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Abstract

The evolution of microstructural, morphological and surface chemical properties of Sm,0;—MgO nanocomposites are determined during and after
isothermal heat treatments in the range of 500-1000 °C. The samples are investigated using (high temperature) X-ray diffraction, energy-filtered
transmission electron microscopy including electron energy loss spectroscopy, nitrogen adsorption, and temperature programmed desorption of
CO,. With small amounts of MgO the initial micropore fractions are low and mainly coarsening of Sm,0Oj3 is observed. Large amounts of MgO
result in high initial micropore fractions giving rise to enhanced densification. The different thermal degradation behaviors are explained by means
of the respective characteristic diffusion distances which are determined by the volume phase fractions. The surface chemical properties of Sm,03
and MgO remain qualitatively unchanged, however, the specific CO, chemisorption capacities are increased through the nanocomposite formation.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoparticulate materials are in general characterized by spa-
tial dimensions smaller than 100 nm and — since the ratio of
surface area to volume is inversely proportional to the particle
diameter — large amounts of specific surface area. This makes
them ideal candidates for all applications where gaseous or liquid
media shall interact with active surface sites.!"> Consequently,
nanoparticulate materials quickly gained importance for large
scale industrial applications in heterogeneous catalysis.> They
are very often used as active or passive supports but may also
serve as the catalyst. Itis noted that in addition to just the increase
in number density of active surface sites different types of nano-
structure effects may further enhance the catalytic activity and
selectivity.*
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A field of growing importance in chemical and life science
industry is the solid acid-base catalysis using single- or multi-
component metal oxides.> However, a serious issue of solid
base catalysts is their high affinity towards oxygen, water, and
especially carbon dioxide. This necessitates high pretreatment
temperatures in the order of 1000K for cleaning the surface
and hence achieving the maximum of catalytic performance.®
Furthermore, several chemical reactions also require high work-
ing temperatures. For example many of the catalysts tested
for the oxidative coupling of methane (OCM) perform best at
temperatures of 700-800°C.” Unfortunately, high application
temperatures are in conflict with the metastable nature of nanos-
tructured materials. Thermally activated atomic mass transport
reduces the Gibbs energy of the system by minimizing the area
and curvature of particle surfaces and interfaces. Thermal degra-
dation of catalysts is characterized by a loss of active or carrier
surface area as well as phase transformation and grain growth
of the active phase.® Thus, the ultimate ambition is not only to
generate a maximum number density of active sites but also to
stabilize this state to ensure a reasonable catalyst lifetime.”
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Rare earth oxides and alkaline earth oxides are well recog-
nized groups of solid base catalysts.'? Sm>O3 gained particular
importance in heterogeneous catalysis after the work by Keller
and Bhasin'! encouraged the search for suitable catalysts for
the OCM reaction (see e.g. 12-15y  From a whole series of
metal oxides Sm>O3 showed the highest catalytic activity and
selectivity!'® and was thus the subject of many investigations. In
principle, MgO is also suited to activate the very strong C-H
bonds of methane.!” One of the most effective catalysts for the
OCM reaction is produced by doping of MgO with lithium.'81°
Furthermore, the properties of the system SmyO3—MgO were
investigated with respect to the OCM reaction, e.g. the activa-
tion mechanisms of methane and oxygen.?%>! By impregnation
of MgO with 5wt% and 10 wt% Sm,O3 a significant increase
in specific surface area compared to pure MgO was achieved
after calcination at 700 °C.22 However, no improvement of cat-
alytic activity was observed. In contrast, Sm-promoted MgO
produced from the corresponding acetates showed both higher
catalytic activity and selectivity.??

Recently, we reported on the formation of Smy;O3-MgO
nanocomposites.’* Eight samples with different ratios of SmyO3
to MgO were synthesized. Sample names are based on compo-
sition, such that e.g. SmysMgss denotes a nanocomposite of
55 mol% Sm;0O3 and 45 mol% MgO. Aqueous precursors were
prepared from the corresponding nitrates and citric acid was
added as a chelating agent. The liquid precursors were con-
verted into powders using a spray pyrolysis setup operated at
low temperature. The powders comprise micrometer sized hol-
low spheres with shells of less than 100nm thickness. As a
result of the low synthesis temperature the as prepared samples
consist of amorphous metal carboxylate networks. Continuous
heating rate experiments demonstrated that the grain growth of
Sm;0O3 can be slowed down by adding the immiscible MgO. The
extensive microporosity common to all samples was supposed to
have serious impact on the grain growth behavior. Here, we first
investigate the grain growth behavior of these samples at isother-
mal conditions on long timescales. The evolution of grain size
versus time is assessed by high temperature X-ray diffraction
(HTXRD). After cool down to room temperature the HTXRD
samples are characterized in detail by means of X-ray diffraction
(XRD) and energy-filtered transmission electron microscopy
(EFTEM) including electron energy loss spectroscopy (EELS).
Furthermore, various batches of heat-treated nanocomposites
are prepared from the starting materials for the measurement
of nitrogen adsorption and temperature programmed desorption
of CO, (CO,-TPD). The results allow for the explanation of
different thermal degradation behaviors depending on sample
composition and temperature level.

2. Experimental procedure

The HTXRD measurements were performed with a Bruker
AXS D8 Advance diffractometer (Bruker AXS, Karlsruhe,
Germany) in 6—6 geometry. The samples were placed inside
a high temperature chamber (Anton Paar HTK 1200N, Graz,
Austria) on a corundum sample holder to provide a controllable
sample environment. X-rays emitted by a copper tube were used

to illuminate a constant sample length of 12 mm by means of a
variable slit assembly. Primary and secondary Soller slits with
2.5° angle of acceptance were utilized to reduce the axial diver-
gence. Cu K, radiation was selected by placing a Ni-filter in
front of the position sensitive detector (Bruker AXS VANTEC,
Karlsruhe, Germany). In order to achieve high temporal reso-
lution, sections of 26 = 10° were recorded simultaneously with
fixed incident and diffracted beam angles of equal value. The
acquisition time for each pattern was 1 min with an angular res-
olution of 0.022°. All measurements were conducted in static air
atmosphere. For each sample separate runs were performed at
500°C, 600°C, 700 °C, 800 °C, 900 °C, and 1000 °C. Tempera-
tures were ramped to the target values with 30 K/min which was
the maximum rate possible with this equipment. Measurements
were started as soon as isothermal conditions were established
and stopped after a total duration of 12 h.

The XRD measurements were conducted in immediate
succession to the HTXRD measurements using the same experi-
mental setup. After cool down to room temperature 6 — 26-scans
were performed in order to obtain full XRD patterns.

Subsequently, some of the HTXRD samples were subjected
to detailed EFTEM analyses. For that purpose a JEOL JEM-
3010 microscope (JEOL Ltd., Tokyo, Japan) equipped with a
Gatan Imaging Filter (GIF, Gatan, Inc., Pleasanton, CA) was
used. An LaBg cathode operated at 300 kV served as the electron
source. A small amount of sample was ultrasonically dispersed
in methanol for a few minutes and one drop of this dispersion
was deposited on a perforated carbon foil. Unfiltered bright field
images were taken at low resolution using an analog camera.
For obtaining high resolution bright field images only elasti-
cally scattered electrons were detected on a slow-scan CCD
camera. The spatial distribution of samarium and magnesium
was determined by means of EELS. Two pre-edge images and
one post-edge image were captured at the samarium N-edge and
the magnesium L-edge in order to compute element distribution
maps.

For the nitrogen adsorption measurements the starting mate-
rials were weighed into measurement cells made of quartz
glass. The loaded measurement cells were placed into a tubu-
lar furnace and repeatedly exposed to temperatures of 200 °C,
300°C, 400°C, 500°C, 600°C, 700°C, 800°C, 900°C, and
1000 °C in static air atmosphere for 2h each. After each heat
treatment nitrogen adsorption isotherms were recorded with a
Quantachrome Autosorb-3B system (Quantachrome, Boynton
Beach, FL). Prior to the measurements samples were degassed
at 200 °C in vacuum for at least 12 h.

The measurements of CO,—TPD were performed using a
Thermo Electron TPD/R/O 1100 instrument (Thermo Electron,
Rodano, Italy). The starting materials were first heat-treated in
a tubular furnace for 12 h at 800 °C in static air atmosphere and
then weighed into flow-through cells made of quartz glass. After
attaching the flow-through cells to the instrument the samples
were heated in a stream of 20 sccm! 5.17 % O, in He with a rate
of 10 K/min from room temperature to 800 °C. After 2h they

! Standard cubic centimeter per minute.
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were cooled back to room temperature in a stream of 20 sccm
He. Immediately after this pretreatment the conditioned samples
were exposed to 10 pulses of CO,. Care was taken to ensure
that the last pulses generated detector signals of identical mag-
nitude, i.e. that no more CO, was adsorbed. Finally, using a
carrier gas stream of 20 sccm He the CO,—TPD measurements
were performed by heating the samples to 800 °C with a rate of
10 K/min.

2.1. Data evaluation

The evaluation of (HT)XRD measurements was performed
with the commercial software TOPAS version 3.0 (Bruker AXS,
Karlsruhe, Germany). Only a simplified single peak analysis
was applied to the HTXRD data because of the small snapshots
recorded for the sake of temporal resolution. Individual peaks
were fitted by means of the pseudo-Voigt function.> A single
full width at half maximum (FWHM) was used for both the
Lorentzian and Gaussian contributions and a 1st order polynom
was taken into account to model a linear background. Hence,
a total number of 6 parameters was sufficient to describe one
peak without the need of any constraints or restraints. In detail,
a mixing parameter for weighting the Lorentzian and Gaussian
contributions, FWHM, peak position, intensity, and two back-
ground parameters were applied. From these results the integral
breadth 8o was calculated in terms of the scattering vector Q.
Neglecting other sources of peak broadening, the inverse of Bo
can be used as a measure for grain size. The analysis of cubic
Sm, O3 was carried out using the {222} peak which is of high-
est intensity. For pure MgO the second strongest {220} peak
was chosen because of peak overlapping with the corundum
sample holder. The analysis of MgO in presence of SmyO3 was
not feasible for the same reasons discussed previously.”* The
issues are weak intensities due to small structure factors and
peak overlapping with SmOs3 in conjunction with a rather low
signal to noise ratio of the position sensitive detector. For all
samples only peaks measured during the first 4 h and the last 2h
were evaluated. By this means the very dynamic beginning of
grain growth as well as the approach of steady state conditions
could be assessed without the need to analyze all data.

For the evaluation of full XRD patterns the fundamental
parameters approach 2® was used. Instrument parameters were
determined beforehand by doing a Rietveld refinement of the
XRD pattern of a reference material LaB¢ (SRM 660a, National
Institute of Standards & Technology, Gaithersburg, ML). At first,
Williamson—Hall plots?” were generated in order to identify the
origin of sample induced peak broadening. Lorentz functions
were independently fitted to single peaks in order to obtain B
which is a linear function of Q:

Bo = Kd™' +2¢0 1)

InEq. (1) Kis the Scherrer constant, d is the grain size, and € is
the upper limit of microstrain according to Stokes and Wilson.?®
Based on the semi-quantitative results a consistent approach to
doing Rietveld refinements could be established. This did not
primarily aim at achieving the best fit of individual XRD patterns

but at obtaining the best comparability among different samples.
Crystal structure data were taken from the Inorganic Crystal
Structure Database (ICSD). In particular the structures of cubic
Smy 03 (space group la-3, ICSD# 40475), monoclinic Smy0O3
(space group C12/m1, ICSD# 202903), and cubic MgO (space
group Fm-3m, ICSD# 52026) were considered.

Element distribution maps were generated from EFTEM
images by means of the three windows method. For each pixel
the absorption intensities of the samarium N-edge and the mag-
nesium L-edge were calculated. A power law was applied to the
pre-edge images to determine the background intensity being
subtracted from the post-edge image. In order to reduce the noise
the background intensity was smoothed by averaging five pixels
at a time.

From nitrogen adsorption isotherms wg4-plots were gen-
erated to track the development of specific surface area and
porosity. The analyses were done following the procedure
described in?* using the same standard isotherms obtained from
reference materials.

The CO,—TPD curves were deconvoluted into individual des-
orption signals by means of an empirical fitting routine. At first,
a baseline correction was performed by subtracting a 1st order
polynom. The corrected data were fitted with the fewest pos-
sible number of independent Gaussian functions. A previously
determined calibration factor was used to convert the area of the
Gaussian functions into the corresponding amount of CO».

3. Results
3.1. High temperature X-ray diffraction

A first overview of the magnitude of grain growth is provided
by a comparison of ﬁél values at the beginning (=0 min) and
the end (=780 min) of the isothermal dwell time (Fig. 1). For
both instants of time a distinct increase of ,Bél with temperature
is observed for SmyO3 as well as MgO. However, at t=0min
the influence of MgO on the grain growth of Sm,03 is not yet
significant. Only at the end of the dwell time the grain growth
inhibiting effect of MgO has fully developed.

In Fig. 2 grain growth curves of samples with three differ-
ent compositions measured at the same temperature and of one
sample measured at three different temperatures are exemplar-
ily displayed. At 700 °C the initial rate and the total extent of
grain growth are clearly higher for pure Sm>Oj3 than for pure
MgO. At the same temperature grain growth of SmO3 in sam-
ple SmysMg75 is considerably slower and less pronounced. A
change in temperature does not only affect the initial rate but also
the duration of grain growth, i.e. the time needed to reach the
steady state. At 900 °C SmyOs3 grows faster and longer compared
to 700 °C. In contrast, at 500 °C grain growth is not observed at
all.

3.2. X-ray diffraction
Williamson—Hall plots were generated for all samples con-

taining SmyO3 and being heat-treated at 500-800 °C. Samples
treated at higher temperatures could not reliably be analyzed
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Fig. 1. Inverse of the integral breadth ﬂél determined from HTXRD at isothermal conditions at instants of #=0min and #="780 min.

because the phase transformation from cubic to monoclinic
Sm, O3 affected the accuracy of single peak fits. The six strongest
peaks of cubic Smy O3 were analyzed which sum up to more than
80 % of the total intensity and cover a sufficiently wide angular
range. The only exception is sample SmjoMgg heat-treated at
500 °C where the two peaks at highest scattering angles and of
lowest intensity are absent. A typical set of Williamson—Hall
plots according to Eq.(1) is depicted in Fig. 3a. With rising
temperature both the y-axis intercept and the slope show the
tendency to decrease. This means that growth and relaxation pro-
cesses based on thermally activated diffusion take place which
lead to an increase in grain size and a decrease in microstrain.
The effect of MgO is opposed to the effect of temperature. The
more MgO the lower the grain size of SmpOs3 but the higher the
initial microstrain.

Reliable quantitative results can hardly be extracted from the
Williamson—Hall plots because especially at low temperatures

4 Sm,04 cubic {222}
o5 | MgO {220}

4 Sm25Mg75, 900°C

4 Sm100, 700°C
E
~ b
9 <» Mg100, 700°C
R

4 Sm25Mg75, 700°C

4 Sm25Mg75, 500°C

T T T T T T T T

0 60 120 180 240 300 360 420 480 540 600 660 720 780
Time (min)

Fig. 2. Grain growth curves of samples Smjo, SmpsMg7s, and Mgjop measured
in static air atmosphere at the temperatures indicated.

and with large amounts of MgO the quality of fit suffers from
scattered data. However, it can be stated that finite grain size
is the predominant reason for sample induced peak broadening
while a perceptible influence of microstrain is limited to low
temperatures and large amounts of MgO.

This conclusion was the baseline for conducting Rietveld
refinements of complete XRD patterns. The background was
modeled by a 4th order polynom and the zero shift of XRD
patterns was adapted by a variable sample height. Occasion-
ally appearing peaks originating from the sample holder were
masked by simultaneously fitting individual Lorentzian func-
tions. A scaling factor was applied to each crystallographic
phase. Lattice parameters and if applicable angles were refined
while site occupancies were adopted unchanged from the
database. Peak profiles were modeled step by step using the
Double—Voigt approach.?® At first, only a Lorentzian function
was used to describe peak broadening due to finite grain size. A
Gaussian function was added only if the error of integral breadth
was not higher than the value itself. Otherwise, the excessive
usage of fit parameters would have yielded arbitrary results
having no physical significance.

Subsequently, an attempt was made to also take microstrain
into account using a second set of Lorentzian and Gaussian func-
tions. It turned out that the additional degrees of freedom do
not significantly improve the quality of the refinement but yield
large errors of both grain size and microstrain. The least squares
method applied to fit the data puts emphasis on peaks with high
intensity in order to minimize the sum of squared differences. In
effect, peaks measured at high scattering angles being essential
for identifying microstrain play only a minor role because of
their low intensity. In other words, the influence of microstrain
is not high enough to be clearly distinguished from finite grain
size and thus had to be neglected. Finally, an isotropic temper-
ature factor common to all crystallographic phases was used to
compensate for residual mismatches in intensity.
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Fig. 3. (a) Williamson—Hall plots of sample Smjqo and (b) Rietveld refinement

of sample SmysMg7s. The samples were heat-treated in static air atmosphere
for 12 h at the temperatures indicated.

The Rietveld refinement of sample Smy;Mg75 heat-treated at
600 °C is depicted in Fig. 3b. The phase fractions of Sm>O3 and
MgO are calculated to be 72.7 0.7 wt% and 27.3 + 0.7 wt%,
respectively. This is in good agreement with the real values of
74.3 £0.3 wt% and 25.7 £ 0.3 wt% as determined by chemical
analysis.>* With decreasing amounts of MgO the determination
of phase fractions is getting less accurate. While MgO in sample
SmyoMggo can still be detected at all temperatures, heat treat-
ments at 1000 °C are necessary in case of samples SmssMgas
and Sm79Mg3o. The lowest phase fraction of MgO in sample
SmgsMg5 cannot be detected at all by XRD.

A very wide range of grain sizes is observed for cubic SmyO3
depending on sample composition and temperature (Fig. 4a).
The level of grain size naturally increases with temperature
whereas the extent of grain growth is less the more MgO is
present. The metastable to stable phase transformation from
cubic to monoclinic Smy O3 starts at around 800 °C and a big step
in grain size is observed when 900 °C are reached. At 1000 °C
the determination of grain size of cubic SmyO3 is less accurate
because the phase transformation is already well advanced. In
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Fig. 4. Grain sizes of (a) cubic SmpO3 and MgO and (b) cubic and monoclinic
Smy03. The samples were heat-treated in static air atmosphere for 12 h at the
temperatures indicated.

addition, Fig. 4a also shows the grain sizes of MgO in sample
Mgioo. At any temperature level the values are found to be much
smaller than those of cubic Sm>O3 in sample Smyp.

The influence of MgO on the grain growth of Sm;QOj3 is even
more pronounced for the monoclinic phase. For comparison the
grain sizes of both phases after heat treatments at 900 °C and
1000 °C are plotted in Fig. 4b. For sample Sm;9Mgg the grain
sizes of cubic and monoclinic SmyOs3 are virtually the same
independent of temperature. With decreasing amounts of MgO
monoclinic grains show a stronger increase in size compared to
cubic grains. When no MgO is present at all, monoclinic grains
grow to up to three times the size of cubic grains.

3.3. Energy-filtered transmission electron microscopy

For the subsequent EFTEM analyses a reasonable selec-
tion had to be made from the 48 samples available after the
HTXRD measurements. The samples Sm7oMg3o, SmysMg7s,
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Fig. 5. Unfiltered TEM bright field images of sample SmysMg75 heat-treated in
static air atmosphere for 12 h at (a) 500 °C and (b) 800 °C.

and SmjoMggg were chosen in order to cover a wide range
of MgO volume fractions. Each of these samples were inves-
tigated after the HTXRD measurements at 500 °C and 800 °C.
By this means the conditions immediately after complete crys-
tallization and after extended grain growth but before the phase
transformation of SmyO3 could be analyzed.

A first visual impression is provided by Fig. 5a and b showing
sample SmysMg75 after the low and high temperature treatment,
respectively. At 500 °C many of the hollow spheres are still intact
and no holes or pores are visible at the chosen magnification.
However, at 800 °C significant changes of the morphology are
observed. The shells are now composed of a granular network
with a large number of holes. In consequence, the stability is
reduced and the spheres start breaking apart.

Deeper insight into the microstructure is achieved by ana-
lyzing energy filtered images captured at high resolution. In
Fig. 6a the bright field image of sample SmysMg75 heat-treated
at 800 °C is displayed. Individual grains of different brightness
are visible with distinct facettes, i.e. grain and phase bound-
aries with low curvature. In this arrangement the driving force
for grain growth is already considerably reduced. The spatial

Fig. 6. EFTEM analysis of sample SmpsMg7s heat-treated in static air atmo-
sphere for 12h at 800 °C: (a) bright field image, (b) overlay of the element
distribution maps of samarium (red) and magnesium (blue), (c) element dis-
tribution map of samarium, (d) element distribution map of magnesium. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

distribution of samarium and magnesium is displayed in Fig. 6b.
The false colors red and blue correspond to the bright areas of
the element distribution maps shown in Fig. 6¢ and d, respec-
tively. The element distribution maps correspond to each other
like positive and negative images, i.e. by inverting the grayscales
the samarium map almost perfectly resembles the magnesium
map and vice versa. A comparison with the false color image
clearly shows that in the bright field image dark areas originate
from SmyOs3 grains while bright areas indicate MgO grains.
This finding is in agreement with the difference in scattering
absorption contrast which is higher for Sm;O3 than for MgO.
However, the two metal oxides cannot unambigiously be distin-
guished since brightness depends on sample thickness and may
also be affected by grains of different phases lying on top of each
other.

Therefore, bright field images had to be binarized using an
appropriate threshold. A reasonable approach is to adjust the
black to white ratio according to the volume fractions of Sm;O3
and MgO (Fig. 7). By comparing the distribution and shape of
black and white areas it becomes apparent that at 500 °C regard-
less of composition MgO exhibits a globular shape while SmyO3
acts as the matrix phase (Fig. 7a, ¢, and e). This is ascribed to the
lower thermal stability of the magnesium carboxylate complex
compared to samarium leading to the primary precipitation of
MgO.%* The high dispersion of MgO points to a high nucleation
rate provided by the homogeneous distribution of magnesium
within the starting materials. At 800 °C the phase separation
of SmpO3 and MgO has further advanced (Fig. 7b, d, and f).
With rising amounts of MgO a continuous transition takes place
from mostly isolated MgO grains (Fig. 7b) via an intermediate
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Fig.7. EFTEM images of sample Sm790Mg3 (a, b), sample SmysMg7s (¢, d), and
sample SmjoMgoo (e, f) heat-treated in static air atmosphere for 12 h at 500 °C
(a, ¢, e) and 800°C (b, d, f). The original grayscale images were binarized
according to the volume fractions of Sm;O3 (black) and MgO (white).

arrangement (Fig. 7d) to mostly isolated SmyO3 grains
(Fig. 7).

3.4. Nitrogen adsorption

Using the example of sample SmyoMggo a full set of o 4-
plots is shown in Fig. 8. Although changes are noticed with
each step in temperature, all curves exhibit two linear branches
which are characteristic for the presence of microporosity. With
the aid of the standard isotherm the specific surface area of
micropores and the specific surface area of nonporous regions
(hereinafter referred to as external surface area) can be calcu-
lated from the slopes of the first and second branch, respectively.
The specific micropore volume is given by the y-axis intercept
of the second branch. Since the sample densities depend on
composition and temperature of the heat treatment a compar-
ison of specific values based on sample mass is misleading.
This difficulty was eliminated by repeatedly using the same
batch of each sample for the complete temperature series.
Thus, absolute values can be compared within the temperature
series of a certain sample. In addition, comparability of sam-
ples with different compositions is achieved by normalization
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Fig. 8. ag4-plots of sample Sm4oMggo repeatedly heat-treated in static air atmo-
sphere for 2 h at the temperatures indicated.

to the initial states, i.e. the corresponding values of the starting
materials.?*

The absolute surface area of micropores A;;,; divided by the
absolute surface area of the starting materials A?m is depicted
in Fig. 9a. A constant decline is observed for samples Smjgo,
SmgsMg15, Sm7oMg3p, and SmssMgys. In contrast, the absolute
surface areas of samples SmyoMggo and SmpsMg75 slightly rise
before they finally start to decline at temperatures above 400 °C.
The increase is much higher for samples Smi9gMggo and Mg
with maximum values at 500 °C and 400 °C. However, bigger
parts of the absolute surface areas are lost when temperatures
approach 1000 °C. It is important to note that the ratio of sur-
face area to volume of the micropores is constant for each sample
composition throughout the entire temperature range. This sug-
gests that the basic pore geometry remains unchanged during
densification.

The evolution of the normalized absolute external surface
area AeX,/Agxt is shown in Fig. 9b. Up to 500 °C an increase is
noticed for all samples that is more pronounced the larger the
amount of MgO. At 600 °C the external surface areas of sam-
ples with small amounts of MgO drop significantly while they
are stable or even increase with samples comprising more than
45 mol% MgO. The further loss of A,y at higher temperatures
is less pronounced than for Aj,;.



1620 T. Enz et al. / Journal of the European Ceramic Society 32 (2012) 1613—-1624

a Sm100
Sm85Mg15
Sm70Mg30
Sm55Mg45
Sm40Mg60
Sm25Mg75
Sm10Mg90

Mg100

1.5

4drbedmd

Q)

0
int

AindA

0.5 -

T

200 300 400 500
Temperature ('C)

b Sm100
Sm85Mg15
Sm70Mg30
Sm55Mg45
Sm40Mg60
Sm25Mg75
Sm10Mg90

LR NN Rl

9t (1)

Aoxi/A

200 300 400 500 600 700 800 900 1000
Temperature (‘C)

Fig. 9. Normalized absolute surface areas of (a) micropores and (b) nonporous
regions. The samples were repeatedly heat-treated in static air atmosphere for
2 h at the temperatures indicated.

As soon as all samples have reached a fully crystalline state at
around 500 °C reasonable assumptions can be made concerning
the true densities. Based on the bulk densities of cubic Sm,O3
(7.31 g/em?) and MgO (3.576 g/lem?) and with the knowledge
of mass fractions the true density p of each sample can be
calculated. The monoclinic phase of SmyOs3 can be neglected
since the bulk density (7.68 g/cm?) is just slightly higher and in
addition only low fractions emerge below 800 °C. The micro-
pore fraction of a sample with mass m is defined as the ratio
of absolute micropore volume Vj,; to absolute envelope volume
Ven:

Vi Vi
Venv Vine +m/p

The micropore fractions derived by Eq.(2) are plotted in
Fig. 10. With rising temperature a decrease in micropore frac-
tions is observed. The extent of densification is greater the
higher the initial value of V;,; which strongly depends on the
amount of MgO. At 500 °C the micropore fraction increases
evenly from pure Sm>O3 to sample SmysMg7s. A sharp rise of
Vint 1s observed when the amount of MgO is further increased
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Fig. 10. Micropore fractions as derived by Eq. (2). The samples were repeatedly
heat-treated in static air atmosphere for 2 h at the temperatures indicated.

to 90mol%. Very similar characteristics are found at higher
temperatures, only the influence of sample composition on the
micropore fraction is continuously diminishing. It is interesting
to note that at any temperature the maximum value is reached
by sample SmjoMggg.

3.5. Temperature programmed desorption of CO;

In contrast to the physisorption of nitrogen, the chemisorp-
tion of COy is specific to the surface chemical properties.
Thus, the method of CO,—TPD allows to distinguish SmyO3
from MgO due to different basic surface sites. The CO,—TPD
curve of sample Smyqg is composed of three desorption signals
(Fig. 11a). A small amount of weakly adsorbed CO, species
emerges at 117°C followed by the main fraction at 299 °C.
Another small amount of stronger bound CO; desorbs not until
466 °C. The CO,—TPD curve of sample Mgigp also reveals
three desorption signals (Fig. 11b). Similar to sample Smjqo,
the weakest and strongest desorption signals are found at
121 °C and 290 °C, respectively. However, in between a unique
and quite strong desorption signal shows up at 197 °C.

An attempt was made to describe the CO,—TPD curves of
mixed samples using a simple rule of mixture. For that purpose
the individual Gaussian functions used for the fits of sample
Smjigp and sample Mgjog were summed up to yield the functions
G, and G'yj,. The CO,-TPD curves of mixed samples should

be reflected by the linear function G, /.

Gin g =5 (G + (1 — w)Gl, ) 3)

From Eq. (3) the scaling factor s and the weighting factor w
were used to fit the experimental data. In addition, offsets of
G, and G, along the x-axis were handled by two parameters
Xsm and xpe and a single parameter yo was used to deal with
different baseline offsets. It is noted that maximum offsets of
approx. 100s and 20 mV/g are observed. Reasonable fits are
obtained for all of the mixed samples, one example is given
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Fig. 11. CO,—TPD curves of (a) sample Smjgo and (b) sample Mgjo9. The
samples were heat-treated in static air atmosphere for 12 h at 800 °C.

in Fig. 12. This proves that the nanocomposite formation does
not affect the surface chemistry properties of Sm>O3 or MgO,
i.e. the nature and distribution of basic surface sites remain the
same.
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Fig. 12. CO,—TPD curve of sample SmysMg75 heat-treated in static air atmo-
sphere for 12 h at 800 °C.

A complete overview of the quantitative results from
CO,-TPD measurements is given in Table 1. All mixed samples
exhibit higher mass-related specific CO, chemisorption capac-
ities than sample Smjgg and even the value of sample Mg
is at least exceeded by sample SmjoMgoo. If the chemisorption
behaviors of SmyO3 and MgO in mixed samples were identical
to those of sample Smjgo and sample Mg, scaling factors of
s =1 and weighting factors equal to the amount of Sm»> O3 in wt%
would be observed. However, all parameters are to a greater or
lesser extent higher than expected. The products sw and s(1 — w)
indicate how much of sample Smjog and sample Mgjo9 would
equal the specific CO;, chemisorption capacities of the respective
amounts of SmyO3 and MgO in mixed samples. While all values
of sw are much higher than ¢(Sm»03), most values of s(1 — w)
are only about equal to c(MgO) or even less. It is reasonable to
assume that the specific CO;, chemisorption capacities of SmyO3
and MgO do not change with sample composition. Thus, the spe-
cific surface areas of SmyOs3 in mixed samples must be much
higher than in sample Smjqp while the specific surface areas of
MgO remain largely unchanged compared to sample Mg1qp.

4. Discussion

Prior to discussing the underlying processes of thermal degra-
dation the starting conditions have to be assessed, i.e. the sample
properties immediately after the complete conversion of the
starting materials into the inorganic nanocomposites. At 500 °C
depending on the amount of MgO a very broad range of micro-
pore fractions is observed (Fig. 10). The reason for this can be
found in the evolution of microporosity during thermal decom-
position of the starting material (Fig. 9a). While Sm-rich samples
experience a constant loss of micropore surface area a significant
gain is observed for Mg-rich samples. This may be attributed to
differences in the steric configurations of samarium and mag-
nesium carboxylate complexes which essentially predetermine
type and amount of porosity after the burnout of organic com-
ponents. Similarly, the larger the amount of MgO the stronger
is the observed increase in external surface areas up to 600 °C
(Fig. 9b).

In fact, the nanocomposites have to be considered as
intimately mixed multi-phase materials consisting of various
fractions of Smy03, MgO, and micropores. While the cubic
phase of MgO is volume-conserved at any given temperature,
Sm, O3 exhibits a metastable to stable phase transition starting
from temperatures of about 800 °C. However, due to the small
differences in density, the sum of both volumes is practically
constant with temperature. In contrast, the micropore fraction is
not volume-conserved at all, it continuously decreases at tem-
peratures above 500 °C.

In general, the driving force for microstructural changes of
metastable materials is provided by the excess energy AG. In
case of porous multi-phase materials mainly surfaces (A Gy,
grain boundaries (AGygy), and phase boundaries (AGpyp) con-
tribute to the total value of AG:

AG = AGgys + AGg + AG pp “)
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Table 1

Quantitative results of CO,—TPD. The samples were heat-treated in static air atmosphere for 12 h at 800 °C. For explanation of parameters s and w see Eq. (3).
Sample c(Smy03) (Wt%) c(MgO) (wt%) n(CO,) (pmol/g) s (1) w (1) sw (%) s(1 —w) (%)
Smygo 100.00 68.6+0.7 - - - -
SmgsMgis 98.0 2.0 91+1 1.298 £0.003 0.985£0.001 127.9+0.4 1.9+0.1
Sm7oMgso 95.3 4.7 100£2 1.469 £ 0.004 1.000 — 0.001 146.94+0.6 0.0+0.2
SmssMgys 91.4 8.6 76+1 1.058 +0.003 0.966 £ 0.001 102.2+0.4 3.6+0.2
SmyoMgeo 85.2 14.8 119+£2 1.5104+0.003 0.894 £0.001 135.0+0.5 16.0+0.2
SmysMg7s 74.3 25.8 111+£2 1.291 +0.003 0.827 £0.001 106.8 £ 0.4 223+£0.2
SmjoMggo 49.0 51.0 191+3 2.050 £ 0.005 0.757 £0.002 155.1+0.7 499404
Mg100 - 100 170+2 - - - -

For microporous Sm»03-MgO nanocomposites the individ-
ual excess energies can further be broken down as follows:

AGsurf = VSm—pAASm—p + VMg—pAAMg—p (%)
Ang = VYSm—SmAAsm—sm + VMg—MgAAMg—Mg (6)
AGpp = Vsm—MgAAsm—mg @)

In Egs. (5)-(7) y and AA denote the specific energies and
areas of particular interfaces. Surfaces exist at the interfaces
between either Sm> O3 (Sm) or MgO (Mg) and pores (p). Grain
boundaries are the interfaces between either grains of SmyO3
or MgO and phase boundaries are formed when Smy0O3 is in
contact with MgO. Phase boundaries between cubic and mono-
clinic Sm,O3 are neglected here since they only evolve at higher
temperatures. In principle, a change in microstructure can only
occur in the direction of the thermodynamic gradient towards
the minimum of the Gibbs energy (AG — 0). If all interfacial
energies are assumed to be constant this can only be achieved
by reducing the interfacial areas.

In a theoretic work Gouvéa and Castro® demonstrated that
densification and grain growth behavior of ceramic materials
depend on the ratio of interfacial energies. This is because
in contrast to most sinter metals the grain boundary ener-
gies are not negligibly small compared to surface energies.
A densification factor K was defined which is related to the
dihedral angle 6 = arccos (y,»/2y)) where ygp, and y,, are the
grain boundary and pore surface energy, respectively. Densi-
fication is dominating for yg, <y, (K— 00, 6 — 90°) while
mainly grain growth occurs for yg, — 2y, (K— 0, 6§ — 0°).
For MgO a ratio of yg/y,=1.1 was determined from calori-
metric measurements>!, i.e. there is some intrinsic resistance
against densification. Unfortunately, no such data is available
for SmyOs3.

Many works can be found in literature dealing with the
microstructural evolution and grain growth kinetics of fully
dense two-phase composites. In most cases different types
of two-dimensional Monte Carlo simulation techniques were
applied to systemically assess the impact of interfacial energies
and volume fractions of the two phases in systems with both non-
conserved®? and conserved phase volumes.>33¢ The element
distribution maps of sample SmpsMg7s with a SmpO3 to MgO
volume ratio of 59:41 show clusters of approximately equiaxed
grains of same phases (Fig. 6b). Phase separation caused
AAsm—mg to decrease and necessarily AAg;,—sy, and AApg—pg

toincrease. Thisis only possible when s,y (Eq. (7)) is higher
than both yg, s, and yae—me (Equation 6). Otherwise the sys-
tem would avoid clustering and favor elongated grains in order
to reduce AAgy—sm and AApg—mg 33 This finding is supported
by the microstructure of sample Sm70Mg3o shown in Fig. 7b.
Here MgO is the minor phase and grain boundary wetting would
be observed if ys;—sm > 2y Sm— Mg.35 In summary, the following
thermodynamic relations could be derived: ysu—mg > ¥Vsm—sm
and ysm—mg > YMg—Mg > ¥Mg—p- Unfortunately, it is not possible
to assess the relations between ys,—p and Y, and between
Y Sm—Sm and YMg—Mg-

The situation is further complicated because the initial micro-
pore fractions strongly correlate with the amount of MgO. In
order to retrace the major aspects of thermal degradation it is
instructive to focus on two samples comprising very different
amounts of MgO:

The actual composition of sample Sm7oMg3zp at 500 °C is
approx. 75vol% Smy03, 7 vol% MgO, and 18 vol% microp-
ores. If the probability for the occurrence of a specific type of
interface is assumed to scale with the volume fractions of the
phases involved, AAg;,_sy, is by far the most frequent one fol-
lowed by AASm_p, AASm—Mg’ AAMg_p, and AAMg_Mg. Thus,
reducing the grain boundary area of SmyO3 has the highest
potential to reduce AG. Grain boundary movement cannot be
the predominant growth mechanism because the Sm>Os3 grain
boundary network is severely disturbed by the presence of finely
dispersed MgO and microporosity. Instead, the increase in grain
size must rather be the result of coarsening processes. In gen-
eral, the mass flux per unit volume is inversely proportional to
the characteristic diffusion distance. This distance is increased
by the presence of MgO because the average coordination num-
ber of Sm,03 grains is reduced 37 and thus some grain growth
inhibition is observed (Fig. 4a). Micropores have a similar effect,
but only as long as they can resist densification. Phase separation
(reduction of AAg;;—p) and coarsening of MgO grains (reduc-
tion of AApze—pmg) are impeded by the high spatial separation
(Fig. 7a and b) and thus the prerequisite for second phase stabi-
lization are met even at higher temperatures. However, particular
strong grain growth of Sm,O3 is noticed during the reconstruc-
tive phase transformation because newly formed monoclinic
grains can easily grow across the grain boundaries of adjacent
cubic grains (Fig. 4b). Below 800 °C hardly any densification
(reduction of AAg;,—, and AAy,_p) is observed. Densification
is generally associated with either grain boundary or lattice dif-
fusion from grain boundaries to sintering necks.’® Again, the
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mass flux per unit volume is inversely proportional to the char-
acteristic diffusion distance which was found to scale with the
distance between nearest neighboring pores.> Thus, the lower
the micropore fraction the higher temperatures are necessary to
achieve densification (Fig. 10).

The situation is very different for sample SmjoMggp at
500 °C with an actual composition of only 17 vol% Sm,O3 but
35vol% MgO and 48 vol% micropores. Here, AAys, ), is the
most frequent type of interface followed by AApse—pg, AAsim—p,
AAsm—mg, and AAg;,—sm. Due to the low solid volume fraction
the average micropore distance is small and consequently very
strong densification is observed (Fig. 10). Nevertheless, com-
pared to sample Mg oo densification is slightly less severe. There
is a sizeable probability that AApy,—, and AAg,—, can only
be replaced by AAg;,—pe but not by AApe pe and AAgy—sm,
respectively. This is thermodynamically less favorable and thus
densification is potentially retarded. With 35 vol% the stabilizing
effect of MgO on SmyO3 is not the reduction of average coor-
dination number anymore but the formation of a second phase
rigid network 37 (Fig. 7a). In addition, the micropore fraction is
high at any temperature and thus coarsening of SmyO3 grains
is drastically reduced (Fig. 4a). The grain size remains virtu-
ally unchanged during the phase transformation because most
of the SmyO3 grains are separated from each other by either
MgO grains or micropores (Fig. 4b).

Finally, the CO,—TPD measurements revealed that SmyO3
disproportionately contributes to the total specific surface area,
especially in case of sample SmjgMggy (Table 1). Since the
total specific surface area is increased while the grain size is
decreased, it is not surprising that the degree of dispersion of
Sm,03 in mixed samples is significantly higher compared to
sample Smjqg.

5. Conclusions

The in-depth analysis of microporous Smy03-MgO
nanocomposites revealed the major mechanisms of thermal
degradation caused by heat treatments at different temperatures
in the range of 500-1000 °C. The characteristic diffusion dis-
tances were found to be of decisive importance for the extent
of grain growth and densification. They are directly related to
the phase fractions of SmyO3, MgO, and micropores which are
determined by the ratio of samarium to magnesium in the starting
materials.

Small additions of MgO only lead to little increase in micro-
porosity compared to pure SmpOs3. Here, the main impact of
thermal degradation is coarsening of Sm;QO3 grains. The grain
growth inhibiting effect of both MgO and micropores is based
on the increase of the characteristic diffusion distance through
the reduction of average coordination number. Densification is
rather weak because the small number of micropores are well
separated by the solid phases.

In contrast, with large amounts of MgO a very strong increase
in microporosity is observed. Furthermore, when the percolation
threshold is reached MgO forms a second phase rigid network.
Under these conditions, coarsening of SmyO3 only plays a
minor role because most diffusion paths are virtually blocked.

However, densification can hardly be avoided because low solid
phase fractions entail short characteristic diffusion distances
between nearest neighboring pores.

The Smy03-MgO nanocomposites do not show any change
of surface chemistry properties with respect to pure Sm>O3 and
MgO. However, the specific CO, chemisorption capacities are
higher because the specific surface area of Sm,O3 is increased
through the addition of MgO. Thus, the nanocomposite forma-
tion allows for a more efficient and economic utilization of the
rather costly rare earth oxide.
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