
mass transfer than on the surface reaction. Before the gases

0.50
1 I \NRs
i [ NRs800
0.40 ] I \Ps
] INPs800
0.35 4
o ] 52%
E 0304
= |
£ 025-
3 |
S 0204
o |
£ o154 79%
0.10 4
0.05 4
0.00 . | 1
Nanorods Nanoparticles

Fig. (3). Pore volumes of ZrO, samples before and after calcination
at 800 °C for 24 h.

2.0x10"
. 1.5x10'4
3
@«
%‘ ——400°C
S 1.0x10'H 350 °C
E
5.0x10°
0.0 et
t T v T ¥ T . T ) T
0 100 200 300 400 500

t/ second

Fig. (4). CL intensities of CO oxidation over ZrO, nanorod network
at different temperatures: F (Flowing rate of gas) = 200 mL min’;
C (CO concentration) = 200 pg mL™, Ager (Wave length of filter) =
610 nm.

reacted on the solid surface, the gas diffusion from bulk
gases to the solid surface occurred. Because the surface reac-
tion is relative fast, the influence of mass transfer from gas
bulk to the catalyst surface on the reaction should not be
ignored. The balance between surface reaction and mass
transfer may be affected by various factors, e.g., intrinsic
activity, particle sizes, porosity and concentration of catalyst,
etc. The large surface area of the catalyst is beneficial to
mass transfer, since the large surface area and advanced
pores may favor for the adsorption of more gases on the
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solid surface. The combustion activities of methane over
ZrO, samples were also investigated, as shown in Fig. (6).
The ignition temperature (T;¢) and the complete combustion
temperature (Top) of ZrO, NRs800 are ca. 680 and 770°C,
which are 20 and 40 °C lower than those (T = 700 °C, Tgy =
810 °C) of NPs800, respectively. The nanorod network
shows a higher activity than the latter. It seems that the tex-
ture properties have a more significant influence on the cata-
lyst activity at high conversions of methane than at low con-
versions. The activity difference could be ascribed to their
different surface area and advanced pores, which favor for
the process of mass-transformation.

2.0x10*
" —NRs j
" \ NPs \
1.5x10* 4 | —— NRs800

Intensity / a.u.

o 10 200 300 400 500
t/ second
Fig. (5). The CL spectra of CO over (a) ZrO, nanorod network and
(b) ZrO, nanoparticles: T = 400 °C, F = 200 mL min, A= 610
nm, C =200 pg mL™".
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Fig. (6). Light-off curves of methane combustion over ZrO, nano-

rod network and particles: GHSV (gas hourly space velocity) = 60,
000 h™, 3 vol.% CH,, 97 vol.% air.

4. CONCLUSION

A bio-membrane has been successfully applied for syn-
thesis of ZrO, with a porous network of ZrO, nanorods.
These results suggest that the biomimetic synthesis can be
used to synthesize advanced-structure materials, which is not
easy to obtain by the synthetic templates. After calcination at
800 °C, the porous network of ZrO, nanorod network has a
high surface area and advanced pores; and they had a high

Teng et al.

CL intensity of CO oxidation and a high combustion activity
of CH4
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