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A series of Ce0.35Zr0.65�xNdxO2�x/2 (x = 0.05, 0.10, 0.15, 0.20 and 0.25) were prepared, and the combina-
tional effects of Nd and noble metals on the catalytic activities of monolithic cordierite honeycomb
catalysts were elucidated. The results showed that the BET surface area and pore volume of CZN3F reach
a maximum, 97 m2/g and 0.19 ml/g, but all aged samples undergo a sharp decline. The CZN2 has more
oxygen vacancy and higher oxygen storage capacity (OSC) before and after ageing, but OSC of the samples
with high Nd content decreases. All fresh samples have cubic Ce0.40Zr0.60O2 phase with nano-size, but the
aged samples with low Nd content still exhibit cubic Ce0.40Zr0.60O2 phase. When Nd content (CZN4A) is
20 mol% after ageing at 1000 �C, small Ce0.60Nd0.40O1.80 is segregated from CeO2–ZrO2 cubic phase; when
the doped Nd increases to 25 mol% (CZN5A), the CeO2–ZrO2 cubic phase completely converts into
Nd050Zr0.50O1.75 cubic phase with 12.4 nm, accompanying a sharp decline of OSC; and O2 pretreatment
can change the reductive behavior and H2 consumption of samples because of oxygen absorbed. Noble
metals can influence the reduction of Ce0.35Zr0.65�xNdxO2�x/2. Ce0.35Zr0.65�xNdxO2�x/2 shows important
differences in the TPR and H2 consumption and can change the dispersion and sintering of noble metals,
resulting in different catalytic activities. The light-off temperature (T50%) of catalysts containing CZN2F
(C2F) can be as low as 160 �C for CO, 211 �C for NO and 259 �C for C3H8, indicating that appropriate Nd
doping is helpful for the improving catalytic activity.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Since the end of last century, in order to solve the problems of
cold start and increasingly tight supply of precious metals, a new
study is focused on the development of Pd-only or Pt and Rh
three-way catalysts (TWCs) with low content. According to the lit-
erature [1], the total precious metals of Pt and Rh (Pt:Rh = 5:1) in
TWCs have been dropped to 0.30–1.2 g/L, and the conversion of
CO, HC and NOx can still meet the automobile emission regulations.
The study by Huang et al. [2] indicates that the TWCs with high
rare earth oxides have high conversion of CO, HC and NOx when
the precious metals decrease to 0.35–0.564 g/L.
Generally, a conventional TWC involve two main carriers: oxy-
gen storage materials such as CeO2 and CeO2–ZrO2 and carriers
with high surface area and anti-sintering at high temperature such
as Al2O3 and La2O3-stabilized Al2O3. Catalyst deactivation may be
caused by a number of reasons, both chemical and physical.
Although the introduction of CeO2–ZrO2-based mixed oxides into
the TWCs represents a significant breakthrough point compared
to the CeO2-based technology, as rougher working condition of
TWCs and more rigorous emission regulations applied, better per-
formance and thermal stable CeO2-based material is required for
developing durable and versatile TWC converters with high-activ-
ities. A successful commercial TWC application must meet the
requirements of high thermal stability and activity, especially
1000 �C.

In principle, there are a number of routes to improve the oxygen
storage capacity (OSC) and thermal stability of CeO2–ZrO2-based
materials. It is reported that the highest OSC is shown by
Ce1�xZrxO2�x with x = 0.2–0.4 [3], whereas lower CeO2 content
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favors highest textural stability under equivalent synthesis
conditions [4]. Nevertheless, the complete control of the design
and synthesis of these systems is still quite far from being
achieved, because the crystal structure of a CeO2–ZrO2 depends
on chemical composition and synthesis procedure. In our previous
studies [5], Nd doping into CeO2–ZrO2 can improve the catalytic
activities of TWCs. Wang et al. [6] studied the effect of Nd doping
on the properties of CeO2–ZrO2 solid solutions and the catalytic
performance of its supported Pd-only TWCs for gasoline engine
exhaust. They demonstrated that the addition of Nd is resultant
in the formation of cerium–zirconium–neodymium ternary oxide
solid solution with better textural and structural properties than
a similar undoped ceria–zirconia mixed oxide, as well as the
improved reducibility and redox behavior, leading to the enhance-
ment of three-way catalytic activity and enlargement of air/fuel
operation window. However, the effects of Nd with different dop-
ing content on the TWCs with low Pt and Rh are not systematically
studied. In fact, the catalytic properties of a material depend not
only on the chemical nature of the components and their ratio
but also on the particles dimension and their nano-or micro mor-
phology, and all of these are strongly influenced by the preparation
method [7]. In this paper, CeO2–ZrO2 materials with different Nd
content were prepared by an oxidation-co-precipitation technique
and these mixed oxides were used to prepare monolithic cordierite
honeycomb TWCs with low Pt and Rh of 0.50 g/L. And, the physico-
chemical and structural characterization of the prepared samples is
carried out using X-ray diffraction (XRD), Brunauer–Emmett–Teller
(BET), Raman spectroscopy and other techniques.
2. Experimental

2.1. Ce0.35Zr0.65�xNdxO2�x/2 and catalyst preparation

According to the literature [8], Ce0.35Zr0.65�xNdxO2�x/2 (x = 0.05, 0.10, 0.15,
0.20 and 0.25; named as CZN1, CZN2, CZN3, CZN4 and CZN5, respectively) were
prepared by oxidation-co-precipitation method from the following chemicals:
Ce(NO3)3�6H2O; Zr(NO3)3�5H2O; and Nd(NO3)3�6H2O, at the nominal composi-
tion, and the prepared Ce0.35Zr0.65�xNdxO2�x/2 was calcined from room tempera-
ture to 600 �C with heating rate of 10 �C/min in a muffle furnace and
maintained at 600 �C for 5 h under air atmosphere. These samples were cal-
cined at 1000 �C for 5 h under air atmosphere, respectively, to compare their
thermal stabilities. These samples calcined at 600 �C were named as CZN1F,
CZN2F, CZN3F, CZN4F and CZN5F, respectively, and these samples calcined at
1000 �C were respectively labeled as CZN1A, CZN2A, CZN3A, CZN4A and CZN5A.
The 3 wt.% La2O3-stabilized Al2O3 was prepared by the method of incipient wet-
ness impregnation and calcined at 1000 �C in a muffle furnace under air atmo-
sphere for 5 h to be stabilized. The heating rate is 10 �C/min. The obtained
3 wt.% La2O3-stabilized Al2O3 was named as LA and had BET surface area of
114 m2/g and c-Al2O3 phase.

The prepared Ce0.35Zr0.65�xNdxO2�x/2 (CZN1F, CZN2F, CZN3F, CZN4F and CZN5F,
respectively) and LA were used to prepare three-way catalysts with a 0.40 wt.% of
Pt and Rh (Pt:Rh = 9:1). For example, the Pt and Rh-loaded CZN1F and LA catalyst
powders were prepared by incipient wetness impregnation. According to a certain
proportion, RhCl3 and H2PtCl6 aqueous solutions were respectively loaded on
CZN1F powders and dried at 105 �C overnight in drying oven and calcined at
550 �C for 3 h in a muffle furnace under air atmosphere. At the same time, RhCl3

and H2PtCl6 were respectively loaded on LA and dried at 105 �C overnight in dry-
ing oven and calcined at 550 �C for 3 h in a muffle furnace under air atmosphere.
The heating rate is 10 �C/min. These catalyst powders were mixed with trace
amounts of necessary inorganic additives, added with some distilled water, and
ball-milled to obtain homogeneous slurry. The obtained slurry was spread on a
honeycomb cordierite (2.5 cm3, Corning, Shanghai) and the excess was blown
away using compressed air. This process was repeated several times to achieve
a Pt and Rh loading of 0.50 g/L. The coated honeycomb cordierite was dried at
105 �C for 4 h in drying oven and calcined at 550 �C for 3 h in a muffle furnace
under air atmosphere. The heating rate is 10 �C/min. Finally, a monolithic catalyst
was obtained and denoted as C1F. According to the preparation method and treat-
ment condition of C1F, CZN1F was replaced by CZN2F, CZN3F, CZN4F or CZN5F to
prepare the monolithic catalysts. They were named as C2F, C3F, C4F and C5F,
respectively. These fresh catalysts were hydrothermal aging at 1000 �C for 10 h
in a tube furnace under 10%H2O–90%N2 atmosphere with 20 ml/min flow, and
aged catalysts were obtained and named as C1A, C2A, C3A, C4A and C5A,
respectively.
2.2. Catalytic activity evaluation

The three-way catalytic activity was evaluated in a fixed bed micro-reactor
(14 mm inner diameter) with a gas mixture which simulated the exhaust from a
gasoline engine. These gases were controlled using mass flow controllers before
entering the blender. The gas space velocity (SV) was 34,000 h�1. A k value of 1.0
was utilized in all activity measurements. The k-value of the simulated exhaust rep-
resents the ratio of available to needed oxygen for a complete conversion of the
components to CO2, H2O and N2. The k-value is defined as oxidants/reductants fac-
tor k = (2O2 + NO)/(10C3H8 + CO). The CO, C3H8 and NO contents in the stimulated
gas before and after the micro-reactor were analyzed on-line using a FGA-4100
five-component analyzer (Analysis Instrument Co., Ltd., Fushan). The curves about
the relationship between conversion and temperature/k were obtained. The stoichi-
ometric simulated exhaust contained adjustable O2, 0.646% CO, 0.081% C3H8, 0.10%
NO, 12% CO2, 10% H2O and N2 as the balance.

The conversion of CO, C3H8 and NO was calculated using the following formula:

Conversion ð%Þ ¼ Cin � Cout

Cin
� 100%

where Cin is the component concentration in the original simulated mixture before
the micro-reactor, and Cout is the concentration after the micro-reactor.

2.3. Characterization

The N2 adsorption isotherms of the samples at liquid nitrogen temperature
were obtained on a ZXF-06 automatic surface analyzer (Xibei Chemical Institute,
Xianyang, China). Samples were degassed at 350 �C for 2 h in a vacuum to desorb
surface impurities. The adsorption isotherm data were used to calculate the surface
area (SBET) of each sample using the Brunauer–Emmett–Teller (BET) equation at rel-
ative pressures between 0.05 and 0.35.

Laser Raman spectra were recorded using a LabRAM HR Raman spectrometer
(HORIBA Jobin Yvon Co., Paris, France) with a 30 mW Ar ion laser (532 nm). The
crystal structures of all samples were determined using an X-ray diffractometer
(XRD) (DX-2000; Dandong Fangyuan Instrument Co., China) with Cu Ka radiation
(k = 0.15406 nm). The X-ray tube was operated at 40 kV and 25 mA. The samples
were scanned within the 2h range of 10–90� at a scanning rate of 0.03 deg/s. The
crystalline phases were identified by comparing them with reference data from
the International Center for Diffraction Data (JCPDs). The lattice constants were cal-
culated from peak locations and Miller indices. Particle size calculations were per-
formed using Debye–Scherrer equation.

The 200 mg sample was reduced from room temperature (RT) to 550 �C in pure
H2 with 40 ml/min flow rate before the oxygen storage capacity (OSC) measure-
ment. The heating rate is 10 �C/min. The sample was then maintained at this tem-
perature for 45 min, cooled to 200 �C, and purged with pure N2 with 20 ml/min flow
rate. OSC was measured by injecting oxygen pulses (82 lmol of O2 per g of sample)
into the sample bed until no more oxygen consumption was detected by the ther-
mal conductivity detector (TCD).

The temperature-programmed reduction of H2 (H2-TPR) experiments were per-
formed in a quartz tubular micro-reactor to study the reductive performance of
Ce0.35Zr0.65�xNdxO2�x/2 pretreated by different atmosphere, including N2 and
10%O2–90%N2. The 100 mg sample was pretreated under a N2 with 20 ml/min flow
rate from RT to 400 �C before the H2-TPR measurements, maintained at this temper-
ature for 40 min, and then cooled to RT. Another way is that 100 g sample was pre-
treated under a 10%O2–90%N2 (V/V) with 20 ml/min flow rate from RT to 400 �C
before the H2-TPR measurements, maintained at this temperature for 40 min, and
then cooled to RT. The H2 uptake amount during the reduction reaction was
detected using a TCD. CuO was used as a standard. The reduction reaction was per-
formed using a 5%H2–95%N2 (V/V) mixture at a heating rate of 10 �C/min from RT to
800 �C.

For the catalysts, the 100 mg sample was pretreated under a N2 with 20 ml/min
flow rate from RT to 400 �C before the H2-TPR measurements, maintained at this
temperature for 40 min, and then cooled to RT. The reduction reaction was per-
formed using a 5%H2–95%N2 (V/V) mixture at a heating rate of 10 �C/min from RT
to 700 �C. After the first TPR, the sample was cooled to RT in a N2 atmosphere,
and the reduction reaction was started again to study the changes of reductive per-
formance after the catalyst undergone a reduction experience. The TPR-redox cycle
of catalyst was repeated two times.

The temperature-programmed desorption of NO (NO-TPD) was conducted in a
quartz tubular micro-reactor to study the adsorption behavior of NO on catalysts.
The 100 mg sample was initially pretreated in pure Ar with flow rate of 20 ml/
min at 400 �C for 60 min before performing a NO-TPD experiment. The sample
was then cooled to RT and switched to a 10%NO–90%Ar (V/V) mixture with flow
rate of 20 ml/min for 90 min. The sample was heated from RT to 900 �C at a rate
of 10 �C/min in pure Ar with flow rate of 20 ml/min for NOx desorption. The effluent
gas was monitored on-line using a TCD.

CO chemisorption was used to determine noble metal dispersion (Pt and Rh) on
the catalyst surface. The 100 mg sample was reduced using pure H2 with flow rate
of 20 ml/min in a quartz U-tube at 550 �C for 60 min before the analysis. The sam-
ples was then purged with pure N2 with flow rate of 20 ml/min and cooled to 25 �C.
Next, the pulses of CO were injected to achieve a breakthrough point. The
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dispersion of noble metals was evaluated from the consumption of CO (assuming
CO/M = 1) because CO adsorption at room temperature does not change the
oxidation state of the support (prereduced by hydrogen) and the composition of
CeO2–ZrO2 seems to have no definite influence on the dispersion due to the same
dispersion (60–65%) for a wide range of composition of the mixed oxide, between
Ce0.15Zr0.85 and Ce0.68Zr0.32 [9].
3. Results and discussion

3.1. Structure of Ce0.35Zr0.65�xNdxO2�x/2

XRD patterns of all samples are shown in Fig. 1. This figure gives
an evidence of the existence of nano-size diffracting entities.
According to the literature [10], the diffraction peaks of CeO2 with
cubic phase are 28.55�, 33.08�, 47.48�, 56.34�, 59.09�, 69.42�,
76.71� and 79.08� (JCPDs No. 43-1002). Diffraction peaks with 2h
value of 30.40�, 34.92�, 35.34�, 59.70�, 60.26�, 60.04� and 74.62�
originate from the crystal planes (011), (002), (110), (013),
(121), (202) and (220) of tetragonal ZrO2 (JCPDs No. 50-1089),
respectively [11]. Nd2O3 has two structure, body-centered cubic
structure (JCPDs No. 21-0579) and hexagonal phase (JCPDs No.
41-1089) [12,13]. For CZN1F, the obvious peaks at 2h = 29.20�,
33.91�, 48.97�, 58.24�, 59.77�, 72.16�, 79.51� and 81.85� can be
observed. They correspond to face-centered cubic structures of
CeO2. All other samples calcined at 600 �C show a face-center cubic
structure, and no evidence of the presence of other phases (m, t, t0,
ZrO2 or Nd2O3) is detected. This indicates that the introduction of
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Fig. 1. XRD profile of Ce0.35Zr0.65�xNdxO2�x/2 calcined at 600 (a) and 1000 �C (b).
Nd2O3 cannot change the crystalline structure of CeO2–ZrO2 and
forms a solid solution. In other words, all Nd3+ ions could be dis-
solved into the CeO2–ZrO2 lattice. With the increase of Nd doping
content, the diffraction angle shifts to lower angle, indicating that
the lattice parameters of samples increase gradually. It is con-
firmed by the data in Table 1. This increase of the lattice parameter
from 0.52667 nm for CZN1F to 0.53557 nm for CZN5F can be attrib-
uted to the substitution of Nd3+ ion at the site originally occupied
by the Ce4+ ions. This is resultant in lattice expansion when the ion
with larger radius enters into a lattice with smaller ion, because
the ionic radius of Nd3+ (0.115 nm) is greater than that of Ce4+

(0.097 nm) and of Zr4+ (0.084 nm). A consistent peak broadening
is observed, reflecting the occurrence of more defective ceria lat-
tice, lower degree of crystallinity and smaller particle size. This
defect can be explained by lattice strain. According to the results
calculated by the Debye–Scherrer equation (D = jk/(bcosh)) ana-
lyzing the half-band width (Table 1), all samples are nanocrystal-
line with 5.1 nm for CZN1F and 4.3 nm for CZN5F, indicating that
the different Nd doping content can influence the crystalline size.
The Nd doping is conducive to the production of small crystalline,
which will help the improvement of the catalytic activities.

In our experimental conditions, after being aged at 1000 �C for
5 h, the diffraction peaks of all samples (Fig. 1b) become sharp,
which implies the sample sintering. With the increase of Nd doping
content, the diffraction angle still moves to the lower angle. When
Nd content is less than 20 mol% (CZN1A, CZN2A and CZN3A), the
samples are still a stable solid solution with CeO2–ZrO2 cubic
phase; and with the increase of Nd doping content, the unit cell
parameters of all samples calcined at 1000 �C increase but are
smaller than the corresponding fresh samples, as shown in Table 1.
This is caused by Nd3+ (0.115 nm) with larger ionic radius entering
into the oxide lattice of Ce4+ (0.097 nm) with small ionic radius. For
CZN4A, small Ce0.60Nd0.40O1.80 (2h at 28.15�, 33.73�, 46.69� and
55.60�) cubic phase is separated from CeO2–ZrO2 cubic phase,
and more Ce0.40Zr0.60O2 (JPCDs No. 38-1439) cubic phase exists in
the sample. These results indicate that CZN4A appears phase sep-
aration after calcination at high temperature. For CZN5A, the dif-
fraction peaks at 28.93�, 33.61�, 48.37�, 57.28�, 59.86�, 70.57�,
78.34� and 80.70� are observed, which conform to the XRD pattern
of cubic Nd0.50Zr0.50O1.75 (No. 63-6817) while deviate from the
CeO2-containing compounds, indicating that CeO2–ZrO2 cubic
phase is completely converted into Nd0.50Zr0.50O1.75 because of
the rearrangement of Ce4+, Nd3+ and Zr4+ after ageing at 1000 �C,
Ce4+ (0.097 nm) and Zr4+ (0.084 nm) with small ionic radius enter-
ing into the oxide lattice of Nd3+ (0.115 nm) with larger ionic
radius, leading to a larger unit cell parameters. In previous study
[14], it is also found that there is no pure tetragonal phase after
heat treatment at 1170 �C in the ZrO2–Nd2O3 system with Nd con-
tents more than 15 mol%. As shown in Table 1, the crystalline size
of all aged samples is an increase comparing to the fresh samples,
proving that the samples appear sintering, which induces the
shrinkage of lattice parameters of CeO2–ZrO2. This is agreement
with the literature [15]. CZN2A has the smallest crystalline size
of 10.8 nm, while CZN5A has the largest crystalline size of
12.4 nm, indicating that phase transition can affect the crystalline
size of the material. Suitable doping content can maintain the
nanometer crystalline with CeO2–ZrO2 cubic phase, which would
favor the active component dispersion of catalysts.

Since there are two competing effects on the peak-shift in XRD
with different Nd doping concentrations, including contraction by
the replacement of Ce4+ with Zr4+ and expansion by the increased
fraction of Nd3+ or more oxygen vacancies. In order to study the
oxygen vacancies of Nd doped materials, the lattice strain was cal-
culated from the diffraction peaks of XRD. According to the litera-
ture [16,17], the lattice strain mainly comprises of non
stoichiometric oxygen defects and Ce3+ (as Ce2O3) in CeO2. These



Table 1
The lattice strain, crystalline cell parameter and size of Ce0.35Zr0.65�xNdxO2�x/2 calcined at 600 and 1000 �C.

Samples Lattice strain Lattice parameters (nm) Crystalline size (nm)

600 �C 1000 �C 600 �C 1000 �C 600 �C 1000 �C

CeO2 – – 0.54112 0.54105 8.4 117.4
CZN1 0.0337 0.0160 0.52667 0.52446 5.1 11.6
CZN2 0.0438 0.0164 0.52885 0.52678 4.4 10.8
CZN3 0.0379 0.0151 0.53063 0.52811 4.7 11.4
CZN4 0.0247 0.0136 0.53360 0.52961 4.3 11.4
CZN5 0.0227 0.0107 0.53557 0.53245 4.5 12.4
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Fig. 2. The Raman spectra of all samples: (a) fresh samples and (b) aged samples.
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defects increase the width of the diffraction peak (Fig. 1). The mag-
nitude of strain is determined using Williamson–Hall (W–H) plot
[16] and the corresponding data are listed in Table 1. It is found
that Nd doping into CeO2–ZrO2 changes the lattice strain, which
is due to oxygen vacancies and Ce3+ [16]. For all fresh samples, they
have higher lattice strain value than the corresponding aged sam-
ples, meaning more oxygen vacancies and Ce3+ in fresh samples.
Furthermore, 10 mol% Nd doping into CeO2–ZrO2 has the highest
value with 0.0438 lattice strain compared to other samples, and
after ageing at 1000 �C for 5 h, it still has the highest value, indicat-
ing that 10 mol% doping could be an optimal amount to oxygen
vacancies. Increase of lattice strain is the result of the substitution
effect of slightly larger Nd3+ (0.115 nm) on Ce4+ (0.097 nm), which
is due to that trivalent Nd doping produces oxygen vacancies in the
lattice to maintain charge balance. With the increase of Nd doping
content, the lattice strain decreases but expands the lattice
(Table 1). The lattice tries to minimize the strain by undergoing
expansion, meaning that excessive doping content is not conducive
to the production of oxygen vacancies. This may be related with
Ce4+ (0.097 nm), Zr4+ (0.084 nm) and Nd3+ (0.115 nm) ion radius.
After ageing, the lattice strain values decrease, implying that the
concentrations of oxygen vacancies and Ce3+ ions decrease. This
is because the diffusion of oxygen vacancies from the bulk to the
surface becomes more difficult because of severe sintering, which
is possibly limited by phase domain, grain boundary and textural
properties [17]. Some of the doped Nd3+ will replace the core
Ce4+ site, and some of the Nd3+ ions will sit on the surface. This
is because small semiconductor nanocrystallites have the tendency
of self purification, and the excess numbers of dopants are expelled
from interior by self purification process [17]. In this process, these
excess Nd3+ ions, on the surface and in the core, result in phase
separation (CZN4A) and phase transformation (CZN5A) to prevent
the growth of the nanocrystallites.

For pure CeO2, a Raman peak at about 465 cm�1 is observed in
Fig. 2, which is related to the F2g mode [18]. This mode corresponds
to symmetric breathing mode of the oxygen ions around each Ce4+

cation [19]. A metastable phase (t00) of Ce1�xZrxO2 with x = 0.2–0.6
lies at ca. 138, 312, 470–473, and 620 cm�1 [20]. Six characteristic
lines of tetragonal D15

4h ZrO2 are located at 148, 264, 323, 467, 610
and 645 cm�1 [21], and Raman shifts at 187, 332, 391, 433, 538
and 1000 cm�1 belong to Nd2O3 [22]. In our previous study [8], it
is found that Ce0.35Zr0.65O2 has one strong Raman peak at
471 cm�1 with a weak peak at 627 cm�1. The former is due to F2g

mode of c-CeO2, and the latter is attributed to the presence of a
defective structure in the CeO2–ZrO2 materials. The Raman spectra
of the prepared materials are illustrated in Fig. 2. It is found that
the strong Raman peak for CZN1F and CZN3F is observed at around
470 cm�1, and shifts to 475 cm�1 for CZN2F and CZN4F and to
468 cm�1 for CZN5F. Shifting and broadening of the F2g Raman
peak of samples with the increase of Nd doping content indicate
the local structure distortion, which is due to lattice spacing and
atomic geometry of ceria on more Nd doping. This may be caused
by replacement of a lattice site Ce4+ with Nd3+. All samples have
two broad weak peaks at about 300 and 600 cm�1. The strong
Raman peak is due to the F2g mode of c-CeO2. For the weak peaks,
the former at 300 cm�1 could be the t00 phase, and the latter
belongs to the presence of a defective structure in the CeO2–ZrO2

materials [23]. This defect is attributed to the presence of intrinsic
O vacancies in the lattice [24]. The t00 phase cannot be distinguished
from the cubic phase by XRD since it is characterized by a cubic
cation sub-lattice (c/a = 1), with tetragonal distortion of the oxygen
sub-lattice [25]. After being aged at 1000 �C for 5 h, the strong
Raman peaks of all samples has changed, indicating that there
are rearrangement of Ce4+, Zr4+ and Nd3+ and lattice shrinkage. All
aged samples still maintain cubic phase. In XRD characterization,
CZN4A takes place phase separation with cubic Ce0.60Nd0.40O1.80

and cubic Ce0.40Zr0.60O2, and CZN5A has a cubic Nd0.50Zr0.50O1.75.
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This indicates that Raman spectroscopy cannot clearly distinguish
the difference of cubic phases containing ZrO2 component but can
describe oxygen vacancies and changes of ion position under our
experimental conditions.
3.2. Textural properties and OSC of Ce0.35Zr0.65�xNdxO2�x/2

The differences in the texture can be also seen in the parameters
of porous structure calculated from the nitrogen adsorption
isotherms collected in Table 2. All samples calcined at 600 �C have
larger surface area, and the BET surface area and pore volume of
CZN3F reach a maximum, 97 m2/g and 0.19 ml/g. The former will
favor the dispersion of active ingredients, and the latter is related
to the diffusion of reactive molecules. After being aged at 1000 �C
for 5 h, all samples undergo a loss of surface area, indicating that
Ce0.35Zr0.65�xNdxO2 could appear some complicated rearrangement
Table 2
The specific surface area (SBET), pore volume (V) and oxygen storage capacity (OSC) of
Ce0.35Zr0.65�xNdxO2�x/2 calcined at 600 and 1000 �C.

Samples SBET (m2/g) V (ml/g) OSC (lmol/g)

600 �C 1000 �C 600 �C 1000 �C 600 �C 1000 �C

CZN1 85 20 0.15 0.08 269 235
CZN2 86 26 0.16 0.08 416 292
CZN3 97 33 0.19 0.13 278 138
CZN4 85 35 0.15 0.12 237 124
CZN5 89 29 0.15 0.10 246 41
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of ions and sample sintering under high temperature. CZN3A still
has 33 m2/g of surface area and 0.13 cm3/g of pore volume, indicat-
ing that suitable Nd doping can enhance the thermal stability of
materials, which may improve the catalyst performance.

The OSC of Ce0.35Zr0.65�xNdxO2�x/2 calcined at 600 and 1000 �C is
listed in Table 2. All samples have different OSC. The OSC of CZN2F
is 416 lmol/g, which is due to more oxygen vacancies. With the
increase of Nd doping content, the OSC decreases, indicating that
excessive Nd doping is not conducive to the enhancement of OSC
because of the decrease of oxygen vacancies. Another factor is that
the crystallite sizes of the fresh samples are small and large
amount of crystal defects are created to increase the oxygen mobil-
ity both in the bulk and on the surface. The aged samples have sim-
ilar tendency with the fresh samples and are closely related to
oxygen vacancy content. Furthermore, the crystallite sizes of the
aged samples are growth, and the crystal defects are decrease.
They will reduce the oxygen mobility, resulting in the decrease
of OSC. For CZN5A, the OSC decreases to 45 lmol/g. This may be
due to the CeO2–ZrO2 transformation into Nd2O3–ZrO2, indicating
that Ce3+

M Ce4+ are the main ways of the oxygen storage.
3.3. Study of temperature-programmed reduction (TPR)

The reductive properties of the samples used in the present
study are investigated using H2-TPR to verify the doped effects of
Nd2O3. The TPR profiles of fresh and aged Ce0.35Zr0.65�xNdxO2�x/2

are illustrated in Fig. 3. Zhu et al. [26] have found that the reduc-
tion of CeO2 starts at 280 �C, and the peak at 510 �C is assigned
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to the reduction of surface capping oxygen of ceria, and the peak at
800 �C can be ascribed to the reduction of bulk CeO2. Teng et al.
[27] have reported that two reduction peaks (420 and 567 �C) of
m-Ce0.8Zr0.2O2 correspond to the reduction of oxygen from surface
and bulk ceria, respectively. In Fig. 3a, the peak temperature shifts
to lower temperature with the increase of Nd doping content,
595 �C for CZN1F, 587 �C for CZN2F and 572 �C for CZN3F, but for
CZN4F, two reduction peaks are observed, 404 and 612 �C. The
former is ascribed to the reduction of surface capping oxygen
(O2� and O�) species due to the defects of structure and electronic
properties of nonstoichiometric ceria [28], and the latter is
assigned to surface cerium. This may be that the introduction of
Nd3+ content has reached a critical point, resulting in a different
TPR behavior. For CZN5F, the reduction peak towards to the low
temperature at 584 �C. These results show that when different
Nd doping contents are induced into CeO2–ZrO2, the oxygen mobil-
ity increases from bulk to surface. This may be due to the structural
modification in the CeO2–ZrO2 lattice when some Ce4+ ions with
small ionic radius are substituted by Nd3+ with large ionic radius.
As reported in literatures [29,30], the introduction of Nd3+ in
CeO2–ZrO2 lattice can induce structure disorder and create addi-
tional anion vacancies, which can increase the oxygen mobility in
the bulk of solid solution, causing that partial O2� anion diffuses
from bulk to surface, resulting in the increase of the bulk reducibil-
ity. As shown in Table 3, CZN5F has the lowest H2 consumption,
indicating that cerium in CeO2–ZrO2 doped by high Nd3+ content
is not easy reduced by hydrogen, which does not favor the oxygen
mobility. This is consistent with the reported results in literature
[31]. In Fig. 3b, compared to the reductive behavior of fresh sam-
ples, the peak temperatures of all aged samples shift to higher tem-
peratures. Two reduction peaks for CZN1A are observed, 524 and
614 �C. Both CZN2A and CZN5A still have one reduction peak, but
the peak temperature shifts to 621 and 601 �C, respectively. For
CZN3A, a single reduction peak splits into two reduction peak,
but one reduction peak for CZN4A is detected. On the one hand,
there are a collapse of surface area and a filling of pore, which
can hinder the concomitant reduction of the surface. Conversely,
the different initial texture of the solid solution modifies the reduc-
tion temperatures in the TPR. On the other hand, the samples after
ageing at 1000 �C appear different sintering and crystal growth. At
the same time, the lattice shrinkage of Ce0.35Zr0.65�xNdxO2�x/2 is
observed of rearrangement of Ce, Zr and Nd ions. These factors
influence the oxygen mobility, resulting in different reduction
behavior. In Table 3, the H2 consumption of all aged samples also
changes obviously. Except CZN4A, the H2 consumption of other
samples decreases, proving that the reduction degree of Ce4+ in
samples is reduced. CZN2A has the largest H2 consumption, indi-
cating that 10 mol% Nd content is conducive to the reduction of
Ce4+ and the oxygen mobility. CZN5A has the worst H2 consump-
tion (191 lmol/g), which may be that Ce4+ ions enter into
Nd2O3–ZrO2 lattice and the interior Ce4+ is reduced difficultly.

Generally, there are several oxygen ad-species such as O2
�, O2

2�,
and O� on the surface of an oxygen-containing catalyst. Semicon-
Table 3
The H2 consumption of fresh (a) and aged (b) Ce0.35Zr0.65�xNdxO2�x/2 pretreated under
N2 atmosphere after pretreatment under a N2 atmosphere, and that of fresh (c) and
aged (d) Ce0.35Zr0.65�xNdxO2�x/2 after pretreatment under a 10%O2–90%N2

atmosphere.

Sample H2 consumption (lmol/g)

a b c d

CZN1 353 282 204 26, 8, 357
CZN2 442 320 504 106, 464
CZN3 424 105, 155 524 164, 179, 350
CZN4 28, 258 311 30, 286 56, 444
CZN5 246 191 356 74, 224
ductor oxides and some metal surface can adsorbed O2 (including
some O2

�) at the lower temperature, while at higher temperatures,
O2 or O2

� is dissociated into O� and adsorbed on the oxide surface.
The order of the adsorption energy of the three kinds of particles is
O2 < O2

� < O�. Yao and Yu Yao [32] also have found that a new oxy-
gen species, probably a molecular oxygen anion, is formed at 25 �C
which converts slowly at 500 �C to the capping oxygen anion, and
complete restoration of all three types of oxygen anions is accom-
plished at 850 �C in air. In our work, when the fresh Ce0.35Zr0.65�x-

NdxO2�x/2 is pretreated under a 10%O2–90%N2 atmosphere at
400 �C, as shown in Fig. 3c, the reductive behavior of the samples
is similar to the samples pretreated by N2, but the peak tempera-
ture shifts to low temperature except the peak of CZN1F at
633 �C and CZN2F at 619 �C, indicating that Ce4+ concentration
on the surface occurs changes when Ce0.35Zr0.65�xNdxO2�x/2 is pre-
treated under a 10%O2–90%N2 atmosphere. Oxygen vacancies in
CZN1F and CZN2F decrease because non stoichiometric oxygen
defects and Ce3+ (as Ce2O3) could be oxidized to Ce4+ after treat-
ment under 10%O2–90%N2 atmosphere, resulting in reduction tem-
perature to move to high temperature. In Table 3, H2 consumption
of CZN1F decreases to 204 lmol/g, which could be due to less
defects because of low Nd3+ content. H2 consumption of the others
increases. This is because oxygen is absorbed on the surface of
samples when the samples are oxidized at 400 �C. On the other
hand, the more Nd3+ with larger ionic radius in CeO2–ZrO2 lattice
can enhance defects, resulting in the increase of oxygen mobility.
In Fig. 3d, three reductive peaks at 309, 506 and 601 �C are
observed for CZN1A, corresponding to H2 consumption of 26, 8
and 357 lmol/g, respectively. The former is due to the reduction
of the absorbed oxygen, the medium is attributed to the reduction
of surface-capping oxygen of ceria, and the latter belongs to the
reduction of surface CeO2. Except that the H2 consumption of
CZN5A is a decline compared to fresh samples, and that of the
other samples increases, indicating that O2 pretreatment can
change the reduction behavior of samples. This is caused by lattice
shrinkage because of rearrangement of Ce, Zr and Nd ions and a
collapse of surface area after ageing at 1000 �C. When the aged
samples were pretreated again in 10%O2–90%N2 atmosphere at
400 �C, all samples subjected to a secondary change of microenvi-
ronment, leading to a difference of reductive behavior and H2 con-
sumption compared to the samples treated by N2. Especially, a
reduction peak at low temperature is detected, which is due to
the reduction of adsorbed oxygen species in the oxidation treat-
ment. The increase of H2 consumption is due to the reduction of
adsorbed oxygen species and also includes the increase of the
Ce4+ concentration on surface.

As shown in Fig. 4a, when noble metals are impregnated on the
carriers, including Ce0.35Zr0.65�xNdxO2�x/2 and La2O3-stabilized
Al2O3, three reductive peaks are observed, showing that Pt-Rh/
Ce0.35Zr0.65�xNdxO2�x/2/Al2O3 has similar reduction behavior. In the
study about the rhodium supported on ceria–zirconia mixed oxides,
Haneda et al. [33] observed a reductive peak at 100 �C that was
ascribed mainly to the reduction of nearby CeO2–ZrO2, which
strongly interacts with rhodium. Fornasiero et al. [34] studied the
interaction of molecular hydrogen with a Pt/Ce0.6Zr0.4O2/Al2O3

TWC and observed an intense peak at 180 �C in the fresh sample,
which was associated with the reduction of the Pt oxide and
Ce0.6Zr0.4O2 mixed oxide. In our previous work [35], the reduction
peak at 104 �C of fresh Pt–Rh/CeO2–ZrO2–MxOy (M = Y, La)/Al2O3 is
assigned to Rh, at 170 �C for Pt, and at 436 �C for Ce4+. Thus, for exam-
ple, both peaks at 198 and 239 �C are found during the TPR of C1F.
The former may be associated with the reduction of Rh2O3 because
of the formation of Rh2O3 in calcination process under oxidizing
atmosphere [36], which can simultaneously involve the reduction
of superficial cerium oxide, and the latter is due to the reduction of
the Pt oxide and CZN1F mixed oxide. This is caused by strong
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interaction between noble metal and Ce0.35Zr0.65�xNdxO2�x/2. The
noble metals have the capacity to anticipate cerium oxide reduction
due to H2 spillover from the metal to the CZN1F support, facilitating
its reduction [37] which leads to the reduction of oxygen storage
materials in catalysts shifting to low temperature (at around
327 �C) compared to Ce0.35Zr0.65�xNdxO2�x/2. For the other catalyst
samples, the reductive peaks appear slightly changes, indicating
that Nd doping with different contents slightly influences reductive
performance of catalysts because the differences of textures and
crystalline size are resultant in different dispersion of noble metals.
For the second TPR cycle of fresh catalysts, there are still three reduc-
tive peaks, but their reduction temperatures shift to higher temper-
atures, indicating that the catalysts undergo an ageing in the first
cycle under H2/N2 atmosphere. The low temperature peak is due
to the reduction of Rh2O3 and Pt oxides, the medium belongs to
the reduction of noble metal involving cerium oxide, and the high
is assigned to Ce4+ oxides. In impregnation process, carrier has dif-
ferent adsorption ability for active components, leading to competi-
tion adsorption, which will influence the distribution of active
components on the carrier surface. On the other hand, the migration
of impregnation liquid contained in pores will happen in drying pro-
cess because of capillary phenomenon, which is resultant in uneven
distribution of active components, forming uniform, egg-shell, egg-
white and egg-yolk. The active ingredient encapsulated by carriers is
exposed and starts to move and sinter in the H2/N2 atmosphere at
high temperature [36]. When this process reaches a certain level,
the catalyst will gradually deactivate and is an irreversible
inactivation.
After ageing at 1000 �C, gray color of the catalyst surface is
observed, indicating that noble metals (platinum and rhodium)
are agglomerated because platinum and rhodium are certainly in
the metallic state [38]. The reductive behavior of all samples has
also undergone significant changes. Except that C2A has four obvi-
ous peaks, all other catalysts have two obvious reduction peaks at
100–200 and 200–350 �C and a broad peak at about 650 �C. The
low temperature peak is due to the reduction of Rh2O3 and Pt oxi-
des, the medium belongs to noble metal involving the reduction of
Ce4+ oxides, and the latter is due to the bulk reduction of Ce4+ oxi-
des. This may be that noble metal and carrier may sinter after age-
ing at 1000 �C resulting in the movement of reduction to high
temperature. For C2A, the reduction peak at about 450 �C, which
is due to a strong interaction between noble metals and carriers,
resulting in a good anti-aging ability which will help to extend
the service life of the catalyst. For the second TPR cycle of aged cat-
alysts, all samples have two obvious reductive peaks. The peak
below 200 �C becomes very sharp, and the reductive peak in the
range of 300–400 �C becomes very small, indicating that grain
growth of noble metals is accelerated in reducing atmosphere.
The former still belongs to the reduction of noble metals, and the
latter involves cerium oxide reduction. These results suggest that
the noble metals in the carriers are slowly exposed and agglomer-
ated, indicating that the catalyst inactivation is a slow process.
Based on the above analysis, one can conclude that noble metals
can influence the reductive behavior of Ce0.35Zr0.65�xNdxO2�x/2,
and Ce0.35Zr0.65�xNdxO2�x/2 with different Nd doping content can
change the sintering state of noble metals because of the thermal
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stability of carrier materials, which will lead to the difference of
three-way catalytic activities.
3.4. NO temperature-programmed desorption (NO-TPD) of catalysts

Several investigations have shown that NOx can be stored on an
alkaline-earth oxide (such as BaO) under excessive oxygen condi-
tions, and the stored NOx is then released and simultaneously
reduced by CO or HC over the noble metal component [39,40] dur-
ing intermittent rich/stoichiometric periods. However, the influ-
ence of Nd doping into CeO2–ZrO2 on NOx removal for TWCs
with low Pt and Rh is not investigated. As shown in Fig. 5, two
desorption peaks of all catalysts are observed, indicating that cat-
alysts have similar NOx absorption behavior. For C1F, two desorp-
tion peaks of NOx at 288 and 551 �C are observed. The former is due
to the decomposition of species weakly adsorbed nitrite and NO,
and the latter is caused by the decomposition of species strongly
adsorbed nitrate (NO3

�) species. This is because NO can be reacted
with O2 at lower temperature and generates NO2. This NO2 plays a
role of surface oxidative agent to form NO2–O2

� pair; on the other
hand, it can react with surface O to form a surface nitrate [29].
The area of peak at high temperature from larger to small is as fol-
lows: C4F > C2F > C3F > C5F > C1F. In TWCs, NO can be adsorbed on
the ceria–zirconia and oxidized to NO2, and this NO2 is subse-
quently adsorbed as NO3

� species on Ce4+–O2� pair sites [41],
involving oxygen vacancies. This increase of activity is attributed
to the ability of Ce3+, generated by the metal-promoted reduction
of the support, and to efficiently reduce NO via a redox mechanism.
Both ad-NO3

� species and adsorbed NO2 species are important for
NO reduction, because NO is oxidized to NO2 under lean burn con-
ditions and the resulting NO2 can be absorbed as NO3

�, which are
periodically reduced by hydrocarbons [42]. Studies by Broqvist
et al. [43] have shown that NO2 is active species which can react
with reducing gas and generates N2. Therefore, the area of peak
at high temperature is larger, and the generation of NO3

� is more,
which will influence the removal of NOx under lean burn
conditions.
3.5. Catalytic testing

The three-way catalytic activities of all catalysts under a simu-
lated exhaust mixed gas and at SV = 34,000 h�1 are illustrated in
Fig. 6. The conversions of CO, C3H8 and NO of all catalysts increase
with the increasing temperatures. When the temperature rises to a
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certain value, the three pollutants may be completely converted.
The light-off temperatures T50% (the conversion reaches 50% corre-
sponding to the reaction temperature) of all catalysts are listed in
Table 4. The temperature of CO catalytic oxidation is the lowest,
showing that CO is the most easily removed because CO is easily
adsorbed on the catalyst surface and firstly be oxidized by mobile
oxygen species on the catalyst surface. C3H8 is converted into CO2

and H2O, which needs higher temperature because of the dissocia-
tive chemisorption of C3H8 related to C–H band broken which is
very difficult. NO conversion differs from HC conversion in having
two mechanism routes: one is metal-catalyzed, and the other is
oxygen-storage related and involves synergy between ceria–zirco-
nia-based oxides and noble metals. CeO2–ZrO2-based materials
could supply reactive oxygen by storage/release oxygen through
a redox process involving the Ce4+

M Ce3+ couple, which can facil-
itate the oxygen adsorption and activation, and thus promotes the
catalytic reactivity [44]. The noble metals facilitate the reduction of
Ce4+–Ce3+ (Fig. 4a), which can be oxidized by NOx or O2. On the
other hand, the cerium component of CeO2–ZrO2-based oxides
can capture oxygen from H2O and produce CeO2 and H2 [45]. This
promotes the removal of CO, C3H8 and NO, because CO and C3H8

involve water–gas shift and stream reforming [35], releas-
ing hydrogen which is a very effective reductant for removing NO
[45]. In Table 4, the light-off temperature (T50%) of C2F can be as
low as 160 �C for CO, 211 �C for NO and 259 �C for C3H8, while that
of C1F is 289 �C for C3H8, 242 �C for CO and 278 �C for NO. The cat-
alytic activity of CO and C3H8 over catalysts from excellent to poor
followed a sequence of C2F > C3F > C4F > C5F > C1F, which is clo-
sely related to the dispersion of noble metals and OSC. The former
provides the active site, and the latter involves the movement of
oxygen. In other words, oxygen storage materials must have high
OSC and oxygen mobility, whereas a high surface area and appro-
priate pore structure mainly provide active sites. As shown in
Table 4, the dispersion of C2F is 21.26%, which corresponds to best
catalytic activity. The dispersion of C3F is 17.63%, and that of C4F
and C5F is 14.56% and 13.28%, respectively. The C1F is only
7.26%, which corresponds to the worst catalytic activity. This is
consistent with crystalline size of Ce0.35Zr0.65�xNdxO2�x/2, indicat-
ing that small crystalline size favors the dispersion of the active
component. It is confirmed that the performance of carrier, espe-
cially applications of oxygen storage materials, directly influences
the catalytic activity of catalysts, because the removal of CO and
C3H8 mainly depends on oxidation reaction [46]. The catalytic
activity of NO over catalysts from poor to excellent followed a
sequence of C1F < C5F < C3F < C2F < C4F, which is consistent with
the results of NO3

�, indicating that NO2 is very important because
it can be reduced by reducing agent, including hydrocarbons, CO
and H2.

The CO, C3H8 and NO conversions of catalysts at 320 �C under
different k values are illustrated in Fig. 7. The k width (W) values
act as another scale for evaluating catalysts and are listed in
Table 4, when CO, C3H8 and NO conversions all reach 80%,
respectively. These data can be used to describe the three-way
working window of catalysts and removal of pollutants under
rich/lean burn conditions. In Fig. 7, in k testing range, at k < 1, CO
could be almost completely converted into CO2 because
Ce0.35Zr0.65�xNdxO2�x/2 can release oxygen; at k > 1, NO conversion
rapidly decreases; at k = 1, C3H8 conversion almost goes to com-
plete conversion. It must enhance C3H8 conversion at k < 1 and
NO conversion at k > 1 to expand working-window of catalysts.
The oxygen storage materials should satisfy two factors, including
a wide operation range for redox Ce3+

M Ce4+ in reducing and
oxidizing atmospheres and high reaction active sites. Oxygen stor-
age material is used as a crucial component in TWCs, which could
influence the dispersion of noble metals and the distribution of
active sites as well as oxygen transfer. The working-window of
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catalysts from wide to narrow is as follows: C2F > C3F >
C4F > C5F > C1F (Table 4). The C2F has the widest working-win-
dow, which is due to high oxygen vacancies, because oxygen can
be absorbed on the oxygen vacancies and forms chemically
adsorbed oxygen (O2
�) [47]. This chemical adsorption can make

O–O band weaken and form active O� ions [48]. The ‘‘ionic’’ oxygen
is active in total oxidation [49], which can improve CO and C3H8

oxidation. C3H8 oxidation influences the range of working-window



Table 4
The T50% of C3H8, CO and NO over catalysts, working-window (W) and Pt and Rh
dispersion.

Catalysts T50% (�C) W Pt and Rh dispersion (%)

C3H8 CO NO

C1F 289 242 278 0.05 7.26
C2F 259 160 211 0.27 21.26
C3F 259 170 217 0.26 17.63
C4F 258 179 240 0.21 14.56
C5F 262 191 231 0.15 13.28
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at k < 1, because C3H8 oxidation needs sufficient active oxygen. If
active oxygen cannot satisfy oxidation reaction, C3H8 conversion
obviously decreases, resulting in a narrower working-window of
catalysts. NO reduction influences the range of working-window
at k > 1, because NO is firstly oxidized to NO2 under lean burn con-
ditions and the resulting NO2 can be absorbed as NO3

�, which are
periodically reduced by reducing agent, including HC, CO or H2,
during intermittent rich/stoichiometric periods. On the other hand,
C2F has noble metal dispersion of 21.26%, which can provide more
active sites. For C1F, it has the narrowest working-window, which
is due to lower oxygen vacancies and low noble metal dispersion of
7.26%. This indicates that the properties of oxygen storage
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materials and noble metal dispersion are very important for
catalytic activities.
4. Conclusions

In the case of same Ce content, the doped Nd with different
content significantly affects the textural and structural
performance of CexZr0.65-xNdxO2�x/2 as well as crystalline size.
The Ce0.35Zr0.50Nd0.10O1.85 (CZN2) has more oxygen vacancy and
corresponds to higher oxygen storage capacity (OSC), but excessive
Nd doping is not conducive to the oxygen mobility of CeO2–ZrO2.
All fresh samples show a cubic CeO2–ZrO2 with nano-size, but after
ageing at 1000 �C, small Ce0.60Nd0.40O1.80 is segregated from cubic
Ce0.40Zr0.60O2 for Ce0.35Zr0.45Nd0.20O1.90 (CZN4A) and the cubic
Ce0.40Zr0.60O2 phase completely converts into cubic Nd0.50Zr0.50-

O1.75 phase for Ce0.35Zr0.40Nd0.25O1.875 (CZN5A), accompanying a
sharp decline of the OSC. Ce0.35Zr0.65�xNdxO2�x/2 shows important
differences in the TPR and H2 consumption and can change the dis-
persion and sintering of noble metals, resulting in different cata-
lytic activities. The catalyst containing Ce0.35Zr0.55Nd0.10O1.95

(CZN2) exhibits best catalytic activities, indicating that the proper-
ties of oxygen storage materials are very important for catalyst
activities. The suitable Nd doping content can better maintain
the reductive properties, which beneficially improve catalysts to
adapt to the working conditions of vehicle exhaust emissions
under the operating conditions of the different working conditions.
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