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ABSTRACT

Cobalt-zinc hydroxycarbonate precursor with nominal Co/Zn atomic ratio of 2 and 0.05-0.15 mol%
Zr0,-doped precursors have been synthesized from their metal nitrate and sodium carbonate by copre-
cipitation route. ZnCo, 04 spinel oxide was formed during the precipitation process as complemented by
FTIR. Decomposition of the Co/Zn precursor at 350 °C resulted in the formation of ZnCo, 04 as evidenced
by XRD technique. Zr**-doped samples stabilized the ZnCo,0,4 phase and suppressed the formation of
ZnO phase at 550 and 750 °C. The highest surface areas (Sggr) were attained for the samples doped with
0.15 mol% ZrO,. Activation energy of sintering derived from XRD and Sger data was directly proportional
to the dopant concentration. ESR results revealed that the addition of increased amounts of Zr** enhances
the formation of Co?* ions. The activity of the 350 and 750 °C calcined catalysts was tested for N,O direct
decomposition. The observed activities were related to the presence of Co**-Co>* ion pairs which were
enhanced by the addition of Zr** ions.

ESR
N, O decomposition

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nitrous oxide (N,O) contributes significantly to the destruction
of ozone in the stratosphere and is considered as a strong green-
house gas [1,2]. The atmospheric lifetime of nitrous oxide is about
120 years and its present concentration is 311 ppb, whereas its
Global worming potential is 310 times higher than that of CO,
[3]. Under the Kyoto Protocol of the United Nations Convention
on Climate Change, industrialized countries agreed to reduce their
collective green house gas emissions by about 5% from the level in
1990 [4]. Several catalysts have been tested for the catalytic decom-
position of nitrous oxide gas to its elements, i.e. N, and O, [5-14].
Recently, spinel-type oxides have been a subject of increasing
applied research [15-21]in addition to be used as efficient catalysts
[22-24]. The chemical formula of the spinel structure generally
is AB,O4 in which A ions are generally divalent cations occupy-
ing tetrahedral sites and B ions are trivalent cations in octahedral
sites [25]. Cobalt containing spinels, was shown to be superior to
other transition metal spinels towards the N,O decomposition in
presence or in absence of oxygen [11,25-29].
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The solid-state reaction of the parent metal oxides considered to
be the most general method for preparing oxide spinels. However,
for attaining complete reaction, a temperature of about 1000°C
(or higher) has to be maintained for several days [30]. The dis-
advantages of solid-state routes, such as inhomogeneity, lack of
stoichiometry control, and larger particle size are avoided when
the material is synthesized using a solution-based method. Copre-
cipitation of mixed metal salts with alkaline carbonates at low
super-saturation and constant pH provide a single phase mixed
metal carbonates and hydroxycarbonates which form high sur-
face area metal oxides by calcination [31]. Among the transition
metals (viz. Mn, Co, Cr, Fe and Ni)-doped ZrO, (cubic) catalysts,
cobalt-doped ZrO, showed the highest activity for the toluene com-
bustion [32]. Zirconium oxide promoted the selective reforming
of methanol reaction and slightly reduced the concentration of
CO when it is incorporated in CuO/ZnO/Al,03 system [33]. The
Cu0/Zn0/Zr0,/Al,03 catalysts were reported as good candidates
for the selective reforming of methanol, as determined by compar-
ison with the commercial catalyst G66B [33]. In the present work,
incorporating ZrO, as a dopant into the cobalt/zinc spinel oxides
prepared via thermal decomposition of co-precipitated hydroxy
carbonate salts will be investigated. To the author’s knowledge the
cobalt/zinc doped with ZrO, catalyst system has not yet used as a
catalyst in N,O decomposition. An intensive study of the structural
and catalytic N,O decomposition over ZrO,-doped cobalt/zinc-
mixed oxide catalysts will be carried out in this research.
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2. Experimental
2.1. Catalysts preparation

A series of un-doped and ZrO,-doped Zn-Co oxides were prepared by copre-
cipitation method using two solutions namely (A) and (B). Solution (A) contained
the desired amount of metal nitrates and solution (B) consisted of precipitating
agents (1 M Na,COs). The two solutions were added simultaneously, while the pH
was maintained at ca. 7 under vigorous stirring at 60 °C for 5 h. Finally all samples
were washed by re-deposition in distilled water under gentle stirring and filtration.
This washing/filtration step was repeated 5 times till the precipitate was free from
sodium ions as confirmed from ICP analyses. The precipitate then dried at 80 °C for
16 h and calcined in air at 350, 550 and 750 °C. The catalysts obtained were denoted
Zn,CoyZr,, where z refers to Zr mol%.

2.2. Techniques

X-ray powder diffraction studies were conducted to all the prepared solid sam-
ples by means of Bruker diffractometer (Bruker D8 advance target). The patterns
were run with Cu Ko with secondly monochromator (A =1.5405A) at 40kV and
40 mA. The crystallite size of ZnCo, 04 phase was calculated using Scherrer equation:

D= BL cosf (1)

Bijz
where D is the average crystallite size of the phase under investigation, B the Scher-
rer constant (0.89), A the wavelength of the X-ray beam used (1.54056 A), Bij2 the
full width at half maximum (FWHM) of diffraction peak and 6 is the diffraction
angle. The patterns obtained were matched with the standard data for the purpose
of phase identification. FTIR spectra were recorded in the range 400-4000cm~' on
PerkinElmer Spectrum 100 FTIR spectrometer. The infrared spectra were recorded
atroom temperature for the prepared products using KBr disk technique. The result-
ing FTIR spectral pattern was then analyzed and matched with known signatures
of identified materials in the FTIR library. The specific surface area of the pre-
pared samples were determined from nitrogen adsorption/desorption isotherms
measurements at —196 °C using a model NOVA 3200e automated gas sorption sys-
tem (Quantachrome, U.S.A.). Prior to measurement, each sample was degassed
for 6h at 150°C. The specific surface area, Sggr, was calculated by applying the
Brunauer-Emmett-Teller (BET) equation [34]. ESR spectra of different solids were
measured using (Brucker Elexsys 500) operated at X-band frequency. The follow-
ing parameters are generalized to all samples otherwise mentioned in the text.
Microwave frequency, 9.73 GHz; receiver gain, 20; sweep width, 6000; center at
3480; and microwave power 0.00202637 W.

2.3. Catalyst activity measurements

The catalytic reaction was carried out in a fixed-bed quartz flow reactor, contain-
ing 100 mg of the catalyst in all the experiments. The temperature in the reactor was
measured using a thermocouple adjacent to the catalyst bed. Prior to each exper-
iment the catalyst was treated in N, at 350 and 500°C, for 1h, for the catalysts
calcined at 350 and 750 °C, respectively. The temperature was measured by a K-type
thermocouple inserted in the catalyst bed and was controlled by a Cole-Parmer tem-
perature controller (model Digi-Sense 89000-00). N, O (500 ppm) was added with the
aid of thermal mass flow controllers (AALBORG, DFC2600) using N, as a balance gas,
the volume flow rate was 200 cm3/min (NTP). The exit concentrations were mon-
itored by means of a magnetic oxygen analyzer (ABB, AO2020-Magnos 106) and
non-dispersive infrared analyzer for the components N,O, NO (ABB, A02020-Uras
14). Preliminary experiments for the decomposition of nitrous oxide over all the
catalysts showed the absence of NO in the exit gas.

3. Results and discussion
3.1. Powder X-ray diffraction (PXRD)

X-ray diffraction patterns of calcined Zn;Co,Zrgg_g.15 System is
shown in Fig. 1. The diffraction patterns, of the calcined product at
350°C, are consistent with ZnCo,04 phase (Ref. pattern 81-2299,
JCPDS). The percentage abundance of ZnCo,0,4 phase was corre-
lated to the relative intensity of the diffraction patterns. Addition
0f 0.05 mol% ZrO, resulted in a slight increase in the intensity of the
ZnCo, 04 reflections. Moreover, the 0.15 mol% ZrO, doping resulted
in a pronounced increase in the relative intensity of all the diffrac-
tion pattern of ZnCo,04 phase. Un-doped samples calcined at 550
and 750°C showed the formation of impurities peaks of zincite
(Zn0O) [JCPDS 36-1451] together with the ZnCo,04 phase (Fig. 1).
The addition of smallest amount of ZrO, suppresses the zincite
phase patterns and enhances the formation of single spinel struc-
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Fig. 1. XRD patterns of Zn; Co; Zro0-0.15 calcined at different temperatures obtained
for the catalysts being calcined at 350 (a), 550 (b) and 750°C (c).

ture. The crystal structure of the investigated spinel was tetragonal
body centered with 141/acd point group (Table 1). From the results
of the XRD, the increase in the lattice parameters, a and c, for the
doped samples was found. Increasing Zr** doping from 0.05 to
0.15 mol% led to a change in lattice parameters for the investigated
samples calcined at different temperatures. However, the Zr** dop-
ing does not give rise to a distortion of the crystalline structure. The
change in the lattice parameters could be attributed to the larger
ion size of Zr4* (0.86 A) compared to that of Co3* (0.685 A).

The calculated crystallite size values, using Scherrer equation,
were increased with the increase of calcination temperature from
350 to 750°C for all the investigated solids. The computed val-
ues of the particle size of ZnCo,04 in un-doped and doped solids
preheated at 350-750°C enabled the calculation of the activation
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Table 1
XRD data obtained for ZnCo, 0,4 patterns of calcined samples at different temperatures.
Catalyst Phases Cryst. size (nm) Crystal system Lattice parameters Es (kJ/mol)
a c
ZnyCoyZrg0p 350°C ZnCo,04 8 Tetragonal body centered 141/acd 10 9.01 20.0
Zn,CoyZrp 00 550°C Zn0, ZnCoy04 16 Tetragonal body centered 141/acd 5.71 6.28
Zn,CoyZrg 0 750°C Zn0, ZnCo;04 38 Tetragonal body centered 141/acd 9.0 15.2
Zn;CoyZro 05 350°C ZnCo,04 11 Tetragonal body centered 141/acd 9.8 9.01 21.14
Zn,CoyZrg 05 550°C ZnCo,04 28 Tetragonal body centered 141/acd 6.1 17.3
Zn1CoyZrg0s5 750°C ZnCoy04 56 Tetragonal body centered 141/acd 8.1 6.1
Zn,CoyZr¢15 350°C ZnCoy04 10 Tetragonal body centered 141/acd 11.0 8.0 253
Zn;CoyZrg 15 550°C ZnCoy04 33 Tetragonal body centered 141/acd 11.8 49
Zn,CoyZrg15 750°C ZnCoy04 68 Tetragonal body centered 141/acd 13.0 8.0

energy of sintering (Es) of zinc cobaltite phase using Arrhenius
equation:

D = Aexp(~Es/RT) (2)

where D is the crystallite size of ZnCo, 04 preheated at temperature
T, A the frequency factor of Arrhenius equation and E; is the activa-
tion energy of sintering process of Zn-Co oxide spinel. By plotting
InD vs. 1/T a straight line is obtained whose slope and intercept
permitted the calculation of Es and InA. The Arrhenius plots in the
range of 350-750°C for un-doped and those doped with different
mol% of ZrO, are given in Fig. 2. The computed Es values were
20, 21.14 and 25.3 k] mol~! for un-doped and those doped with
0.05 and 0.15 mol% ZrO,, respectively. These results suggested that
ZrO, doping retarded the sintering due to grain growth or particle
adhesion of ZnCo, 04 crystallites.

3.2. FTIR spectra

The FTIR spectra of ZnCo-hydroxycarbonate precursor are given
in Fig. 3a. It is clear that five sharp absorption bands with maxima
at 500-590, 600-790,1250-1500, 1500-1750 cm~! and one broad
band 3300-3600 cm~!. Characteristic vibrational modes of the car-
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Fig. 2. Arrhenius plots of activation energy of sintering for different investigated
systems calculated from XRD data.

bonate group at 1402, 1488 and 1653 cm~! were in accordance with
literature data [35]. Broad intense band at v=3358cm™! due to
the OH™ stretching mode and water molecules were observed [36].
The intensity of such broad band decreases up on calcination of the
catalyst precursors at different calcination temperatures. The two
absorption bands with maxima at 678 and 578 cm~! were observed
in the IR spectra of perfect ZnCo, 0,4 spinel [37,38]. Accordingly, the
spinel-like structure is formed immediately after the precipitation
prior to calcination of the samples. The splitting and asymme-
try of the spinel absorption bands are attributed to the presence
of different cations located at the same crystallographic positions
[39]. Thus, the data obtained could be attributed to the presence
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Fig. 3. FTIR of Zn; CoyZrp-0.15 obtained for the precursors (a) and the 350°C calcined
catalysts (b).
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Table 2
BET-surface area and activation energy of sintering (Es) of different investigated
samples.

Catalyst Phases Sger (M2/g) E; (kJ/mol)
Zn;CoyZropo0 350°C ZnCo,04 55 13.40

Zl’l] COzzl'()_()o 550°C Zl’lC0204, Zn0 33

Zl’l]COzZl‘g,oo 750°C ch0204, Zn0O 20

Zn1CoyZrp 05 350°C ZnCo;,04 85 18.38
Zn1CoyZrg o5 550°C ZnCoy04 50

ZnCoyZrgo5 750°C ZnCoy04 20

Zn,1CoyZrp 15 350°C ZnCoy04 99 19.17
Zn1CoyZrg 15 550°C ZnCoy04 72

Zn1CoyZrp 15 750°C ZnCoy04 21

of both Co and Zn cations in octahedral as well as in tetrahedral
positions of the spinel structure. The intensities of ZnCo,04 spinel
bands increase as the ZrO, mol% increase. The addition of 0.15 ZrO,
resulted in a pronounced increase in the intensity of the spinel
bands. The increase in intensity of FTIR bands could clarify the role
of Zr** towards the stabilization of ZnCo, 04 phase detected in XRD
patterns.

FTIR spectra of the calcined catalyst precursors at 350°C are
given in Fig. 3b. It is obvious that, the intensities of the two spinel
bands increase with temperature increasing to 350°C. Moreover,
the carbonate and the OH™ bands were greatly diminished. The
intensity of ZnCo,04 bands was in accordance with the increase
in ZrO, content. These results complement the appearance of sin-
gle ZnCo,04 phase for the solids calcined at 350 °C as confirmed by
XRD results.

-2.0] Zn,Co2r, ,;

In(1/S, )
Ahb
it
/

591 E=19.17kJ/imol

1.0 T T T T T T
2.0 Zn,CoZr, ..

3.0 [}
-3.51
4.0 u

.0 E_=18.38 kJ/mol

In(1/S,..)
A
b

-1.0 T T T T T T T T T T T - - T -

In(1/S,,,,)
bbb
i

prigs E,=13.14 kJ/mol

— T T T — T
0.0009 0.0010 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016 0.0017

1T, K'

Fig. 4. Arrhenius plots of activation energy of sintering for different investigated
systems calculated from Sggr data.

3.3. N, adsorption

The specific surface areas (Sggr) of all the investigated solids
were measured by adsorption of N, at —196°C. The Sggr values
obtained are cited in Table 2. It is shown from these data that
the surface area of ZnCo,04 spinel is relatively large in comparing
with those prepared in literature using the coprecipitation method
[40]. The addition of small amount of ZrO, dopant resulted in a
pronounced increase in the Sger values except for the samples cal-
cined at 750°C. In addition to that the specific surface areas of all
the investigated samples were decreased monotonically with the
elevation of the calcination temperature from 350 to 750°C. The
activation energy of sintering (Es) was calculated from the relation
betweenIn(1/Sggr) vs. 1/Tusing Arrhenius equation [41]. The Arrhe-
nius plots are presented in Fig. 4 and the data obtained were cited
in Table 2. Es values were increased upon increasing the amount
of ZrO, content. This increase in the Es values indicates the retar-
dation of ZrO, to the collapse in the pore structure, i.e. hindering
the sintering process. The obtained values of Es, are in agreement
with the Es values obtained from XRD data. Es values show that the
sintering of the investigated samples took place via collapse of the
pore structure due to the grain growth mechanism [36].

3.4. ESR spectra
Fig. 5 displays the ESR spectra obtained for the different doped

and un-doped samples calcined at 350 and 750°C. It is clear from
this figure that the ESR spectra of un-doped samples showed very
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Fig. 5. ESR spectra of Zn;Co,Zrp0-0.15 System calcined at 350 (a) and 750°C (b).
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Fig. 6. N,O decomposition over Zn;Co,Zry catalysts being calcined at 350 (a) and
750°C (b).

low intensities of ESR signal regardless the calcination tempera-
ture. This suggests that the cobalt in the un-doped samples present
as Co3*, since Co?* is responsible for the appearance of ESR signals
[42].In other words, cobalt exists mainly in the B site of the ZnCo, 04
spinel. On the other hand, introducing Zr** as a dopant (0.05 and
0.15mol%) is accompanied by a remarkable increase in ESR sig-
nal intensity. This suggests that Zr** stabilizes certain species that
contains Co2*. Although the XRD diffractograms did not recognize
any other species rather than ZnCo,04 and ZnO, the presence of
Co?* could be attributed to the migration of cobalt in the spinel
structure replacing some of Zn%* to form CoCo,0,. The XRD peaks
of this phase are nearly the same for ZnCo,0,4 which explain that
XRD could not recognize the differences between these phases [31].
Moreover, a decrease in ESR signal was observed in all samples
upon increasing the calcination temperature from 350 to 750°C.
This decrease in signal intensities reflects a decrease in Co?* with
the temperature rise. However, the samples containing Zr** still
exhibit higher ESR signal.

3.5. N;0 decomposition

Fig. 6 shows the temperature dependence of N,O conversion
over the 350 and 750°C calcined catalysts. It is evident that N,O
decomposition increases with raising the temperature over all the

catalysts. The onset of the reaction starts at 175 °C for the 350°C
calcined catalysts and at 250°C for the 750°C calcined ones. This
indicates a higher activity of the lower temperature calcined cat-
alysts. In this respect, 47 and 18 conversion % at 350°C reactor
temperature over the Zn;Co,Zrg 5 calcined at 350 and 750°C,
respectively. Within the same series the activity increases with
increasing the Zr content in catalyst.

The suggested mechanism for N,O decomposition over cobalt
containing spinel oxides includes the following steps [29,43,44]:

NzO(g) + Co%t NzO(adS.)i- ..Co3t (3)
N2O(ads) - C0>* — Ny, + Ofags) - -CO** (4)
1
- 3 2
O(EIdS.) ...Co°t — 202@) + Co*t (5)

In this mechanism, the simultaneous coexistence of +2 and +3
oxidation states would ease the recovering process, thus enhancing
the N,O decomposition activity. From the combination of the data
presented in Figs. 5 and 6 two points could be raised: (i) the higher
activity of the zirconia containing catalysts could be related to the
stabilization role of zirconia to the Co2* ions, in other words to the
increased numbers of Co%*-Co3* redox couple, and (ii) the lower
activity of the 750°C calcined catalysts compared to the relevant
catalysts calcined at 350°C could be understood in terms of the
observed decrease in the Co2* ions as well as the decrease in the
obtained Sggr values (Table 2) accompanying the increase in the
calcination temperature.

4. Conclusions

Controlled co-precipitation considered as an effective route in
the formation of ZnCo,04 spinel immediately before calcination
at even low temperature. ZrO, doping enhances the stabilization
of ZnCo,04 spinel structure even at high calcination temperature
(750°C). ZrO, doping resists the sintering process as evidenced by
Es values and increases the Sggr of the doped samples calcined at
350 and 550°C. The concentration of Co%* species was enhanced
by addition of Zr** to the Co/Zn system calcined at 350 and 750°C
calcined catalysts. Such effect is reflected in a higher N,O decom-
position activity of the zirconia containing catalysts.
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