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Influence of the hydrothermal treatment temperature
on the properties of mixed ceria-zirconia catalysts for
ethyl acetate combustion
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A series of nanosized ceria-zirconia mixed oxides were prepared by an original procedure using template-assisted
precipitation with urea followed by a hydrothermal treatment step at two different temperatures (373 K or 413 K). The
obtained materials were characterized by X-ray diffraction, nitrogen physisorption, UV-Vis spectroscopy, tempera-
ture-programmed reduction (TPR) with hydrogen and their potential application in catalysis was tested in ethyl acetate
combustion as a model reaction for total oxidation of volatile organic compounds. The results show that mixed oxide
samples prepared using higher hydrothermal treatment temperature (413 K instead of 373 K) possess more finely
dispersed tetragonal zirconia particles and significantly higher total pore volumes due to larger pore sizes, while the
BET specific surface areas remains similar. Thus improved textural characteristics favor the higher catalytic activity
found with the mixed ceria-zirconia samples synthesized by using the higher hydrothermal treatment temperature.
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INTRODUCTION

CeO,-ZrO, system is one of the most studied
mixed metal oxides in the literature due to its im-
portant role in the operation of automotive catalysts
[1]. To enhance the redox properties and thermal
stability of pure ceria, zirconia is often mixed as an
additive to form solid solutions [2]. Density func-
tional theory calculations [3] indicate that the dif-
ference in size of Ce** (0.97 A) and Zr** (0.87 A) is
quite important for the local structure of the metal
cations. Upon the addition of Zr to CeO,, the Zr
positive charge in Ce,  Zr O, is smaller than in pure
Zr0,, whereas the Ce positive charge is larger than
in pure CeO,. The perturbations in the Zr-O coordi-
nation sphere could be responsible for the high oxy-
gen mobility seen in ceria-zirconia mixed oxides
[2, 4]. The excellent ability for oxygen absorption/
release observed with ceria-zirconia system leads to
the enhancement in its redox-properties in compari-
son with pure ceria [4]. The enhanced reducibility
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is likely to lead to improved catalytic properties for
some reactions such as volatile organic compounds
(VOC) combustion [5]. Besides, in case of nano-
sized mixed metal oxides the surface to volume ra-
tio is high and large part of the surface is exposed,
however, the presence of additional porosity com-
ing from either the use of template or some specific
treatment during synthesis could have a beneficial
effect on the overall catalytic activity of the ob-
tained materials. In the present study, a series of na-
nosized ceria-zirconia mixed oxides were prepared
by co-precipitation of the corresponding metal
chlorides with urea in the presence of hexadecyl-
trimethyl ammonium bromide (CTAB), followed
by a hydrothermal treatment step at either 373 K or
413 K. The obtained materials were characterized
by X-ray diffraction, nitrogen physisorption, UV-
Vis spectroscopy, temperature-programmed reduc-
tion (TPR) with hydrogen and their potential appli-
cation in catalysis was tested in ethyl acetate com-
bustion as a model reaction for total oxidation of
volatile organic compounds. Special attention was
paid on the influence of the hydrothermal treatment
temperature on the textural and structural character-
istics of the obtained nanocomposites and their role
in the studied reaction.
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EXPERIMENTAL

Materials

Mono- and bi-component oxide samples were
synthesized using precipitation technique in the
presence of template followed by hydrothermal
treatment (HT) step according to a procedure re-
ported by Tsoncheva et al. [6]. Here, the differ-
ence is the use of urea as a precipitator instead of
ammonia and the further overnight stirring of the
solution under reflux conditions at 358 K before
the following hydrothermal treatment, which has
been conducted at either 373 K or 413 K for 24 h.
The obtained mixed oxide samples are designated
as follows: xCeyZr(T) where x/y represents Ce/Zr
mol ratio, and T is the temperature of hydrothermal
treatment.

Methods of characterization

Powder X-ray diffraction patterns were collect-
ed on Bruker D8 Advance diffractometer equipped
with Cu Ka radiation and LynxEye detector. The
size of the crystalline domains in the samples was
determined using Topas 4.2 software with Rietveld
quantification refinement. Nitrogen sorption meas-
urements were recorded on a Quantachrome NOVA
1200e instrument at 77 K. Before the physisorption
measurements the samples were outgassed at 423 K
overnight under vacuum. The UV—Vis spectra were
recorded on a Jasco V-650 UV-Vis spectropho-
tometer equipped with a diffuse reflectance unit.
The TPR/TG (temperature-programmed reduction/

thermogravimetric) analyses were performed in a
Setaram TG92 instrument. Typically, 40 mg of the
sample were placed in a microbalance crucible and
heated in a flow of 50 vol.% H, in Ar (100 cm’min™")
up to 773 K at 5 Kmin' and a final hold-up of 1 h.
The catalytic experiments were performed in a flow
type reactor (0.030 g of catalyst) with a mixture
of ethyl acetate (1.21 mol%) in air with WHSV —
335 h'!. Gas chromatographic (GC) analyses were
carried out on HP5850 apparatus using carbon-
based calibration. The samples were pretreated in Ar
at 423 K for 1 h and then the temperature was raised
with a rate of 2 K/min in the range of 423-773 K.

RESULTS AND DISCUSSION

Some physicochemical characteristics of the
obtained samples are presented in Table 1. X-ray
diffraction technique (XRD) has been used for de-
termination of samples crystallinity and phase com-
position (Fig. 1). Pure ceria as well as all cerium-
containing samples show well defined reflections
of cubic fluorite-like structure with particle sizes of
about 12—-14 nm (Fig. 1, Table 1). At the same time,
monoclinic (P21/c) phase is registered for both pure
zirconia samples. Here, an additional and more fine-
ly dispersed tetragonal (P42/nmc) phase is found
only for ZrO,(373) sample (Fig. 1, Table 1). In case
of mixed oxide samples, the intensity of ceria reflec-
tions decreases with zirconium content increase as
expected, however, it should be noted that the unit
cell parameter is smaller for the samples obtained
at higher HT temperature (413 K), which could be
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Fig. 1. XRD patterns of the studied samples.
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Table 1. Texture and structure characteristics of the obtained materials

Sger Vo S icror micros Unit cell, Particles

Sample m*/g cé/l g m?/g cc/g Space Group A size, nm

Ce0,(373) 70.7 0.10 64.0 0.026 Fm—-3m 5.4150(7) 12

Ce0,(413) 92.3 0.06 76.9 0.03 Fm-3m 5.4154(7) 13

7Ce3Zr(373) 67.4 0.09 26.5 0.01 Fm—-3m 5.4128(8) 14

P4,/nmc a=3.616(1) 12
c=5.204(4)

7Ce3Zr(413) 66.4 0.12 37.2 0.016 Fm—-3m 5.4115(7) 14

P4,/nm a=3.618(2) 10
c=5.193(2)

5Ce5Zr(373) 67.3 0.10 17.6 0.008 Fm—-3m 5.4118(8) 13

P4,/nm a=3.618(1)
¢=5.208(3) 13
5Ce5Zr(413) 67.0 0.18 21.4 0.01 Fm—-3m 5.409(1) 13
P4,/nm a=3.614(1) 9

c=5.194(3)

3Ce7Zr(373) 66.8 0.12 1.3 0.0004 Fm-3m 5.4138(9) 13

P4,/nm a=3.617(1) 13
c=5.206(2)

3Ce7Zr(413) 65.5 0.28 13.1 0.006 Fm—3m 5.408(1) 12

P4,/nm a=3.612(2) 9
c=5.187(3)

Zr0,(373) 59.3 0.11 - - P2 /c a=5.150(5) 13
b=5.202(5)
c=5.303(4)
B=98.85(2)

P4,/nmc a=3.592(5) 10
c=5.19(1)

Zr0,(413) 45.2 0.30 - - P2 /c a=5.146(2) 15
b=5.202(2)
c=5.306(2)
B=99.12(1)

Sger — BET specific surface area; V,
method; V

total

— micropore volume.by t-plot method.

micro

an indication of partial Zr introduction within ceria
fluorite structure (Table 1). Simultaneously, a sec-
ond tetragonal zirconia phase is found with all bi-
nary materials, however, its unit cell parameters are
slightly expanded and we could assign this to partial
cerium incorporation within the obtained tetragonal
zirconia phase (Table 1). Besides, the latter phase
is considerably more finely dispersed within the bi-
nary materials obtained at 413 K of HT treatment
and for these samples traces of monoclinic zirconia
phase is registered as well (Fig. 1, Table 1).
Nitrogen physisorption measurements were con-
ducted in order to elucidate the textural properties of
the studied samples (Fig. 2, Table 1). All isotherms
are of type IV that is characteristic of mesoporous
materials with the exception of pure ceria samples,
which isotherms are combination of types I and IV
with predominant presence of micropores (Fig. 2,
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— total pore volume; S

— micropore specific surface area defined by t-plot

micro

Table 1). On the other hand, both pure zirconia
samples are exclusively mesoporous, but differ sig-
nificantly in the shape of their isotherms according
to the temperature of the conducted hydrothermal
treatment — Zr0O,(373) is characterized with steep
adsorption step within 0.6—0.8 relative pressure and
HI type hysteresis due to narrow pore size distribu-
tion (Fig. 2, Table 1), while ZrO,(413) shows steep
adsorption step just above 0.9 relative pressure due
to the presence of non-uniform pores with very
broad pore size distribution that gives almost three
times higher total pore volume (Fig. 2, Table 1).
In case of mixed oxide samples the shapes of their
isotherms are similar to the ones obtained for pure
zirconia samples with mesoporosity increasing with
Zr content. All HT treated at 413 K binary materi-
als are characterized with presence of non-uniform
pores and broad pore size distributions, higher de-



R. N. Ivanova et al.: Influence of the hydrothermal treatment temperature on the properties of mixed ceria-zirconia catalysts.

90 ads des 180 ads des Zgik
e Ce02(373) —— T —— Zr02(373) —{— H
80 —A— CeO,(413) 160 —A— 70,(413) —— /|
] [
o 70 g o o Mo [
(&) | _= 010 Q 120/ o ||
o 60 3 (&] gos AJ
‘Dn 50 § 005 W | 05 100j ’-§)o_4 // ‘\
e © 000 ) ‘ / € 804 L2 {
] | i =] 1 3 :
= 40 0 10 20 30 40 50 S 60 00 a| DHCH
@] pore diameter, nm s, S B 05 10 1520 25 30 35 40 45 50 ay J A/
> 30 JUN (VAW AV AAS /-‘ 40 pore diameter, nm jul .l,lwl‘
207 grcmmEO-nOnEw 20 en APy TIR EXe
- A
10 T T T T T 0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
relative pressure, p/ relative pressure, p/
0 0
180 ads des A 120 ads des 90 ads des
—m— Ce3Zr7(373) {1+ 4 B Ce57Zr5(373) —M— Ce7Zr3(373) {1+
—A— Ce3Zr7(413) —/— /"‘ 110 4 +Ce52r5(413) i\f { —A— Ce7Zr3(413) —/—
160 - “‘/ | /( 80 - 0.20
Al 100 /t‘ 2.
140 I o /4 018"
\‘A A,’ o0
o) | ) o 5
120+ [ 1 S 005
E 4’&“ E 80 /A g 601
| . T 0.
£ 100 | [ ~704° o 51015202530354045507—1 ~ 000
o [ P g . | QE) 50 0 5 10 15 20 2530 35 40 45 50 |
I [ ore diameter, nm i
g 0 5101520253035404550 ‘w' " E 60 P o pore dlameter’ nm
S 801 pore diameter, nm J =] °
‘ O 50 >
> >
60 . A 40
40 | 30
L/ 20 -
20
T T T T T 10 T T T T 10 . : . . .
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 10

relative pressure, p/pO

relative pressure, p/p

relative pressure, p/p,

Fig. 2. Nitrogen physisorption isotherms with pore size distributions as insets for the studied pure and mixed metal oxide samples

gree of microporosity and much higher total pore
volumes in comparison to their analogues that were
HT treated at 373 K, however, the BET specific sur-
face areas remain similar (Fig. 2, Table 1).

Uv-Vis analysis has been used to obtain infor-
mation for the coordination and oxidative state of
metal ions. The spectra of both ZrO, samples show
two absorption bands at around 215 and 230 nm, as
expected for monoclinic ZrO,. The second weaker
broad absorption feature in their spectra positioned
at around 320 nm arises from either transitions in-
volving extrinsic states such as surface trap states
and/or defect states and could be attributed to the
presence of nanosized zirconia particles [7] or re-
veals the co-existence of tetragonal ZrO,. For pure
ceria samples, the strong absorption with maximum
at about 250 nm is ascribed to O>—Ce** charge

transfer (CT) transitions, while that one at about 350—

360 nm — to O*—Ce* CT transitions (Fig. 3). The

overall absorption of the binary CeO,-ZrO, materi-

als is significantly higher as compared to the pure

ZrO, samples and resembles that of the pure ceria

samples. An absorption increase in the 450—550 nm

region is also detected, especially for the samples
with high Zr content (Fig. 3) that could be ascribed
to the appearance of additional defects due to partial
incorporation of Ce within zirconia lattice and vice
versa.

Additional information for the redox properties
of the studied materials was obtained by tempera-
ture-programmed reduction (TPR) with hydrogen
(Fig. 4). No significant TG effect is observed for
both ZrO, samples, indicating weak reduction trans-
formations due to dehydroxylation. The reduction
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Fig. 3. UV-Vis spectra of the studied samples.

degree of Ce(IV)-Ce(Ill) transition for CeO,(373)
is about 14%, while that for CeO,(413) is only
about 9%. The reduction of all mixed oxide sam-
ples obtained at higher temperature of HT treatment
(413 K) show facilitated reduction compared to
Ce0,(413) as well as increased reducibility (up to
25%) according to cerium content (Fig. 4). At the
same time, more difficult start of reduction is ob-
served for all samples prepared 373 K of HT treat-
ment, but the reduction degree is significantly in-
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creased, especially with Zr content above 30 mol%
(Fig. 4).

The catalytic properties of the samples were
studied in temperature-programmed regime within
423-773 K range (Fig. 5). Pure zirconia samples
show catalytic activity just above 625-650 K with
relatively low selectivity to CO, due to their strong
acidic function and relatively low redox ability. At
the same time, pure ceria samples are significantly
more active and selective due to their superior re-

610 770
Temperature, K

Fig. 4. TG (left) and DTG (right) data for the samples prepared at 373 K (solid lines) and 413 K (dash lines) temperature of hydro-

thermal treatment.
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Fig. 5. Temperature dependency of ethyl acetate total oxidation for the studied samples.

dox properties (Fig. 5). The registered highest con-
version ability of CeO,(413) we could assign to its
much higher specific surface area compared to the
other samples. All mixed oxide samples start to
convert ethyl acetate at about 550 K with steeply in-
creasing activity together with very high selectivity
to CO, (Fig. 5). Here, the considerably higher total
pore volumes and much broader pore size distribu-
tions of the HT treated at 413 K binary materials to-
gether with their improved redox properties at lower
temperatures according to TPR data (Fig. 4) seems
to favor their better catalytic performance.

CONCLUSION

Novel synthetic approach was applied for the
synthesis of nanosized ceria-zirconia materials with
micro-mesoporous structure as potential catalysts
for VOCs elimination. The use of higher tempera-
ture of HT treatment (413 K instead of 373 K) dur-
ing synthesis results in the development of larger
and non-uniform pores which provides the higher
total pore volume in the binary materials. The in-
creased tendency for the substitution of Ce in zirco-
nia and vice versa under the higher temperature of
hydrothermal treatment facilitates the oxygen mo-
bility in the solid. The improved textural and redox

properties for the binary materials obtained under
the higher temperature of hydrothermal treatment
(413 K) ensures higher catalytic activity in total
oxidation of ethyl acetate.
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BJIMAHUE HA TEMIIEPATYPATA HA XUJIPOTEPMAJIHA OBPABOTKA
BbPXY CBOMCTBATA HA CMECEHU Ce0,-ZrO, KATAJIU3ATOPU
3A U3I'APAHE HA ETUJIALIETAT

P. H. UBanosa!, M. JI. lumutpos', /1. I'. Koauesa?, T. C. [{onuena'

I Huemumym no opeanuuna xumust ¢ Lenmvp no pumoxumus, BAH, 1113 Coghus, Boreapus
3 Unemumym no oowa u neopeanuuna xumust, BAH, 1113 Cogus, Bvreapust

IToctbruna okromBpu, 2016 r.; npuera nexemspu, 2016 .
(Pestome)

bsixa nonyueHu o opuruHaIHa Mpolenypa B IPUChCTBUE HA TeMIUIEHT cepust HaHopasmepHu CeO,-ZrO, cmece-
HU OKCHJIM, YpE€3 M3I0JI3BAHETO HA ypea KaTo yTauTel U Mocie/[Balia XuaporepMaina 00paboTka npH JABe pa3IndHu
temnepatypu (373 K nnu 413 K). [NomydennTte marepuanu 0sxa XxapaKTepU3MpPaHU C TIOMOIITA HA MIPAaxoBa PeHTre-
HoBa Judpaxuus, pusuuHa ancopoums Ha a3or, UV-Vis CreKTpocKonusi, TeMIepaTypHO-IporpaMiupana peyKIius
(TIIP) ¢ Bomopo[, a TAXHOTO MOTEHIMAIHO MPHJIOKEHHE B KaTanu3a Oelne U3CiIe/JBaHO B U3rapsiHe Ha eTHJIAleTar,
KaTo MO/JIEJIHA peaKIys 3a eIMMUHUPaHE Ha JIETIMBHU OPTaHUYHU CheINHEHNA. Pe3ynTaTtuTe mokasaxa, 4e CMECEHUTE
00pasiy MoJIy4eHH MpH U3IOJI3BaHE Ha I10-BUCOKA TEMIIepaTypa Ha XHJpoTepMaliHa 00paboTKa ChIIbpKaT Mo-(pHUHU
ZrO, 4yacTUIM ¥ 3HAYUTEIHO HO-TojsiM 001y 00eM Ha MOpUTe, IbIKAIl c€ HAa HAJIMYUETO Ha MO-TOJIEMH IOPH, JI0-
KaTo crienu(uyYHaTa MOBbPXHOCT ITOYTH He ce mpoMeHs. [loo0peHnTe Mo To3u HaYMH TEKCTYPHH XapaKTEePUCTUKU
OyarornpusTCTBAT MO-BHCOKATA KAaTAINTHYHA aKTMBHOCT HAa CMECCHUTE 00pasily, MOJIYUYEHH MPHU HM3I0J3BAHETO Ha
Mo-BHCOKATa TEMIIEpaTypa Ha XuApoTepMaiHaTa oopadoTka.
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