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Abstract. Here we report on the effectof the support and
preparation method onthe activity andstability of Ir-based
catalysts under CO oxidation. Alunina-ceria-zirconia (ACZ:
60Wt%AL03 - 40Wt%CeyZr«O2,X=0.25,0.5,0.75) mixed
oxide supports with high oxygen storage capacity (OSC)
were synthesized via two differentmethods, hydrothermal
(ACZ-H) and co-precipitation (ACZ-P), and used as
supports of Ir nanoparticles, so as, besides the Ce/Zr
compositionto also deal with the effectof thepreparation
method on catalytic performance. ACZ supports and
counterpart Ir/ACZ catalysts were thoroughly characterized
using various techniques, while catalytic measurements
were conducted under excess O, conditions (1.0% CO,
5.0% Oz, balance Heat 1 bar) in the temperature range of
100-400°C. Both pre-reduced and pre-oxidized catalysts
were evaluated, while their sintering behavior after
experiencing several sequential oxidative thermal aging
stepswasalso studied. The resultsdemonstrated superior
textural characteristics (BET surface area and porevolume)
of Ir/ACZ-H catalystsaswellasstrongerinteraction of Ir
nanoparticles and support particles than that of 1r/ACZ-P,
resulting to better CO oxidation efficiency and stability. All
catalysts demonstrated stable CO activity after thermal
aging, reflecting beneficial influence of ACZ supporton the
sintering resistance characteristics of Ir nanoparticles.
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1. Introduction

COis a toxic gasthataffectsthequality of human health
andisincluded amongthemajorair pollutants (Kim et al.,
2020). The main sources of CO emissions are automobiles,
power plants, and the petrochemical industry (Chen et al.,
2006). Catalytic CO oxidationis an extremely widespread
reactionto convert COto CO:forreducingairpollution. In
addition, CO oxidation is an important reaction in the
process of Hz production via hydrocarbons reforming, since
the selective removal of COfromreformate (CO+H) by
means of the so-called preferential oxidation (PROX) of
COis an attractive, efficientand cost-effective process (Liu
etal., 2012).

A suitable catalyst for CO oxidation must present high
activity at low temperatures and remain stable at high
temperatures. Thereaction hasbeenformany yearsone of
the most extensively studied catalytic reactions. Interest
continuesto be high (Zhangetal.2020), and in recent years
COoxidation has beenextensively investigatedin various
alternative catalytic systems, including: (i)noble metals,
suchasAu (Liuetal.,2017),Pt(Yentekakisetal., 1988),
Pd (Wangetal.,2017), (ii) non-noble metals, such as Cu
(Zou et al., 2018), Ni (Wang et al., 2019) and (iii) metal-
free materials (Esrafilietal.,2019). Amongthese catalytic
systems, noble metals provide high activity even at low
temperatures, and for this reason, despite their limited
availability and high cost, theyare widely used (Kim etal.,
2020). Although, Iris significantly cheaper thanother noble
metalsalso offering high efficiency onthe abatementof CO
and various air pollutants (NOx, N.O and hydrocarbons)
that typically coexist with COin effluent gases, its use on
pollutants'abatementprocesses stillremains limited as a
result of its high propensity to agglomerate at elevated
temperatures and oxidative environments (Yentekakisetal,
2018). However, it was recentlydemonstrated that metal
nanoparticles dispersed on supports with highoxygen ion
lability and oxygen storage capacity (OSC),such as ceria-
and/or zirconia-containing mixed oxides, are endowed with
remarkable resistance to thermal sinteringunder oxidative
conditions (Yentekakisetal.,2016and 2018; Goulaet al.,
2019). On the other hand, CeO; iswidely used asa typical
stabilizer and promoter of the Al.Os; washcoat in last
generation three-way automotive catalysts due to its
excellent properties including increased thermal stability of
Al,Os, enhanced dispersion ofthe metal on the support and
especially high oxygen storage/release capacity (OSC),
while ZrO, insertion in CeO. further improves the
aforementioned desirable properties (Di Monteetal.,2004;
Papavasiliou etal.,2009; Lietal.,2020).

In the presentstudythe effectofthe support nature and
preparation method onthe CO abatmentcatalytic activity
and stability of nanostructured 1.0 wt% Ir-based catalysts is
investigated in detail. More specifically, the effect of
60wt% AlOs - 40wWt% CexZri«O25 (ACZ) mixed oxide
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support with varying Ce/Zr composition (x=0.25,0.5 and
0.75) on both activity and stability of Ir nanoparticles
supported on it, is investigated at the temperature range
100-400°Candexcess O, conditions typically usedin lean -
burn, dieseland fossil fuel stationary combustion processes.
The ACZ mixed oxide support was prepared following (i) a
co-precipitationand (ii) a hydrothermal method in order
this study to deal with the effect ofthe preparationmethod
on catalysts’ performance, as well. Substantial influences of
both support compositionand preparation method on the

COoxidation catalytic performance were recorded.
2. Experimental
2.1. Catalysts preparation

2.1.1 Supports preparation:

ACZ mixed oxide supports were synthesized by a co-
precipitationmethodanda hydrothermal method hereafter
denoted as ACZ-P and ACZ-H, respectively. Similar
precursor salts, namely AI(NOs)s-9H20 (98%, Fluka),
Ce(NO3)3-6H20 (99%, Sigma-Aldrich) and
ZrO(NOs)2-xH20 (99%, Sigma Aldrich),were usedin both
cases with the approprtiate weight in order to obtain the
desired composition of 60 wt% AlOz and 40wt% CeO.-
ZrO, with Ce/Zr molar ratios of 0.25/0.75, 0.5/0.5 and
0.75/0.25 in the final mixed oxide product. More
specifically: The ACZ-P supportswere prepared by the co -
precipitation method described in detail alsewere
(Papavasileiou etal., 2009). In brief, specifiedamounts of
the 0.5 M aqueous solutions made by the aforementioned
aluminium, ceriumandzircinium nitratesaltswere mixed
and a precipitating agent (NHs, 25 v/v%) was added at
room temperature untilthe pH was stabilized at ~9 under
continuous stirring for 3h. The resulting precipitate was
filtered, dried at 110°C, andcalcined at 800 °C for 2 h in
air. The ACZ-H supports were prepared via a facile
hydrothermal method, according to Li et al., 2020.
Predetermined amountsof Al, Ce and Zr nitrate precursors
were first dissolved in a specified amount of de-ionized
water. Afterward, the mixed solution was precipitated using
a buffersolution of NH3-H20 (3 mol/L) and (NH3),C O3 (3
mol/L)under continuous stirringata pH value of 9. The
precipitated mixed salt hydroxide, along with its
supernatant liquid, was thentransferred ina Teflon-lined
stainless steel autoclave and hydrothermally treated at
100°C for 20 h. The precipitate was then obtained via
centrifugationand further washed 2 times with de-ionized
water. Then itwas dried at110°C overnight and calcined at
800°Cfor2hinair.

2.1.2 Ir catalysts preparation

Iridium was introduced onthe ACZ-P and ACZ-H supports
via the wet impregnation as follows. In aaqueous solution
of 2mglr/mL, obtained by disolving IrCls-xH>0 (99.9%,
Abcr)in de-ionized water, theappropriate amount of the
ACZ support was impregtated so asto achieve an Irloading
of 1 wt% in the final catalyst. The resulted slurry was
slowly evaporatedat 75°C for5h using a rotary evaporator
and then dried at 110° C, overnight. The dried sample was
then directly reduced at 400 °C for3 h under25% H, flow

(balanced with He) for the effective removal of residual
chlorine originated for the decomposition of the cloride
precursor, but also to avoid formation of large IrOx
aggregates, asdemonstrated elsewere (Yentekakis et al.,
2016). Usingthe above methods six catalysts were prepared
aslisted in Table 1.

Table 1. Textural and morphological characteristics of
supportsand catalysts studied.

Catalyst Celzr Seer (MP/Qear) Ir dispersion
Support  Catalyst (%)
IfACZ-H1* 0.25/0.75 154 216 66
IrfACZ-H2* 0.5/0.5 172 184 66
Ir-ACZ-H3* 0.75/0.25 149 157 70
I-ACZ-P1° 0.25/0.75 113 134 70
I-ACZ-P2° 0.5/0.5 102 100 81
I-ACZ-P3° 0.75/0.25 115 125 70

Catalyst supports synthesized by hydrothermal (%) or co-precipitation (°) method.
(°): calculated from XRD data via Scherrer equation.

2.2.Materials characterization

The textural characteristics of prepared ACZ supports and
counterpart Ir/ACZ catalysts were determined by the N
physicaladsorption-desorption isotherms obtained at -196
°C, using a Nova 2200e Quantochrome instrument. BET
surfaceareas (Sger) were obtainedaccording to Brunauer-
Emmett-Teller (BET) method, total pore volume was
calculated based on nitrogen volumeat the highest relative
pressure andtheaverage pore size diameter was determined
by the Barrett-Joyner-Halenda (BJH) model.

X-ray powder diffraction (XRD) analysiswas performed on
a BrukerAXS D8 Advancediffractometerat 35 kV and 35
mA with Cu Ka radiation and LynxEye detector with Ni-
filter. The measurements were carried out in the 20 angle
range of 470 degrees with a scanningspeedof 0.5 degrees
perminute. The average particle size of differentphaseswas
calculated with the Scherrer equation, based on their most
intense diffraction peaks. The quantification of the phases in
the samples was performed with the Rietveld method using
BrukerAXS Topas software (COD, Crystallography Open
Database).

Hydrogen temperature programmed reduction (H2-TPR)
measurements were performed by a Quantachrome/
ChemBetPulsar TPR/TPD chemisorptionanalyzer equiped
with an Omnistar/Pfeiffer Vacuum mass spectrometer. The
totalamounts of consumed hydrogen were usedto calculate
the total oxygen storage capacity (OSC) values of the ACZ
supportsand counterpart Ir/ACZ catalysts.

Mean Irparticle sizesandthus Ir dispersionwas determined
by isothermal hydrogen chemisorption (H2-Chem)
measurements acquired onthe same apparatus used in H -
TPR experiments. Samples preparationbefore aquisition of
the H-TPR and Hz-chem. mesurements can be found
elsewhere (Goula etal., 2019).

2.3. Catalytic activity and thermal stability

Catalytic activity and thermal stability of the catalysts were
studied using a 3 mm internal diameter tubular quartz,
fixed-bedreactor, loaded with 30 mgof catalyst. A feed
compositionof 1% CO, 5% O, balancedwith He at 1 bar
was used with a total flow rate of 160 cm*min, i.e. a
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weight-basis gas hourly space velocity (WGHSV) equat to
320,000 mL-geac™ht. The excess oxygen reaction
conditions was chosen to mimit several practical emissions
control catalytic processes, e.g. lean-burn and diesel
exchaust gases, or stationary fossil fuel combustion
effluents. Catalytic activity measurementswere obtained
on both pre-reduced and pre-oxidized catalysts. Pre-
reduction was performed with a 25% H./He flow (50
cm®/min)at 350°C for 0.5 h, and pre-oxidation witha 20%
O2/He flow (50 cm?*/min)at 400°Cfor 1h. Reactants and
products analysis was performed using on line GC
chromatography (Shimadzu 14 B, TC detector, He carrier
gas). Catalystactivity asa function of temperature (light-off
profiles) was conducted in the temperature range of 100-
400°C. In order to study the voulnerability of Ir
nanoparticles dispersed on ACZ suppotrs, sequencial
oxidative sintering experiments were perforrmed with all
six samples duringwhich the samples were subjectedto the
followingaging protocol: two consecutive oxidation steps
at 600°C followed by two additional at 700°C, each
oxidation step lasted 2 hours at a flow rate of 20 v/v%
Oz/He (40 mL/min); between these oxidation steps, the
catalysts were rapidly reduced (0.5 hata flowof 25 v/v%
H2/He, 100mL/min at thesame temperature) before being
subjectedto the samereaction conditions (1% CO, 5% O,
balanceHe; T=320°C) for evaluating its catalytic activity.

3. Resultsanddiscussion
3.1. Materials characterization results

In Table 1 the texturaland morphological characterists of
ACZ supports and counterpart Ir/AZC catalysts are
summarized. Accordingto theresults, both ACZ supports
and Ir/ACZ catalysts prepared by the hydrothermal method
show relatively larger surface areas compared to the
corresponding supports and catalysts prepared by the co-
precipitationmethod. Insignificantsurface area changes
resulted by increasing Ce content from 0.25t0 0.75%in CZ
component of the catalysts; Zhu et al., 2013 found
progressive improvements in surface area values by
increasingthe content of Ce. The addition of iridium causes
an increase of the surface area in both groups of ACZ
materials probably due to its high dispersion and/or the
partial reconstruction of the supports during the
impregnation step.

H.-chemisoprtion results showed that Ir dispersion was
high enough, in the order of ca. 66-81% (Table 1), and
slightly better on ACZ supports prepared by co-
precipitation (Table 1). Coresponding Ir crystallite sizes
were varied inthe range 0f0.9-1.1 nm.

H2-TPR results revealed catalyst OSC values in the range of
ca. 190-210 pmol O2/gea. Regarding this property, the
catalysts prepared by the hydrothermal method were slightly
superior. It is also worth noting that the TPR peaks
corresponding to Ir particles were wider and shifted to
slightly highertemperatures in the hydrothermally prepared
catalysts, compared to those prepared by co-precipitation,
suggesting a stronger interaction between iridium and
support.

XRD results revealed that a ceria-zirconia solid solution
with cubic fluorite phase and the main crystal structure of
CeosZrosO2is formedin all ACZ-containingsamples with
crystallite sizes of ca. 8.5-12.6 nm, while CeO. and ZrO;
oxides at a significantly lower content were also found.
Accordingto the literature, as the ZrO, contentis increased,
there is a slight shift of the peaksata greaterangle 26 (Kim
etal., 2009). Thisisalso observedin our XRDresults; the
theoretical value of the CegsZros0, mixed oxide is 20 =
28.9° and a shift of the peak between 28.5° (CeO,) <26
<30.3°(Zr0,) dependingon the Zr-content of the sample
was found. In addition, comparing the two preparation
methods, hydrothermal and co-precipitation, the peaks of
the samples prepared by the former method were sharper
suggesting better crystallites formation (Zhangetal., 2009).
Peaks correspondingto Irphases are notdetectable due to
the small size of the Ir particles, in agreement to H.
chemisorption results.

3.2. Activity andthermal stability results

Fig. 1 showsthe light-offprofiles of the pre-reduced (Fig.
la)andpre-oxidized (Fig. 1b) catalystsat constant reactor
feed composition. Pre-reduced catalystswere more active
than pre-oxidized ones, ignited respectivelyat ca. 125°Cand
175°C. Thatis, metallic Ir°is more active than 11O, in CO
oxidation. It is also apparent that hydrothermally
synthesized catalysts are more active compared to their
counterpart catalysts madevia co-precipitation, since their
light-off profiles are shifted up to ~40°C lower temperatures
in the case of pre-reducedandup to ~10°C in the case of
pre-oxidized catalysts (Figs. 1a and b; Table 2). The
hydrothermally synthesized Ir/ACZ-H1 catalyst with a
Ce/Zr=0.25/0.75 isthe best from all six catalysts studied.

Table 2. Temperatures for 50% CO conversion (Tso).

Catalyst Pre-reduced - C)Pl’e-OXidized
IfACZ-H1? 207 287
INACZ-H2? 245 290
Ir-ACZ-H3? 236 300
Ir-ACZ-P1° 245 290
I-ACZ-P2° 264 301
I-ACZ-P3° 255 309

Moreover, activity testson the catalysts afterimposition of
sequential steps in oxidative thermal aging conditions
(specifically: 1 step: 600°C for 2h; 2" step:600°C 2h; 3"
step: 700°C 2h; 4" step: 700°C 2h—allstepsin 50 mL/min
of 20%0,/He flow), revealed that all catalysts were
particularly stable in terms of their CO oxidation activity
measured between these steps. Itiswell known thatinsuch
conditions Ir particles have a high propensity to
agglomerate. However, anti-sinteringmechanisms —such a s
recently described by Yentekakisetal.,2016and Goula et
al.,2019—whichare motivated by supports with high OSCs
(as the ACZ support used herein) endow Ir particles with
excellent sinter-resistance properties. Hydrothermally
synthesized catalysts were found to be extremely stable,
while co-precipitated catalysts were slightly inferior in
stability.
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Figure 1. COconversion light-off profileson pre-reduced
(@) and pre-oxidized (b) Ir/ACZ catalysts. Experimental
conditions: 1 vivi% CO, 5 v/Iv% O, balanced with He;
wGHSV=320,000 mL-gcor >-h%. Filled symbols, solid lines:
hydrothermally synthesized catalysts; open symbols, dashed
lines: catalysts synthesized by co-precipitation. Circles:
IrfACZ-H1 and Ir/ACZ-P1 (Ce/Zr=0.25/0.75); triangles:
IrfACZ-H2and Ir/ACZ-P2 (Ce/Zr=0.25/0.5); stars: Ir/ACZ-
H3 and Ir/ACZ-P3 (Ce/Zr=0.25/0.75).

4. Conclusions

Ir/ACZ catalysts prepared by a hydrothermal method are
more active in CO oxidation reaction compared to
counterpart catalysts prepared by co-precipitation. The
higher interaction of Ir particles with the support is most
likely the origin of this superiority. Pre-reduced catalysts are
significantly moreactivethanpre-oxidized ones, indicating
that metallic Irinstead of 1Oz isthe optimal active phase in
COoxidation reaction. In terms of catalyst composition, the
Ir/ACZ-H1 catalyst with a Ce/Zrratio of 0.25/0.75was the
best in CO oxidationefficiency.
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