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A B S T R A C T

Effects of H2/D2 adsorption on the surface chemistry of Pt/CeOx-ZrOx/γ-Al2O3 DeNOx catalyst were investigated.
In-situ FTIR spectroscopy and NOx-TPD techniques were utilized to monitor changes in the surface chemistry of
studied materials. Adsorption studies of CO and O2 revealed that the Pt/Ce-Zr/Al sample, initially reduced with
H2 at 723 K, is characterized by the presence of oxygen vacancies in close vicinity of Ce3+ centres and metal-
lic Pt sites. Adsorption of O2 occurred through the formation of superoxide (O2

−)ads species and oxidation of
Ce3+ to Ce4+ ions. The ability of the catalyst to activate molecular O2 originates from its relatively high popu-
lation of oxygen vacancies located on/near the surface. Interaction of Pt/Ce-Zr/Al system with H2 or D2 takes
place through heterolytic dissociation at ambient temperature. D2 adsorption leads to the reduction of Ce4+ to
Ce3+ ions and formation of adsorbed molecular heavy water and gradual D/H exchange with the existing sur-
face hydroxyl groups. Generated D2O interacts with isolated hydroxyls/deuteroxyls through H-bonding and this
provokes the formation of H-bonded O H/O D groups. These later species are relatively stable and gradu-
ally vanish with increasing temperatures above 523 K, leaving behind only isolated hydroxyls. Surfaces enriched
with H-bonded hydroxyls are characterized with an enhanced NOx storage ability revealing their significant role
in low-temperature NOx adsorption mechanism.

1. Introduction

The need for better fuel economy and the ever-increasing environ-
mental requirements restricting the NOx emissions in particular from
diesel-equipped vehicles have driven the development of different tech-
nologies of NOx reduction in oxygen rich conditions. Over the past sev-
eral years the most prominent DeNOx technologies that received con-
siderable attention as economical and effective solutions for catalytic
abatement of NOx pollutants in excess oxygen were the selective cat-
alytic reduction (SCR) of NOx and NOx storage/reduction (NSR) [1–4].

In an attempt to improve the catalytic performance, numerous stud-
ies focused on the design of different DeNOx catalytic systems with
long-term durability and improved sulfur resistance. Ceria (CeO2) and/
or M/ceria/γ-alumina based materials (M = Pt, Pd, Rh) are commonly

used as the key components in the applications geared towards con-
trolling the lean-NOx emissions from mobile sources [5–9]. These cat-
alysts typically consist of noble metal active sites to facilitate the NOx
reduction process, a ceria-zirconia mixed oxide promoter to enhance the
oxygen storage capacity (OSC) and a high-surface-area support material
to achieve good metal/promoter dispersion. Ceria is a promising com-
ponent used in a vast number of DeNOx catalysts with varying struc-
tures and compositions, due to its unique oxidation-reduction proper-
ties [9,10]. The main catalytic functionality of CeO2 originates from Ce
cations in its structure which can switch between different oxidation
states (e.g. Ce4+ and Ce3+) and the capability of the crystal lattice to
create/heal oxygen vacancies in a reversible manner [10,11]. Hence,
CeO2 can store or transport oxygen in or out of the ceria matrix un-
der oxidizing or reducing conditions in redox reactions, respectively. It
is known [12] that ceria can act as a buffer to supply oxygen during
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the oxygen deficient (i.e. rich) periods of the engine operation and con-
versely uptake oxygen when there is an excess of O2 in the exhaust
stream (i.e. under lean conditions). CeO2 can also function as an effec-
tive promoter [4,13–15] leading to a significant improvement in NOx
reduction, sulfur regeneration and thermal resistance properties of NSR
catalysts. Ceria-based systems were studied [16–18] for their low-tem-
perature NOx storage capabilities due to the anionic vacancies that can
be formed in the fluorite crystal structure which have been found to fa-
cilitate the NOx adsorption. Ceria promotion is also known [13] to have
a strong influence on the dispersion of precious metals on metal oxide
support materials.

To tune the OSC and thermal stability of the (Pt, Pd, Rh)/ceria-alu-
mina based materials, a variety of synthetic protocols [19,20] can be
utilized, where mixed oxide systems can be designed by the incorpo-
ration of foreign cations (with different sizes and oxidation states) into
the cubic fluorite lattice of CeO2. Numerous studies [21–25] dealt with
the performance of the Pt/CeO2–ZrO2/γ-Al2O3 system as a DeNOx cat-
alyst under conditions simulating the NOx reduction process. This cat-
alytic architecture was found [26] to have a great potential for the NOx
elimination process because of the pronounced redox properties of ce-
ria and its strong interaction with the precious transition metal. Incor-
poration of zirconium in the ceria component is known to improve the
catalytic performance [25,26] by enhancing the resistance of the ma-
terial to sintering, while expediting the reducibility of ceria, leading to
a greater population of oxygen vacancies which are responsible for the
activity of the catalyst towards oxygen-containing molecules. Moreover,
Ce1−xZrxO2 mixed oxides are known to have a high NOx adsorption ca-
pacity due to the various basic centers on their surfaces [12]. The pres-
ence of ZrO2 can also inhibit the undesirable interaction of CeO2 with
Al2O3, preventing the deactivation of the Ce(IV)/Ce(III) redox couple
due to formation of CeAlO3 [11].

Despite the numerous investigations on DeNOx processes carried out
with Pt/CeO2-ZrO2/Al2O3 mixed ternary oxide system [26–28], effects
induced by the interaction of the catalyst with hydrogen used as a
reducing agent in the NOx reduction process are still not sufficiently
well known. Efforts in our previous work [29] were focused on the
surface chemistry and elucidation of the nature of the adsorbed NOx
species on the Pt/CeO2-ZrO2/Al2O3 catalyst. Parallel studies were also
carried out with benchmark samples such as: CeO2/Al2O3, ZrO2/Al2O3,
CeO2-ZrO2/Al2O3 and Pt supported versions of these materials. Despite
the high thermal stability of the NOx adsorbed species on the ceria and
zirconia adsorption sites, we have shown [29] that the NOx reduction
in the presence of H2 is much more facile over the Pt/CeO2-ZrO2/Al2O3
catalyst. It was concluded [29] that the main difference in the function-
ality could be related to the ability of the catalyst to activate hydrogen
at relatively lower temperatures.

Along these lines, as a continuation of our previous report [29],
current study focuses on the effects induced by the interaction of the
Pt/CeOx-ZrOx/γ-Al2O3 system with H2. In this study, based on in-situ
Fourier-transform infrared spectroscopy (FTIR) investigations, we re-
port our results on the effect of H2 or D2 on the activated Pt/
CeOx-ZrOx/γ-Al2O3 catalyst and also provide data on the NOx reactiv-
ity of the investigated material pre-exchanged with D2. Further informa-
tion regarding the thermal stability of the NOx adsorbed species was ac

quired from the NOx-temperature programmed desorption (TPD) analy-
sis. In order to obtain a comprehensive picture, in-situ FTIR adsorption
studies were also carried out by using CO and O2.

2. Experimental

2.1. Sample preparation

Commercial γ-alumina (γ-Al2O3, 200 m2/g, SASOL Puralox SBa-200)
was used as the primary support material in the synthesis of the ternary
mixed oxide Pt/CeOx/ZrOx/γ-Al2O3 system. Ceria and zirconia were
deposited on γ-alumina by conventional incipient wetness impregna-
tion. For this purpose, appropriate amounts of aqueous solutions of
Ce(NO3)3·6H2O (Sigma Aldrich, 99.99%) and/or ZrO(NO3)2·xH2O, Sigma
Aldrich 99.99%) were used in order to achieve 10 wt. % of CeO2 +
10 wt. % of ZrO2 in the final product. The precursor solutions were
mixed with γ-Al2O3 and the slurry was continuously stirred. This is fol-
lowed by evaporation at 350 K until the water from the suspension was
completely removed. The resulting solid was then dried and calcined
at 873 K for 2 h. The mixed oxide support material was further func-
tionalized with the addition of platinum. For this purpose, a Pt precur-
sor solution (Pt(NH3)2(NO2)2(aq); 3.4 wt % in dilute ammonium hydrox-
ide, Sigma Aldrich) was prepared and then the support material was
slowly added to the solution under constant stirring at room tempera-
ture (RT). Next, the slurry was continuously stirred, and the solvent was
evaporated at 350 K. Finally, the product was ground into a fine powder
form and calcined at 973 K for 2.5 h. The nominal noble metal loading
is 1 wt. % Pt. For convenience, some basic characteristics of the synthe-
sized samples are summarized in Table 1.

2.2. Characterization techniques

The BET (Brunauer–Emmett–Teller) specific surface areas (SBET,
m2 g−1) of the calcined samples were determined by low–temperature
isothermal adsorption–desorption of N2 using a Micromeritics Tristar
3000 apparatus. The measurements were performed on previously de-
gassed samples (573 K for 2 h) using nitrogen adsorption data within the
relative equilibrium pressure interval of 0.03–0.3 P/P0 according to the
standard 5-point BET procedure. The X-ray diffraction (XRD) patterns
were obtained with a Rigaku diffractometer, equipped with a Miniflex
goniometer and an X-ray source with CuKα radiation, at λ = 1.5418 A,
30 kV, and 15 mA. Diffraction patterns of the samples were recorded in
2θ range between 10 and 80° with a step size of 0.01° s−1. The patterns
were assigned using Joint Committee on Powder Diffraction Standards
(JCPDS) cards supplied by the International Centre for Diffraction Data-
base (ICDD). To evaluate the surface metal dispersion (MDPt) of the Pt
catalysts, the relationship between [30] mean Pt particle size (dPt) and
the dispersion was used. Thus, the MD was estimated according to Eq.
(1), as follows:

(1)

where the volume vm occupied by an atom Pt in the bulk of metal is

Table 1
Composition of the synthesized samples, specific surface area (SBET) and calculated parameters via XRD (Pt average particle size, noble metal dispersion).

Samples CeO2 wt. % ZrO2 wt. % γ−Al2O3 wt. % Pt wt. % SBET m2 g−1 Pt average particle size, nm* MDPt**

γ-Al2O3 – – 100 – 200 – –
Ce-Zr/Al 10 10 80 – 174 – –
Pt/Ce-Zr/Al 10 10 80 1 142 29 0.38

*Average Pt particle size values were determined via XRD.
*To evaluate the platinum dispersion (MDPt), the relationship between mean Pt particle size and the dispersion was used.
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given by the equation: vm = M/ρNA where M is the atomic mass of
Pt, ρ the mass density and NA Avogadro’s number. In the case of plat-
inum (M = 195.08 g mol−1; ρ = 21.45 g cm-3), vm = 15.10 A3. The sur-
face area am occupied by an atom Pt on a polycrystalline surface is 8.07
A2.

NOx–temperature programmed desorption (TPD) experiments were
performed by using a quadrupole mass spectrometer (QMS, SRS
RGA200) directly connected to custom-designed TPD-in-situ FTIR spec-
troscopic system. In the TPD experiments, the sample (ca. 20 mg of
finely ground powder) was pressed onto a high transmittance litho-
graphically etched fine-tungsten grid which was mounted on a copper
sample holder assembly attached to a ceramic vacuum feedthrough. A
K-type thermocouple was spot-welded to the surface of a thin tanta-
lum plate attached on the W-grid to monitor the sample temperature.
The sample temperature was controlled within 298–1100 K via a com-
puter-controlled DC resistive heating system using the voltage feedback
from the thermocouple. To minimize the effect of NO oxidation/adsorp-
tion/disproportionation on Pt which could affect the total amount of
NOx adsorbed species, the NOx storage ability tests over the samples
were thus performed by using of NO2 as the adsorbent. Prior to each
experiment, to obtain a surface that is free of adsorbed NOx and other
adsorbates (such as carbonates), the sample was heated to 1023 K in
vacuum with a constant rate of 12 K min−1. After cooling to 323 K, NOx
storage experiments were performed. Before the NOx TPD experiments,
the samples were exposed to 5 Torr of NO2 for 10 min until equilib-
rium was reached. After this exposure/saturation step, the sample was
outgassed to ∼10−7 Torr to remove weakly adsorbed (physisorbed) NOx
species and subsequently a TPD analysis was carried out with a heating
rate of 12 K min−1. N2, NO, O2, N2O and NO2 contents of the desorbing
gas mixture were monitored on-line by following the desorption signals
corresponding to the mass to charge ratio (m/z) values of 28, 30, 32,
44, and 46, respectively. The NOx adsorption ability of the catalysts was
estimated by calculating the total integrated areas under NOx related
desorption features in the TPD profiles after considering fragmentation
patterns of all the major NOx desorption species (i.e. NO2, NO, N2, N2O).
Thus, to normalize the data, the intensity of the signals for each gas was
corrected by a factor using the standard mass spectroscopic fragmen-
tation databases of the National Institute of Standards and Technology
(NIST) [31] (See Supplementary materials).

FTIR spectroscopic measurements were carried out in transmission
mode using Nicolet Avatar 6700 FTIR spectrometer, equipped with a
Hg–Cd–Te (MCT) detector. The experiments were performed in a
batch-type IR cell equipped with optically polished CaF2 windows allow-
ing data acquisition at low (100 K) and ambient temperatures. The cell
was directly connected to a vacuum-adsorption apparatus with a resid-
ual pressure lower than 1 × 10−6 Torr.

For the FTIR experiments, self-supporting pellets (ca.10 mg cm−2)
were used. They were prepared by pressing the sample powders at a
pressure of ˜ 5 Ton cm−2, applied for 1–2 min. Then, the pellets were
placed inside the IR cell using a custom-made movable sample holder
that allows insertion of the sample in the middle of the heated zone
of the IR cell. Thus, the spectra were registered in-situ after each ther-
mal treatment of the sample at different temperatures and atmospheres.
Each FTIR spectrum was acquired within the 4000–800 cm−1 spectral
region by accumulating 64 scans at a spectral resolution of 2 cm−1. The
background and gas phase corrections were performed using the Omnic
software.

The samples were analysed in activated and reduced forms. The ac-
tivation was performed by heating the self-supporting pellets at 673 K
in air for 1 h with a subsequent evacuation at the same temperature to a
residual pressure ˜ 2 × 10−6 Torr. The reduced forms were obtained by
heating the pellets at 723 K in 22.5 Torr H2 for 1 h followed by evacua-
tion at 673 K to a residual pressure around 2 × 10−6 Torr.

FTIR investigations were performed before and after adsorption of
different gases on the catalyst surfaces either at RT or at low tempera

ture (100 K). Carbon monoxide/nitrogen monoxide (CO, NO, >99.9%
pure) were supplied by Air Liquide, France), while oxygen, hydrogen and
deuterium (O2, H2 and D2, >99.9% pure) were obtained from Messer.
Prior to the experiments, all gases were purified by passing through a
liquid nitrogen trap, while NO was additionally purified by fractional
distillation.

3. Results and discussion

3.1. Preliminary structural characterization: surface area and noble metal
dispersion

The BET specific surface area (SBET) of Pt–free Ce-Zr/Al sample was
found to be ˜174 m2 g−1 (see Table 1). This is about 13% lower as com-
pared to the pure γ−Al2O3 (200 m2/g) which was used as the primary
support material in the synthesis. Deposition of Pt leads to an additional
decrease in SBET by 18%. These observations can be associated with par-
tial blocking of the γ−Al2O3 pore structure by oxide- and Pt-containing
crystallites.

Crystal structural analysis of the Pt/Ce-Zr/Al sample via X-ray dif-
fraction (XRD) was reported in one of our recent study [29], where it
was observed that ceria existed as a crystalline CeO2 phase with a flu-
orite structure, while zirconia revealed a disordered/amorphous form,
and/or a highly-dispersed oxide phase with a small particulate size. Av-
erage particle size and dispersion of Pt on the CeO2-ZrO2/Al2O3 system
were investigated via XRD and transmission electron microscopy (TEM).
Major diffraction signal of Pt (111) at 2θ = 39.7° was utilized [32] to
calculate the average Pt particle size using the Scherrer equation. Thus,
the parameters calculated from the XRD analysis revealed that the Pt
average particle size on Pt/Ce-Zr/Al catalyst was about 29 nm (Table
1). It was also evident that the dispersion of the metal platinum on the
Pt/Ce-Zr/Al sample was relatively low (MDPt ˜ 0.38). TEM analysis [29]
clearly indicated the presence of both aggregated Pt crystallites with an
average size of ˜30 nm as well as some smaller Pt particles which were
more homogeneously distributed on the surface. The redox behaviour of
both Ce-Zr/Al and Pt/Ce-Zr/Al systems was also studied by temperature
programmed reduction with H2 [29] and the results revealed that ceria
in the Pt/Ce-Zr/Al catalyst was mostly in the form of a highly dispersed
defective phase due to its interaction with the noble metal sites. As a
result, reduction of this defective ceria phase occurred at lower temper-
atures (˜471 K) and in a facile manner.

3.2. In-situ FTIR spectroscopic adsorption studies

3.2.1. Background FTIR spectra
The FTIR spectra of the activated and reduced forms of the Pt/Ce-Zr/

Al sample in the ν(O H) stretching region are presented in Fig. 1A.
For comparison, the spectrum of pure γ-alumina used as a reference is
shown in Fig. 1B.

The spectra in the hydroxyl stretching region of the Pt/Ce-Zr/Al
sample seem to be hardly sensitive to Ce and/or Zr incorporation as
well as the pretreatment steps (activation/reduction). Indeed, the spec-
tra of the activated and reduced forms (Fig. 1A, spectra a and b, respec-
tively) are very similar to the spectrum of alumina (Fig. 1B), which is
the main component in the ternary mixed oxide material. The spectrum
of alumina contains three well-resolved bands with maxima at 3770,
3729 and 3680 cm−1. These bands can be assigned based on former lit-
erature reports [33,34]. The most prominent band at 3729 cm−1 is as-
signed to hydroxyls bridging two Al3+ sites having an octahedral co-
ordination (Type-IIa hydroxyl) while the band at 3680 cm−1 is attrib-
uted to OH groups bound to three octahedrally coordinated Al3+ sites
(Type-III hydroxyl). The band at 3770 cm−1 is associated with the ter-
minal OH groups (Type-Ia hydroxyl) on the single tetrahedrally coordi-
nated Al3+ sites that can exist on two different crystallographic orien
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Fig. 1. FTIR background spectra of the activated (a) and reduced (b) Pt/Ce-Zr/Al sample
in the ν(O H) stretching region (Panel A). Panel B shows the background spectrum (c)
of pure γ-Al2O3 in the ν(O H) stretching region. The inset of the figure shows the spec-
tra of the reduced (b) Pt/Ce-Zr/Al sample within the spectral region 2260-2000 cm−1.

tations (i.e. (111) and (110)) of the γ-Al2O3 surface. In addition, a shoul-
der at ˜ 3790 cm−1 and a broad band around 3593 cm−1 are also visi-
ble. The feature at ˜ 3790 cm−1 is attributed to the presence of hydrox-
yls bound to a single octahedrally coordinated Al3+ sites (type-Ib hy-
droxyl) while the broad feature at ˜3593 cm−1 characterizes H-bonded
hydroxyls. It should be noticed that the intensity of the band at 3770
cm−1 in the spectra of the Pt/Ce-Zr/Al is lower and appears as shoul-
der, compared to that in the spectrum of γ-Al2O3 (Fig. 1B). On the other
hand, a new IR feature at 3755 cm−1 becomes visible in the spectra of
the Pt-containing system. The same band is also observed in the spectra
of Pt/CeO2/γ-Al2O3 and Pt/ZrO2/γ-Al2O3 binary oxide benchmark sam-
ples, presented in our former work [29]. Thus, the band 3755 cm−1 is
not likely due to the incorporation of ceria and zirconia. This feature can
be associated with hydroxyl groups of the support (those characterized
by the band at 3769 cm−1) and deposited Pt species which may also in-
duce attenuation of the band at 3769 cm-1 and the appearance of a new
feature at 3755 cm−1.

It is known [35–37] that IR spectroscopy can be a very efficient tech-
nique to follow the degree of ceria reduction. Change of the oxidation
state of cerium can be detected by the appearance of an IR band with
a maximum at ca. 2124 cm−1 in the spectrum of the reduced Pt/Ce-Zr/
Al system (inset of Fig. 1A, spectrum b). This feature is associated with
the forbidden 2F5/2−2F7/2 electronic transition of Ce3+ ions and its pres-
ence is indicative of oxygen vacancy formation [34,36,37]. Presence of
the feature given in the inset of Fig. 1A clearly indicated the existence
of Ce3+ ions on the reduced Pt/Ce-Zr/Al system.

3.2.2. CO adsorption at low temperature (100 K)
To obtain detailed information regarding the nature of metallic sites

on the Pt/Ce-Zr/Al sample and in attempt to investigate various types

of surface acid sites on the catalyst surface, low-temperature CO adsorp-
tion was carried out on both activated and reduced forms of the Pt/
Ce-Zr/Al sample. In these experiments, CO (2.25 Torr CO equilibrium
pressure) was introduced into the IR cell at 100 K. After having reached
equilibrium, the spectra were acquired under evacuation at constant
temperature (i.e. decreasing the CO coverage). Thus, all spectral changes
were followed as function of the CO isothermal coverage decrease. Fig.
2 presents the FTIR spectra in the ν(CO) stretching region registered af-
ter low-temperature adsorption of CO (2.25 Torr CO equilibrium pres-
sure) on activated (A) and reduced (B) forms of the Pt/Ce-Zr/Al sam-
ple (spectrum a) and evolution of the spectra under dynamic vacuum at
100 K (spectra b–q). The insets of the figure show the spectral changes
in the ν(OH) stretching region.

Adsorption of CO (2.25 Torr CO equilibrium pressure) on the ac-
tivated Pt/Ce-Zr/Al has resulted initially to the development of three
principal bands in the ν(CO) region with maxima at 2187, 2178 and
2155 cm−1 (Fig. 2A, spectrum a). The process is accompanied by the ap-
pearance of two negative bands located in the ν(OH) stretching region
(the inset of Fig. 6A), at 3735 cm−1 and 3762 cm−1 while a new band at
3617 cm−1 was observed to grow. The gradual decrease of the CO cov-
erage upon evacuation (spectra b–q) leads to an overall blue shift of the
bands in the CO stretching region and progressive attenuation of the IR
intensities until their full disappearance. As observed, the intensity of
the most prominent band at 2155 cm−1 decreases more significantly and
its disappearance from the spectra enabled identification of the bands
at 2180 and 2197 cm−1 clearly (see spectra l–q). After prolonged evac-
uation at 100 K, it can be seen that the initial spectrum is practically
restored (see the inset of Fig. 2A).

The most intense band at 2155 cm−1 can be attributed to CO po-
larized by OH groups [34]. This assignment is supported by the obser-
vation of negative OH stretching bands at 3762 and 3735 cm−1 corre-
sponding to the disappearance of isolated surface hydroxyl functionali-
ties due to CO adsorption and CO interaction with isolated surface OH
groups. These OH CO complexes can easily be destroyed upon evac-
uation. The bands at 2187 and 2178 cm−1 are assigned to CO interact-
ing with the Al3+ and Ce4+ cations [29,38] through the formation of
physisorbed carbonyl species. These series of spectra clearly indicates
that, as expected, the carbonyl species on the Lewis acid sites (Ce4+ and
Al3+) are more stable than that of the OH groups. It should be noticed
that the positions of the carbonyl bands are often coverage-dependent
due to lateral interaction between the adsorbed CO molecules. The shift
of the band from 2187 to 2197 cm−1 is not discrete but rather gradual,
indicating that the band at 2197 cm−1 is also due to the carbonyls on the
same adsorption sites assigned to the feature at 2187 cm−1. In the case
of the band at 2187 cm−1, again the shift to 2180 cm−1 is gradual but
is much smaller. This indicates that the respective adsorbed species are
isolated and are not interacting strongly.

In our previous study [29], we reported that during the synthesis of
the ternary mixed oxide system, deposited ceria was preferentially lo-
cated at the Lewis acid sites, while deposited zirconia preferentially in-
teracted with the alumina hydroxyls.

The preliminary reduction of the Pt/Ce-Zr/Al sample at 723 K with
H2 (22.5 Torr) resulted in several changes in the spectra of adsorbed
CO (Fig. 2B). Adsorption of CO on reduced Pt/Ce-Zr/Al sample (Fig. 2B
spectra a) results in the formation of Pt0-CO species as evident by the
appearance of IR features within 2100-2000 cm−1 region [39–42]. It is
visible that the adsorption led to the development of a broad band at
ca. 2081 cm−1 with a shoulder at ˜ 2060 cm−1 revealing a minor feature
at around 2099 cm−1. The band at 2081 cm−1 and its shoulder slightly
shifted to higher frequencies upon evacuation and even gained some in-
tensity (Fig. 2B, spectra b–q). This observation can be explained by re-
duction of cationic Pt sites to form metallic Pt0 during the CO desorp-
tion. It is well known [39,40] that the ν(CO) frequency is sensitive to
the Pt coordination and shifts to lower frequencies when the Pt coordi
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Fig. 2. FTIR spectra in the ν(C O) stretching region of CO (2.25 Torr equilibrium pressure) adsorbed at 100 K on activated (panel A) and reduced (panel B) Pt/Ce-Zr/Al sample (spec-
trum a) and evolution of the spectra during evacuation at 100 K (b–q). The insets of the figure show the spectral changes in the ν(O H) stretching region. The spectra are background
and CO gas-phase corrected.

nation decreases. Thus, the observed features in this work were assigned
to linear carbonyls located on metallic Pt that exists on the surface with
different particle sizes. In particular, we assign the band at 2086 cm−1 to
CO adsorption on terrace sites of the Pt(111) surface of large platinum
crystallites [41], while the feature at ˜ 2060 cm−1 is mainly due to CO
adsorbed on the (111) facets of smaller Pt nanoparticles [39]. The small
feature at around 2099 cm−1 is ascribed to atop CO species on Pt(111)
with a high CO surface coverage [42].

In addition, adsorption of CO on the reduced Pt/Ce-Zr/Al system
also led to the appearance of two well resolved bands with maxima at
2156 and 2187 cm−1 in the CO stretching region and a shoulder at ˜
2178 cm−1. However, comparison of the spectra in Fig. 2A and B reveals
that the band at 2187 cm−1 with the shoulder at ˜ 2178 cm−1 (assigned
to Al3+−CO and Ce4+ −CO) appeared with slightly increased intensity
in Fig. 2B. This observation may indicate that after the formation of
metal particles due to reduction, some of the adsorption sites on the sup-
port surface which were formerly bound to Pt species are liberated and
become available for further CO adsorption [34,43]. It should also be
noted that the shoulder at 2178 cm−1 is less pronounced for the reduced
sample which is in line with the proposed assignment.

3.2.3. O2 adsorption at low temperature (100 K)
In order to understand the adsorption and dissociation of O2 on the

Pt/Ce-Zr/Al sample surface and to obtain information on the presence of
oxygen-deficient adsorption sites, adsorption of O2 (g) was carried out.

In these experiments, precisely controlled small doses of O2 equiv-
alent to ˜ 4.8 × 10−3 μmol each were successively introduced onto the
pre-reduced Pt/Ce-Zr/Al sample at 100 K until an equilibrium O2 pres-
sure of 3.75 Torr was reached in the IR cell. Fig. 3 presents the cor-
responding FTIR spectra in the ν(O O) stretching region associated
with the adsorbed oxygen species formed upon gradual increase of the
O2 pressure (spectra a–h) and evolution of the spectra upon successive
evacuation (spectra h–t) with a gradual decrease of the oxygen cover-
age. The inset of Fig. 3 shows the background spectra of the pre-re

duced sample before O2 adsorption (spectrum bg) and the spectrum
recorded after the first small dose of O2 (spectrum a).

Introduction of the first small doses of O2 onto the pre-reduced sam-
ple initially resulted in a complete re-oxidation of ceria. This can clearly
be seen in the inset of Fig. 3 where the feature at 2128 cm−1 observed
for the reduced sample (background spectrum bg) before O2 adsorption
completely vanished from spectrum (a) after the first small dose of O2.
Disappearance of this particular feature is an indication that Ce3+ sites
on ceria are readily oxidized to Ce4+ due to the healing of the defects
(i.e. filling of the oxygen vacancies) on the pre-reduced Pt/Ce-Zr/Al sur-
face.

Step-wise increase in the equilibrium O2 pressure on the Pt/Ce-Zr/Al
sample surface resulted in the development of three weak but well-re-
solved bands in the ν(O O) vibration region revealing maxima at
1132, 1142 and 1148 cm−1 (Fig. 3, spectra a–h). The gradual decrease
in the O2 pressure upon evacuation (spectra h–t) led to an overall red
shift of the bands and a monotonic attenuation of the IR intensities. Par-
ticularly, the band at 1142 cm−1 was observed to be very unstable and
quickly disappeared from the spectra in the very early stages of evacua-
tion. Additional O2 adsorption experiments performed at room tempera-
ture and higher O2 pressures such as 150 Torr (see Fig. S1, “Supplemen-
tary materials”), also resulted in the appearance of similar bands tough
with much lower intensities and slightly lower frequencies (1129, 1139
and 1144 cm−1). These weak bands were found to be unstable and al-
most completely disappeared after prolonged evacuation at 298 K.

According to the literature [44–46], the bands located at 1132 cm−1

or 1129 cm−1 which were observed during O2 adsorption can be attrib-
uted to the characteristic frequency of the (O O) vibration due to
the formation of adsorbed superoxide (O2

−) species in close proximity
of the Ce4+ sites. It has also been reported in various previous stud-
ies [44–46] that surface superoxide species can be formed as a result
of the interaction between molecular oxygen with the oxygen vacancies
located in the close vicinity of the Ce3+ centres. It is likely that after
the adsorption of molecular oxygen on vacancies, a neighbouring Ce3+
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Fig. 3. FTIR spectra in the ν(O O) stretching region of O2 adsorbed at 100 K on reduced
Pt/Ce-Zr/Al sample corresponding to the adsorbed oxygen species formed after each small
dose of O2 (˜4.8 × 10−3 μmol doses up to a total pressure of 3.75 Torr O2), (spectra a–h)
and evolution of the spectra under successive evacuation (spectra h–t) gradually decreas-
ing the surface oxygen coverage. The spectra are background corrected. The inset of the
figure shows the background spectrum (bg) of the pre-reduced sample before O2 adsorp-
tion and the one after the first small dose of O2 (spectrum a).

species can donate an electron to adsorbed molecular oxygen leading to
the reduction of oxygen to form superoxide ions and oxidation of Ce3+

to Ce4+ through reactions (2) and (3).

(2)

(3)

It should be noticed that if the oxygen vacations are linked to two
Ce3+ ions then the adsorbed oxygen could oxidize only one of them.
However, the absence of Ce3+ ions on the surface after the initial dose
of O2 indicates that it is more likely that each Ce4+ ion is surrounded by
only one anion radical. This could explain why the adsorbed superoxide
(O2

−) species disappear relatively easily upon evacuation.
It has been reported in the literature [47–49] that incorporation of

zirconia to the ceria structure may enhance oxygen activation and su-
peroxide formation which are the key steps in surface oxygen trans-
port, diffusion and oxygen storage. Furthermore, presence of noble
metal (e.g. Rh, Pt, Pd) sites [47–49] in close contact with ceria may
also enable oxygen adsorption, activation and storage by contribut-
ing to the surface mobility of oxygen via spill-over of oxygen/super-
oxide from metal sites to the support surface. The stretching mode
of adsorbed O2

− on metals [50,51] have been typical observed within
1110-1195 cm−1 and 1075- 1122 cm−1. Thus, the presence of the bands

at 1148 and 1142 cm−1 observed in our work at low-temperatures (Fig.
3) and also the features detected at 1144 and 1139 cm−1 at ambient tem-
peratures, (Fig. S1, “Supplementary materials”) can be assigned to the
presence oxygen adsorbed species in the vicinity of noble metal centres.

On the basis of these observations, it can be suggested that the abil-
ity of the Pt/Ce-Zr/Al mixed oxide system to activate oxygen most likely
originates from its relatively high population of oxygen vacancies lo-
cated on/near the surface. This suggestion is consistent with earlier lit-
erature reports [47–49]. In these reports, it was shown that relatively
high OSC of CexZr(1−x)O2 mixed oxides can be correlated to their higher
oxygen vacancy concentration located near the surface. The OSC of the
cerium-zirconium mixed oxides decorated with precious metal sites (e.g.
Rh, Pt, Pd) was also found [52] to strongly depend on the nature of the
interface between the metal and the support material. Also, it was re-
ported that OSC varied in a non-liner fashion as a function of the noble
metal dispersion. It was demonstrated [52] that increasing the average
size of the fcc noble metal nanoparticles increases the relative extent of
the (111) facets on these particles where oxygen can adsorb stronger.
Hence, these sites can boost oxygen adsorption/uptake and facilitate
oxygen spill-over to the support surface [53].

3.2.4. Interaction of Pt/Ce-Zr/Al sample with H2
In these experiments, H2 (75 Torr H2 equilibrium pressure) was ad-

sorbed at ambient temperature on the Pt/Ce-Zr/Al catalyst which was
initially pre-activated at 673 K in air for 1 h, followed by evacuation at
the same temperature. Then, after cooling to room temperature, H2 was
introduced into the IR cell and the sample was heated in the presence
of H2 up to 573 K. The evolution of the FTIR spectra after each step of
increasing temperature in the range of 298–573 K is presented in Fig. 4.
The inset of the figure shows the spectral changes in the ν(OH) stretch-
ing region (left inset) and the spectra of D2 adsorbed at RT and 323 K
(right inset, spectra d and e).

It is visible that immediately after introduction of H2 to the system
at room temperature (spectrum a) two main IR features appeared at
2128 and 1643 cm−1. The broad feature at 2128 cm−1 is associated with
the forbidden 2F5/2−2F7/2 electronic transition of Ce3+ ions and its pres-
ence is indicative [37,54,55] of oxygen vacancy formation. The band at
1643 cm−1 is attributed to the bending mode (δH–O–H) of molecular ad-
sorbed water [54]. These two processes can be summarized in reactions
(4, 5) and (6):

(4)

(5)

(6)

Similar to the H2 adsorption experiments, D2 adsorption carried out
at RT and 323 K (spectra d and e in the inset on right, respectively)
also clearly showed the appearance of two features at 2128 (shoul-
der) and 1214 cm−1. The band at 1214 cm−1 was assigned to the bend-
ing mode (δD–O–D) of adsorbed molecular D2O. No significant changes
can be seen with a further increase of the reduction temperature up to
573 K (Fig. 4). The simultaneous appearance of both features immedi-
ately after H2 (or D2) exposure at RT clearly indicates that the reduc-
tion of ceria can easily be triggered in the presence of H2 even at ambi-
ent temperature. This process is probably assisted by the Pt sites which
are well-known [56] to dissociate adsorbed hydrogen. This argument is
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Fig. 4. FTIR spectra registered after interaction of activated Pt/Ce-Zr/Al sample with H2
(75 Torr H2 equilibrium pressure) at RT (a) and evolution of the spectra after each step of
increasing the temperature in the range of 298–573 K (b, c). The insets of the figure show
the spectral changes in the ν(OH) stretching region (on left) and the spectra of D2 adsorbed
at RT and 323 K (on right, spectra d and e). The spectra are background corrected.

also in good agreement with various former reports [54,55,57], where
(Pt, Pd, Au)/CexZr1−xO2 systems were found to facilitate H2/(D2) disso-
ciation. Atomic hydrogen or deuterium species adsorbed on the noble

metal sites can easily migrate to the support surface and promote ceria
reduction via creation of oxygen vacancies.

The analysis of the FTIR spectra in the ν(OH) stretching region (inset
on the left of Fig. 4) revealed that immediately after H2 exposure at RT,
three negative bands at 3756, 3727 and 3681 cm−1 appeared along with
the development of multiple overlapping positive IR features at 3524,
˜ 3587 cm−1 (shoulder) and a very broad feature at around 3355 cm−1.
Appearance of these features suggests the formation of H-boned hy-
droxyl groups (more details are provided in the next section).

3.2.5. D2 adsorption
In order to elucidate the complex overlapping OH signals obtained

after H2 adsorption, we performed complementary D2 adsorption exper-
iments on Pt/Ce-Zr/Al, which allowed us to switch to the O D stretch-
ing region of the IR spectrum providing higher signal to noise ratio
as well as revealing additional information for vibrational peak assign-
ments. In these experiments, precisely controlled and small doses of D2
equivalent to ˜ 9.5 × 10−2 μmol were successively introduced onto the
activated sample surface at ambient temperature (298 K) until an equi-
librium pressure of 75 Torr D2 was reached in the IR cell. Then, the sam-
ple was heated to higher temperatures within 323–673 K. The spectra
(a–e) in Fig. 5 were obtained after stepwise increase of the of D2 equilib-
rium pressure at RT up to 75 Torr (spectrum f). Next, in the presence of
75 Torr D2, temperature was gradually increased within 298–673 K with
50 K steps (spectra f-n). The insets of Fig. 5show the spectral changes in
the ν(O H) stretching region (left) and δD–O–D bending region (right).

As can be seen in the left inset of Fig. 5, the original ν(O H)
stretching bands corresponding to isolated O H groups of Pt/Ce-Zr/Al
(3753, 3727, and 3681 cm−1) quickly disappear in presence of D2(three
negative features located in the ν(O H) stretching region),i.e. their
protons are exchanged with D+. Indeed, this process is accompanied
by concomitant appearance of three positive bands indicative of O
D modes with maxima at 2757, 2722 and 2714 cm−1 and a broad
feature at around 2500 cm−1 (Fig. 5 spectra a–f). The broad band at
˜2500 cm−1 characterizes deuteroxyls revealing intermolecular hydro-
gen-bonding interactions. This clearly implies that D2 adsorption oc-
curs by dissociation and gradual replacement of protium

Fig. 5. FTIR spectra for D2 adsorption on Pt/Ce-Zr/Al: (a–f) after each small dose of D2 (˜ 9.5 × 10−2 μmol/dose up to a total D2 equilibrium pressure of 75 Torr) in the IR cell. (f–n)
Stepwise increase in temperature within 298–673 K in the presence of 75 Torr D2. The insets of the figure show the spectral changes in the ν(O H) stretching region (left) and in the
bending mode (δD–O–D) region of molecularly adsorbed D2O (right). The spectra are background corrected.
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ions with deuterium (OH + D → OD + H) in the surface hydroxyl
groups. Comparison of the intensities of the respective bands indicates
almost complete (i.e. 100%) deuteroxylation. The experimentally ob-
tained ratio of the hydroxyl and deuteroxyl vibrational frequencies is
1.36, which is in very good agreement with the theoretical value of 1.37
[34].

In addition to the deuteration of the surface hydroxyl groups, the
gradual increase of the D2 pressure also leads to the development of two
additional positive IR features at 2613 and 2642 cm−1 (shoulder). This
process is also accompanied by the formation of small quantities of mol-
ecularly adsorbed D2O which is evident by the appearance of a band at
1212 cm−1 immediately after the first few doses of D2 at RT (right in-
set of Fig. 5, spectrum e). This implies that the reduction of ceria can
easily be triggered, and the oxygen vacancies can be produced imme-
diately when D2 exposure is initiated. The band at ˜2128 cm−1 associ-
ated with the forbidden 2F5/2−2F7/2 electronic transition of Ce3+ ions
becomes more discernible after D2 evacuation/desorption, as shown in
Fig. 6B.

The results from these experiments suggest that D2 adsorption may
occur through heterolytic dissociation and reduction of ceria, leading
to the formation of adsorbed molecular water. Further, water molecules
produced upon ceria reduction may interact with the O D groups
through H-bonding and this could cause the appearance of wider and
more intense bands shifted to lower wavenumbers compared. Thus, the
bands observed in the spectra at 2638 and 2606 cm−1 in Fig. 5 were as-
signed to H–bonded deuteroxyls (including the O D groups interact-
ing with the water and the O D groups of D2O).

In order to investigate the thermal stability of the O D groups
revealing intermolecular hydrogen bonding interactions, Pt/Ce-Zr/Al
sample was first exposed to 75 Torr D2 equilibrium pressure at RT and
then the sample was evacuated. Next, temperature was gradually in-
creased within 298–673 K in vacuum (Fig. 6). Fig. 6A shows the cor-
responding O D stretching region, while Fig. 6B presents the spectral
region associated with the forbidden 2F5/2−2F7/2 electronic transition of
Ce3+ ions.

It can be seen in Fig. 6A that O D groups revealing intermolecu-
lar hydrogen bonding interactions on Pt/Ce-Zr/Al (i.e. broad vibrational
features at ca. 2650-2610 cm−1) are relatively less stable and gradually
vanish from the surface with increasing temperatures, leaving behind
only isolated O D groups characterized by the sharp features within
2700-2800 cm−1. Fig. 6B indicates that during the loss of the O D
groups revealing intermolecular hydrogen bonding interactions on Pt/
Ce-Zr/Al as a result of vacuum annealing at higher temperatures within
523–673 K, reduced Ce3+ sites are re-oxidized to Ce4+ probably by the
thermally activated adsorbed D2O and OD species which can readily dif-
fuse on the surface [37] and fill the oxygen vacancies, followed by an
electron transfer from Ce3+ sites.

3.2.6. NO + O2 adsorption at ambient temperature
In attempt to understand if the O D groups revealing intermole-

cular hydrogen bonding interactions which were generated upon ceria
reduction in the presence of D2, also participated in the NOx adsorption
process and thus contributed towards NOx reactivity of the Pt/Ce-Zr/Al
catalyst, NOx adsorption over the sample pre-exchanged with deuterium
was carried out at ambient temperature.

First, the Pt/Ce-Zr/Al catalyst which was initially treated with
75 Torr D2 at 673 K for 15 min. This is followed by cooling of the sys-
tem to ambient temperature and evacuation (see the bottom inset in
Fig. 7B (background spectrum bg1). Then NO (ca. 3.75 Torr equilibrium
pressure) was introduced into the IR cell. As a next step, small doses
of O2 were successively added to the system to increase oxygen partial
pressure up to 6 Torr (Fig. 7, spectra a–g). For comparison, the top in-
set in Fig. 7A and B shows the N–O and O H stretching regions of the
non-deuteroxylated Pt/Ce-Zr/Al sample before (background spectrum
bg2) and after NO + O2 adsorption (spectra g2). Note that the sample is
dehydrated.

Adsorption of NO hardly affects the background spectrum bg1 of
the sample. Successive introduction of small doses of O2 (Fig. 7A, spec-
tra a–f) leads to the appearance of several bands at 1623, 1586, 1569,
1494, 1430, 1309, 1267 (shoulder), 1229, 1205, 1040 (shoulder) and

Fig. 6. FTIR spectra obtained after saturation of Pt/Ce-Zr/Al with 75 Torr D2 at RT followed by evacuation at RT (spectrum a) and successive heating in vacuum at the given temperatures
(spectra b–h). (A) O D stretching region, (B) spectral region for the forbidden 2F5/2−2F7/2 electronic transition of Ce3+ ions. The spectra are background corrected.
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Fig. 7. FTIR spectra in the ν(N O) (panel A) and ν(O D) (panel B) stretching regions of NO + O2 co-adsorbed (3.75 Torr NO and 6 Torr O2 equilibrium pressure) at RT on the pre-ex-
changed with deuterium Pt/Ce-Zr/Al catalyst. Evolution of the spectra during gradual adsorption of small doses of O2 (spectra a–f) and NO + O2 co-adsorbed on the sample surface at
NO + O2 equilibrium pressure (spectrum g). All spectra are background and NO gas-phase corrected. The inset of Fig. 7B at the bottom shows the background spectrum of the sample
pre-exchanged with deuterium (spectrum bg1). The inset on the top shows the background spectrum of the non-deuterated sample and the NO + O2 co-adsorption the non-deuterated
sample (spectra bg2 and g2, respectively).

1013 cm−1. All of these features continuously grow and reach their max-
imum intensities with increasing oxygen pressure (spectrum g) with the
exception of the feature at 1205 cm−1 which is significantly suppressed.

Comparative analysis of the IR spectra depicted in Fig. 7A, with that
of the NOx features observed in one of our former reports focusing on
NO + O2 adsorption on Pt/Ce-Zr/Al without a preliminary D2 introduc-
tion allows elucidation of the features given in Fig. 7B. In the light of
this previous work [29] it can be suggested that initial small doses of
O2 onto the NO-Pt/Ce-Zr/Al system results in the formation of surface
nitro/nitrito (-NO2/-ONO) species. The characteristic bands identifying
the presence of these compounds appear in the ν(N–O) spectral region
at 1229 and 1205 cm−1. They were assigned to originate from the νas
of bridging nitrites. The band at 1040 cm−1 corresponds to the ν(N
O) modes of non-symmetric nitrites bound more strongly to the surface
via one of the oxygen atoms. Increasing the amount of O2 induces the
oxidation of nitrites to nitrates [29,34,58,59] and the intensities of the
nitrate-related IR bands (i.e. bridged/bidentate nitrates) increase at the
expense of the nitrite features. The band at 1309 cm−1 along with the
feature at 1013 cm−1 can be attributed to symmetrical nitrates which are
characteristic in the presence of some water.

NO + O2 adsorption over Pt/Ce-Zr/Al surface pre-exchanged with
deuterium is accompanied by the appearance of several additional ad-
sorption features which were not detected when initial D2 adsorption
step was not performed (see spectrum g2 in the inset of Fig. 7A).
These bands are visible in the spectra in Fig. 7A located at ˜1494 and
1430 cm−1. We assign these features to the nitrato (-ONO2) complexes
coordinated to the deuteroxyls. This suggestion was further supported
by the analysis of the spectra shown in Fig. 7B where the process of NOx
adsorption is accompanied by the appearance of several negative fea-
tures located in the ν(O D) stretching region. The appearance of the
negative features at 2757 and 2723 cm−1 reveals that the NO + O2 ad-
sorption takes place concomitant to the consumption of the isolated O

D groups. The bands at ˜2638 and 2611 cm−1 formed after the inter-
action of the Pt/Ce-Zr/Al system with deuterium (see the background
spectrum bg1 presented in bottom inset of Fig. 7B) also gradually atten-
uate and appear as negative features forming dips in the spectral line

shape (Fig. 7B, spectra a-g). These observations demonstrate the inter-
action of surface hydroxyls with NOx species.

3.2.7. NOx – TPD
To investigate the thermal stability of the adsorbed NOx species, we

have also carried out TPD experiments on the Pt/Ce-Zr/Al sample con-
taining pre-adsorbed NOx, as described in the experimental section. In
order to see the effect of the interaction of the Pt/Ce-Zr/Al system with
H2, which could significantly increase the reactivity by enriching the
surface with H-bonded OH groups, the pre-treatment step prior to the
NOx adsorption was performed in two different manners. In the first ex-
periment (i), the Pt/Ce-Zr/Al sample was pre-reduced with H2 (75 Torr
H2 equilibrium pressure) at 673 K and then evacuated at 423 K. In the
second one (ii), the sample was pre-reduced with H2 at 673 K, then
evacuated at 673 K. Thus, it was possible to follow the changes in the
NOx-TPD profiles of the Pt/Ce-Zr/Al sample which was enriched (i) or
depleted (ii) in H-bonded OH groups.

Evolution of the total NOx (NO + NO2) release as a function of tem-
perature during the NOx-TPD, in experiments (i) and (ii) is presented
in Fig. 8A. N2O and O2 desorption profiles for these experiments are
also shown in Fig. 8B and C, respectively. NOx-TPD curves can be de-
convoluted into four peaks (as presented in Fig. 8A) using a Gaussian
curve-fitting method. Obtained areas under the fitted peaks were used
to compare different NOx adsorption contributions associated with dif-
ferent phases/domains of the ternary oxide Pt/Ce-Zr/Al system without
any quantitative analysis and kinetics justification.

TPD profiles corresponding to the Pt/Ce-Zr/Al system pre-treated
with H2 in both cases (Fig. 8, i and ii) showed very similar NOx desorp-
tion features. However, in contrast to the sample where H2 was evac-
uated at 673 K, total NOx release from the sample evacuated at 423 K
was greater in amount. In addition, it can be also seen in Fig. 8B and 8C
that NOx decomposition is also accompanied by the production of small
quantities of N2O and O2. N2O and O2 desorption channels are much
more pronounced for the sample enriched with H-bonded OH groups.

NOx – TPD of Pt supported on CeO2/γ-Al2O3, ZrO2/γ-Al2O3 and
CeO2-ZrO2/γ-Al2O3 have been thoroughly discussed in our previous
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Fig. 8. Evolution of the total NOx (NO + NO2+N2O + N2) release as function of tempera-
ture during TPD (panel A) over the Pt/Ce-Zr/Al pre-reduced in H2 at 673 K and then evac-
uated at 423 K (i) or 673 K (ii). Panels (B) and (C) show the N2O and O2 concentration
profiles for these experiments, respectively.

work [29]. These former results showed that the Pt/Ce-Zr/Al system
is characterized by the presence of at least two different types of NOx
species adsorbed on ceria and another NOx species adsorbed on zirconia
with distinctively different thermal stabilities.

In agreement with this former report [29] and other studies in the
literature [60–64], the low–temperature TPD signal at ∼ 390 K in Fig.
8A can be assigned to the thermal decomposition of the weakly NOx ad-
sorbed species, formed mostly on the Al3+ adsorption sites. The second
NOx desorption feature at ∼ 507 K can be tentatively assigned to desorp-
tion of the more stable nitrates bound to surface CeO2 species strongly
interacting with the Pt. The desorption feature at ca. 574 K is attributed
to the decomposition of the NOx species strongly bonded to bulk CeO2,
while the shoulder at ∼ 701 K is likely due to desorption of more stable
NOx ad-species on zirconia.

On the basis of these observations, it can be concluded that the
pre-treatment with hydrogen and enrichment of the surface with
H-bonded hydroxyl can significantly increase the NO oxidation and NOx
storage. The finding can be interesting for passive NOx adsorbers (PNA)
[65] that operate at room temperature.

4. Conclusions

The main conclusions of the presented results can be summarized as
follows:

(a) Detailed information regarding the nature of metallic Pt sites and
various types of surface acid and oxygen-deficient adsorption sites
on the sample Pt/Ce-Zr/Al surface pre-reduced with hydrogen at
723 K was obtained by low–temperature CO or O2 adsorption,

monitored via in-situ FTIR. The results revealed that reduced Pt/
Ce-Zr/Al system is characterized by the presence of oxygen vacan-
cies located in close vicinity of Ce3+ centres and metallic Pt that
exists on the surface with different particle sizes. Adsorption of mol-
ecular oxygen on the vacancies occurred by electron donation from
the neighbouring Ce3+ species, leading to the formation of superox-
ide (O2

−) adspecies and oxidation of Ce3+ to Ce4+ ions. The ability
of the reduced Pt/Ce-Zr/Al surface to activate oxygen was found to
originate most likely from its relatively high population of oxygen
vacancies located on/near the surface.

(b) The analysis of the FTIR spectra upon interaction of Pt/Ce-Zr/Al
mixed oxide system with H2 or D2 clearly revealed that adsorption
occurs easily through heterolytic dissociation at ambient tempera-
ture. D2 adsorption occurs by dissociation and gradually replace-
ment of protium ions with deuterium (D→H exchange) in the iso-
lated O H groups (deuteroxylation degree ca. 100%). The process
is accompanied by the reduction of Ce4+ to Ce3+ ions, leading to
the formation of molecularly adsorbed water. It was found that the
reduction of ceria can easily be triggered at ambient temperature in
the presence of H2/D2. Water produced upon reduction may interact
with the isolated hydroxyls/deuteroxyls groups through H-bonding
and this could facilitate the formation of O H/O-D groups with in-
termolecular hydrogen bonding interactions. These later species are
relatively stable and gradually vanish with increasing temperatures
above 523 K, leaving behind only isolated hydroxyls.

(c) The Pt/Ce-Zr/Al sample pre-treated in a way to achieve a surface
enriched or depleted with intermolecularly hydrogen-bonded hy-
droxyls/deuteroxyls was analysed through NOx adsorption/desorp-
tion experiments. The surface enriched with H-bonded hydroxyls is
characterized by an enhanced NOx storage ability. Thus, it was con-
cluded that presence of H-bonded hydroxyls could play a significant
role in the NOx adsorption mechanism.
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