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Abstract

Mesoporous gadolinium doped cerium dioxide with high surface area was produced by spray drying using Pluronic 123 as surfactant. The

powder, when calcined at 400 8C, had a BET surface area of 136 m2 g�1 and was polycrystalline as confirmed by XRD and TEM. XEDS confirmed

Ce, Gd and O, as the only elements present in the powders. Nitrogen adsorption measurements showed that the material was mesoporous with pore

diameters of approximately 10 nm, which was later confirmed by TEM studies. TEM–EELS were used to confirm that Ce was in the +4 oxidation

state. SEM studies showed particles of 10 nm diameter, corresponding to the crystallite size calculated from XRD data. The similar size range of

the mesopores and the observed crystallite size indicates that the porosity is partly formed from intergranular mesoporosity. Using the spray drying

method of a surfactant assisted liquid precursor solution it can be possible to manufacture mesoporous gadolinium doped ceria in large quantities in

a continuous production.
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1. Introduction

Cerium dioxide is widely used as a promoter in the so-called

‘‘three-way catalyst’’ for the elimination of toxic exhaust gases in

automobiles. The key property of ceria is to store and release

oxygen [1]. Incorporation of various dopants such as La3+ [2],

Y3+ [3], Ca2+/Pb2+/Nd3+ [4], and Zr4+ [5], in the cerium dioxide

lattice have been shown to improve the thermal stability, altered

catalytic properties, and possibly give different adsorptive

properties. Gd3+ has been used as dopant in cerium dioxide

for use in solid oxide fuel cells (SOFCs) for example;

Ce0.9Gd0.1O1.95 (CGO) is used both in electrolytes and electrodes

[6]. Due to its high ionic conductivity at temperatures below

700 8C, CGO is an attractive candidate for electrolytes in

intermediate-temperature solid oxide fuel cells (IT-SOFCs),
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especially at temperatures below 600 8C [7]. CGO exhibits

promising catalytic activity for methane conversion and is

therefore an alternative anode constituent in SOFC for direct

methane conversion to avoid carbon deposition in Ni/YSZ anodes

[8]. Furthermore, the high oxygen ion conductivity and oxygen

reduction activity of CGO makes it an attractive candidate for use

in composite cathodes in SOFC. The catalytic activity of CGO

powders used in the SOFC electrodes depends on the surface area

of the powders and is higher for powders with higher specific

surface area. In order to produce high surface area CGO powders

at relatively low cost, a continuous processing technique with

high yield is required.

Mesoporous cerium dioxide with high surface area and high

crystallinity has been reported previously by Lundberg et al.

[1,9]. Their synthesis was based on a flash evaporation method

of thin liquid films by a quick synthesis method. The porosity

and high surface area in combination with high crystallinity is

of interest for catalytic applications. The surface area was

dependent on the thickness of the film when calcined. Lundberg

et al. used the block co-polymer Pluronic 123 as the structure

directing agent to create the mesoporous materials. It is possible

to apply this synthesis route on gadolinium doped ceria, but the

need of larger amounts of powder proves this synthesis route
d.
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insufficient for large scale production. To our knowledge no

reports on mesoporous CGO have been reported. Song et al.

[10] have reported mesoporous yttrium doped CeO2 using a

chemical precipitation method.

Ceramic spray drying is a versatile and cheap powder

processing method, which involve spraying a liquid suspension of

the materials to agglomerate into a stream of heated air [11].

Spray drying is a proven method with high productivity and is

used in variety of industries. The hypothesis we present in this

work is that the droplets formed during the spray drying process

can be controlled by the operating parameters and can be adjusted

such that they are comparable to a thin film and could thus result

in high surface area mesoporous CGO powders. Recently, CGO

was synthesized by spray drying a water based solution of nitrate

salts [12] to produce powders with a BET surface area of

70 m2 g�1 (calcined at 300 8C). However, nitrogen adsorption

measurements showed that these powders were not mesoporous.

In this work, 10 atom% gadolinium-doped ceria

(Ce0.9Gd0.1O1.95, CGO10) powders were synthesized by a

surfactant assisted spray drying route and successive calcina-

tions. The block co-polymer Pluronic 123 was used as the

structure directing agent for the synthesis of the high-surface-

area crystalline mesoporous CGO powder. The phase composi-

tion, morphology, size distribution and specific surface area of

powders were characterized and compared to results obtained

with CGO powders produced in the same manner without

addition of P123 [12]. From this comparison, effect of P123

addition was evaluated.

2. Experimental

A 60 wt% CGO10 aqueous nitrate solution containing Ce3+,

Gd3+ cations in the mole ratio of 9:1 was prepared by dissolving

calibrated Ce(NO3)3�6H2O (99.9%, Alfa Aesar, Germany) and

Gd(NO3)3�6H2O (99.9%, Alfa Aesar, Germany) precursors.

This corresponded to 133.4 g Ce(NO3)3�6H2O and 15.4 g

Gd(NO3)3�6H2O in 40 g of water. To this solution 10 wt%

(relative to water) block co-polymer Pluronic 123 (BASF SE,

Germany) was added. After complete dissolution of all

precursors and surfactant, the as-prepared solution was spray

dried in a laboratory spray drier (B-290, BÜCHI, Switzerland)

using the following process parameters: inlet temperature

220 8C, outlet temperature 145 8C, nozzle diameter 0.5 mm,

spray flow 60 ml h�1, air flow 660 l h�1. The fabricated

powders were subsequently calcined in a covered alumina

crucible in the range of 300–600 8C with a dwell time of 2 h.

The phase composition after heat treatment was determined

by powder X-ray diffraction (XRD) using a STOE Theta-Theta

diffractometer. X-ray diffractograms were collected at

208 � 2u � 908 using Cu Ka radiation. The average grain size

davg was calculated from the XRD diffractograms using

Scherrer’s equation:

da �
k � l

b � cosðuÞ (1)

where k, l, b, and u are the shape factor (taken as 0.9), the wave

length of the Cu Ka radiation (1.54056 Å), the full width at half
maximum (FWHM) of the reflections (corrected for instrument

broadening), and the Bragg angle of the specific reflection,

respectively.

The samples were examined by transmission electron

microscopy (TEM) at 300 kV accelerating voltage (JEOL

JEM-3000F, FEGTEM). For the primary TEM investigation the

powder samples were suspended in ethanol and transferred to a

copper–carbon grid by dipping into the suspension. Scanning

TEM (STEM) investigations using high angle annular dark field

detector (HAADF) were performed using the same instrument.

X-ray energy-dispersive spectrometry (XEDS) spectra were

collected in STEM mode at 300 kV using an Oxford EDS

detector. Electron energy loss spectrometry (EELS) spectra

were collected by a Gatan EELS detector at 297 kV.

The sample calcined at 400 8C was embedded in epoxy resin

and subsequently polymerized at 70 8C for 16 h [13]. The

embedded sample was sectioned by a Leica Ultra Cut UCT

microtome, equipped with a diamond knife. The microtome

sections were approximately 50 nm thick, judged by the light

reflection of each cut when floating in fluid. The sections were

collected on holey carbon grids before TEM observation.

Scanning electron microscopy (SEM) was used for surface

studies at accelerating voltage of 5 kV (Zeiss Supra 35). X-ray

energy-dispersive spectrometry (XEDS) was performed at

20 kV with a polymer window detector (Thermo Noran,

detectable element z � 5129 eV Mn Ka).

BET specific surface area and pore size distribution were

calculated from data collected on a Quantachrome Autosorb

1MP instrument, where all samples were degassed at 300 8C for

at least 3 h prior to adsorption/desorportion. The BET surface

areas were calculated from the adsorption isotherm keeping the

values of p/p0 between 0.05 and 0.30. The pore size distribution

was calculated from the isotherms of the adsorption and

desorption branches, respectively.

Weight loss and phase changes of the as-spray dried precursor

solution as a function of temperature was characterized by a

thermal analyzer (STA 449 Jupiter, Netzsch, Selb, Germany)

capable of simultaneous thermogravimetry (TG) and differential

thermal analysis (DTA). The thermal analysis was conducted in

flowing air (50 ml min�1) at a heating rate of 5 K min�1.

3. Results and discussion

3.1. Powder synthesis and microstructural characterization

After spray drying of the aqueous precursor solution a white

fine grained powder was obtained. Due to the low outlet

temperature (145 8C) of the spray dryer it was clear that the as-

synthesized powder could be treated as a precursor powder

comprising a homogeneous mixture of nitrates, metal cations,

and hydrocarbon species from the Pluronic P123. Similar

observations were also shown previously [12]. Therefore, a

calcinations step was needed to remove residual water and

hydrocarbons and decompose the nitrate precursors to form the

desired CGO10 powder. The powders expanded during the

calcination step, most likely due to the gas evolution from the

remaining water being evaporated in combination with the
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evolution of gases caused by the decomposition of the

hydrocarbons and the nitrates. The end volume was roughly

ten times as large as the as-spray dried powder. This was not

seen previously [12], when no P123 was used. Thus, the

generally observed surfactant effect of the block co-polymer,

i.e. forming of liquid crystalline shapes for the templating, in

this case begins with the release of trapped gases (water

evaporation and nitrate decomposition), causing a dramatic

volume expansion. Following this volume expansion the

decomposition temperature for the P123 is reached and the

crystallization process of the CGO starts. This generates a very

porous (both macroporous and mesoporous) solid network of

the oxide phase.

To obtain micro-structural and morphological information

of the calcined powders, all samples were first inspected with

light microscope, followed by a detailed analysis utilizing SEM

and TEM. The calcined powders were observed to be relatively

fine and could be broken into even smaller pieces upon gentle

grinding. A typical SEM overview image acquired from the

powders calcined at 400 8C is given in Fig. 1(a), coupled with

the corresponding high-resolution SEM image in Fig. 1(b). The

images show that the porous particles comprised of agglom-

erates, where the walls contains numerous nanoparticles. By

examining the image in Fig. 1(b), these nanoparticles were

measured to be around 10 nm in diameter.
Fig. 1. SEM micrographs showing (a) the microstructure of the fine CGO10

powder calcined at 400 8C and (b) and the nanosized particles forming the walls

of the microstructure. The square and arrow in (a) indicate the area where the

higher resolution image in (b) was acquired.
3.2. XRD and BET

In Table 1 the calcination temperatures are given together

with the resulting BET specific surface areas and the particle

size of crystallites calculated from XRD using Eq. (1). XRD

diffractogram of the powder calcined at 400 8C is shown in

Fig. 2 together with the XRD pattern from a CGO10 powder

sintered at 1500 8C in air for 4 h [12]. The diffractogram of the

powder calcined at 400 8C was similar to the single phase

diffractograms presented in Ref. [12] with broad peaks

indicating a powder containing nano sized crystallites. The

spray dried powder showed a maximum specific surface area of

136 m2 g�1 at 400 8C. The specific surface area decreased as

the calcination temperature increased. After calcination at

600 8C for 2 h the specific surface area was around 92 m2 g�1,

suggesting sufficient thermal stability. After calcination at

300 8C the crystallite size had the smallest value of

approximately 8 nm. However, the calculated BET specific

surface area was only 104 m2 g�1, seemingly lower than the

sample calcined at 500 8C. This is most likely explained by that

there was still hydrocarbon residues present in the sample (from

the Pluronic P123 surfactant) calcined at 300 8C, which would

block some pores in the powder agglomerates giving a lower

specific surface area. This hypothesis is strengthened by the

thermal analysis discussed in Section 3.4.

The isotherms of all the prepared powders had type IV

sorption isotherms [14] with hysteresis loop of H2 character

[15], see Fig. 3. The size and structure of the pores will affect

the shape of the isotherm. The H2 character of the hysteresis

loop is typically an indication of disordered pores with poorly

defined size and shape distribution. Furthermore, the char-

acteristic hysteresis loop seen in Fig. 3 is normally associated

with the occurrence of pore condensation typical for

mesoporous materials. In Fig. 4 the adsorption–desorption

pore volume plot is displayed for the sample calcined at 400 8C.

The pore size distribution of mesoporous materials is usually

calculated with the Barrett, Joyner and Halenda (BJH) method

[16] by combining the Kelvin equation and the Halsey

empirical equation. This method has been shown to under-

estimate the size of pores [17,18] and other calculation methods

have been suggested to improve the accuracy [19–21] in the

pore size determination below 120 Å. A major problem with

nitrogen adsorption is that mesopores with pore diameters of

20–120 Å will be influenced by phenomena as e.g. the tensile

strength effect (TSE) and fluid-to-crystalline like phase

transitions of the adsorbed phase [22]. These phenomena will

influence the desorption isotherm giving incorrect pore size
Table 1

Temperature study of the spray dried CGO10 powder. The crystallite sizes were

calculated using Eq. (1).

Temperature

(8C)

BET surface

area (m2 g�1)

Particle size of

crystallites (nm)

300 104 8

400 136 9

500 110 10

600 92 14
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Fig. 2. XRD diffractograms of spray dried powder calcined at 400 8C (A) and

after sintering a CGO10 powder [12] at 1500 8C for 4 h (B).

Fig. 4. The nitrogen adsorption–desorption pore volume plots display pore

diameters of 10 nm, here for the sample calcined at 400 8C for 2 h.
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distribution, usually with the indication of a narrow distribution

of pores around 4 nm. In case the experimental isotherm shows

signs of pore network effects, the adsorption branch is highly

preferred for pore size calculations and is hardly affected by any

tensile strength effects. Returning to the adsorption–desorption

pore volume plot in Fig. 4 there is no indication of TSE and the

pore distribution in both branches show similar results.

3.3. TEM and STEM analysis

The microstructure of the calcined powders was further

analyzed by TEM diffraction and high-resolution TEM studies.

A representative TEM diffraction pattern and high-resolution

TEM micrograph are presented in Fig. 5(a). The spotted ring

diffraction pattern and poly-grained structure demonstrate a

polycrystalline structure of the powders. To confirm the

chemistry of the powders, a X-ray energy dispersive spectro-

metry (XEDS) was performed. One XEDS result is given in
Fig. 3. Nitrogen adsorption–desorption isotherm for CGO10 heat treated at

400 8C.
Fig. 5(b), which shows the peaks corresponding to Gd, Ce and

O. The quantification analysis averaged from several XEDS

spectra revealed that the powders comprised of Ce

(59.61 � 1.87%) and Gd (6.01 � 1.04%). The Ce/Gd-ratio

was thus found to be close to the expected value (�9) in this

CGO10 powder. Here, the O content was not considered due to

the possible interfering signals from the background epoxy. The

Cu signals originated from the supporting Cu grid.

To obtain a better picture of how the pores were distributed

inside the calcined powders the STEM technique was

employed. Fig. 6 compares the images of a powder acquired

using regular TEM mode (a), STEM BF mode (b), and STEM

Z-contrast mode (c) individually. A few locations of pores

embedded inside the powders are circled in Fig. 6 for

clarification. From Fig. 6, it is evidently shown that the STEM

Z-contrast imaging method can provide a better illustration of

surface feature and porous morphology with better contrasting

between the pores and the particles. The size of the pores was

measured to be in the range of 5–20 nm in diameter. These

values confirm the pore diameter calculated from the

adsorption–desorption pore volume plot in Fig. 4, confirming

the presence of mesopores. Considering the similar size range

(approximately 10 nm) of both the mesopores and the

crystallite size, could suggest that the mesoporosity is formed

partly from intergranular porosity and not only due to the

presence of the P123 surfactant.

In addition, the valence state of Ce was determined by

employing the EELS technique. The background-subtracted

and plural scattering removed Ce-M4,5 edge EELS spectrum

corresponding to the CGO10 powder calcined at 400 8C is

shown in Fig. 7. Two features are noticed here. First, the M4

edge exhibited a higher intensity than the M5 edge. Second, two

satellite peaks (marked with arrows), which individually locate

at�5 eV behind the main peak, were present. Both findings are

typical features for EELS Ce4+ M4,5 edge and therefore, suggest

a +4 state of Ce in this calcined CGO10 powder [23], excluding

any uncertainties of non-stoichiometric secondary phases being

formed such as e.g. cubic bixbyite, Ce2O3.



Fig. 6. Comparison of images taken from CGO10 powders calcined at 400 8C with (a

circled areas highlight positions of mesopores.

Fig. 7. Ce-M4,5 edge corresponding to CGO10 powders calcined at 400 8C.

Fig. 5. (a) HREM image and diffraction pattern (inset) and (b) the correspond-

ing XEDS result acquired from CGO powders calcined at 400 8C.

M. Lundberg et al. / Ceramics International 37 (2011) 797–802 801
3.4. Thermal analysis

Fig. 8 shows the results from thermal analysis of the as-spray

dried precursor solution. Three major weight loss events were

observed. This solution behaves very similar to that without

P123 as reported earlier [12], which showed two distinct weight

loss events. In both cases, with P123 (as presented in Fig. 8) and

without P123 addition [12], the spray dried precursor powders

lost weight between 100 8C and 200 8C in an endothermic

process as water was evaporated. Further heating of both

precursors show a sharp decrease in weight in an endothermic

process due to loss of nitrates. Upon further heating to 230 8C
and above, the precursor with P123 showed a small weight loss

along with a sharp exothermic peak. This small decrease in

weight was not observed for similar CGO precursor powder

without P123 addition [12]. Therefore, this weight loss is

associated with oxidation of P123. This is also consistent with

Table 1, where the BET area increases as the calcination

temperature is increased from 300 to 400 8C as more pores are

opened leading to a higher specific surface area. Furthermore,

the exothermic process indicates crystallization of CGO phase.

The XRD result in combination with the TEM micrographs and

diffraction pattern indicate that crystalline CGO is formed
) TEM, (b) STEM bright-field, and (c) STEM Z-contrast mode, respectively. The
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already at around 330 8C, which is consistent with the thermal

analysis.

Comparison of results presented here to those presented in

Ref. [12], show the impact of P123 on the powder

characteristics. The BET specific surface area is much higher

and the crystallite size smaller when P123 is present in the

solution. The crystallization temperature, on the other hand is

not affected. Even before the complete removal of P123 at

300 8C, the specific surface area of powders were 104 m2 g�1

which is significantly higher than that for powders prepared

without P123 (68 m2 g�1) [12]. This clearly shows that the

P123 acts as a structure directing agent and can be used for

producing high surface area powders.

4. Conclusions

High-surface area crystalline mesoporous CGO powder was

synthesized by combining spray drying and a surfactant

assisted route followed by calcination. The small droplets

formed in the spray drying process are small enough for

creation of high surface area mesoporous powders, here CGO,

which shows an alternative route for the direct calcination route

presented in [1]. Furthermore, as spray drying is a common

industrial production method up scaling would be possible.

From TEM and XRD it was evident that the CGO10 powder

was crystalline with a crystallite size in the range of 10 nm. This

particle size was also confirmed by the high resolution

micrographs obtained by SEM. Increasing the calcination

temperature from 400 8C to 600 8C showed that the material

lost about one third of its surface area, still approximately

100 m2 g�1 at 600 8C. This makes the material very attractive

for low temperature applications in for example catalysis or

SOFC components.
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