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A B S T R A C T

Porous ceria-zirconia (Zr0·1Ce0·9O2−δδ delete) powders were synthesized by a sol-gel route using inorganic
chlorides (ZrCl4 and CeCl3·7H2O) as precursors, block copolymer P123 (PEO20PPO70PEO20) as the template and
tri-isopropyl-benzene (TIPB) as the swelling agent. These porous materials show high surface area and gas
permeability, important properties for Intermediate Temperature-Solid Oxide Fuel Cell (IT-SOFC) and catalytic
applications. The samples were prepared with different P123:TIPB (w/w) % ratios (1:0, 1:1, 1:2 and 1:4), as a
strategy to increase porosity. The samples were calcined at 400 °C in air to remove the template. Post-synthesis
nickel impregnation was planned to obtain 3 and 10 (w/w) % of NiO after calcination. The structure and
morphology of the samples were determined by X-ray diffraction (XRD), small angle X-ray scattering (SAXS),
nitrogen adsorption isotherms (NAI) and transmission and scanning electron microscopies (TEM and SEM). The
resulting materials have high specific surface area (≈110 m2. g-1) and a wide pore size distribution of mesopores
(3–50 nm). They are formed by nanocrystals (≈15 nm) of the predominant (≈90%) Fm m3̄ cubic phase and by
the P nmc4 /2 tetragonal phase. The micrographs revealed that the nanocrystalline oxides have mesopores with
slit shape and a secondary smaller mesoporosity with a narrow size distribution (≈4 nm). An increase of mi-
cropore volume (sizes < 2 nm) was observed with the presence of the swelling agent in the synthesis process,
ideal for gas diffusion in catalysis and IT-SOFC processes. Temperature programmed reduction (TPR) analysis
presented low temperature peaks, a marked increase in the total reduction value and H2 uptake of samples with
3 (w/w)% NiO in contrast to the bare supports. There was no significant further increase in the total reduction
value when 10 (w/w)% NiO is incorporated. It is noteworthy that comparing the synthesis methods, all samples
presented higher reduction values and H2 uptake.

1. Introduction

Ceria (CeO2) and zirconia (ZrO2) based materials are used in various
technological applications [1], mainly as catalyst, as in the automotive
converter (Three-Way Catalyst) [2] and in the achievement of highly
purified hydrogen flows from renewable resources [3], but also as a key
component in the anode of Intermediate Temperature Solid Oxide Fuel
Cells (IT-SOFCs) [4].

These materials have been obtained by many different methods.
ZrxCe1−xO2 solid solutions attracted special attention, since they
showed better thermal stability and higher oxygen storage capacity
(OSC) than the undoped cerium oxide [5–8]. Recently, we have re-
ported a new synthesis method to obtain mesoporous zirconia doped
ceria (ZDC), containing 90mol% CeO2 and 10mol% ZrO2 (also known
as CZ material). This mixed oxide was impregnated with 60 (w/w)%
NiO, leading to a material with remarkable properties for applications

https://doi.org/10.1016/j.ceramint.2019.06.209
Received 14 February 2019; Received in revised form 27 May 2019; Accepted 19 June 2019

∗ Corresponding author.
E-mail addresses: cassimiro.vinicius@gmail.com (V.R.S. Cassimiro), rafacmonteiro@yahoo.com.br (R.C. Monteiro), rbacani@usp.br (R. Bacani),

ltoscani@citedef.gob.ar (L.M. Toscani), diego.g.lamas@gmail.com (D.G. Lamas), slarrondo@unsam.edu.ar (S.A. Larrondo), mfantini@if.usp.br (M.C.A. Fantini).

Ceramics International 45 (2019) 19617–19626

Available online 22 June 2019
0272-8842/ © 2019 Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2019.06.209
https://doi.org/10.1016/j.ceramint.2019.06.209
mailto:cassimiro.vinicius@gmail.com
mailto:rafacmonteiro@yahoo.com.br
mailto:rbacani@usp.br
mailto:ltoscani@citedef.gob.ar
mailto:diego.g.lamas@gmail.com
mailto:slarrondo@unsam.edu.ar
mailto:mfantini@if.usp.br
https://doi.org/10.1016/j.ceramint.2019.06.209
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2019.06.209&domain=pdf


as anode in IT-SOFCs assemblies and as catalysts for methane com-
bustion [9]. An extensive revision of the literature was made in this
former publication, stating the adequacy of this synthesis strategy based
on the sol-gel method with a template, working as a structure directing
agent. The main idea was to increase the specific surface area of the
material to allow better gas transport in gas operation devices, while
maintaining thermal stability and control of the nanocrystalline struc-
ture up to 1000 °C.

The purpose of this work was to incorporate a swelling agent in the
synthesis process previously reported [9] in order to improve the
morphology of the material, pointing to catalysis applications.

The pores have proper size and shape to encapsulate amounts of 3
(w/w)%NiO and 10 (w/w)%NiO inside the ZDC porous matrix, much
smaller mass concentrations than the former analyzed 60 (w/w)%NiO
recommended for anodes of IT-SOFC [9]. The main material synthesis
and characterization methods, as well as the characterization techni-
ques, were those already reported in Ref. [9]. Therefore, they will not
be reported in details.

2. Materials and methods

2.1. Sample preparation

The synthesis procedure used 1.0 g of Pluronic P-123 (BASF), as the
template agent, and tri-isopropyl-benzene (TIPB) as the swelling agent.
Different weight ratios of these two agents P123:TIPB (weight con-
centration ratios of 1:0, 1:1, 1:2 and 1:4) were dissolved and stirred in
16.4 mL of 2mol L−1 HCl solution at 23 °C, before the addition of
3.353 g of CeCl3·7H2O (99.9% Aldrich) and 0.233 g of ZrCl4 (99.9%
Aldrich), to obtain the stoichiometry of the Zr0·1Ce0·9O2 mixed oxide.
The solution was stirred for 2 h and its pH was adjusted to 3 by adding
NH4OH [9]. The hydrothermal treatment at 80 °C was done in a Teflon®

autoclave for 48 h. The final gel was dried at 60 °C, during one day, in
air.

The calcination process was performed in a tubular oven, with a
temperature heating rate of 1 °C.min−1, with isotherms of 2 h at 200 °C
and 4 h at 400 °C, in air. After switching off the oven, the samples were
left to cool inside it [9].

Nickel was incorporated as described in Ref. [9]. The concentration
of the nickel precursor was adequate to obtain 3 and 10 (w/w)% of NiO
after calcination. The impregnated solid was calcined with the same
process defined in Ref. [9].

Table 1 summarizes the nomenclature given to the samples.

2.2. ZDC and Ni/ZDC characterization

The Rietveld crystal structure refinement was performed with
TOPAS software [10], using diffractograms obtained with Bruker
equipment [9]. The peak shape was assumed as Thomson-Cox-Hastings
pseudo-Voigt function [11]. The background of each pattern was fitted
by a polynomial function (degree 5) and a 1/x function was selected to
fit the low angle region affected by the air scattering.

Nitrogen adsorption isotherms (NAI) data were obtained as

described in Ref. [9], performing the same type of calculations to obtain
the pore size distribution (PSD), pore volume and pore diameter [12],
as well as the specific surface area [13].

Scanning electron microscopy (SEM) and Transmission electron
microscopy (TEM) images were obtained in the same conditions of re-
ference [9].

The Small Angle X-Ray Scattering (SAXS) measurements were car-
ried out with a Bruker NANOSTAR camera with a Xenocs Genix 3D
source of Cu Kα radiation (λ=1.5418 Å) operating at 50 kV and
0.6 mA, with a multi-filament Bruker Våntec-2000 bi-dimensional de-
tector. The point focus beam was used and the set up was kept in va-
cuum (∼10−2 Torr) to avoid parasitic air scattering. The sample to
detector distance was 670mm, with scattering vector q of
0.012 Å−1< q < 0.35 Å−1). The Inverse Fourier Transform (IFT) was
obtained with the PCG software [14].

The Temperature Programmed Reduction (TPR) experiments were
performed as described in Ref. [9] with a Micromeritics Chemisorb
2720 equipment. TPR runs were carried out from R.T. to 800 °C and
changes in the outlet gas thermal conductivity were monitored with a
Thermal Conductivity Detector (TCD), previously calibrated to allow
for the quantification of sample H2 uptake.

3. Results

3.1. X-ray diffraction and Rietveld analysis

Fig. 1 depicts the diffractograms and Rietveld refinement results
obtained for the bare samples (without nickel), prepared with different
P123:TIPB mass ratio. Table 2 presents the crystal structure model and
the initial parameters used in the Rietveld refinement [15]. Table 3
presents the Rietveld refinement results, indicating an overall goodness
of fit (S) smaller than 2. Also, the quantitative analysis showed that all
samples exhibited a high concentration of the cubic phase, with a low
content of the tetragonal one (about 5 wt%). Mean crystallite size and
specific deformation (%) for the majority phase (cubic) were evaluated
by TOPAS® software using the Double-Voigt Approach [16]. The mean
size of the crystallites (D̄) is around 22–29 nm and the deformation is
around 0.5% in all cases. The poor signal/noise ratio obtained for the
tetragonal phase did not allow performing the same analysis for the
minor phase.

Fig. 2 presents the diffractograms and Rietveld refinement results
obtained for samples with and without 10 (w/w)% NiO, prepared with
P123:TIPB mass ratio of 1:0. Table 3 presents the results of Rietveld
analysis for all samples. The Rietveld analysis of the samples im-
pregnated with Ni gave similar percentages of the cubic and tetragonal
zirconia-ceria phases, as expected. The NiO concentration could not be
precisely determined, due to the small intensities and broad NiO dif-
fraction peaks. As our impregnation method is the same as our previous
results [9], we consider that nominal and real nickel contents are al-
most equal. The fitting of the NiO diffraction peaks, assuming pseudo-
Voigt functions, provided mean crystallite sizes of (6.9 ± 0.4) nm and
(6.0 ± 0.6) nm for ZrCe-0-10Ni and ZrCe-1-10Ni, respectively, using
TOPAS® software. The same analysis could not be performed for the
samples impregnated with 3 (w/w)% NiO, because of their low in-
tensity peaks.

3.2. Nitrogen isotherms and textural properties

Fig. 3 depicts the nitrogen adsorption-desorption isotherms (NAI),
while Fig. 4 the PSD results. BET specific surface area and pore sizes
corresponding to maxima in the PSD are presented in Table 4. The
materials present type IV isotherms, with H3 type hysteresis loop, cor-
responding to pores forming large slits; with pore volumes of
∼0.33m3/g. The material presents a bimodal size distribution in the
mesopore region, with a narrow distribution in the 3–5 nm and a wider
size distribution in the 20–50 nm regions. An increment in P123:TIPB

Table 1
Nomenclature and identification of the synthesized samples.

Sample P123:TIPB ratio NiO [(w/w)%]

ZrCe-0 1:0 0
ZrCe-0-3Ni 1:0 3
ZrCe-0-10Ni 1:0 10
ZrCe-1 1:1 0
ZrCe-1-3Ni 1:1 3
ZrCe-1-10Ni 1:1 10
ZrCe-2 1:2 0
ZrCe-4 1:4 0
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weight ratio to 1:1 leads to higher BET specific surface area and pore
size diameter in the 20–50 nm region. Further increments in swelling
agent concentration produce an increment in micropore volume, cal-
culated with t-plot data.

3.3. SAXS results and modelling

The SAXS data of the as-synthesized samples did not present any
peaks related to the formation of ordered porous matrices induced by
the template together with the swelling agent. The SAXS after

Fig. 1. XRD patterns for samples with experimental data (empty symbols), the Rietveld fitted pattern (line) and the difference plot (dashed line): (a) ZrCe-0 (b) ZrCe-
(c) ZrCe-2 and (d) ZrCe-4. The diffraction peaks are indexed in the diffractogram (a).

Table 2
Crystal structure model and initial values used in the Rietveld refinement.
The tetragonal phase data was taken from the ICSD 157620 card [15]

Phase Group a= b c = =α β γ Elem. Wyckoff pos. x y z Occup.

Cubic Zr0·1Ce0·9O2-δ Fm m3̄ (225) 5.417 5.417 90° Ce4+

Zr4+

O2-

4a
4a
8c

0
0
0.25

0
0
0.25

0
0
0.25

0.01875
0.00208
0.04167

Tetragonal Zr0·1Ce0·9O2-δ P nmc4 /2 (137) 3.599 5.173 90° Ce4+

Zr4+

O2-

2a
2a
4d

0
0
0

0
0
0.5

0
0
0.216

0.1125
0.0125
0.25

Table 3
Rietveld refinement results.

Phase Parameter ZrCe-0 ZrCe-1 ZrCe-2 ZrCe-4

Cubic Zr0·1Ce0·9O2-δ a= b=c [Å] 5.4152 (60) 5.4171 (55) 5.4165 (49) 5.4154 (52)
Mean crystallite size [Å] 233 (13) 218 (8) 242 (10) 292 (17)
Weight fraction % 94.4 (1.2) 94.7 (1.8) 94.5 (2.0) 94.3 (2.4)

Tetragonal Zr0·1Ce0·9O2-δ a= b [Å] c [Å] 3.751 (77) 5.33 (23) 3.709 (65) 5.28 (20) 3.78 (17) 5.34 (49) 3.748 (22) 5.377 (63)
Weight fraction % 5.6 (1.2) 5.3 (1.8) 5.5 (2.2) 5.7 (2.4)

Refinement quality parameters Rexp 2.27 2.47 2.46 2.28
Rwp 4.41 4.40 4.54 4.52
Rp 3.27 3.34 3.39 3.31
RB (cubic) 1.75 1.534 1.727 1.974
RB (tetragonal) 0.347 0.326 0.345 0.414
S (GoF) 1.94 1.78 1.84 1.98
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calcination is presented in Fig. 5. The results show that the TIPB did not
alter the porosity significantly. The scattering had risen with the in-
crease in TIPB concentration as an indication of larger porosity, from
open and/or closed pores. This tendency can be qualitatively confirmed
by the invariant Q, which is the area under the plot I(q). q2 vs. q. For
large q values the scattered intensity follows the Porod's law, showing a
decrease with q−4, proving an abrupt electron density variation be-
tween the ZDC walls and the pores. The GIFT software [17] was used to
evaluate, by the Inverse Fourier Transform (IFT) method the pair dis-
tribution function p(r), shown in Fig. 6, for a monodisperse system. For
distances larger than 40 nm the p(r) values go to zero, in accordance
with the large pore values detected by NAI. By considering a poly-
disperse system of spheres in the GIFT software, the size distribution
per number and per volume are depicted in Fig. 7, showing typical sizes
of ∼4 nm, in accordance with NAI results of the desorption branch. The
samples prepared with high TIPB concentrations showed slightly larger
pore sizes.

Fig. 2. XRD patterns for samples ZrCe-0 and ZrCe-0-10Ni.

Fig. 3. Nitrogen Adsorption Isotherms of bare ZrCe samples showing the slit
like mesoporous type of hysteresis loop.

Fig. 4. Pore size distribution with two pore size axis for adsorption and deso-
rption branches.

Table 4
BET specific surface area and pore sizes in maxima of PSD.

Sample SBET
(± 10%)
[m2/g]

Vt
a

[cm3/
g]

Vm
b

[cm3/
g]

Pore size at PSD
Maxima in the
Adsorption
Isotherm branch
[nm]

Pore size at PSD
Maxima in the
Desorption
Isotherm branch
[nm]

ZrCe-0 106 0.29 0.014 3.1 31.9 4.4 23.8
ZrCe-0-3Ni 91 0.27 0.004 3.2 30.4 4.5 24.2
ZrCe-0-10Ni 103 0.32 – 3.2 – – 17.7
ZrCe-1 102 0.30 0.016 3.1 37.7 4.4 28.5
ZrCe-1-3Ni 84 0.29 0.006 3.5 38.6 4.5 29.3
ZrCe-1-10Ni 134 0.46 0.002 3.3 38.7 4.4 29.6
ZrCe-2 118 0.30 0.016 3.0 37.2 4.4 27.5
ZrCe-4 110 0.27 0.023 3.2 34.0 4.4 25.4

a Single point total pore volume.
b Micropore volume.

Fig. 5. Small angle X-ray scattering of bare ZrCe samples showing two ranges of
scattering angle behavior.
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3.4. SEM/TEM micrographs

Fig. 8, related to SEM micrographs, confirms the presence of pores
in slit form, having sizes of the order of few nanometers, in accordance
with the values obtained from NAI and SAXS data. More circular pores
were observed as the amount of TIPB in the synthesis increased. This
observation is in accordance with the increment observed in micropore
volume. TEM images, shown in Fig. 9, also display porosity with an
elongated layout and a crystallized material, with domains of the order
of few nanometers, in accordance with the crystallite size obtained from
XRD measurements.

3.5. TPR analysis

The TPR profiles of the tested samples are plotted in Fig. 10 for the
ZrCe-0 and ZrCe-1 samples with different Ni loading. ZrCe-0 sample
exhibits a reduction profile with two low-temperature peaks at 415 °C

and 525 °C and a high temperature peak at 740 °C. On the other hand,
ZrCe-1 sample exhibits two main peaks at 553 °C and 748 °C and a
broad shoulder in the low temperature peak. CeO2-based materials
generally exhibit two main peaks: the low temperature peak is usually
ascribed to the reduction of Ce surface species and the high temperature
peak is usually attributed to bulk Ce reduction [18]. In this case, both
samples exhibit these two peaks; however in both cases there is an
additional feature at ca. 400 °C. The presence of a small low tempera-
ture shoulder in the Zr–Ce-1 sample and a more pronounced feature
with a peak maximum at 415 °C in ZrCe-0 sample could reveal the
existence of different Ce surface species in each sample that are reduced
in subsequent steps. Finally, the reduction profile of ZrCe-0 sample is
markedly shifted toward lower temperatures with both the low and
high temperature peaks visible at lower temperatures in contrast to
ZrCe-1 sample.

Regarding the addition of NiO to ZDC samples, in all cases the
samples with 3 (w/w)% NiO and 10 (w/w)% NiO exhibit additional low
temperature features which can be ascribed to the reduction of NiO to
Ni0. In the case of ZrCe-0-3Ni and ZrCe-1-3Ni samples, three main peaks
are visible with peak maxima at 243 °C, 337 °C and 728 °C for ZrCe-0-
3Ni sample and 215 °C, 341 °C and 728 °C for ZrCe-1-3Ni sample. These
results indicate that in both samples, the high temperature peak as-
cribed to the reduction of bulk Ce is slightly shifted to low temperatures
compared to the value obtained for the bare support. On the other
hand, the peak observed at ca. 340 °C in both samples can be ascribed to
concomitant reduction of NiO and surface Ce as no signal is visible at
550 °C, the temperature at which samples without NiO exhibited a
strong feature. This implies that the addition of 3 (w/w)% NiO to
Ce0,9Zr0,1O2 sample markedly enhances Ce reducibility. It is clear that
the main difference in the TPR profiles of ZrCe-0-3Ni and ZrCe-1-3Ni
samples is visible in the shape and extent of the low temperature peak
visible at ca. 200 °C, since ZrCe-0-3Ni sample exhibits a more intense
contribution compared to ZrCe-1-3Ni sample. It should be pointed out
that the reduction of NiO generally exhibits two main peaks: the low
temperature peak which is usually ascribed to the reduction of NiO
surface species and the high temperature peak attributed to both the
reduction of bulk NiO species and to species that strongly interact with
the support [19–21]. It seems that, in this case, the contribution of
surface species to the reduction profile is more significant in the case of

Fig. 6. Pair distribution function obtained from SAXS data assuming a mono-
disperse system of pores.

Fig. 7. Number-weighted and volume-weighted size distributions (DNumber(R) and DVolume (R), respectively) of scatters from SAXS data.
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ZrCe-0-3Ni sample.
The addition of 10 (w/w)% NiO to the Ce–Zr support results in TPR

profiles with two main contributions in both ZrCe-0-10Ni and ZrCe-1-
10Ni samples. The high temperature peak is visible at ca. 730 °C in both
cases, virtually at the same temperature as in samples with 3 (w/w)%
NiO; however, markedly shifted to low temperatures in contrast to the
corresponding bare Ce–Zr supports. This implies that the addition of at
least up to 10 (w/w)% NiO promotes the reduction of bulk species.

Furthermore, in contrast to samples with 3 (w/w)% NiO, the in-
corporation of 10 (w/w)% NiO results in the merging of the two low
temperature peaks, yielding a large peak at an intermediate tempera-
ture of 313 °C and 326 °C for samples ZrCe-0-10Ni and ZrCe-1-10Ni,
respectively.

Finally, in Table 5 TPR peak integration results are informed. There
is a marked increase in the total reduction value and H2 uptake of
samples with 3 (w/w)% NiO in contrast to the bare supports. However,

Fig. 8. Scanning electron microscopy (SEM) images of bare samples.

Fig. 9. Transmission electron microscopy (TEM) images of bare samples.
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there is no significant increase in the total reduction value when 10 (w/
w)% NiO is incorporated. It is noteworthy that comparing the synthesis
methods, all samples prepared with P123:TIPB 1:0 ratio present higher
reduction values and H2 uptake than samples prepared with the 1:1
ratio.

4. Discussion

Previous results on the morphological properties of mesoporous
zirconia-based materials are presented in Table 6 [22–31]. The in-
vestigation of Ni–CeO2–ZrO2 cermets demonstrated excellent resistance
toward carbon formation, enhanced reducibility at lower temperatures

and stable catalyst activity for more than 200 h [32]. These results
motivated researchers to follow new strategies to produce these mate-
rials in order to get improved properties, which strongly depend on the
composition and synthesis method [33–39]. The preparation method
has a huge effect on the physicochemical properties of the resulting
materials and, consequently, on their catalytic behavior [39]. In par-
ticular, the soft template method allows to produce nanocrystalline
phases, whose particle size and morphological properties, such as BET
surface area, pore volume and pore diameter strongly influence the
catalytic performance [39].

In this work, we introduce a novelty in an already tested sol-gel
method with polymeric template previously used to synthesize
CeO2–ZrO2 mixed oxides: the incorporation of a swelling agent to
control the pore size by controlling the size and volume of the micelle.
The structure investigated by XRD experiments revealed, for all the
samples, the presence of a majority cubic phase Fm m3̄ (∼95% in
weight) and of the tetragonal phase P nmc4 /2 in less quantity. The mean
crystallite sizes remained from 22 to 29 nm, also in agreement with
TEM images, characteristics of a nanocrystalline material, which is re-
ported in many investigations to induce better catalytic performance.
The mixture of the two phases can be a disadvantage for anode appli-
cation in SOFC, especially because they have different thermal expan-
sion coefficients.

The NAI results demonstrated the efficiency of the proposed sol-gel
method to produce mesoporous ceria-zirconia powders with high spe-
cific surface area (from 110 to 118m2 g−1) having slit like pores of
significant dimension and volume (D(ads) of 32–37 nm and Vol(ads) of
0.33 cm3 g−1), compared to previous results (see Table 6). The BJH
plots of pore diameters (Fig. 4) presented bimodal distributions for all
samples. The first distribution is very narrow and it is localized in the
Dp≈ 3–5 nm range and the second distribution is wide and spread with
Dp≈ 20–50 nm. These results indicated the existence of two different
pore morphologies. The SEM images clearly showed the slit like me-
sopores with variable dimensions, but having the same magnitude of
the second BJH pore size distribution. The presence of smaller porosity
could be observed in the ZrCe-2 sample (Fig. 11), in agreement with the
BJH distribution of Dp≈ 3–5 nm. The incorporation of TIPB did not
result in remarkable different specific surface area or mesopore volume,
but contributed to an increase in the dimension of the larger slit like
pores, between 15 and 20%, for all TIPB concentrations. The relevant
increase of micropore volume indicates the development of a suitable
synthesis strategy to improve gas diffusion in catalysis and IT-SOFC
processes, which has to be tested in future real devices. The results led
to the conclusion that the 1:1 mass ratio of P123/TIPB is enough to
expand the pores. The slit like pores are clearly visible in the TEM
images, but it was not possible to observe significant morphological
modifications between the samples prepared with higher TIPB con-
centration.

The SAXS data confirmed the negligible difference in the mor-
phology of the samples, because the scattering curves are very similar,
except for a larger scattering observed by the ZrCe-2 e ZrCe-4 samples
in the region of 0.3 < q < 1.0 nm−1, indicating the presence of larger
pores. The fact that the BJH analysis of these samples did not show
those larger pores is because they are probably closed and not acces-
sible to the nitrogen, but they are detected by SAXS. The scattering
curves present three distinct regions. In two regions the Porod's law is
verified at low q (0.15 < q < 0.3 nm−1) and at high q
(1 < q < 3.5 nm−1), since the scattered intensity decays with q−4.
This behavior is observed in two phase systems with two interfaces of
different dimensions, like granular porous systems. The Porod regime at
low q corresponds to the grain's envelope and at high q to the pores
[40]. Considering the analysis by the IFT method, the obtained (r) of
monodisperse and diluted scatters, provided a maximum value of
40 nm, being consistent with the NAI results, but this model does not
correspond to the pore morphology determined by SEM and NAI. On
the other hand, the polydisperse porous system is in accordance with

Fig. 10. H2-TPR profile of the ZrCe-0 and ZrCe-1 bare samples and same
samples with Ni.

Table 5
H2-TPR results.

Sample Reduction (800 °C)
(%)

H2 uptake (800 °C) (cm3 (1 atm,
25 °C)/mmolCe4+)

ZrCe-0 39.0 4.8
ZrCe-1 31.3 3.8
ZrCe-0-3Ni 52.2 7.4
ZrCe-1-3Ni 43.2 6.1
ZrCe-0-10Ni 49.6 9.4
ZrCe-1-10Ni 43.7 8.3
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these independent results.
The invariance of the specific surface area with the increase on the

TIPB concentration in the synthesis indicates that the morphology is
essentially governed by the crystallization process of the mesostructure
walls during calcination and less by the skeleton formed by the tem-
plate through aggregation and later precipitation of metal ions. This
behavior is consistent with the observed pore structure reported by
Bacani et al. [9,30]. The main effects of the swelling agent in the
synthesis process are to induce a wider pore size distribution and an
increase in the micropore volume. The other morphological parameters
such as the BET surface area and total pore volume did not show re-
markable and systematic changes with the introduction of the TIPB in
the synthesis. The fact that the increase in the pore diameter occurred
for the proportion of P123/TIPB 1:1, but remained unchanged for larger
ratios suggests that the extra TIPB is unable to solubilize in the hy-
drophobic nucleus of the micelles to promote expansion, but con-
tributes to the formation of micropores. A possible mechanism for this
synthesis is shown in Fig. 12, where the extra TIPB interacts with the
metal ions forming closed pores, not detected by NAI. Even though the
hydrophilicities of Si, Ce and Zr precursors are different, this effect was
reported by Cao et al. [41], when larger quantities of TIPB did not
promote larger pores of SBA-15 samples, because the extra TIPB did not
solubilize into the micelles.

H2-TPR is a very sensitive technique that allows the characterization
of samples with reducible species. It is widely used in the character-
ization of supported and unsupported catalysts. All the H2-TPR results
presented in Table 5 show lower reduction percentage and H2 uptake
values for the ZrCe-1 sample, compared to the ZrCe-0. This result in-
dicates that the TIPB addition to the synthesis process causes no posi-
tive effects in the material reducibility. This finding can be attributed to
physicochemical changes in the surface of the material, which are not
related to morphology, such as chemical bonds and oxygen vacancies,

but can be caused by the presence of a hydrophobic agent like TIPB.
Fourier Transform Infra-Red (FTIR) spectrometry studies of the

synthesized samples were performed to check possible surface mod-
ifications by using TIPB in the synthesis process. FTIR spectra could
shine some light on the observed changes of the TPR data, using bands
assignments of the literature [42–48]. Indeed, the results (Supplemen-
tary Information in Fig. 1S–a and 1S-b) revealed modifications in the
transmittance values of the samples synthesized without and with TIPB

Table 6
Results reported in the literature about ZrCe samples obtained by a soft template method with copolymers as structure directing agent. For a large list see Ref. [22].

ASMaterial Copolymer Pore Structure Pore size distribution (nm) Specific surface area (m2.g−1) Ref.

ZrO2 P123 p6mm 5.8 150 [23,24]
ZrO2 P123 – 4.2 141–163 [25]
ZrO2 F127 p6mm 4.1 97 [26]
CeO2 P123 disordered 3.5 86–150 [27,28]
CeO2 P123 – 10 – [29]
CeO2–ZrO2 P123 disordered 3.3–18.1 32–120 [9,30]
CeO2–ZrO2 P123/F127 p6mm 3.7–4.1 128–132 [26]
CeO2–ZrO2 P123 – 8–12 98–157 [31]
CeO2–ZrO2 P123 slit like 3–50

(3 < Dmax < 10)
110–118 this work

Fig. 11. TEM image of the ZeCe-2 sample with slit like pores and circular pores
(circle).

Fig. 12. Pore formation model with different concentrations of swelling agent.
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(ZrCe-0 and ZrCe-1 samples). There were not observed differences in
the wavenumber values of the vibration modes, but the systematic
variation of intensities (estimated error< 3%) are evidences of differ-
ences on gas absorption properties. A slight and systematic decrease in
transmission of the sample synthesized with TIPB was observed in a
wide range of wavenumbers. After NiO impregnation with 3 (w/w)%
NiO and 10 (w/w)% NiO these modifications were remarkable in the
range of 420–580 cm−1 and 1050-1800 cm−1. The first range is asso-
ciated with ZrCeO2 and NiO vibration bands, which have features
modified by the presence of TIPB, clearly observed for the sample with
high nickel concentration. It is important to point out that smaller
amounts of NiO impregnated in the CZ matrix has a greater probability
to be located inside the pores, while higher NiO concentrations may
close the micropore entrances and cluster on CZ surface, increasing the
external surface area, as observed in the NAI results of Table 4. In other
words, high NiO concentrations, like 10 (w/w)% NiO, is deleterious for
the catalytic properties, in agreement with TPR results. The influence of
NiO concentration in the FTIR spectra is more evident in the second
range, where the bands associated with water, OH− and CH vibrations
are located. In the range of 1250–1570 cm−1 it is possible to observe a
decrease in transmittance with the increase of NiO content as well as
changes among samples synthesized without and with TIPB. Inversion
of transmittance intensities in the range of 1050–1250 cm−1 can be
observed in the spectra of the samples with 10 (w/w)% NiO made
without and with TIPB. This is not the case of the samples with 3 (w/
w)% NiO, which showed the same intensity trends in the whole range of
wavenumbers. These results clearly indicated that there are alterations
in the surface of the CZ material when produced with TIPB that influ-
enced the NiO impregnation process. Of course there are also mor-
phological and NiO concentration effects, like surface and bulk con-
tributions, convoluted in the FTIR results that could not be isolated.

Returning to TPR results, also the slightly higher BET surface area of
ZrCe-0-3Ni (91m2/g) vs ZrCe-1-3Ni (84m2/g), could explain the higher
reducibility and shift to lower temperature observed by the former
sample. Another property that could affect the TPR results is the mean
crystallite size. However, it is probably not the case once it is expected
similar values for the 3 (w/w)% NiO materials (ZrCe-0-3Ni and ZrCe-1-
3Ni), as it was calculated for the 10 (w/w)% NiO samples. TPR results
show clearly that the addition of 3 (w/w)% NiO is enough to promote
the reduction of nickel and cerium atoms, suggesting that the surface
coverage has to be tailored to allow an adequate catalytic environment
for both atoms. The influence of Ni in the reduction of Ce is clear,
lowering its working temperature.

5. Conclusions

Summarizing, the synthesis of ceria-zirconia Zr0·1Ce0·9O2−δ by a
template method with a swelling agent produced nanocrystalline
powders with predominant cubic phase and a minor content of the
tetragonal one. These materials presented high specific surface area
with higher pore concentration and expanded pores, the required
properties for applications in catalysis and SOFC anodes. The ideal
weight ratio of P123/TIPB equal to 1:1 was determined, since higher
concentrations of TIPB did not improve significantly some of the above
mentioned morphological parameters. The swelling agent does not have
a significant influence on the total pore volume. On the other hand, it
influences the pore size distribution and micropore volume as well it
seems to interfere on the physicochemical properties of the surface. The
incorporation of 3 (w/w) % of NiO is sufficient to produce an optimized
reduction process of cerium and nickel ions. Higher reduction values
and H2 uptake were observed in processes that occurred at low tem-
peratures (200 °C < T < 800 °C).
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