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h i g h l i g h t s

� Ceria nanoparticles were synthesized
by a simple, easy to scale-up method.
� The effect of EG and TMAH on particle

and crystallite size was studied.
� Complete elimination of nitrates and

organic matter could be achieved at
500 �C.
� The activity of ceria nanoparticles in

COPrOx depends on calcination
temperature.
� Samples pretreated at 500 �C

presented high conversions at the
lowest temperature.
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CeO2 nanoparticles were synthesized by the controlled precipitation method from a Ce(NO3)3 solution. To
this end, two additives were used alternatively: ethylene glycol (EG) and tetramethylammonium hydrox-
ide (TMAH). Their function was to reduce the particle size obtained after the synthesis. After precipitation
and drying, nitrate and organic residuals must be removed, and the method employed for this step could
affect the structure and size of the particles. This is an important issue for achieving contaminant-free
measurements in catalytic tests. In order to optimize the residuals removing process, a thorough study
of the species present and/or eliminated was carried out. Our findings show that a calcination tempera-
ture of at least 500 �C is necessary in order to accomplish the complete removal of solvent and precursors
such as NO�3 . Among the catalysts studied, the one prepared with EG showed the best activity for CO pref-
erential oxidation. In order to study the effect of the residuals upon the catalytic activity, samples pre-
pared using EG were calcined at different temperatures and tested for the COPrOx reaction. CO
conversions for all the samples were between 80% and 93% at different temperatures. The best activity
was obtained with the sample calcined at 500 �C, which is in agreement with the minimum temperature
necessary for the total elimination of residuals.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, several developments have been carried out
based on nanomaterials, i.e. materials with a 1–100 nm size range,
e.g. particles of different shapes (polyhedral, spheres, rods, tubes,
needles and tunable forms), films, or nanodots. Within this size
range, these materials show peculiar properties that can be ade-
quately used in numerous applications. Ceria nanoparticles ob-
tained from different synthesis techniques have been extensively
studied for their potential use in many applications. Hydrothermal
synthesis [1,2], microemulsion [3,4], sol–gel [5], microwave-as-
sisted [6,7] and controlled precipitation [8–11] are some of the
methods allowing their production with a tailored-made control
of their size and shape. The controlled precipitation technique is
very attractive due to the several advantages it presents, namely,
it is a simple, easy to scale-up process with low costs.
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Fig. 1. Block diagram of the experimental procedure. (a) Synthesis with EG; and (b)
synthesis with TMAH.
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Several recent publications on the production of ceria nanopar-
ticles focus on the study of synthesis variables in order to direct the
synthesis towards different morphologies and sizes [12,13]. The
elimination of solvent remains from the final product is a very
important step in order to obtain representative results on cata-
lytic tests. These remains may skew the gas measurements by their
decomposition. To the best of our knowledge, only a few studies
have been published addressing the characterization of the species
evolution during the removal of solvents or precursors after nano-
particle synthesis and their possible influence on the catalytic reac-
tion behavior. These studies have been frequently conducted for
micro and mesoporous materials, but not for nanoparticles and
their objectives have been diverse, from crystal size conservation
[14] to the achievement of a crystalline structure with uniform
porosity [15–17], both of them by template removal.

Ceria nanoparticles have a wide range of applications in differ-
ent fields. One of the most important recent applications is the Car-
bon Monoxide Preferential Oxidation (COPrOx), but only as a
support or promoter. This reaction decreases the CO concentration
at values <10 ppm in the output current from the Water Gas Shift
Reaction (WGSR). Otherwise, the Proton Exchange Membrane fuel
cell (PEM) poisons itself and cannot produce electric current from
H2 and O2. This process of WGSR followed by COPrOx is one of the
most promissory for H2 production. Several catalysts for CO elimi-
nation in currents rich in H2 are under study: Co3O4/ZrO2 [19],
CoOx/CeO2 [20,21], CuOx/CeO2 [22,23], Pt/CeO2 [24]. In all cases,
well-defined synthesis conditions and pretreatments are necessary
for the correct interpretation of the catalytic behavior and support
effects. When nanoparticles are prepared, the strict control of syn-
thesis conditions becomes critical. Size reduction has brought
about some benefits, like the increase of the effective area and
new properties associated with the increasing surface-to-volume
ratio. Ceria is widely employed as support or additive in catalysts
for COPrOx because of its high oxygen storage capacity and redox
activity. It has been mentioned in the literature that the bare oxide
has a null or very low activity in COPrOx. Maciel et al. [25] obtained
ceria (not nanosized) by two different methods: precipitation and
hydrothermal synthesis and showed that pure CeO2 presented a
small conversion of CO to CO2 at all reaction temperatures (ca.
5%). They also showed that, no matter the method used for synthe-
sis, the CO conversion is very similar. Woods et al. [21] reported
that the CO conversion over pure CeO2 nanoparticles was substan-
tially lower than on the 10% CoOx/CeO2 catalyst (34% at 200 �C
against 100% at 175 �C). Marbán and Fuertes [26] also observed
that the bare CeO2 is almost inactive up to 250 �C for this reaction.
Thus, cerium oxide has been referred to be either a good support or
additive, but no attention has been paid to its intrinsic activity.

In this work, we demonstrate that bare cerium oxide may show
interesting catalytic properties towards the COPrOx reaction if syn-
thesis conditions are carefully selected. CeO2 nanoparticles were
synthesized by the controlled precipitation method by adding sol-
vents or salts so as to improve size reduction and monodispersion,
properties highly related with nanoparticles. Ethylene glycol (EG)
[27] and tetramethylammonium hydroxide (TMAH) [28] were
used for this purpose in this synthesis. The effect of both additives
on the final product was studied by TGA (Thermogravimetric Anal-
ysis) and FTIR (Fourier Transform Infrared) measurements. Our aim
was to evaluate the species present in CeO2 nanoparticles after cal-
cination, trying to elucidate if solvent and counterions can be con-
veniently eliminated by thermal treatment. Finally, catalytic
studies were performed using the samples prepared with EG in
the COPrOx reaction in order to evaluate if the species present
(precursors remaining after synthesis) influence the performance
of the catalyst in the COPrOx. The samples were calcined at differ-
ent temperatures (key temperatures obtained from TGA/FTIR
studies).
2. Experimental

2.1. Materials

Cerium nitrate [Ce(NO3)3�6H2O, 99%] and a TMAH aqueous solu-
tion [(CH3)4N(OH), 1.0 M ± 0.02 M] from Sigma–Aldrich� and
ammonium nitrate (28–30%), EG (P99.5%), ethanol (99.5%) from
Cicarelli� were used without further purification. A solution of
EG/H2O 70% (V/V) [27] was prepared to dissolve the precursors
and obtain the precursor solutions in some samples. The precipi-
tant (NH4OH) aqueous solution concentration was �3 M. An exact
concentration value was not necessary because the alkaline solu-
tion was used to maintain the precipitation medium at a pH close
to 10.

The CeO2 Nyacol� powder was obtained by evaporation of this
commercial suspension consisting of particles of about 10–
20 nm, stabilized in an aqueous acetic acid solution.
2.2. Preparation of nanoparticles

Nanoparticles of CeO2 were synthesized by the controlled diffu-
sion precipitation mechanism [29]. Fig. 1 illustrates the procedure
followed to elaborate them. The precursor concentration was 0.2 M
for all samples. The precursor solution was always added to NH4-

OH under vigorous stirring. This process was carried out by a syr-
inge pump at a speed of ca. 2 mL/min [30]. Room temperature was
selected for the synthesis and ageing steps because it has been re-
ported in the literature that low temperature favors the obtention



Table 1
Samples prepared and solvents/species present during synthesis.

Sample pH Species/solvents used

W �7 NH4NO3, H2O, EtOH
4TM 4 NH4NO3, H2O, EtOH, TMAH
4EG 4 NH4NO3, H2O, EtOH, EG
10EG 10 NH4NO3, H2O, EtOH, EG
10TM 10 NH4NO3, H2O, EtOH, TMAH
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of small particle sizes [11]. Five samples were synthesized: W,
4TM, 10TM, 4EG, 10EG. The species present and the solvents used
are listed in Table 1. Only W was prepared by adding, dropwise, the
precursor aqueous solution on the NH4OH solution without adjust-
ing the pH after the ageing step (final pH � 7). For the samples 4EG
and 10EG, the precursor solution was prepared by dissolving
Ce(NO3)3 in the EG/H2O solution. For 4TM and 10TM, the Ce(NO3)3

solution was aqueous but, before the syringe pump started to
work, 5 mL of TMAH solution were added into the alkaline med-
ium. The concentration choice of this solvent was made according
to the smaller particle size obtained with different alcohols and
concentrations as reported by Chen and Chang [27]. pH adjustment
to 4 and 10 was made with diluted HNO3 or NH4OH and the
adopted values were taken from a previous work [30].

The centrifugation of samples was made at 3000 rpm for
15 min. Clean supernatants were obtained for each step (Fig. 1)
and, therefore, discarded based on a Dynamic Light Scattering
(DLS) measure (not shown) that showed no significant concentra-
tion of particles. Particles in suspension remained over the typical
precipitate only in the last centrifugation. This suspension was col-
lected and the particles at the bottom were dried at 70 �C overnight
in order to analyze them.

2.3. Characterization

The solid samples obtained were analyzed by X-ray Diffraction
(XRD), Thermogravimetric Analysis (TGA), Fourier Transform Infra-
red Spectroscopy (FTIR), Laser Raman Spectra (LRS), Brunauer–
Emmett–Teller (BET) nitrogen adsorption isotherms to calculate
specific surface area, and Transmission Electron Microscopy
(TEM), while supernatants were characterized by Scanning Elec-
tron Microscopy (SEM) and Dynamic Light Scattering (DLS).

Crystallite size and crystal structure were determined with a
Shimadzu� X-ray diffractometer XD-D1 model, equipped with an
X-ray source of Cu Ka (k = 0.154056 nm) at 30 kV and 40 mA. The
first parameter was estimated by the Scherrer equation, and the
calculation was performed using the legacy software. The Scherrer
constant adopted was 0.9.

The thermogravimetric study was performed in a Mettler Tole-
do� TGA, TGA/SDTA851e model, with a heating rate of 10 �C/min
Table 2
Characteristic sizes of cerium oxide nanoparticles and their catalytic performance in the C

Sample Supernatant Crystallite

SEM
(particle (nm))

DLS
(agglomerates (nm))

XRD after
(crystallite

W 6.1 127 7.8
4TM 7.2 161 6.5
4EG 6.7 177 6.0
10EG – 360 7.8
10TM – Unstable 9.1
Nyacol� – 10–20a 4.1
4EG (500 �C) – – 5.5
4EG (450 �C) – – 5.5

a Reported by the manufacturer.
and an air flow of 60 mL/min. The temperature range was from
30 to 500 �C.

The species present on the dried and calcined samples were
determined with a Shimadzu� FTIR spectrometer, IRPrestige-21
model. All samples were diluted in KBr.

Specific surface areas were obtained with a TRISTAR 3000 sur-
face area and porosity measurement instrument from Micromeri-
tics�. Samples were previously evacuated at 200 �C for 8 h under
vacuum. Adsorption isotherms were determined by N2 adsorption
over the samples at 77 K. BET surface area was calculated by apply-
ing the BET equation to the adsorption isotherms.

Laser Raman measurements of the solids precipitated were per-
formed on a Witec, alpha 300 R Confocal Raman Microscope (CRM)
with a green laser source of 532 nm.

The TEM measure of the precipitate were performed on a FEI�

transmission electron microscope, Tecnai T20 model with an elec-
tron source of 200 kV. Microphotographs of the supernatants were
taken on a Carl Zeiss� scanning electron microscope, SUPRA� 40
model with an EHT (electron high tension) of 10.00 kV.

For the DLS measurements, a general-purpose laser light-scat-
tering photometer (from Brookhaven Instruments, Inc.) was fitted
with a vertically-polarized He–Ne laser (k = 632.8 nm), and a digi-
tal correlator (model BI-2000 AT). The measurements were carried
out at 30 �C.

All characterization techniques, excluding TGA, DLS, were per-
formed at room temperature.
2.4. Catalytic tests

Preferential CO oxidation experiments were performed in a
fixed-bed flow reactor. Samples were placed in a tubular quartz
reactor (6 mm i.d.). The reaction mixture consisted of CO 1%, O2

1% and H2 40%, He balance. The weight/total flow ratio was ad-
justed to 2.1 mg cm�3 min by means of mass flow controllers.
The CO conversion and the selectivity towards CO2 were defined
as:
xCO ¼
½CO�0 � ½CO�
½CO�0

� 100% ð1Þ
SCO2 ¼
1
2
½CO�0 � ½CO�
½O2�0 � ½O2�

� 100% ð2Þ
where [CO], and [O2] were reactor exit concentrations and [CO]0,
[O2]0 represented feed concentrations, which were measured with
a chromatograph GC-2014 Shimadzu� equipped with a TCD cell.
OPrOx reaction.

drying
(nm))

XRD after reaction
(crystallite (nm))

Temperature at
xCO = 50% (�C)

Selectivity at
xCO = 50% (%)

9.5 324 48
7.0 219 61
7.8 208 86
– – –
– – –
8.3 266 29
6.3 188 87

11.4 218 81



Fig. 2. XRD of ceria nanoparticle samples.

Fig. 3. (A) SEM photographs of CeO2 samples. (a) W; (b) 4EG; and (c) 4TM. (B) TEM
image of 4EG.
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3. Results and discussion

3.1. Crystal structure, crystallite and particle size

In general, Table 2 and Fig. 3 show that sizes measured by XRD,
SEM and TEM are similar. After reaction, which implies a thermal
treatment, the size slightly increases probably due to the rear-
rangement of atoms induced by heat. This last effect will be further
discussed in Section 3.3.2.

Regarding to the crystalline structure, the XRD analysis shows
the CeO2 characteristic peaks from the cubic fluorite in all the pow-
ders precipitated (Fig. 2). Using the Scherrer equation and diffrac-
tometer legacy software, crystallite size was determined against a
Si standard to correct the profile breadth inherent to the diffrac-
tometer (Jone’s correction). All the samples prepared were of nano-
metric size (<100 nm). The results are summarized in Table 2.

Supernatants of the W, 4EG and 4TM samples obtained at the
last centrifugation step were characterized by SEM (Fig. 3A). The
result obtained for sample 4EG is in agreement with a TEM obser-
vation (Fig. 3B). At nanometric scale, a considerable agglomeration
can be seen in the samples analyzed (Fig. 3A). Remains of solvents/
salts and attraction forces due to particle size may be the cause of
this phenomenon. These images show that all the samples have
similar mean particle size (Table 2). This implies that the additive
used to minimize particle size would not affect the morphology or
the mean diameter. On the other hand, EG does minimize the crys-
tallite size of the precipitated solid compared with TMAH. Similar
results were obtained by Chen and Chang [27] and Sreeremya et al.
[18]. Both of them obtained the same particle size measured by
Transmission Electron Microscopy (3.7 nm) using similar EG con-
centrations. Differences between crystallite and particle size allow
us to assume that the centrifugation process could have achieved a
particle separation with a mean diameter about 6 nm. Although
crystallite size is the minimum size of a particle, the following con-
clusion can be made concerning the precipitate: the shorter length
of the crystal net of CeO2 and the similar size observed by SEM,
when EG is used as medium of reaction, would indicate that nucle-
ation is more homogeneous. This is consistent with the fact that
nucleation begins by setting crystallite size to later increase parti-
cle size.

It is interesting to note that crystallite sizes for the same addi-
tive are similar for both pH values, 4 and 10. Therefore, the precip-
itation medium and its effect on nucleation through diffusion
control are determining factors for crystallite size [29]. The diffu-
sion control is achieved by either increasing the particle–particle



Table 3
FTIR peaks assignment for W, 4EG and 4TM samples.

Species Assignment (cm�1) References

AOH (superficial) 3400 [33]
ACH3 2922 [32]

2852
H2O (physisorbed) 1627 [34]
Carboxylic acid [(COO�)2] 1558 [41]

O

Ce

C
OO 2-

(Monodentate/polydentate carbonate)

1470 (poly)/�1500 (mono) [33,34]
1340
1060

O�2 (superoxide) 1157 [33,34]
NO�3 (free) 1382 [36]

O

Ce

N
O

Ce

(Bridging bidentate nitrite)

1228 [36]

O2�
2 (peroxide) 850 [34]

HC„CH (di-r/p-acetylene or di-r/p-vinylidene) 972 [37]
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repulsion during solvent adsorption (EG) or preventing nuclei
growing with both steric and charge effects, stronger than those
achieved with H+ (TMAH).

10EG and 10TM samples were discarded from the SEM analysis
because their suspension was very unstable at room temperature
as can be seen on the DLS measurements (Table 2) and this gives
us an idea of a bigger particle size or agglomeration of these sam-
ples. At high pH, cohesion between particles is greater, so – even
for the 10TM sample – the measurement was difficult to achieve
because suspension was very unstable and the agglomerates fell
immediately to the bottom of the flask. This fact may hinder and
delay heat entrance inside a particle placed at the center of the
agglomerate and the escape of gas formed with precursor decom-
position. Therefore, for a better understanding of this phenomenon
W, 4EG and 4TM samples were selected for the TGA/FTIR study.

3.2. Thermogravimetric analysis (TGA) and precursor decomposition
study

In order to gain further insight into the precursor elimination
mechanism, TGA experiments were performed. To identify the spe-
cies present, an FTIR analysis was also made to the calcined samples
at selected temperatures. Peak assignments are listed in Table 3.

In all samples, remains of water and ethanol can be seen in the
first weight fall (Fig. 4). Their boiling points are both below 100 �C.
As it can be observed, an exothermic peak at the Single Differential
Thermal Analysis curve (SDTA) appears in all the samples at this
stage. At this temperature range, water desorption is a common
and endothermic process; therefore, an exothermic reaction must
be occurring, overlapping this physical phenomenon. This could be
caused by some combustion, probably promoted by the oxidative
surface of the CeO2 nanoparticles, as observed in the progressive
elimination of templates [31]. In the FTIR spectra, peaks assigned
to ACH3 groups [32] for the samples dried at 70 �C (Fig. 5) indicate
the presence of EtOH, EG or TMAH. The weakness of the signals
and the similarities between the FTIR of the three samples at this
temperature would indicate that, in the drying step, solvents burned
and some decomposition by the superoxide species (O�2 ) occurred.
These species are not stable at room temperature or upon heating
at mild temperatures (100 �C) under O2 pressure [33] as observed
in the FTIR spectra (Fig. 5). Peak assignment at ca. 1157 cm�1 is in
agreement with previous studies [33,34].

For all samples, two phenomena can be observed when temper-
ature increases. The first one is the polydentate carbonates
(1470 cm�1) desorption. Only the monodentate species
(�1500 cm�1) remain on the samples, even at 500 �C as can be seen
by FTIR (Fig. 5). The other one is the conversion of superoxide (O�2 )
into peroxide species (O2�

2 ). As observed, the peak assigned to the
first species (1157 cm�1) vanishes, while the one at 883 cm�1 raises
its intensity. This reaction can be expressed as follows according to
the literature [33,35]:

O�2 ðadsÞ ! O2�
2 ðadsÞ ! 2O�ðadsÞ ! 2O2�ðlatticeÞ ð3Þ

Previous studies [33,34] have reported that peroxide species
can be seen only in H2 reduced samples of CeO2. This may mean
that a greater amount of structural defects such as Ce3+ could be
present, providing a greater oxygen adsorption. This might explain
why total loss weight is smaller in the W sample compared with
4TM, in which a greater oxidation could have occurred.

On the other hand, the 972 cm�1 signal could be assigned to
acetylene adsorption. This species might appear with additives
decomposition since it is not present in the W sample. As reported
in the literature [36], two probable adsorption forms could be as-
signed to this peak (Fig. 6): di-r/p-acetylene (3000, 1300 and
970 cm�1) or di-r/p-vinylidene (3000, 1450 and 970 cm�1). This
means that some rests of organic matter remain although in 4EG
at 500 �C, the 972 cm�1 peak practically disappears indicating that
removal is almost complete.

3.2.1. W and 4TM samples
The W and 4TM samples exhibited a similar weight loss, which

was bigger than 4EG between 30 and 100 �C. This means that the
TMAH residual amount is negligible, since the TMAH main decom-
position occurs at 134 �C (98% of TMAH decomposes up to 200 �C)
[38] and its presence is not observed in the TGA curve or FTIR spec-
tra (CH3AN or NHþ4 groups). In these samples, the presence of NO2

bridging bidentate groups at 350 �C (Fig. 5a and c) could be due to
some partial decomposition of NO�3 that starts above 70 �C. Never-
theless, this reaction is endothermic (111.1 kJ/mol [39]); thus, the
combustion of rests of solvents or organic salts, as mentioned
above, would provide the heat to evaporate water and to start ni-
trate decomposition above 350 �C.

3.2.2. 4EG sample
First loss weight is minimum in this sample maybe due to the fact

that EG increases the water boiling point and, consequently, its
desorption temperature. In order to confirm this, a TGA/DTG/SDTA
was performed to an EG/H2O (70% V/V) solution adsorbed on an inert
matrix of amorphous silica (Fig. 7). The analysis was carried out un-
der conditions similar to those of all the above samples: 30–500 �C,



Fig. 4. TGA/DTG/SDTA of samples analyzed. (a) W; (b) 4EG and (c) 4TM.

Fig. 5. FTIR spectra at different calcination temperatures for each sample. (a) W; (b)
4EG and (c) 4TM.
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10 �C/min. Fig. 7 shows the loss weight up to 300 �C only, because no
further weight loss was detected above this temperature. An endo-
thermic peak can be observed at ca. 110 �C showing the increase of
the water desorption temperature. Another peak at 180 �C can be as-
signed to EG boiling (195 �C). Returning to the 4EG sample (Fig. 5b),
the presence of carbonyl groups at 1558 cm�1 indicates EG oxidation
to oxalic acid in drying [40]. Moreover, the FTIR peaks belong to dou-
bly negative species according to the literature [41] (signal at
1305 cm�1 is overlapped by carbonate species). This is consistent
with the fact that particle surface must be positive since at low pH
(high [H+]) the repulsion forces maintain the size of agglomerates
lower than at high pH [42]. Beyond this small weight fall, the signal
fading of carbonyl groups indicates that the burning of some oxalic



Ce Ce

Ce

CHHC

(a) 

Ce Ce

Ce

C
CH2

(b) 

Fig. 6. Acetylene adsorption forms. (a) di-r/p-acetylene; and (b) di-r/p-
vinylidene.

Fig. 7. TGA/DTG/SDTA of EG/H2O (70% V/V) over amorphous silica.

Fig. 8. COPrOx over CeO2. (a) CO conversion; and (b) O2 selectivity to CO2.

L.F. Peiretti et al. / Chemical Engineering Journal 223 (2013) 507–515 513
acid polymer-like structures could be responsible for the greater
weight loss at ca. 250 �C [40].

The NO2 peaks do not appear on the 4EG FTIR sample. This
means that NO�3 decomposition produces N2 through residual or-
ganic matter oxidation (exothermic), which is greater on this sam-
ple because the polymer-like structure of the oxalic acid.

The appearance of superoxide (O�2 ) assigned peaks could be ex-
plained in the same way as the 4TM sample. Additives present (EG
or TMAH) may hinder the oxygen uptake on precipitation, generat-
ing an incomplete oxidation and the presence of Ce3+ species that
produce a greater amount of oxygen vacancies.

In general, the additive incorporation could allow a greater
reduction of the crystallite and a controlled narrow size distribution.
However, remains of TMAH or solvents like EG or ethanol could af-
fect the available area of the catalyst. Nitrates and organic matter
can be eliminated, at least from 500 �C, which can be seen in the ab-
sence of methyl peaks on the FTIR spectra of these samples. On the
other hand, the thermal treatment at this temperature will inevita-
bly increase crystallite size [43] but, as said above, it does not affect
the oxidizing properties of CeO2. This is a key issue because the main
property of this oxide is its capacity to act as oxygen storage.
3.3. COPrOx on CeO2 nanoparticles
3.3.1. Effect of the method of synthesis
The three samples analyzed by TGA and FTIR (W, 4EG and 4TM)

and the commercial Nyacol� were tested for CO preferential oxida-
tion in a H2 rich flow. Before this, the four samples were calcined in
air flow by increasing temperature at 2 �C min�1 up to 500 �C, and
maintaining it at this value for 2 h. This temperature was selected
based on the results shown above, which indicate that at 500 �C all
the samples were clean of precursors or solvents. The results of the
tests are presented in Fig. 8. The 4EG sample (Fig. 8a) showed the
maximum conversion of CO (93%) at the lowest reaction tempera-
ture (275 �C). The 4TM sample presented a lower conversion (72%)
at the same temperature as 4EG. The similarity between the CO
conversion curves of 4EG and 4TM allows mentioning that the
selectivity of O2 towards CO2 was also better in the 4EG sample
(Fig. 8b). The commercial sample of Nyacol� showed conversions
lower than 4EG and 4TM, but higher than W. It is interesting to
note that its crystallite size (obtained in the same way as the other
samples) is the smallest of all samples (4.4 nm). The low CO con-
version could be due to the amount of organic matter present in
the commercial suspension that produces carbon deposits that poi-
son CeO2. However, although the information about the product is
not readily available, the relative density of 1.22 and the relative
viscosity of 10 for a 20 wt.% suspension allows assuming that the
suspension contains an important amount of organic stabilizers.
This is not the case of the W sample (see below), which has the
lowest CO conversion. The selectivity towards CO2 of these sam-
ples was similar and cannot be compared with that of the 4EG
and 4TM samples because the CO conversion curves are different.
For example, at 250 �C, the higher selectivity in W (73.9%) is due
to the fact that the conversion of CO to CO2 is just starting
(17.9%) while in the 4EG sample it is reaching a higher value
(88.8%). Then, it is valid to expect that the selectivity to CO2 of
the 4EG sample will be smaller (63.2%).



Fig. 9. CO conversion on COPrOx for 4EG calcined at different temperatures.

Fig. 10. Laser Raman spectra for samples 4EG pretreated at different temperatures.
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When samples 4EG, 4TM and W are compared, the first shows a
better catalytic performance, probably due to the following proper-
ties: the narrower size distribution (Table 2), the mechanism of ni-
trate elimination that starts at lower temperatures producing
nitrogen (cleaner route) and/or the formation of peroxide and
superoxide species (Fig. 5B). Organic matter is also eliminated at
lower temperatures in the 4EG sample. Therefore, this sample
was subjected to a deeper analysis, studying the effect of the calci-
nation temperature upon CO conversion and O2 selectivity.
3.3.2. Effect of calcination temperature upon COPrOx reaction for the
samples prepared with EG

In order to determine if calcination temperature and the conse-
quent presence of precursors or solvents affect the CO conversion
in the COPrOx, five 4EG samples were calcined at different temper-
atures in air flow. A new batch of nanometric CeO2 was prepared at
the same conditions used for the 4EG sample, showing an accept-
able reproducibility; then, it was divided into five identical sam-
ples. The crystallite size obtained after this synthesis (5.2 nm),
was somewhat smaller as compared with the one previously pre-
pared (6.7 nm), probably due to small differences in the flow rate
regulated by the syringe pump, which establishes some change
in the kinetics of precipitation, lowering the Ostwald ripening.
Samples were treated at five key temperatures: 70 (dried samples),
150, 350, 450 and 500 �C. These were selected based on TGA/SDTA/
FTIR studies (see Figs. 4b and 5b).

CO preferential oxidation results follow the expected tendency.
Fig. 9 shows that the temperatures at the maximum CO conversion
decrease with the increase of the calcination temperature. The in-
sert in Fig. 9 shows that the temperature at which each sample
reaches 50% of CO conversion is practically constant for calcina-
tions between 150 and 450 �C and falls for the sample calcined at
500 �C. It is interesting to observe that at 500 �C, even with the
lowest value of the maximum CO conversion, the consumption of
CO does not fall at values below 80%, and the statistical range of
maximum CO conversions is about 8%. Table 2 summarizes the CO-
PrOx results. The 4EG samples calcined at 500 �C present the lower
temperatures at which 50% CO conversion is reached, and the high-
er O2 selectivity.

BET measurements performed on the 4EG samples treated at
70 �C and 450 �C, show surface areas of 89.3 m2/g and 63.3 m2/g,
respectively. Thus, the changes in catalytic activity are not due to
the changes in surface area. Note that while the sample treated
at 70 �C presents 50% of conversion at 280 �C, the sample calcined
at 450 �C presents the same conversion at 218 �C. Furthermore, the
decrease in surface area observed is consistent with the increase in
crystallite size observed after reaction (Table 2).

In order to gain further insight in the effect of calcination tem-
perature, LRS experiments were performed on 4EG samples pre-
treated to 70, 450 and 500 �C (Fig. 10). The peaks assignments
were based on the work of Pushkarev [35]. It can be clearly seen
that, when temperature increases, the signals that correspond to
peroxide and superoxide species increase as a consequence of the
adsorption of O2 on oxygen vacancies, as well as the number of de-
fects (Ce3+). This tendency may be a consequence of the cleaning of
the surface provoked by the residuals elimination after the high
temperature treatment. Furthermore, the higher contact time with
O2 in this stage and the higher interatomic distances, for the sam-
ples pretreated at higher temperatures, allow a greater O2 incorpo-
ration into the CeO2 lattice.

Further studies are under way to prepare M-Ce nanoparticle
catalysts (M = Cu, Co), in which we will apply our findings to opti-
mize the preparation conditions.

4. Conclusions

The thermal decomposition of precursors and solvents after the
synthesis of ceria nanoparticles by the controlled precipitation
method is a complex process that gives place to the formation of
several species adsorbed on the surface of the materials. By com-
bining FTIR and TGA/SDTA techniques, we have characterized the
chemical nature of the said species and the temperature ranges
at which they evaporated or decomposed. Organic species such
as di-r/p-acetylene and di-r/p-vinylidene remain on the surface
of some of the samples at temperatures near 500 �C together with
different types of carbonates and nitrates, indicating that at least
this temperature is necessary to obtain non-contaminated ceria
nanoparticles. The process of nitrates and organic matter elimina-
tion could affect the structure and size of the particles. Therefore,
the analysis reported in this work may contribute to gain further
insight into the field of nanoparticle synthesis.

The findings obtained in this work about synthesis procedures
were reflected in the behavior of the COPrOx reaction. The sample
that showed better CO conversion and O2 selectivity was the one
prepared at pH = 4, preparing the precursor by dissolving Ce(NO3)3

in an EG/H2O solution (sample 4EG). This sample showed a nar-
rower size distribution and a cleaner mechanism of elimination
of nitrates that starts at lower temperatures producing only
nitrogen. Moreover, organic matter was also eliminated at lower
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temperature for this sample. Note that in the 4EG sample the best
results for the COPrOx reaction were obtained with the sample cal-
cined at 500 �C, which is the key temperature at which precursors
and intermediates were eliminated, as shown in FTIR and TGA/
SDTA experiments.
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