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Pd/Ce0,-Zr0,-Nd,0; (CZN) catalysts with different CeO,/ZrO, molar ratios were synthesized and have been characterized

by multiple techniques, e.g. XRD in combination with Rietveld refinement, UV-Raman, XPS and in situ DRIFTS. The XRD

pattern of CZN with CeO,/ZrO, molar ratios > 1/2 can be indexed satisfactorily to the fluorite structure with a space group

Fm-3m, while the XRD patterns of CZ12 only display diffraction peaks of tetragonal phase (S.G. P42/nmc). Nd addition can

effectively stabilize the cubic structure of CZN support and increase the enrichment of defect sites on the surface, which

may be related to the better catalytic activity of Pd/CZN12 catalysts compared with Pd/CZ12. The presence of moderate

ZrO, can increase the concentration of O* active species, leading to accelerate the formation of nitrate species and thus

enhance the catalytic activity of NO, and HC elimination. The Pd-dispersion decreases with the increasing Zr content,

leading to the decreased CO catalytic activity, especially for the aged catalysts. The change regularity of OSC value is

almost the same with the in situ dynamic operational window, demonstrating that the in situ dynamic operational window

is basically affected by OSC value.

1. INTRODUCTION

It is now well acknowledged that ceria promotes the
performance of Three-way catalysts (TWCs) for the removal of
pollutant gaseous products from automobile exhaust fumes.
Ceria improves noble metal dispersion and stabilization as well
as stores and releases oxygen.l'5 However, a major drawback
of ceria is the severe deactivation during high temperature
process due to the sintering of ceria. Ceria-zirconia mixed
oxides have gradually replaced pure ceria as oxygen storage
materials since 1993, because the incorporation of Zr favours
the formation of structural defects, accelerates the diffusion of
bulk oxygen, enhances the thermal stability of supports and
improves the catalytic activity at metal-support interfacial
sites.”™?

As emission regulations are continuously being tightened,
the new-generation three-way catalyst requires better thermal
stability and higher OSC of oxygen storage component. A great
deal of research efforts has shown that the addition of
transition metals or rare earth metals (La, Pr and Nd) is
beneficial to improve the thermal stability and to increase the
OSC of ceria-zirconia solid solution by increasing the oxygen
vacancies in the fluorite lattice."™ ™ Moreover, rare earth
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elements are often used considering their better thermal
stability compared with transition metals. In our previous
work, we found that the addition of neodymia would lead to
the formation of homogenous Ce0,-ZrO,-Nd,0; (CZN) ternary
solid solution with enhanced textural/structural properties as
well as the higher OSC and improved redox behaviour,
resulting in the promoted three way catalytic activity and
enlarged air/fuel operational window. The modified solid
solution with 5 wt.% neodymia showed the relatively better
textural and structural properties considering that the capacity
of foreign cation is limited in the crystal lattice of ceria—
zirconia solid solution."®

Nevertheless, there is not a general agreement about the
composition ratio for the ternary structure. The host/guest
cation should preferably induce stress and structural defects
due to the difference in the ionic radius between cations." In
the mixed oxides, the CeO,/ZrO, molar ratio strongly affects
the structure/texture properties of Ce0,-ZrO, mixed oxides,
such as crystal structure, thermal stability, redox properties
and the oxygen storage/release capacity (OSC). 18-20 However,
the studies on the doping Nd,0; effect on CeO,-ZrO,-based
mixed oxides with different CeO,/ZrO, molar ratios as
important materials for TWC have rarely documented.

On the basis of that, we synthesized a series of CeO,-
Zr0O,-Nd,05; mixed oxides with different CeO,/ZrO, molar ratios
to obtain the doping effect of Nd,O; on structure-activity
relation in Ce0,-ZrO,, as well as the application in
corresponding Pd-only catalysts for automobile emission
control. Their structures were characterized by the Rietveld
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analysis of X-ray diffraction (XRD) patterns, UV-Raman, XPS,
0SC, Pd-dispersion and in situ DRIFTS.

2. EXPERIMENTAL

2.1 Catalyst preparation

The Ce0,-Zr0,-Nd,03; mixed oxides samples were prepared by
a conventional coprecipitation method combined with
supercritical drying technique. The detailed process was
conformed to literature.”* The additive content of Nd,0; was
5.0 wt. % and the theoretical molar ratios of CeO,/ZrO, was
4/1, 3/1, 2/1, 1/1, 1/2, 1/3, and 1/4, respectively. The fresh
supports were calcined at 500 °C for 4 h in static air and
referred to as CZN41, CZN31, CZN21, CZN11, CZN12, CZN13,
and CZN14. A portion of each support was further aged at
1100 °C for 4 h and denoted as CZN41la, CZN31la, CZN21a,
CZN11a, CZN12a, CZN13a, and CZN14a, correspondingly. The
corresponding Pd/CZN catalysts (Pd content was 0.5 wt.% )
were prepared by a conventional impregnation method with
an aqueous of H,PdCl, as metal precursor. The fresh catalysts
were labeled as Pd/CZN41, Pd/CZN31, Pd/CZN21, Pd/CZN11,
Pd/CZN12, Pd/CZN13, and Pd/CZN14. Ceria-zirconia supports
(without Nd) and the corresponding catalysts were also
prepared with the same method as stated above and the
Ce0,/Zr0O, molar ratio of 4/1, 2/1, 1/1, 1/2 and 1/4. The Nd-
free support was referred to as Cz41, Cz21, CZ11, CZ12 and
CZ14, and the catalysts were labled as Pd/CZ11 and Pd/CZ12.
All the catalysts were calcined at 1100 °C in air for 4 h in order
to investigate the thermal stability property, and the
corresponding aged catalysts were labeled as Pd/CZN41a,
Pd/Cz31a, Pd/CZN21a, Pd/CZN1la, Pd/CZN12a, Pd/CZN13a,
Pd/CZN14a and Pd/CZ12a, respectively.

2.2 Catalytic activity tests

The catalytic activity tests were carried out in a fixed-bed
continuous flow reactor. 0.2 ml catalyst (0.3—0.45 mg) was
used. The feed stream composed of 0.12% NO, 0.03% NO,,
0.066% CsHg, 0.033% CsHg, 0.6% CO, and 0.745% O, with the
balance Ar at a GHSV of 43,000 h_l, analyzed by on-line FTIR
spectrometer (Bruker EQ55) coupled with a multiple reflection
transmission cell (Infrared Analysis Inc., path length 10.0 m)
before and after the simulated exhaust gas passed through the
reactor.

The air/fuel ratio (A\) was defined as A = (2Vo, + VNO +
2VNo,)/(Vco + 9VcHs + 10VeH;) (V is the concentration of each
gas in units of volume percent) and A = 1 was used in all the
activity measurements. The static operational window
experiments were carried out at 400 °C with different A values
(0.9 ~ 1.15) by adjusting the concentration of O,. The in situ
dynamic operational window experiments were carried out at
400 °C by adjusting the concentration of O, and analyzed by a
Hiden QIC-20 mass detector working in electron impact (El)
mode at 70 eV. The NO, operational window was measured
when the A is adjusted from 1.0 to 1.15, while the HC/CO
operational window was measured when the A is adjusted
from 1.0 to 0.8.
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2.3 Characterization techniques

The crystal structure of the CZN samples was confirmed
by powder X-ray diffraction (XRD) using CuK, radiation
(BRUKER D8 Advance, Bruker Co., German). The XRD data for
Rietveld analysis were collected over the range of 10 — 120°
(20) with a step size of 0.02° and a count time of 3 s. The
Rietveld refinement was performed using the Jade 7.0
program, and a pseudo-Voigt profile function with preferred
orientation was used.

UV-Raman spectra
spectrograph with He-Gd
wavelength. The spectral resolution was 4 cmfl, and the
spectra acquisition consisted of 2 accumulations of 30 s for
each sample. A frequency range of 100-1000 em™ was
observed.

X-ray photoelectron spectroscopy (XPS) experiments were
performed on a PHI5000c spectrometer with the Mg Ka
radiation (1253.6 eV) operating at 14 kV and 20 mA. The
binding energies were calibrated with the C;; level of
adventitious carbon (284.6 eV) as the internal
reference.

The oxygen storage capacity (OSC) was measured using
pulse injection technique until no consumption of oxygen was
detected with a CHEMBET-3000. The sample was reduced with
a flow of 10 ml/min H, at 550 °C for 1 h, then cooled down to
400 °C and purged by helium stream.

Pd dispersion was determined by CO chemisorption at
room temperature, using a CHEMBET-3000 (Quantachrome
Co.). Prior to the experimental trials, each sample was reduced
under a flow of 5% H,/95% N, at 400 °C for 1 h and then
purged with He at the same temperature for 0.5 h. The sample
was subsequently cooled to room temperature under a He
flow and maintained at this temperature for another 0.5 h.
Finally, CO pulses were injected into the sample bed every 5
min until no further consumption of CO could be detected.

Diffuse  Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) experiments were performed with a
Nicolet 6700 FTIR spectrometer with an MCT detector, a
DRIFTS cell fitted with CaF, windows and a heated reaction
chamber. Spectra were collected after average of 32 scans at
the resolution of 4 cm™. Catalysts were pretreated in Ar at 450
°C for 0.5 h and then cooled down to 30 °C. The composition
and flow rate of feed stream were kept constant through the
test.

were recorded on a Raman

laser of 325 nm excitation

standard

3. RESULTS AND DISCUSSIONS

3.1 Catalytic performance of the catalysts

Fig. 1 presents the light-off curves of HC, CO, NO and NO,
under simulated reaction condition (CO + HC + NO, + O,) over
fresh Pd/CZN and Pd/CZ11 catalysts. The addition of Zr clearly
improves the catalytic activity of HC and NO conversions,
especially when lowering CeO,/ZrO, molar ratios to 1/4.
However, Pd/CZN12 and Pd/CZN11 show the best catalytic
activity of CO and NO,, respectively. In the Zr-rich region, the
catalytic activity of CO and NO, conversions notably decreases

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 9



Journal Name

100 100
~ 804 —~ w0
S oo & w
» —=— PdICZN41 14 —=— PdICZN41
o —s—PaCZN31 | © —o— PdICZN31
2z 404 —a— Pd/CZN21 z —4—Pd/CZN21
8 —w— Pd/CZN11 [=} —v—PdICZN11
—v— PdICZ11 © —v—PdICZ11
O 20 —<pdeNi2 | Y 20 —<—PdICZN12
o —e—PdCZN13 | > —e—PAICZN13
—a— PdICZN14 —=—Pd/ICZN14
140 160 180 200 220 240 260 280 300 160 180 200 220 240 260 280 300
0,
Temperature (°C) Temperature ('C)
100 100
—~ 80 —~ 8
g g
S e S e
2 9o
2 —=— PA/CZN1 aE) —=— PdICZN41
2w —&— Pd/CZN31 S w0 —8—Pd/ICZN31
g —A— Pd/CZN21 c —&— Pd/ICZN21
8 —v—PdCZN11 | § PACZNTA
o -
S » —praez 1 S, ——PA/CZ11
Q —<— PdICZN12 —<—PdCZN12
—e—PICZNT3 | Z ——Pd/CZN13
—— Pd/CZN14 —e—Pd/ICZN14

200 220 240 260 280 300 320 180 200 220 240 260 280 300 320 340

Temperature (°C) Temperature (°C)

Fig. 1 Three-way conversion over the fresh Pd/CZN and Pd/CZ11 catalysts

1004 100
—~ 0 = 60
g g
P c
60 ]
& o 6o —=—PdICZN41a
@ —=—pdiczNata| D —e— P4CZN31a
o —e—paczNsta| @ —a—PdCZN21a
2 40 —A—PaCZN21a| 2 40 —v—PdICZN11a
5 —v—PdICZNI1a| & —v—PdiCZ11a
) ——pdicztta | O —<—PdCZN12a
O 204 —4—Pd/CZN12a ON 20 —e—Pd/CZN13a
o —+—paczniza| 9 —e—PdCZN1da
—e— PdICZN14a
180 200 220 240 260 280 0 150 200 250 300 350 400

Temperture (°C) Temperture (°C)

100 100
—=—Pd/CZN41a —=— Pd/CZN41a
—e—Pd/CZN31a —&—Pd/CZN31a
80 —4—Pd/ICZN21a —~ 80 —A—Pd/CZN21a
\’? 71 —+—PdiCZN11a ° —¥—PdICZN11a
= —v—PdICZ11a < —v—PdICZ11a
c —<—PdICZN12a c —<+—Pd/CZN12a
S 60 —e—PdiCZN13a O 807 —e—pdgiczNIza
E ——Pd/CZN14a @ —#—Pd/CZN14a
2 ]
2 4o z 40
8 8
O 204 O 204
I z
ZéD zéo 360 350 34‘0 360 240 2&0 2‘30 360 3‘20 3#“0 3&0 380
0, 0,
Temperture ("C) Temperture ("C)
Fig. 2 Three-way conversion over the aged Pd/CZNa and Pd/CZ11a catalysts

2=1.0—>08 CO, A

A=1.0~1.15 NONO, B

i PA/CZN31 || PACZN3L
: Pd/CZN21

Pd/CZNI1

PA/CZN12
PA/CZN13

PA/CZNI4 /.

]
4)(
-

MS intensity

Pd/CZN12
Pd/CZN13

Pd/CZN14 1E-8

2 0 2 4 6 8 10 12
Time (min)

14 16 18 2 4 6 8 10 12 14 16 18 20 22

Time (min)
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ARTICLE

Pd/CZN31a catalyst shows the highest catalytic activity for HC,
NO2 and NO eliminations. Zr-rich Pd/CZNa catalysts with
Ce0,/ZrO, molar ratio from 1/1 to 1/4 exhibit very similar
catalytic performance for HC, NO, and NO elimination.
Besides, Pd/CZN11 shows much better catalytic activity over all
the target pollutants compared to Nd-free catalysts (Pd/CZ11),
especially for the aged catalysts, proving that the appearance
of Nd shows an enhancement on the catalytic performance of
catalysts.

The selectivity of N,O formation over the fresh catalysts is
also investigated and the results are displayed in Fig. 1S. It can
be seen that N,O is the main N-containing product during cold
start process. However, the N,O selectivity is sharply reduced
when the reaction temperature reaches 230 — 250 0C, which is
the light-off temperature of NO reduction. Moreover, the N,O
selectivity of each catalyst decreases with the increasing Zr
addition and Pd/CZN14 exhibits the lowest selectivity of N,O,
indicating that the introduction of Zr promotes the reduction
performance of NO,. Besides, the amount of N,O formation
over Pd/CZ11 is similar with that over Pd/CZN11, indicating
that the Nd addition doesn’t work on the improvement of
selectivity.

In an attempt to analyse the dynamic behaviour of the
Pd/CZN system, we investigate the dynamic operational
windows and the results are shown in Fig. 3. Fig. 3A shows the
CO,- time curves (O, concentration are adjusted from A = 1 to
A = 0.8), while the Fig. 3B shows the NO, - time curves (O,
concentration are adjusted from A = 1 to A = 1.15). The longer
time for NO, and CO, to achieve a balance, the wider
operational window it indicates.” It is obvious that Ce-rich
catalysts exhibit wider operational window than Zr-rich
catalysts and Pd/CZN11 shows the best catalytic behaviour
under dynamic conditions.

To obtain more information about the influence of
Ce0,/Zr0O, molar ratios on the structural/textural properties of
CZN supports, which may be responsible for enhancing the
catalytic performance, Rietveld analysis of XRD patterns, UV-
Raman, XPS, OSC, Pd-dispersion and in situ DRIFTS results
obtained for the catalysts are analysed below.

3.2. Structural characterization

3.2.1 XRD

Fig. 4A shows the XRD patterns of the fresh CZN supports with
various Ce0,/ZrO, molar ratios. The patterns comprise peaks
from two phases: cubic and tetragonal. Peaks of pure
neodymium and zirconia can’t be detected indicating the

when increasing the Zr content. Fig. 2 presents the conversions
of HC, CO, NO and NO, over aged catalysts calcined at 1100 °C.
The deteriorated structure and sintering of active components
cause a drop in catalytic activity compared with the fresh
catalysts.zz’ 2 Different from fresh catalysts, aged catalysts
exhibit sharply decreased catalytic activity of CO with the
increased Zr content. Pd/CZN41a catalyst displays the lowest
full-conversion temperature for CO oxidation, while

This journal is © The Royal Society of Chemistry 20xx
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Table 1 R-factors (Ru, and R;), goodness-of-fit indicator ()(Z), thermal factors (Bis,) and structural parameters deduced from Rietveld refinement of the XRD patterns for the

supports.
Samples CZN31 CZN12 Cz12 CZN31a CZN12a CZ12a
S.G. Fm-3m (225) Fm-3m (225) P4,/nmc (137) Fm-3m (225) Fm-3m (225) P4,/nmc (137)
Atom [o] o] o] o] [o] [o]
Sites 8c 8c 4d 8c 8c 4d
Occupation 0.963(2) 0.946(1) 1.003(30) 0.928(2) 0.934(2) 0.952(11)
Biso 3.29 2.49 1.57 1.44 1.56 -0.30
V/A3 158.6 143.0 71.4 154.9 143.5 70.1
a/A 5.4130(4) 5.2299(4) 3.6799(6) 5.3709(2) 5.2350(4) 3.6522(2)
c/A 5.2735(15) 5.2544(4)
Ry 3.99 3.82 3.88 4.27 3.99 4.12
Rup 5.01 4.79 5.34 4.99 5.43 5.31
)(2 1.58 1.57 1.90 1.37 1.85 1.66

incorporation of Nd and Zr dopant cations into ceria lattice.®
As shown in Fig. 4, the characteristic diffraction peaks between
20° and 40° shift to higher 20 degrees and the lattice
parameter decreases with the increasing Zr content. According
to Iiteraturezs, the substitution of Ce*" cation (0.097 nm) by
Zr** cation (0.084 nm) would favour the crystalline contraction
structure and thus decrease the lattice parameter. So, the
results indicate the insertion of Zr into the CeO, lattice. From
Fig. 4A, it is obviously that the shift of peaks is not similar. Ce-
rich supports display almost the same diffraction peaks, and
the lattice parameters of the CeO, fluorite structure slightly
decrease as the Zr content increases (Fig. 4B, Ce0,/ZrO, = 4/1
~ 2/1). However, when CeO,/ZrO, ratio < 1/1, the ZrO,
becomes the dominant factor of the phase nature thus causing
a sharply decline of the lattice parameter and shifting the
peaks to much higher 26 degree. Phase transition occurs when

4| J. Name., 2012, 00, 1-3

Ce0,/Zr0O, molar ratio further decreases to 1/3 and 1/4, and
diffraction peaks of tetragonal phase are detected (Fig. 4A).
From Fig. 4B, it can be seen that the crystal size of the
supports decreases when Ce0,/ZrO, decreases to 2/1 (3.9 nm)
and 1/1 (4.0 nm), but increases with increasing Zr content
after that, indicating that CZN support with Ce0,/ZrO, molar
ratio around 1/1 owns the most homogeneous ternary
structure, corresponding to the smallest crystal size. The XRD
patterns of the fresh CZ supports with several CeO,/ZrO, molar
ratios are displayed in Fig. 2S, along with the calculated lattice
parameters (Table 1S). From these results, we can clearly
notice that the phase segregation occurs from Ce0O,/ZrO, of
2/1 on the Nd-free samples and their crystal sizes are larger
than the corresponding Nd-doping samples. As we know that
Nd** (0.112 nm) has larger ion radius than zr* (0.084 nm),
which will cause the lattice deformation of tetragonal phase to

This journal is © The Royal Society of Chemistry 20xx
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form a pseudocubic structure.”®?’ Therefore, the introduction
of neodymia into Ce0,-ZrO, solid solutions could lead to the
expansion of CeO,-ZrO, lattice and stabilization of cubic
modification. The formation of stabilized ternary CeO,-ZrO,-
Nd,0; structure can effectively enhance the structural
homogeneity of support, which leads to the better catalytic
activity of Pd/CZN11 catalysts compared with Pd/CZ11.

To further investigate the structural changes, generated by
the insertion Zr and Nd, the Rietveld analysis of CZN31, CZN12
and CZ12 samples was carried out as examples. The
refinement of XRD patterns of these three samples was
performed using cubic and tetragonal models. The Rietveld's
method has given a reasonable fit of the diffraction profiles
(Rwp < 6%, )(2 < 2), and thermal factors were fixed to those of
the pure phases. In Fig. 5, the XRD pattern of CZN31 and
CZN12 display diffraction peaks of fluorite structure with space
group of Fm-3m, but tetragonal phase (S.G. P4,/nmc) is the
unique detected phase for CZ12 sample.

The structural parameters are presented in Table 1. For
the fresh support, Zr insertion causes the shrinkage of lattice
parameter from 5.4130 nm to 5.2299 nm and unit cell volume
from 158.6 A® to 143.0 A* when Ce0,/ZrO, molar ratio
decreases from 3/1 to 1/2, due to the substitution of ce*
(0.97 A) by zr*" ions (0.84 A).2® Comparing CZ12 with CZN12,
the Nd-free sample shows smaller unit cell volume (71.4 A3)
because of the phase change. Moreover, structural site
occupancies have also been analyzed in different crystalline
phases. The occupancy of O in CZN12 sample (0.946) is much
smaller than CZ12 (1.003) indicating more oxygen vacancies
formed in the CZN12 support. It is because that the
incorporation of Nd into CeO,-ZrO,
expansion of the lattice and thus enhances lattice defect,
which increases the oxygen vacancies and improves lattice
oxygen mobility. Meanwhile, the occupancy of O in CZN31
sample is 0.963, larger than that in CZN12 (0.946). For the
increase of oxygen vacancies accelerates the oxygen mobility
in support and thus promotes the catalytic activity of Pd/CZN
catalysts, the catalytic activity of HC and NO over Pd/CZN12
catalyst is better than that over Pd/CZN31 catalyst, as
displayed in Fig.1. After high temperature treatment, the
sintering of CZN support results in the formation of larger
crystallite as revealed by the sharply increased intensity of
diffraction peaks and more sharpened peak pattern. In spite of
this, CZN12a remains the cubic phase, indicating the good
thermal stability of Nd-doped CZ support compared with
CZ12a. However, the occupancy of O in CZN12a sample (0.934)
is larger than that in CZN31a (0.928), indicating that more
oxygen vacancies are formed in CZN31a than in CZN12a, which
is in accordance with the better catalytic performance of
Pd/CZN31a (Fig. 2).

lattice leads to the

3.2.2 UV-Raman

Raman spectroscopy is dominated by oxygen lattice
vibrations and it is sensitive to the crystal symmetry, thus
being a sufficiently powerful way to analyze structural
properties of nanomaterials. Fig. 6 shows the UV Raman (A=

325 nm) spectra of fresh and aged supports. As shown in Fig. 6,

This journal is © The Royal Society of Chemistry 20xx

four main peaks at 324 (5), 447 (a), 545 (B) and 640 (y) cm™
are existed, as observed in literatures.’® 232 peak a is assigned
to the F,; mode vibration of cubic fluorite structure. The
increase of Zr content leads to a decrease in the intensity of
peak a, indicating the decrease of cubic structure phase. When
Ce0,/Zr0O, molar ratio reaches 1/2, peak a almost disappears,
demonstrating the phase changes of supports. The weak peak
6 is related to the presence of metastable t"' phase, which is an
intermediate phase between t' and cubic Ce02.33 Band at
around 500-650 cm™ contains two peaks: one centers on 545
em™ (peak B), while the other is at around 620 em™ (peak v).
Peak B is attributed to surface oxygen vacancies due to the
charge compensation mechanism. Peak y can be split into two
possible species: y; and y,. Peak y; is assigned to the formation
of O, symmetry that includes a dopant cation in 8-fold
coordination of 0% (ZrOg-type complex) containing very few
oxygen vacancies. Peak y, predicts the possibility of a stable t-
phase in the mixed oxide system with increasing Zr content. As
observed in these figures, Zr doping remarkably altered the
shape of the spectra. Thus, we focused on peak a, B and y to
investigate the defect contributions. Fig. 7 shows plots of I/(
lo+ Ig+ 1,)% (denoted as vg, the relative concentration of 0”
vacancies) and I,/( I+ lg+ 1,)% (denoted as v,, the relative
concentration of ZrOg-type complex or t-phase) versus the
Ce0,/ZrO, molar ratio, where |y, lg, and |, correspond to the
maximum intensities of peak a, B and y. Additionally, v,/vg
reflects the relative concentration between the two types of
defect complexes.

As can be seen in Fig. 7A, v, almost remains constant
when Ce0,/ZrO, ration decreases from 4/1 to 2/1 and then
rapidly increases when CeO,/ZrO, ratio < 1/1. Combined with
the lattice parameter results (Fig. 4B), it demonstrates that the
impact of Zr dopant on the structure of Ce-rich supports is
small, while when ZrO, becomes the dominant factor, it will
have a great influence on the structure. On the other side, vg
slightly increases until CeO,/ZrO, molar ratio decreases to 1/2,
indicating that the addition of moderate ZrO, can increase

fresh A aged B

300 p 1500 7

Intensity (a.u.)
Intensity (a.u.)

: Qe CZN41al
100 200 300 400 500 600 700 800 900 1000 1100

Raman shift (cm”)

100 200 300 400 500 600 700 800 900 1000 1100
Raman shift (cm™)

Fig. 6 The UV-Raman (Aex= 325 nm) spectra of fresh (A) and aged (B) supports
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Fig. 7 vg, v, and v,/vg ratio of CZN supports with different CeO,/ZrO, molar ratio
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Table 2 Surface elemental composition and oxidation state of Ce measured by XPS

Sample Surface composition (at.%) Ce/Zr ratio Nd/Ce+Zr ratio (10'2) ce®inCe (%)
Ce 3d Zr 3d Nd 3d O1s

Pd/CZN41 17.79 4.54 0.24 77.43 3.92 1.07 19.8
Pd/CZN21 15.24 8.18 0.24 76.34 1.86 1.02 22.1
Pd/CZN11 11.44 12.75 0.25 75.56 0.90 1.03 25.1
Pd/CZN12 7.87 16.81 0.20 75.12 0.47 0.81 26.9

Pd/Cz12 8.08 16.82 - 71.57 0.48 - 23.9
Pd/CZN14 4.57 20.2 0.18 75.05 0.23 0.73 29.0
Pd/CZN41a 15.77 4.74 0.51 78.98 3.33 2.49 17.1
Pd/CZN21a 12.23 8.32 0.40 79.05 1.47 1.95 19.2
Pd/CZN11a 9.60 11.2 0.40 78.80 0.86 1.92 22.7
Pd/CZN12a 5.06 15.01 0.26 79.67 0.34 1.30 25.0
Pd/Cz12a 5.91 15.33 - 78.67 0.39 - 22.1
Pd/CZN14a 3.95 19.35 0.24 76.46 0.20 1.03 26.2

Table 3 OSC values over CZN supports, the width of the static operational window (AW) and Pd-dispersion for the corresponding catalysts with different CeO,/ZrO, molar ratios

0SC (umol/g)*® AW Pd dispersion (%)" Pd particle size (nm)*
Samples
fresh aged fresh fresh fresh aged fresh aged
Pd/CZN41 402.7 297.6 0.10 0.10 15.82 9.16 7.04 12.16
Pd/CZN31 464.0 324.8 0.13 0.10 20.48 10.73 5.44 10.38
Pd/CZN21 490.4 419.3 0.15 0.11 16.30 8.93 6.83 12.47
Pd/CZN11 550.7 468.9 0.12 0.11 11.76 8.81 9.47 12.64
Pd/CZN12 504.9 380.1 0.12 0.10 8.82 4.44 12.63 25.08
Pd/CZN13 440.9 331.2 0.10 0.09 7.76 3.94 14.35 28.27
Pd/CZN14 389.2 325.9 0.10 0.07 7.52 2.42 14.81 46.02

a
The amount of O adsorbed on CZN supports.

® Calculated supposing the adsorption of one CO atom with one Pd atom.

¢ Calculated using equation d (nm)= 6 * 10° * Mpq/ (pea * Pd dispersion * Spq), With Mpg, molar weigh of palladium (106.42 g/mol); peq, palladium density (12 g/cm>); Spq,
molar surface area of palladium assuming an equidistribution of the low index faces (S = 47,780 m*/mol for Pd metal).>*

both two defects. However, phase transition occurs on CZN13
and CZN14 (Fig. 4), leading to the decrease of oxygen
vacancies, demonstrating that the excess Zr content may lead
to exhibits the formation of oxygen vacancies. It is in accord
with the result of good catalytic performance of CO and NO,
over Pd/CZN catalysts with CeO,/ZrO, molar ratio of 1/1 ~ 1/2.
For the aged samples, vg decreases a little compared with
fresh supports among Ce-rich CZN supports. When Ce0,/ZrO,
ratio £ 1/1, vg value falls into decline, which is bad for the
catalytic performance of the corresponding Zr-rich catalysts.
The v,/vg value of aged samples is much higher than that of
fresh samples, suggesting that either the ZrOg-type defect sites
or the t-phase enriches on the surface after the high
temperature treatment. Defects in Zr-doped CeO, have been
extensively studied by Luo et al.” Following their experimental
work, the increased calcination temperature leads to more
perfect lattice and increasing ordering level, which results in
the decline of the ZrOg-type defect sites. So the increase of
v,/vg ratio mainly indicates the formation of more stable t-
phase after aged, which in turn reduces the concentration of
oxygen vacancies, as can be seen in Fig. 7A. It is worth noting
that CZN12a displays tetragonal structure in UV-Raman results,
which is contrary to the results of XRD (Fig. 5 and Table 1).

6| J. Name., 2012, 00, 1-3

According to the Iiterature,35 the UV-Raman signals are mostly
from the surface region of the support due to the strong
absorption of the samples while the XRD results are related to
the bulk of the support, and the phase transformation of ZrO,
is a process from the surface region to the bulk, indicating that
the tetragonal phase is initially formed at the surface of
CZN12a supports, which mainly exhibit cubic phase in the bulk.
Besides, for the aged samples, the change regularities of both
strength and shift are similar with the fresh samples and no
characteristic features of ZrO, and Nd,O; are found before and
after aged, indicating that the surface structure of supports is
homogeneous and stable.

3.2.3 XPS

The composition of the layers is
investigated by XPS and the related data are presented in
Table 2. Pd can’t be observed due to the extremely low metal
loading content (0.5 wt. %). For fresh catalysts, the surface
atom ratios of Ce0,/ZrO, are a little smaller than the
theoretical atomic ratios, which means the outer part is
enriched with Zr to a small content. For Pd/CZ12 catalyst, the
surface atom ratio of Ce0,/ZrO, (0.48) is higher than that of
Pd/CZN12 (0.47), demonstrating that part of Ce atoms of the

outermost surface
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surface layer is replaced by Nd. The diffusion of Nd atom from
surface to the bulk of the catalysts can be noticed when
increasing the Zr content, suggesting the insertion of Nd into
the ceria lattice and demonstrating that the appropriate Zr
content may facilitates the formation of more homogeneous
Ce-Zr-Nd-O ternary solid solution. As being discussed in XRD
results, the substitution of Ce by Nd leads to the expansion of
the lattice and thus increases the oxygen vacancies and
accelerates the oxygen mobility. So the diffusion of Nd with
the increasing Zr content helps to enhance the OSC of support,
which improves the catalytic activity of the corresponding
catalysts. An enrichment of Nd and Zr can be observed after
aging process, proving the sintering of support. The surface
Ce3+/Ce4+ ratio increases when increasing the Zr content and
the ratio in Pd/CZ12 (23.9, 22.1) is much less than that in
Pd/CZN12 (26.9, 25.0), indicating that the incorporation of
Zr0, and Nd,0; may promote the reduction of Ce*" to Ce®". It
is well known that the formation of oxygen vacancies lead to
the presence of ce* according to the electroneutrality
condition. So, in other words, Zr and Nd dopants both can
increase the relative concentration of oxygen vacancies, which
is beneficial for the NO reduction.®®

3.2.4 Pd-dispersion, OSC and static operational window

The OSC value is regarded as one of the important influence
on the width of the operational window for three-way
catalysts. Among the Ce-rich supports, OSC value increases
with the increased Zr content and CZN11 displays highest OSC
value before and after aged (550.7 and 468.9 umol/g,
respectively). Additionally, the OSC values of fresh and aged
CZ12 samples are 363.8 and 304.0 umol/g, much smaller than
that of CZN12 samples, proving that Nd insertion helps to
increase the OSC value. Zr has a lower coordination number
increases bulk oxygen
mobility, resulting in the enhanced oxygen storage property.20
When CeO,/ZrO, < 1/1, the OSC value notably decrease.
According to the literature, the overall degree of reduction of
CeO, is limited in the M,Ce;.,O,./, type, which means that less
oxygen vacancies in total amount are needed to achieve a
certain degree of non-stoichiometry compared to pure CeOZ.18
So the massive decrease of Ce content in support lower the
amount of oxygen vacancies, leading to the decrease of OSC
value. The change regularity of OSC value is almost the same
with the in situ dynamic operational window, demonstrating
that the in situ dynamic operational window is basically
affected by OSC value. For the fresh catalysts, the effect of OSC
values does reflect in the elimination of CO and NO,: catalysts
with higher OSC value exhibit better catalytic performance of
CO and NO,. However, we cannot find the closely relationship
between the catalytic activity of HC or NO and OSC values,
indicating that OSC isn’t the main factor to influence the HC
and NO conversions.

We also evaluated the conversions of CO, HC and NO,
under different air/fuel ratios (A) at 400 °C over fresh and aged
catalysts. AW (static operational window) acts as a scale to
evaluate catalyst property when CO, HC and NO, conversions
all reach to 90% under rich and lean conditions. The wider the

within the ceria lattice and thus

This journal is © The Royal Society of Chemistry 20xx

AW value is, the broader the three-way operational window is.
AW value first increases when Ce0,/ZrO, molar ratio reaches
2/1 and then decreases when further increasing the Zr
content. Catalysts with CeO,/ZrO, molar ratio from 4/1 to 1/2
display larger AW value before and after aged, indicating that
only the addition of appropriate Zr can improve the catalytic
performance and the thermal stability of catalysts.
Additionally, the result is different from the dynamic
performance (Fig. 3). In this dynamic condition, the result is
directly related to oxygen storage capacity, while the AW
value may be based on the metal and metal-promoter
interface behaviours besides the OSC value.

It is generally recognized that the Pd dispersion and Pd
particle size may have a great influence on the catalytic activity
of CO, NO, and HC eliminations, so the Pd dispersion was
investigated by CO chemisorption and the corresponding Pd
particle size were also calculated. CeO, may cause additional
metal-support interaction,37 thus higher Pd dispersions have
been observed for Ce-rich catalysts, and CZN31 displays the
highest Pd dispersion as well as the smallest Pd particle size.
According to the Iiterature,23 the main factors affecting the CO
catalytic activity are the Pd-dispersion and the number of Pd-
CZ interface. As shown in Table 3, the Pd particle size increases
with the increasing Zr content, suggesting the weakened Pd-
support interaction and the formation of larger Pd particles at
the surface, which leads to the decreased CO catalytic activity.
On the contrary, NO reduction is structure-sensitive and
prefers to be dissociated on large particle size of Pd.
Meanwhile, steps of synchronous C-H and N-O dissociation
seem to be more predominant than the simple HC oxidation by
lattice O or active 02,38 indicating that relatively large Pd
particle may improve the catalytic activity for NO and HC
conversions. Thus, fresh Pd/CZN14 catalyst shows the best
catalytic performance for NO and HC eliminations due to its
largest Pd particle size. However, the presence of oxygen
vacancies associated with the Ce® ions near the noble metal
particles in CZ-supported catalysts has been indicated as the
driving force for NO dissociation.*® So, for the aged samples,
the decreased concentration of oxygen vacancies in aged Zr-
rich support (UV-Raman, Fig. 7) is the main factor to lead to
the decreased catalytic activity of NO and HC conversions
when increasing the Zr content.

3.2.5 In situ DRIFTS

It is necessary to consider the temperature and structure
dependences of adsorption/activation competition processes
between the different reactants. To obtain an integrated
understanding of the formation and disappearance of surface
species during the redox process of each target pollutant, fresh
Pd/CZN and Pd/CZ12 catalysts were tested by in situ DRIFTS at
50 and 270 °C (Fig. 8). For the Zr doping can significantly affect
the electronic properties and the geometrical configuration of
sorption species on ceria surfaces, the observed frequencies
related to the surface species are expected to change when
increasing Zr content.* Unfortunately, species adsorbed on Pd
can be hardly observed because of the extremely low metal
loading content (0.5 wt.%).

J. Name., 2013, 00, 1-3 | 7



Physical Chemistry Chemical' Physics

50 °C ‘ 0.025

1203

Absorbance

T T T T T T T T T T T T T T
2200 2000 1800 1600 1400 1200 1000 2200 2000 1800 1600 1400 1200 1000

Wavenumbers (cm™) Wavenumbers (cm'ﬂ)

Fig. 8 DRIFTS spectra collected at 50 and 270 °C during exposure of fresh Pd/CZN and
Pd/CZ12 catalysts to stoichiometric CO + HC + NO, + O, reaction conditions.

At 50 °C, the spectra are mainly dominated by the
presence of bidentate nitrites adsorbed on CeO, (1153 cm"l)
and ZrO, (1203 cm'l), and the bidentate Zr4+=02N species
increases progressively as the increasing Zr content. Weak
bands assigned to the bidentate/monodentate nitrates species
adsorbed on ZrO, develop at 1603-1483, 1298 and 1014 cm™
over Zr-rich catalysts.39’ 0 The main pathway to form nitrate
species on Ce0,-ZrO,-based mixed oxides is the reaction of
nitrite species with an 0" active species. The 0 active species
on surfaces is mainly of superoxide O, type which is formed
through electron transfer by one-electron surface defects.*’ As
stated in UV-Raman results, the incorporation of Zr increases
the defects on the surface of sample and thus increases the
concentration of O" active species, leading to accelerate the
formation of nitrate species.

As for the catalytic activity results (Fig. 1), all the catalysts
have already reached their light-off temperature (Tsqy) When
the reaction temperature increases to 270 °C, except for
Pd/CZN41. So we choose 270 °C to study the adsorption and
active of target pollutants at high temperatures. As shown in
Fig. 8, Pd/CZN41 catalyst shows an obviously different spectra
with strong intensity of bands related to nitrate species (1602,
1242 and 1004 cm™) when reaction temperature reaches 270
°C, which is in accord with its relatively worse NO, catalytic
performance. However, the intensity of band at 1242 cm™
decrease significantly when increasing the Zr content, and
band at 1013 cm™ almost disappears for Pd/CZN14 catalyst,
revealing the elimination of nitrate species. Meanwhile, some
new bands in the region of 1600-1300 cm™ can be clearly
identified when Zr content further increases to Ce0,/ZrO, =
1/2, which may be attributed to formate/acetate/carbonate
species adsorbed on CZN supports, indicating that reactions
involving HC oxidation become significant at Zr-rich catalysts.
4244 The in situ DRIFTS spectra of Pd/CZN12 and Pd/Cz12
collected at different temperatures are displayed in Fig. 3S.
Their spectra are very similar with each other, because these
spectra mainly reflect the adsorption of species on Ce or Zr site
while the insertion of 5 wt. % Nd doesn’t change these sites a
lot.

8| J. Name., 2012, 00, 1-3

4. CONCLUSIONS

To analyze the doping effect of Nd,O; on structure-activity
relation in CeO,-ZrO, structure, a series of Ce0,-Zr0O,-Nd,03
(CZN) mixed oxides with different CeO,/ZrO, molar ratios have
been synthesized and the corresponding Pd/CZN catalysts
were prepared by impregnation method. Through the Rietveld
analysis of CZN31, CZN12 and CZ12 using XRD data, we find
that the incorporation of Nd into CeO,-ZrO, structure will
cause the expansion of the lattice and thus effectively stabilize
the cubic structure. The occupancy of O in CZN12 sample
(0.946) is much smaller than CZ12 (1.003), which implies that
the addition of Nd enhances lattice defect, leading to increase
the oxygen vacancies and improve lattice oxygen mobility.
Among the Nd-doped catalysts, UV-Raman results display a
homogeneous and stable ternary structure. The increase of
oxygen vacancies will increase the concentration of 0" active
species, leading to accelerate the formation of nitrate species.
Combined with the Pd-dispersion results, the increase of Zr
content also enlarges the Pd particle size, where NO prefers to
be dissociated. So the increase of Zr content for the fresh
catalysts enhances the catalytic activity of NO, elimination.
Meanwhile, steps of synchronous C-H and N-O dissociation
seem to be the predominant step for HC conversion. Thus,
fresh Pd/CZN14 catalyst shows the best catalytic performance
for NO and HC eliminations. For the aged catalysts, the
decreased concentration of oxygen vacancies and the
enrichment of tetragonal phase on the surface of Zr-rich
support (UV-Raman, Fig. 7) is the main factor to lead to the
decreased catalytic activity of NO and HC conversions.
Moreover, the main factors affecting the CO catalytic activity
are the Pd-dispersion and the number of Pd-CZ interface. The
Pd-dispersion decreases with the increasing Zr content, leading
to the decreased CO catalytic activity, especially for the aged
catalysts. Among the Ce-rich supports, an enhancement of
relative OSC value is observed with increasing Zr content, and
CZN11 displays highest OSC value before and after aged (550.7
and 468.9 umol/g, respectively). When further increasing Zr
content, a drop of OSC value occurs due to the massive
reductions of Ce content. The change regularity of OSC value is
almost the same with the in situ dynamic operational window,
demonstrating that the in situ dynamic operational window is
basically affected by OSC value. However, catalysts with
Ce0,/ZrO, molar ratio from 4/1 to 1/2 display wider static
operational window, indicating that an excess amount of Zr
will decrease the catalytic activity.
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