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A B S T R A C T

Porous ceramics that exhibit porosity gradient are considered promising materials from the industrial point of
view, especially for the production of ceramic membranes and filters. This paper describes a simple and versatile
approach to produce ceramics with porosity gradient. In order to perform this study, MnO2/SnO2 bi-layered
pellets were conformed via uniaxial pressure and sintered at 1100 °C and 1300 °C for different times. MnO2 layer
had the role of sintering aid, while the SnO2 layer was chosen as ceramic matrix subjected to the densification.
The field emission scanning electron microscope (FE-SEM) was employed to obtain information on the micro-
structural features of these pellets. FE-SEM micrographs revealed that the overall percentage of porosity, pore
size and shape in SnO2 layer can be controlled by sintering variables (temperature and time). The results in-
dicated a correlation between the porosity gradient in SnO2 with the Mn concentration gradient in this matrix.

1. Introduction

In the last years, advanced porous ceramics (PCs) have been widely
investigated by the scientific community because they exhibit unique
and special features in relation to their dense bulk, as a consequence of
their designed porous structure, including overall percentage of por-
osity, pore size and shape, pore size distribution, porosity gradient and
microstructure [1,2]. In general, these kinds of ceramics have a great
potential for technological applications involving wear, corrosive
media and high operating temperatures [3]. Some examples of com-
mercial applications include ceramic membranes and filters for gas
separation or liquid waste pretreatment [4–6], biomaterials for hard
tissue repair [7,8], electrodes for solid oxide fuel cells [9,10], reactors
for catalytic reactions [11,12], high-temperature insulating refractories
[13], pyroelectric material for infrared detectors and thermal imaging
devices [14–16], and so on.

The preparation route is one of the key parameters that directly
influence the porosity and final physicochemical properties of ceramic
oxides. The most traditional experimental methods employed for the
preparation of PCs are powder pressing [17,18], slip-casting [19,20],
centrifugal casting [21,22], sol-gel route [23,24], freeze casting
[25,26], foam techniques [27,28], extrusion [29,30], and so on. Despite
the wide variety, there is still an enormous interest from researchers in
new processing approaches able to offer an efficient control on the
composition, microstructure and porosity of materials as well as

operational advantages of low cost, environmentally friendly and easy
handling.

Thus, in the present study, a simple and versatile approach for the
preparation of ceramics with porosity gradient was proposed in detail.
This approach is based on the conformation of ceramic powders as bi-
layered pellets by means of uniaxial pressure with posterior sintering.
In these pellets, the top layer is composed of any material with features
of sintering aid, while the bottom layer is formed by a desired ceramic
matrix subjected to densification process. The mass transport and
densification mechanisms in these samples are governed by both time
and temperature conditions during sintering. For our specific case, the
sintering is a phenomenon thermodynamically activated and controlled
by the grain-boundary [31]. Hence, monitoring the time and tem-
perature, the atomic mobility of species adopted as sintering aid can be
controlled in the ceramic material.

An interesting material to demonstrate the potential of our experi-
mental approach is the tin oxide (SnO2). Particularly, SnO2 was taking
into account in this study because of its numerous technological ap-
plications reported in the literature (for example, gas sensors [32],
electrode dye-sensitized in solar cells [33], catalysts [34], varistors
[35], and electrodes for lithium batteries [36]) as well as due to the
difficulty in sintering a dense bulk of this semiconductor oxide. The
fundamental reason responsible for this behavior is explained by the
predominance of non-densifying mechanisms (surface diffusion and
evaporation-condensation) actuating on the mass transport between
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SnO2 particles, which promote the coarsening and grain growth
[37,38].

The insight to develop our approach was based on the pioneering
study performed by Cerri et al. [39]. These authors verified a significant
decreasing in the temperature of maximum shrinkage rate for SnO2

when the MnO2 content was increased (Fig. 1(A)). These authors es-
tablished an important correlation between the densification of SnO2

with the concentration gradient of MnO2.
Having seen the impact of this research previously published and

considering our proposed approach, MnO2/SnO2 bi-layered pellets were
conformed to induce the formation of a porosity gradient in SnO2 ma-
trix via diffusion of Mn species (sintering aid) (Fig. 1(B)). The sintering
temperatures were selected close to the maximum shrinkage rate of
SnO2 [39], i.e., 1000 °C and 1300 °C, respectively. The sintering ki-
netics was monitored considering the times of 6 h, 12 h, 18 h, and 24 h.

2. Experimental procedure

2.1. Sample preparation

High purity commercial tin (IV) oxide (≥99% purity, Merck) and
manganese (IV) oxide (≥99%, Sigma-Aldrich) were used as raw ma-
terials to prepare the sintered bi-layered pellets. Firstly, using a stain-
less steel punch and die set, 0.750 g of SnO2 and 0.375 g of MnO2 were
uniaxially pressed at 55 MPa for 35 s. The bi-layered pellets were
formed with dimensions of 1.3 cm (diameter) and 0.264 cm (thickness),
resulting in a green density of approximately 3.2 g/cm3. Binders or
additives were not added in dried and compacted powders. The ob-
tained pellets were sintered under air atmosphere in a box-type furnace
(Lindberg/BlueM, Thermo Scientific, USA) at 1000 °C and 1300 °C for
different times (6 h, 12 h, 18 h, and 24 h), maintaining a constant
heating rate of 10 °C/min.

In the sequence, the bi-layered pellets were embedded in epoxy
resin (Epoxicure Resin and Epoxicure Hardener, Buhler Ltd., USA),
which were posteriorly cut in half with a diamond wafer blade by using
an ISOMET precision cutter (Buhler Ltd., USA). For a better micro-
structural investigation, all pellets were subjected to several steps of
polishing. Basically, it was used the polishing with 1200 grit SiC
sandpaper (Norton, Brazil), diamond paste (mean grit size of 1 μm) in
an Aropol-2 v Grinder-Polisher (Arotec, Brazil), and alumina (mean grit
size of 0.3 μm) in a VibroMet2 polisher (Buhler Ltd., USA), respectively.
Finally, the polished samples were placed in glass beakers containing
isopropyl alcohol (99,8% Tedia) and cleaned in an ultrasonic bath
(model 1510, Branson, USA) for 30 min.

It is important to emphasize that MnO2 layer was not removed in
the final pellets in order to show its importance for the formation of a
porosity gradient in SnO2. In principle, this MnO2 layer can be

Fig. 1. (A) Temperature of maximum shrinkage rate
of SnO2 as a function of the concentration (mol%) of
MnO2 (experimental data based on Ref. [39]); (B)
schematic representation of MnO2/SnO2 bi-layered
pellets illustrating the formation of the porous
structure with porosity gradient.

Fig. 2. FE-SEM micrograph showing a typical porous structure of MnO2/SnO2 bi-layered
pellets sintered at 1300 °C for 12 h. Three regions with different porosities were identi-
fied, which were referred as dense layer (DL), intermediary layer (IL) and final layer (FL),
respectively. The magenta rectangle denotes the curvature caused by the conformation of
MnO2 and SnO2 powders as bi-layered pellets via uniaxial pressure with posterior sin-
tering. (For interpretation of the references to colour in the text, the reader is referred to
the web version of this article.)

Fig. 3. Dense layer thickness as a function of sintering time for MnO2/SnO2 bi-layered
pellets sintered at 1100 °C and 1300 °C, respectively.
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chemically removed by using a diluted hydrochloric acid solution,
without affecting the SnO2.

2.2. Microstructural characterization

The final microstructure of each sintered bi-layered pellet was
minutely investigated on a field emission gun scanning electron mi-
croscopy (FE-SEM) (FEI, Netherlands). This analysis was performed by
using a beam deceleration of 5 kV, spot size of 3.0, and a low-kV high
contrast detector.

2.3. Average pore area

A more quantitative analysis on the average pore area of ceramic
pellets was quantified with the Image J software [40], according to the
procedure described in Ref. [41]. The counting of approximately
twenty micrographs of each sample was necessary in order to estimate
the porosity gradient with higher statistical reliability. As can be seen in
Fig. 2, three regions with different degrees of porosity were identified
by means of cross-section profiles of sintered pellets, which were re-
ferred as dense layer (DL), intermediary layer (IL) and final layer (FL),

Fig. 4. FE-SEM micrographs of cross-section profiles
of MnO2/SnO2 bi-layered pellets sintered at 1100 °C
for 6 h. The small dotted green square and green
arrow (a) indicate the initial region and direction in
which the other high magnification micrographs
were obtained (from (b) to (f)). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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respectively. The interface region between the MnO2 and SnO2 layers is
not flat, presenting a curvature caused by the conformation of the
powders, when subjected to the uniaxial pressure with posterior sin-
tering process (magenta rectangle in Fig. 2). Thus, this curvature phe-
nomenon does not come from the densification mismatch between
these different oxides during sintering.

3. Results and discussion

3.1. Dense layer analysis

In general, the presence of a fully DL in PCs is an essential criterion
for specific commercial purposes involving mechanical strength and/or
filtration. For example, in ceramic tiles, the formation of a denser
surface layer is able to improve the mechanical strength by approxi-
mately 30%, when compared to others formed by an entirely porous
matrix [1]. In ceramic membranes or filters employed for gas

Fig. 5. FE-SEM micrographs of cross-section profiles
of MnO2/SnO2 bi-layered pellets sintered at 1100 °C
for 24 h. The small dotted green square and green
arrow (a) indicate the initial region and direction in
which the other high magnification micrographs
were obtained (from (b) to (f)). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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separation, DL has an important role in blocking the direct passage of
specific species in a gaseous mixture (as thin barriers), so that only ions
of one type of gas selectively migrate through the membrane
[5,6,42,43].

Fig. 3 shows the DL thickness as a function of sintering time for
MnO2/SnO2 bi-layered pellets sintered at 1100 °C and 1300 °C, re-
spectively. Once pellets are subjected to sufficiently high temperatures,
the sintering promotes a strengthening of the microstructure (neck
growth between particles), densification (removal of porosity accom-
panied by shrinkage), and coarsening (grain growth and/or pore

growth) [44]. In a previous analysis on the obtained results, the pellets
sintered at 1100 °C did not reveal significant changes in their DL
thickness with the evolution of time, maintaining a constant value at
around 23 μm. In contrast, there is a progressive increase in this layer
when the sintering temperature was maintained at 1300 °C, resulting in
a maximum thickness of 54 μm after 24 h.

Initially, comparing these results, the diffusion is not sufficiently
high for the temperature of 1100 °C, which induces a slower mobility of
Mn ions into the SnO2 layer. Assuming that the diffusion of Mn ions
occurs via grain boundary, this transport phenomenon will be

Fig. 6. FE-SEM micrographs of cross-section profiles
of MnO2/SnO2 bi-layered pellets sintered at 1300 °C
for 6 h. The small dotted green square and green
arrow (a) indicate the initial region and direction in
which the other high magnification micrographs
were obtained (from (b) to (f)). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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minimized by the reducing the total area of grain boundary (grain
growth process). On the other hand, the sintering temperature of
1300 °C provided a driving force to diffuse the Mn ions to deeper re-
gions along the SnO2 layer (before the grain and pore stabilization
stages), causing a significant increase of DL thickness. All these pre-
liminary results revealed that in our proposed approach, both tem-
perature and time play a decisive role on the matter transport kinetics,
especially on the final DL thickness of the ceramic body with porosity
gradient.

3.2. Microstructural profiles

Figs. 4–7 illustrate typical FE-SEM micrographs of cross-section
profiles of MnO2/SnO2 bi-layered pellets sintered at 1100 °C and
1300 °C for 6 h and 24 h, respectively. The micrographs of other pellets
with different sintering times, but under the same temperature condi-
tions are displayed in Supplementary Data (SD). In these micrographs,
there is a clear difference in microstructural features and degree of
porosity in each pellet, as a consequence of both sintering variables,
temperature and time. Firstly, analyzing only the pellets sintered at

Fig. 7. FE-SEM micrographs of cross-section profiles
of MnO2/SnO2 bi-layered pellets sintered at 1300 °C
for 24 h. The small dotted green square and green
arrow (a) indicate the initial region and direction in
which the other high magnification micrographs
were obtained (from (b) to (f)). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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1100 °C, the polycrystalline microstructure is composed of irregular
and elongated grains, containing a high concentration of inter-
connected pores (open pores) [45]. Another important point to be
considered is the gradual increase in porosity from top to bottom into
the SnO2 layer, i.e., a porous structure containing a porosity gradient
(Figs. 4, 5, S1 and S2 in SD). Therefore, we believe that there is a
transport of Mn ions toward the SnO2 layer. As this diffusion me-
chanism is not uniform over the entire SnO2 layer, a porosity gradient is
formed in this layer because it contains different levels of Mn locally
situated in the grain boundary, resulting in distinct densification rates.
Thus, the regions of SnO2 with high concentrations of Mn presented an
improvement in densification.

On the other hand, maintaining the same temperature of 1100 °C,
but extending the sintering time from 6 h to 24 h (Figs. 4, 5, S1 and S2
in SD), the micrographs revealed that the pellets presented an increase
in the degree of densification. This result confirms that the time evo-
lution was enough to induce the transport of Mn species to deeper re-
gions into the SnO2 layer.

For bi-layered pellets sintered at 1300 °C, but maintaining the same
sintering times (from 6 h to 24 h), it was evidenced a high-density
microstructure (especially close to the MnO2/SnO2 interface), con-
taining a lower pore fraction (open and closed porous) with larger
grains (Figs. 6, 7, S3 and S4 in SD). In these micrographs, the slight
grain orientation contrast detected in the SnO2 layer is caused by the
superficial electron channeling energy [46]. As expected, there is a
porosity gradient along the SnO2 layer (as move away from the MnO2/
SnO2 interface), which is directly related to the presence of a gradient

concentration of Mn species. Thus, the areas in SnO2 layer with high Mn
content presented a significant improvement in the densification. It is
important to point out that the increase of temperature was a very
important condition to promote an increase in the diffusion rate as well
as in the concentration of these Mn species into the SnO2. Hence, DL
thickness exhibited a pronounced increase with similar microestrutural
features to a dense bulk (Figs. 6 (a), 7 (a)). Analogously, DL acts as a
“valve”, which is able to allow the flow of Mn ions into the SnO2 layer
(as an open valve) during the densification stages. However, after its
complete densification, the continuous migration of Mn ions towards
the SnO2 (via interface region) is interrupted (as a closed valve). Due to
this behavior, the concentration of Mn ions is not enough to yield a fully
dense SnO2 body, even in sintering conditions performed at high tem-
peratures and long times.

3.3. Porosity

Porosity as a function of average distance in MnO2/SnO2 bi-layered
pellets (Figs. 8 , S5 and S6 in SD) was estimated in order to corroborate
with our previous results. It is important to point out that the porosity
was calculated along the cross-section profile of each pellet, considering
the MnO2/SnO2 interface as initial point. In these figures, the curve
profiles are very similar, i.e., there is a significant increase in the por-
osity when moving away from the interface region. This typical beha-
vior characterizes the predominance of a porosity gradient, which is
arising from a concentration gradient of Mn species in SnO2. For sin-
tering performed at 1100 °C (Figs. 8 (A) and S5 in SD), there is a slight
reduction in porosity as a function of average distance, when the pro-
cessing time was increased. Therefore, depending on the sintered pellet,
the porosity close to the interface is approximately 17%–35%
(13 μm–26 μm) (DL and IL), while the maximum ranges from 50% to
65% (65 μm–78 μm) (FL). On the other hand, for pellets sintered at
1300 °C (Figs. 8 (B) and S6 in SD), also was observed a reduction of
porosity with the distance; however, the maximum values were ob-
tained at levels within the range 17%–30% (65 μm–78 μm) (FL). This
evidence implies in a great importance of temperature to control the
porosity level into the SnO2 layer. From a kinetics viewpoint, the
temperature favors the transport of Mn species to consolidate the
densification of SnO2 in the sintering. Hence, in order to obtain the
minimum of porosity, it is necessary high temperatures and long pro-
cessing times to promote the reduction or elimination of pores during
the densification stages.

Taking into account all results above mentioned, we presume that
our proposed approach analyzed for MnO2/SnO2 bi-layered pellets has
a great potential to be employed in other ceramic systems that require
the use of effective sintering aids to assist in their densification, such as
silicon nitride [47], silicon carbide [48], boron carbide [49], aluminum
nitride [50], and so on.

4. Conclusions

In summary, we demonstrate a versatile approach to achieve
ceramic solids with the presence of porosity gradient. By controlling the
sintering variables (temperature and time), it was possible to modify
the porosity level in SnO2 layer. In principle, both temperature and time
are able to control the diffusibility of Mn ions along the SnO2 layer. A
significant reduction in the overall percentage of porous in SnO2 layer
was observed when the sintering was performed at 1300 °C for 24 h.
The areas containing high concentrations of Mn species were re-
sponsible for the improvement in densification of SnO2, especially close
to the MnO2/SnO2 interface.
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Fig. 8. Porosity as a function of average distance from the interface in MnO2/SnO2 bi-
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