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Searching for cheaper catalysts with high activity and

stability in Ce-M-O systems (M=Fe, Co, Ni)
Ying Zuo®, Liping Li*, Xinsong Huang®, Guangshe Li**

For almost all catalysts, doping with cheaper transition metal ions could reduce the price necessary for
applications, while there usually occurs a catalytic activity degradation. This work reports on the
preparation of Ce-M-O solid solutions (M=transition metal) with an aim to achieve the cheaper catalysts
with high activity and stability. Systematic sample characterizations indicate that the existence of more
transition metal hydroxides is beneficial for the formation of Ce-M-O solid solutions and that the
formation reaction involves a complicated process (e.g., nucleation, dehydration, Ostwald attachment,
doping in ceria lattice, and oriented growth). When tested as the catalysts for CO oxidation, the solid
solutions of M= Fe maintained an excellent catalytic performance, much higher than that ever reported,
even when Fe doping level reaches 15%. No sign of deactivation was detected for M=Fe after 100 h
reaction, which compares to the apparent decrease in catalytic activity for M=Co or Ni. By studying the
doping effect on structure, reducibility, oxygen storage capacity and catalytic performance, it is
demonstrated that Fe doping level led to a lattice crystal shrinking, lattice distortion and restrained grain
growth of CeO,, yielding a synergistic effect in promoting oxygen storage capacity and catalytic activity.
The results reported herein may provide some hints for exploring advanced catalysts of lower prices.
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1. Introduction

As a quite important rare earth material, CeO, has found many
important implications including gas sensors,' solid oxide fuel
cells,? ceramic additives,’ heterogeneous catalys‘c,4 and so on.
Among these application domains, CeO, is widely taken as a
heterogeneous oxidation catalyst due to its excellent oxygen
storage/ release capacity (OSC),’ essential for NO, reduction *%,

soot oxidation®!! 1,10 12

, CO remova and hydrocarbon/ alcohol
reforming'®'®. Despite of these merits, there are still many
problems that cannot be ignored: one of which is to reduce the
catalyst price while maintaining the high catalytic performance.
This is because Ce reservoir is quite limited, showing an
average concentration of only 50 ppm in our earth’s crust.'’
Doping transition metals in CeO, could be highly promising
in reducing the catalyst price while maintaining the high
catalytic performance, when one considers the following issues:
(1) Reservoirs of transition metal are much higher than Ce (For
example, as the fourth most common element in the earth’s
crust, Fe makes up about 5 % of the earth’s crust.'®) (ii) OSC
and redox properties of CeO, can be significantly improved by

doping transition metals;> "%

(iii) doping transitions in ceria
can give rise to an ultra high thermal stability necessary for
catalytic reactions.”>**?° Motivated by these, a large number of
methods are successfully developed to synthesize Ce; M0,
solid solutions.’®?%?% As a consequence, many types of cheaper
catalysts have been obtained.""** Even so, it is still very hard to
lower the catalyst price, while maintaining the excellent
catalytic performance. For example, the optimum catalytic
performance of Fe-doped CeO, in CO oxidation is achieved at a
10% doping level of Fe, while above this level, the catalytic
performance is degraded.?’ Thus how to significantly lower the
catalyst cost while maintaining an excellent reactivity still
remains a challenge.

For this purpose, we chose transition metal ions, Fe”, C02+,
and Ni*" with similar ionic radii, but quite different chemical
nature, as the dopants to substitute for Ce*" of CeO,. As is well
known, solubility limit strongly relies on the preparation
method and thermal treatment. Among various methods, more
M ions could be doped into ceria lattice via co-precipitation,
but the subsequent thermal treatments usually cause particle
agglomeration and loss of original nature of particles.’**!
Comparing to co-precipitation method, hydrothermal reaction is
merited with low energy consumption and therefore could
avoid those problems encountered when using co-precipitation.
Based on these considerations, hydrothermal method was
selected to prepare the current samples Ce-M-O (M=Fe, Co,
Ni). As expected, there is a close relationship between the
existence forms of Fe/Co/Ni ions and their doping limits in
ceria lattice.

Systematic sample characterizations were performed to
clarify the synthetic mechanisms. For the case of Fe’" doping,
the solubility limit was indicated much higher than that ever
reported by traditional hydrothermal method.?”*?> When tested
as catalyst for CO oxidation, these doped samples maintained

This journal is © The Royal Society of Chemistry 2012

an excellent catalytic performance and durability, though Fe
doping level reaches as high as 15%. Eventually, the effects of
transition metal ion dopings on the structure, reducibility,
oxygen storage capacity, and catalytic activity were also
discussed.

2. Materials and methods

2.1 Sample synthesis

The starting materials were Ce(NOs);6H,0O, Fe(NO3);9H,0,
Co(NO3),6H,0, Ni(NO3), 6H,0, and NaOH, all of which were
analytical grade.

Ce-M-O systems (M=Fe, Co, Ni): All samples were
prepared according to a modified hydrothermal method. In an
optimized procedure, 0.225M Ce(NO3);6H,O and 0.225M
Fe(NO3);9H,0 (Co(NO3), 6H,0 or Ni(NO3), 6H,0) at a given
molar ratio of Ce to Fe (Co or Ni) were fully stirred (total
volume of the two nitrates was 60 mL). After then, a solution of
5M NaOH was gradually added with continuous stirring till
pH=13. The slurry was transferred to 90 mL Teflon-lined
stainless steel autoclave and reacted at 220 °C for 24 h. After
cooling, filtering, washing and drying, the samples were named
as Ce| M0, (x=0.05~0.25). In the case that the precipitate
obtained prior to hydrothermal treatment, the products were
named as Ce;  M,0,-P.

To comprehend the synthesis mechanism, several parallel
experiments were performed: (i) The impact of the existence
forms of M (M=Fe, Co, Ni) ions on doping limits in ceria
lattice. A SM NaOH solution was gradually added to 54 mL
(0.225M) Ce(NO3);.6H,O under stirring till pH=13. After a
slurry was obtained, 6 mL Fe(NO3);9H,0 (Co(NO;3), 6H,0 or
Ni(NO3), 6H,0) solution at a molar concentration of 0.225M
was quickly added in. After hydrothermal reaction (220 °C, 24
h), filtering and drying, Ce;oM,,;0,-H (M=Fe, Co, Ni) was
then synthesized. (ii) The impact of doping levels on the states
of transition metal ions. By using a profile fitting by a
least-squares method employing the computer program GSAS
implemented with EXPGUI** * the solubility limit of Fe in
ceria was calculated. (iii) The impact of precipitant.
Ce(NO;);6H,0 (0.225M) and Fe(NO3);9H,O (0.225M) at a
molar ratio of Ce/Fe=9 were fully stirred. After then, 2g urea
was added with continuous stirring. The slurry was transferred
to 90 mL Teflon-lined stainless steel autoclave and reacted at
220 °C for 24 h. After cooling, filtering, washing and drying,
the samples were named as Ce-Fe-U. (iv) The impact of
reaction time. Transferred the CeyoFey;0,-P slurry to a
Teflon-lined stainless steel autoclave and reacted at 220 °C for
1 min and the obtained sample was named as CejoFeq;0,-a,
while CejoFe,0,-b for the sample that reacted at 220 °C for 1
h. (v) The chemical species released in gas phase as well as the
residual solutions during hydrothermal reaction process were
examined by Quadrupole mass spectrometer and UV-—visible
absorption spectra.

For comparison, pure phase component oxides, CeO, and
Fe,03 were also prepared just following the above modified
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hydrothermal method. In the case that the precipitate of CeO,,
Fe,O; obtained prior to hydrothermal treatment, the products
were named as CeO,-P and Fe,05-P, respectively.

2.2 Sample Characterization.

All samples were characterized by X-ray diffraction (XRD)

carried out on a Rigaku MinFlex Il benchtop X-ray
diffractometry with Cu-Ko irradiation at a scanning rate of
0.3°/min with 0.02° step size. Ni was added into the sample (an
amount of around 15 wt%) as an internal standard for peak
positions calibration. Lattice parameters of the samples were
calculated using a profile fitting by a least-squares method
employing the computer program GSAS implemented with
EXPGUIL
was calculated using the equation:
BcosO/A = 0.89/D + nsinB/A
where B is the full width at half maximum (FWHM), 0 is the

diffraction angle, A is the X-ray wavelength.

The mean crystallite size (D) and lattice strain (1)

Flourier transform infrared (FTIR) spectra of the samples
were recorded on Nicolet 6700 Fourier transform infrared
spectroscope, using KBr pellets, in the range of 1000 to 4000
cm™. UV-visible absorption spectra of the residual solutions
during formation reactions were recorded on UV-vis
spectrometer Lambda 900 in the wavelength range from 250 to
600 nm. Chemical species in the gas phase during hydrothermal
reaction were analyzed using an Quadrupole mass spectrometer
(omnistar, QMG 220MZ).

Specific surface areas of the samples were measured at
liquid nitrogen temperature using a Finesorb-3030 dynamic
surface analyzer. The sample was pre-treated in N, at 120 °C
for 1 h before the test.

by transmission electron microscopy (TEM) using a JEM-2010.

Samples’ microstructures were studied

Raman spectra of the samples were obtained on a JY-HR800
spectrometer with a He—Ne laser. The excitation wavelength is
632.8 nm and output powder is 20 mW. Chemical compositions
and oxidation states of the samples were studied by X-ray

3. Results and Discussion
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photoelectron spectroscopy (XPS) on an ESCA-LAB MK II
apparatus with a monochromatic Al Ko X-ray source operating
at 150 W. High resolution spectra were collected at the fixed
analyser pass energy of 20 eV. The charging effects of the
samples were corrected by setting the binding energy of the
carbon (C 1S) to 284.6 eV.

Temperature programmed reduction (TPR) tests were
carried out in an apparatus (Finesorb 3010) with TCD detector
at a heating rate of 5 °C/min using 10 vol.% H, in Ar (30 mL
min") to examine the samples' redox behaviours. Prior to the
TPR tests, 50 mg of the sample was pre-treated in Ar at 200 °C
for 2 h. Quantitative analysis was performed by comparison
with hydrogen consumption of a CuO reference and the
integration of the reduction peaks. Oxygen storage capacity
(OSC) of the samples was studied in a micro-reactor employing
O, and Ar pulsed alternatively every 2 minutes for 17 times in
Prior to the

sequence at 400 °C over 50mg sample.

measurement, samples were pre-treated in 10% H,/Ar (20
ml/min) at 400 °C for 40 minutes, followed by Ar purge to

remove the residual H,.

2.3 Catalytic Activity Test.

Catalytic activity measurements were performed in a
continuous flow fixed-bed quartz micro reactor using 50 mg
catalyst (50-70mesh) diluted with quartz sand. The reaction
mixture consisting of 1.04 vol% of CO, 20.01 vol% of O, and
balanced with Ar (flow rate was set at 20ml/min). All samples
gas

pre-treatments as the reactor temperature was stabilized at the

were directly exposed to reaction without any

reaction temperature. Catalytic performance of the samples was
expressed in terms of CO conversion as a function of reaction
GC-2014  gas

chromatograph and Quadrupole mass spectrometer (omnistar,
QMG 220MZ).

temperature evaluated by an online
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3.1. Synthesis and solubility limit of Ce; ,M,0, systems
(M=Fe, Co, Ni)

For the case of M=Fe, as indicated

characteristic diffraction peaks can be well assigned to the

in Fig.la, all
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Figure 1: XRD patterns for systems: (a) Ce;«Fe,0,, (b) Ce;4C040, and (c) Ce;4Ni O,
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fluorite structure of CeO, (JCPDS, No. 34-0394) when M level
varied in the range from 5% to 15%. Further increment of Fe
level beyond 15%, a small reflection appeared around two theta
of 35.6 degree, which is characteristic of hematite Fe,O3
(JCPDS, No. 33-0664). Besides, some diffraction shifts towards
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higher angles was also detected for all Ce; MO, samples
compared with that of pure CeO, (shown in Fig.S1). To
uncover the nature of these phenomena, XRD patterns were
refined by fitting of the data to face-centered cubic phase CeO,
employing the computer program GSAS and shown in Fig. S2.
Related lattice parameters and the profile fitted reliability (R,
R, and[] x?) are presented in Table 1. A slight decrease in
lattice parameter could be observed when Fe level ranged from
0 to 20%, while further increasing Fe content to 25%, the lattice
parameter no longer changed. Besides, a linear relationship was
also detected between the lattice parameter and Fe level at the
range of 0 to 20 % (Fig. S3). All these phenomena indicate that

the doping limit of Fe in CeO, was between 15 % ~ 20 %,
which is much higher than what was reported before by
traditional hydrothermal methods.*>*

For M=Co and Ni, as indicated in Fig. 1b and Ic, the solid
solubility was lower than 10%. This observation is surprising,
when considered from the viewpoint of ionic size and
electronegativity of dopants.’® This is because all these three
transition metal ions have quite similar ionic radius (i.e., 0.78 A
for Fe**, 0.74 A for Co*" and 0.70 A for Ni** 237 3%y and
electronegativity (i.e., 1.8 for Fe**, 1.9 for Co®" and 1.9 for Ni*"
39). Then, what leads to the difference in the solubility limit in
ceria?

Table 1 Structural parameters, particle size, lattice strain, surface area and oxygen storage capacity for the systems Ce;..Fe O, (x=0~0.25)

Compound Lattice R, Wkp x Mean Lattice ~ Surface =~ OSC(mmol/g
paramete particle strain Area )
r (A) size (nm) () (m¥/g)

X=0 5.4174 0.0536 0.0692 1.607 15.1 0.12% 49.76 0.20
X=0.05 5.4028 0.0581 0.0750 1.888 15.0 0.79% 71.66 0.33
X=0.10 5.3940 0.0556 0.0760 1.163 19.2 2.07% 68.32 0.36
X=0.15 5.3891 0.0681 0.0862 1.335 20.1 2.24% 66.96 0.34
X=0.20 5.3825 0.0724 0.0983 1.856 24.1 2.64% 56.8 0.27
X=0.25 5.3823 0.0691 0.0917 1.491 232 - 62.5 0.22

[a] Determined by ICP. -- not measured

To answer this question, we studied the intermediate
product formed prior to the hydrothermal reactions without the
addition of Ce(NO;);.6H,0O (Fig. S4). For the case of M=Fe, the
intermediate product is FEOOH, which is apparently different
from those of Co(OH), and Ni(OH),, respectively, for M=Co
and Ni. It is well known that the soluble product constant (Ksp)
of FEOOH is much lower than the other two compounds when
PH=13 (i.e., 7.92x10™ for FeOOH, 3x107'* for Co(OH), and
2x107"* for Ni(OH), *°). In other words, the concentration of
Fe’" is much lower than that of Co®" and Ni*" under required
experimental of their
hydroxides changed with a contrary tendency. Then, it could be

conditions, while concentration
speculated that there might be a close relationship between the
existence forms of Fe/Co/Ni ions and their doping limits in

ceria lattice.
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To verify our speculation, a set of parallel experiment were
taken using the same procedure for Ce; ,M,0,, except that the
reactant was a solution that contains Fe** (Co*" or Ni*") and
CeO, slurry. Related XRD patterns of the obtained samples
were shown in Fig. 2 (I). Surprisingly, apart from characteristic
peaks of CeO,, a second phase could be detected not only in
Cep9Co0p10,-H and CeyyNijp;0,-H, but sample
CegoFeq 0,-H. By fitting with the computer program GSAS
implemented with EXPGUI, content of the second phase in
Cep oMy 10, and Ceg oM, 10,-H were summarized in Fig. 2(II).
It is obvious that the existence of more transition metal
hydroxides is beneficial to prepare Ce;oMy 0, (M=Fe, Co, Ni)
solid solutions with high solubility limit. Then what is the
synthetic mechanism of Ce,;,Fe,O, with the highest solubility
limit?

also in

3.2 Synthesis mechanism of Ce; ,Fe,O, system

w
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Figure 3: (I) XRD patterns and (ll) IR spectra of (a) Fe,0s3-P, (b) CeO,-P and (c)
Ceg.oFeq10,-P.

Till now, there have been several reports on the synthesis of
Ce; M0, systems (M=transition metals). Nevertheless, the
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synthetic mechanism is not clear because of the poor
knowledge about the intermediate products. To make clear the
formation mechanism of Ce; M0, at M=Fe, series of
experiments were carried out. Sample CeyoFe( 0, was taken as
an example to illustrate the formation process.

Synthesis of the sample involves two major steps. The first
step is the formation of Ce(OH), and Fe*" species in the
coprecipitation process. From XRD patterns of the precursors
for CegoFey 10, prior to hydrothermal treatment in Fig. 3 (I)c,
strong peaks related to CeO, or Ce(OH), were detected (particle
size was calculated to be around 2.4 nm). An infrared band at
3108 cm™ corresponding to O—H stretching mode was observed
by FTIR spectra characterization (Fig. 3 (II) ¢), which is from
the OH group of Ce(OH),.*' In addition to the characteristic
peaks of Ce(OH),, a broad bump between 15°-25° was also
observed. To assign this bump, XRD patterns of Fe,O3-P and
CeO,-P were also presented for comparison in Fig. 3(I) a-b. It
is observed that the baseline is relatively flatter in CeO,-P with
no obvious convex between 15°-25°, while a peak at around 21
degree was detected for Fe,O;-P (characteristic peaks of
o-FeOOH, which is easily formed at a high PH at room
temperature.‘u'44
at 1384 cm’
observed for sample CeO,-P, which is absent for CeyoFeq;0,-P
and Fe,05-P (Fig. 3 (IT)). Obviously, NO* from the reactant is
easily absorbed on the surface of Ce(OH),, while not on that of
FeOOH. It then could be speculated that Ce(OH), with poorly

crystallized FeEOOH around was formed during the first reaction

). What is more interesting is the infrared band
(corresponding to N-O stretching mode)*

step prior to hydrothermal treatment. Reaction process before
the hydrothermal treatment was as follows:
(a) Formation of Ce(OH),:
Ce(NO;); + 3NaOH = Ce(OH); + 3NaNO;
Ce(OH); + 1/40, = Ce(OH)4
(b) Formation of FeOOH:
Fe(NO;); + 3NaOH = 3NaNO; + FeOOH + H,0
The formation of a crystalline entity has to undergo a

nucleation process,46’ 4

velocity of which is determined by the
absolute value of its crystal lattice energy (U), the higher this
absolute value is, the faster is the formation of nuclei.®®* As is
well known, the formation of CeO, should undergo a Ce(OH),
nucleation process when cerium nitrate and sodium hydroxide
were used as reactants,’® and the absolute U value for CeO, and
FeOOH is 9875 KJ/mol** and 6918 KJ/mol,>' respectively,
which will lead to a faster formation of CeO, nuclei. These
might be the primary reason that caused the different
crystallinity of FeOOH and Ce(OH), in sample CegoFeq;0,-P

during room temperature process.

This journal is © The Royal Society of Chemistry 2012
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Figure 4: (a) TEM images and (b), (c) high-resolution TEM images, and (d) the
corresponding FFT result for CeggoFeq10,-P.

To further confirm the formation of Ce(OH), and poorly
crystalized FeOOH prior to hydrothermal reaction process,
TEM images of CegoFe;0-P were also presented in Fig. 4. It
could be noted that the sample is composed of numerous
irregular nanoparticles around 2~3 nm. On the basis of the fast
Fourier transform (FFT) in Fig. 4(d), inter-planar for these
components were 0.31, 0.19 and 0.16 nm, respectively, which
are corresponding to the (111), (220) and (331) facet distances
of Ce(OH),. No obvious lattice fringe related to FeOOH could
be observed, which might be caused by two possibilities: (i)
FeOOH exists as amorphous form; (ii) the Fe ions has doped
into Ce(OH), lattice during room temperature process. The
second speculation could be excluded in consideration of the
self-purification effect of small particles.>* > That is because
the Ce(OH), nanoparticles synthesized prior to hydrothermal
process were around 2~3 nm, which is too small for the
entering of foreign cations. Besides, some poorly crystallized
substance (probably FeOOH) around these Ce(OH), particles’
margin could also be observed from Fig. 4c, which certified our
speculation.

J. Name., 2012, 00, 1-3 | 5
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Figure 5: (a;) Mass spectrum of chemical species in gas phase at hydrothermal
reaction process; For comparison, (a,) chemical species in air was also analyzed
by MS. (b) UV-visible absorption spectra the residual solutions and reaction
pressure at different reaction time.

The as prepared Ce(OH), could immediately dehydrated to
CeO, (with FeOOH was still around) after the slurry was
transformed to the autoclave at 220 °C for 1 min (Fig. S5),
during which process the pressure stayed at 0 MP (Fig. 5b). As
reported by previous reports, the small size as well as poor
crystallinity of the particle usually attributes to its high
reactivity.>>>° With enough driving force provided by
hydrothermal treatment (Fig. 5b), the highly active CeO,
(around 3nm from calculation) grows up rapidly through a
Ostwald attachment (OA) mechanism®®® till the size is proper
for Fe'* doping. After then, the dissociated Fe*" from FeOOH
would entered CeO, lattice in a strong alkaline environment
(PH was kept at 13 in the reaction process by real-time
sampling test). The interaction between Ce and Fe species was
very strong during this process, since the products after 1 h
reaction are the solid solution Ce;_ Fe,O,, as indicated by XRD
data in Fig. S6.

Mass spectra analyses of the gases released during
hydrothermal treatment were conducted and shown in Fig. 5 a;.
Composition of the released gas remain unchanged during the

This journal is © The Royal Society of Chemistry 2012

24 h reaction process. Seven signals could be observed with
mass-charge ratios of M/Z of 14, 18, 28, 29, 32, 34 and 44.
These signals could be assigned to N, (M/Z=14, 28 and 29), O,
(M/Z=32, 16, 34) and CO, (M/Z=44), respectively, just in
accordance with the chemical species in air (Fig. 5a,). No other
signals could be detected during this process. In addition,
UV-visible spectra of the solutions at different reaction time
were also recorded. As shown in Fig. 5b, a broad peak
associated with NO®  species was observed at 260-340 nm®’
after 1 min reaction, similar to the cases prior to hydrothermal
reaction (not given). No significant changes took place during
the reaction except that the intensity of NO* absorption peak
increased slightly, which might be caused by the evaporation of
water at high temperatures sampling.
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Figure 6: (1) TEM images of CeggFeo10; (II) Raman spectra of the samples (a)
CepoFeo10,-P and (b) CepgFe105; (I1l) XPS spectra of (a) Ce (3d) region of

CepoFeq.107; (V) XPS spectra of (a) Ce (3d) region of CeO,.

After 24h complete reaction, CeyoFey 0, with a primary
morphology of nanocube (Fig. 6I) with (200) exposed facets
would generate, (a more clear version and related statements
could be seen in Fig. S7). From the Raman spectra presented in

1

Fig. 6 (II), a new signal appeared at around 600 cm™ for

CegoFeg 10, compared with CegoFey0-P, which is closely
related to oxygen vacancies from redox couple Ce*'-Ce*". 32
To confirm this, XPS of CeygFej;0,and CeO, were also
investigated and shown in Fig. 6 III-IV. By calculation, Ce*"
amount in CeyoFey 0, is 8.97%, much higher than that of
0.70% in CeO,. In most cases, Raman signal caused by the
formation of CegFey;0, solid solution usually centred at

around 545 cm™,%!

and the absence of this signal indicates that
the oxygen vacancies generated with Fe®" doping was
compensated by interstitial Fe**.*> Then we may expect a quite
different mechanism for Fe'* doping in ceria lattice from these

Raman signal difference. It is well known that there are two

J. Name., 2012, 00, 1-3 | 6
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possible mechanisms for foreign cations doping into ceria:
vacancy compensation mechanism and dopant interstitial
compensation mechanism. The former refers to the creation of
oxygen vacancy to balance the charge brought about by the
foreign cations’ substitution of Ce*", while the latter refers to
the substitution of Ce*" by foreign cations followed by location
of foreign cations in the interstitial site of CeQ,.>”% %% Qver
the past years, most of the experiments results proved that the
doping of foreign cations (such as La, Pr, Nd, Eu, Tb etc) in
ceria follows a vacancy compensation mechanism.**%
Combined with the results obtained from our work, it can be
inferred that mechanism for substitution of foreign cations in
CeO, might depend on the ionic radius of doped cations. Large
cations prefer the vacancy compensation mechanism, while for

small cations as Fe**, both mechanisms would take place.

Eventually, to comprehend the synthesis mechanism more
thoroughly, several parallel experiments were performed and it
was observed that several variables could impact the state of
iron ions: (i) Fe doping levels. Further calculations from a
profile fitting employing the GSAS computer program
indicated that iron concentration < about 18% could lead to the
formation of solid solutions, while above this concentration,
Fe,O; is separated as a secondary phase. (ii) Precipitant. No
solid solutions Ce-Fe-O are formed when urea is selected as the
precipitant (Fig. S5). (iii) Reaction time. Longer hydrothermal
reaction time (e.g., 24h) is beneficial for the formation of solid
solutions, while the short time reactions of 1 min gives a
mixture of CeO, and FeOOH (Fig. S5).

CeOOH CeQ = Ce0, Ce,,FeO,
% T i (o R A
Ce’Nucleation | dehydration Oriented Attachment | Doping of Fe Growt
S g : T
[ K N o3+
FeOOH FeOOH I e Co,Fe 0,

Scheme 1: Schematic illustrations of the formation process of Ce;,FecO,
nanocube.

To sum up, the formation reaction for Ce;_Fe, O, would go
through such a process: (i) nucleation of Ce(OH), and the
formation of amorphous FeOOH all around it; (ii) dehydration
of CeOOH to CeOy; (ii) Ostwald attachment of the CeO, crystal;
(i) doping of Fe’" into ceria lattice; (iv) oriented growth
process of Ce; Fe,O,into nanocube. Related reaction
mechanism was illustrated in Scheme 1.

3.3 Doping effect of Fe** on the structure

This journal is © The Royal Society of Chemistry 2012
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Figure 7: Relationship between (a) particle size and Fe doping; (b) lattice strain
and Fe doping.

To investigate the effect of Fe’" on the structure of
Ce,4Fe, O,, the mean crystallite size (D) and lattice strain (1)
for the dominant cubic fluorite phases were calculated
(calculation process could be seen in Fig. S9). A slight increase
in D with the increment of Fe doping within the solubility limit
could be observed from Table 1 and Fig. 7a, while further
increasing Fe level to 25%, the crystal size no longer changed
compared with that of sample x=0.20. Considering for the
factors that influence the crystallize size of CeO,, (i.e., ionic
size of the doping cations, amount of Ce*", etc. - %® it could be
speculated that Ce*" was the predominant effect.

As indicated in previous reports, the doping of foreign
cations in ceria lattice could create structural distortion with
many long and short cation-oxygen bonds,””’' which could
cause obvious lattice strain. For the Ce; Fe,O, samples
synthesized by our method, effect of Fe*" on the lattice strains
(n) was shown in Fig. 5b. It could be observed that n for pure
CeO, was quite small, at around 0.12%. With the increment of
Fe doping, lattice strain increased greatly, mainly varied from
0.79% to 2.64%, greater than ever reported before.*

3.4 Doping effect of Fe** on redox properties

J. Name., 2012, 00, 1-3 | 7
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Figure 8: H,-TPR of the samples of CeggFe(10,5(x=0~0.25).

200

Temperature programmed reduction (TPR) technique was
used to study the doping effect of Fe*" on redox properties of
the samples. As shown in Fig. 8, characteristic TPR peaks of
pure CeO,; centred at around 393 (o) and 756 °C (y), attributing
to the reduction of surface capping oxygen and bulk oxygen,
respectively.”>”® While Fe,0, showed signal at 375 and 600 °C,
associating with the reduction of hematite to magnetite and
magnetite to metallic Fe.”*”* In the case of the Fe doped CeO,
samples, peak o with two broad shoulder peaks shifted towards
lower temperatures and became more intense, demonstrating
the strong interaction between Ce*" and Fe®' species.”® 7’

Besides, new peaks 3 and § also appeared, mainly attributing to
the intermediate reduction step of Fe species in the Ce;_Fe,O,
solid solution and segregated iron oxide, respectively.’® By
careful integration and calculation, H, consumption of peak f
increased monotonically with the increment of Fe doping till a
maximum value of 1.66x10”*mol/g. These phenomena also
certificate the above conclusion that the doping limit of Fe in
CeO, was between 15 % ~ 20 %. However, the doping of Fe**
caused little influence on the location and intensity of peak v,
which might be caused by extremely stability of bulk oxygen.
In order to estimate the reducibility in different reduction
stages of all samples, reduction percentage (R) of every stage
was calculated according to the following equation,
R, = n,/(n,+ ng+ n,+ ng),
where m is the reduction peak o, 3, v and 3. It could be
observed that the reduction percentage for peak o changed
regularly from Table 2: Pure CeO, presented the lowest R,
doping of Fe species into ceria led to an obvious increment till a
maximum value of 47.45+0.2, while further increasing of Fe
level beyond 15% led to a decrement again. It is long believed
that catalytic activity was greatly related with the samples’

5 while the exact relationship between these two

reducibility,
properties were never discussed before. Combined with our
results, it could be proposed that doping of Fe*" could greatly
influence the reduction percentage of ceria at the lowest
temperature, which would decide the

activity: higher percentage of H, consumed during low

samples’ catalytic

temperature might contribute to better catalytic performance.

Table 2 Reduction peak positions and H, consumption of the systems Ce;«Fe, O, (x=0~0.25).

Compound  Reduction Peak Position (°C) | H, consumption (10”*mol/g) Reducibility percentage (%)

o B Y 5 n, g n, ng R, Rg R, Rs

X=0 393 -- 760 -- 1.51 -- 3.03 - | 33.15 0 66.85 0

X=0.05 299 596 754 -- 2776 045 261 - | 4739 779 44383 0

X=0.10 299 564 754 -- 323 1.05 252 - | 4745 1548 37.01 0

X=0.15 300 519 754 -- 348 125 257 - | 4762 1723 35.14 0
X=0.20 301 506 754 455 | 323 1.66 251 032 | 4220 2138 3230 4.12
X=0.25 301 506 755 470 | 325 1.63 252 220 | 33.84 17.00 2621 2294

-- not exsist.

3.5 Doping effect of Fe** on OSC

This journal is © The Royal Society of Chemistry 2012
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Figure 9: (a) O, pulse chemisorption and (b) oxygen storage capacity of
CegoFep.102:(x=0.05~0.25). For comparison, related abilities of pure CeO, were
redrawn from literature.

Doping effect of Fe** on the oxygen storage capacity (OSC)
of Ce;_Fe,O, was studied by pulsing O, alternatively. Due to
the cyclic feeding nature of gas through the samples, series of
typical O, pulse chemisorption for all samples were obtained
and were shown in Fig. 9 a. It could be seen that after several
times of pulses, all samples could obtain oxygen storage
saturation. Generally, OSC of a sample could be defined as the
difference in the amount of oxygen stored during the impulse
process of the first and the saturated oscillation cycle,? then, by
calculation of the area of these two peaks, OSC was obtained
and shown in Table 1 and Fig. 9 b. It is observed that the
doping of Fe** could greatly improve the OSC of pure CeO,.
Besides, Ce; Fe,O, sample displays little difference in the
capacity to storage oxygen in the range of x=0.05~0.15, while
further increasing of Fe level leads to a decline in OSC. This
phenomenon is quite similar with what was reported before for
CeZr; 4O, (x=0.5~1) solid solutions.”® Considering the fact that
CeO, is an excellent oxygen storage material while Fe,O; is
not,” % the decrement in OSC when Fe level is beyond 15% is
undoubted.

Within the solubility limit of CeO,, reasons that cause a
high OSC might be various: (i) the distortion of ceria fluorite
structure;’® (i) the small size and big surface area of the

This journal is © The Royal Society of Chemistry 2012
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sample.®' Considering for the fact that both the distortions of
structure and particle size of the three Ce;Fe,O, samples
follow a sequence of: x=0.05 < x=0.10 < x=0.15, while surface
area changed with a contrary tendency (shown in Table 1), it
could be speculated that for the solid solution synthesized by
our method, the similar oxygen storage capacity might come
from a synthetic effect of these factors.

3.6 Doping effect of Fe** on catalytic performance
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Figure 10: (a) Catalytic activity of Ce;,Fe,O, (x=0.05-0.25) in terms of CO
conversion. For comparison, catalytic activity of pure CeO, was redrawn from
literature.”® Inset shows the catalytic activity of Cep9C0010,, CepgNip10,,
CeooFeo10; synthesized by co-precipitation (C60‘9F60‘102'C)29 and micro-emulsion
methods (CEQ_QFeo_loz-M)76; (b) Long-term catalytic durability for CeggFe(10,,
Ce.9C00.10; and CeggNig 10, at a 98% conversion for a long period of 100h.

CO oxidation of the catalysts was carried out in the
presence of 1.04 vol% of CO, 20.01 vol% of O, and shown in
Fig.10. It is observed that all samples exhibit a typical light-off
curve as a function of temperature. Compared with the activity
of pure CeO,, the doping of Fe*" could enhance its catalytic
performance significantly. It should be noted that the catalyst
could maintain excellent catalytic performance till Fe level
went up as high as 15%, just verified the speculation we
proposed in TPR section. In previous reports, 10% Fe appears

J. Name., 2012, 00, 1-3 | 9
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to be the optimal iron content for CO oxidation, more Fe
doping always results in a worse activity.?>’® Furthermore, in
order to show the excellent activity of the sample synthesized
by our method, let’s take a look at the temperature for which 50
% CO (Ts0) sample
CegoFeq 10, prepared different methods. As shown in inset of

conversion was achieved for
Fig.9, the sample synthesized by micro-emulsion method
showed a Ts, conversion at around 217 °C,’® and in the case of
the sample prepared by co-precipitation method, this value is
around 185 °C.%° Both of the two conversion temperatures are
higher than that for our sample (at around 170 °C).

For other hydrothermally synthesized CeyoM, 0, (M=Co
and Ni) samples, a 50% CO conversion was achieved at about
147 °C for Ceyp9Coy;0, and 167 °C for CeyoNigy,0,,
respectively, both of which have a superior catalytic activity to
that of CejoFey;0,. However, by further examination of their
durability at a 98% CO conversion (shown in Fig. 10 b), it
CegoFeg 0, did not
show any sign of deactivation after reaction for 100 h,
while the CO oxidation activity of Ce(9Co0g 0, and Ce,oNij;0,
degraded differently, especially for the M=Ni sample.

The excellent Ce 4 Fe, O,
(x=0.05~0.15) were that of the
traditional Au catalysts, the most active species for CO

could be observed that only sample

catalytic  activities of

also compared with
oxidation. As shown in Fig. S10, some Au samples with
excellent activity could achieve a 100 % conversion at room
temperature,® while some catalysts could only get a 45 % CO
conversion at a high temperature of 300 °C.** Nevertheless, the
stability for our samples is superior, since traditional Au
catalysts are easy to become deactivated. All these results
highlight the superiority of our method in exploring advanced
catalysts of lower prices.

Generally, lattice stress, high surface area, lattice shrinking
and the restrained grain growth of nanoparticles could lead to
an increase in catalytic performance,* ® Considered the results
that shown in Table 1 and Fig. 7, these structure changes yield a
synergistic effect in promoting catalytic activity of the Ce-Fe-O
samples.

Conclusion

We initially prepared three kinds of solid solutions Ce-M-O
(M=Fe, Co, Ni) with a modified hydrothermal method. It is
demonstrated that the formation reactions went through a
nucleation, dehydration, Ostwald attachment, doping into ceria
lattice, and oriented growth process. An excellent catalytic
performance was maintained for the case of Fe** doping, even
when Fe doping level reaches 15%, much higher than that ever
reported. Besides, the Ce-Fe-O catalyst also shows a high
stability compared with the Ce-M-O (M=Co and Ni) samples.
Eventually, Fe doping led to a lattice crystal shrinking, lattice
distortion and grain growth of CeO,, yielding a synergistic
effect in promoting reducibility, OSC and catalytic activity. The
results reported herein may provide some hints in exploring
more advanced catalysts of low prices.

This journal is © The Royal Society of Chemistry 2012
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XRD patterns for systems: (a) Cel-xFex02, (b) Cel-xCox02 and (c) Cel-xNixO2.
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(I) XRD patterns for Ce0.9Fe0.102-H, Ce0.9C00.102-H and Ce0.9Ni0.102-H; (II) phase content of: Fe203
in (@) Ce0.9Fe0.102 and (b) Ce0.9Fe0.102-H; Co(OH)2 in (c) Ce0.9C00.102 and (d) Ce0.9C00.102-H;
Ni(OH)2 in (e) Ce0.9Ni0.102 and (f) Ce0.9Ni0.102-H.
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(a) TEM images and (b), (c) high-resolution TEM images, and (d) the corresponding FFT result for
Ce0.9Fe0.102-P.
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(al) Mass spectrum of chemical species in gas phase at hydrothermal reaction process; For comparison,
(@2) chemical species in air was also analyzed by MS. (b) UV-visible absorption spectra the residual
solutions and reaction pressure at different reaction time.
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(I) TEM images of Ce0.9Fe0.102; (II) Raman spectra of the samples (a) Ce0.9Fe0.102-P and (b)
Ce0.9Fe0.102; (III) XPS spectra of (a) Ce (3d) region of Ce0.9Fe0.102; (IV) XPS spectra of (a) Ce (3d)
region of CeO2.
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Schematic illustrations of the formation process of Cel-xFex0O2 nanocube.
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Relationship between (a) particle size and Fe doping; (b) lattice strain and Fe doping.
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(@) 02 pulse chemisorption and (b) oxygen storage capacity of Ce0.9Fe0.102 (x=0.05~0.25). For
comparison, related abilities of pure CeO2 were redrawn from literature.
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(a) Catalytic activity of Cel-xFex02 (x=0.05-0.25) in terms of CO conversion. For comparison, catalytic
activity of pure CeO2 was redrawn from literature.23 Inset shows the catalytic activity of Ce0.9C00.102,
Ce0.9Ni0.102, Ce0.9Fe0.102 synthesized by co-precipitation (Ce0.9Fe0.102-C)29 and micro-emulsion
methods (Ce0.9Fe0.102-M)76; (b) Long-term catalytic durability for Ce0.9Fe0.102, Ce0.9C00.102 and
Ce0.9Ni0.102 at a 98% conversion for a long period of 100h.
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