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ABSTRACT. Foam materials are very light, but compared with bulk materials, their strength is quite low 

because of their random structures. Natural lightweight materials such as bone, is a cellular solid with 

optimized structure. In this research, silica-nickel oxide (SiO2-NiO) foams were fabricated by a well-known 

method which is replication method. The compositions of SiO2-NiO foams consist of 55 wt.% of silica (SiO2) 

powder and 10 wt.% of nickel oxide (NiO) powder. SiO2 and NiO powders were mixed together with binders; 

polyethylene glycol (PEG) and carboxymethyl cellulose (CMC) to prepare slurry solution for replication of 

polyurethane (PU) sponge which functioned as the template. 10 wt.% of SiO2-NiO foams sintered at different 

temperatures; 1000 °C, 1100 °C, 1200 °C and 1300 °C. Morphology of 10 wt.% of SiO2-NiO foams such as the 

structure of foams and particles distribution were studied by using scanning electron microscopy (SEM).  
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1. INTRODUCTION 

Porous materials show a dramatic development nowadays instead of solid materials in various 

applications such as catalysis, filtration, thermal insulation and performs for metal-ceramic composites, 

biomedical implants and high-efficiency combustion burners [1]. The advantages of using porous ceramics in 

these applications are high melting point, high corrosion, and wear resistance, low thermal mass, low thermal 

conductivity, controlled permeability, high surface area and low density [2]. In order to produce porous 

ceramics with controlled microstructure, there are many novel methods have been developed in response to 

the increasing number of new potential applications for cellular ceramics. The fabrication method chosen will 

determine the range of porosity, the pore size distribution, and the pore morphology [3]. It is well said that 

processing route or fabrication method for the production of porous material highly influences the 

microstructural features. 

Several types of materials are identified as common support materials, for example, alumina (Al2O3), silica 

(SiO2), magnesium oxide (MgO), zirconia oxide (ZrO2) and olivine ((Mg, Fe)2SiO4) which have been 

investigated as catalyst support because the catalytic activity of nickel also influenced by its interaction with 

support materials [4]. In this study, SiO2 was used as the support for the catalyst or additive that was nickel 

oxide (NiO). Majewski et al. [5] stated that SiO2 has strong structural robustness which is stable even at 

elevated temperature and chemically inert. It makes SiO2 attractive as a catalyst support and presents the 

advantage of mechanical strength and has a strong interaction with metal [5]. Besides that, the advantages of 

using SiO2 as the support for NiO particles are because SiO2 is active for methane reforming and more 

resistant towards carbon formation [6]. 
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Additives play an important role in defining the rheological behaviour of suspensions and the mechanical 

properties of green and sintered bodies [7]. Nickel is considered a good replacement for noble metals instead 

of other noble metal-supported catalysts such as rhodium (Rh), ruthenium (Ru), palladium (Pd), platinum 

(Pt), iridium (Ir), due to its comparable catalytic performance and low cost [6,8].  

2. MATERIALS AND METHODS 

Silica (SiO2) and nickel oxide (NiO) are two main raw materials in SiO2-NiO foam fabrication. Replication 

method is used to fabricate SiO2-NiO foam by using polyurethane (PU) sponge as template and it has been cut 

in cylindrical shape with dimension 26 mm height and 13 mm diameter. To fabricate SiO2-NiO foam, 55 wt.% 

of SiO2 and 10 wt.% of NiO were poured into distilled water and mixed with binders. The binders used in this 

method were 2.5 wt.% of polyethylene glycol (PEG) and 2.5 wt.% of carboxymethyl cellulose (CMC). The 

mixture of raw materials, binders and distilled water produced slurry solution for impregnation of PU sponge 

as a template in making porous material. The impregnated sponge was left for drying in oven for 24 hours at 

80 °C before sintered at 1000 °C, 1100 °C, 1200 °C and 1300 °C with 2 °C/min heating and cooling rate in 

programmable furnace. 

The morphological analysis for SiO2-NiO foam was carried out by using scanning electron microscopy 

(SEM) and electron dispersive X-ray spectroscopy (EDS). 

3. RESULTS AND DISCUSSION 

The morphology of SiO2-NiO foam with 10 wt.% of NiO composition was observed using SEM at different 

sintering temperatures of 1000 °C, 1100 °C, 1200 °C and 1300 °C as shown in Fig. 1 (a-d). From observation, 

SiO2-NiO foams with 10 wt.% of NiO composition sintered at different sintering temperatures also consisted 

of open pore, close pore and interconnected window cells by struts. The open pore size of SiO2-NiO foams 

observed was in the range of 130 µm up to 537 µm.  

  

  

Fig. 1 Morphology of the silica-nickel oxide foam sintered at (a) 1000 °C, (b)1100 °C, (c)1200 °C and (d)1300 

°C. (OP=Open pore, CP=Close pore, S=Strut) 

 

Sintering temperature also affect the morphology of the foam as shown in the micrographs in Fig. 1 as the 

open pore distribution on SiO2-NiO foam sintered decreased and the pore size became smaller as the 

(b) (a) 

(c) (d) 
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sintering temperature increased. Open pore distribution on SiO2-NiO foams sintered decreased and the pore 

size became smaller as the sintering temperatures increased. This is due to the shrinkage and densification of 

the samples as the sintering temperature increased. The presence of closed cells on SiO2-NiO foam sintered at 

1200 °C and 1300 °C became dominant as marked in micrographs compared to SiO2-NiO foam sintered at 

1000 °C and 1100 °C. The decreasing of open cell window could be explained by the increasing difficulty for 

ceramic slick removal at higher solid loading during manufacturing, leading not only to a higher density, but 

also to a higher number of close pores, and strongly influencing the permeability of the foams [9].  

Both of SiO2-NiO foams sintered at 1200 °C and 1300 °C showed increasing size of struts as the NiO 

compositions and sintering temperatures increased. The strut size of SiO2-NiO foams observed at 1200 °C was 

in the range 80 µm to 330 µm while the strut size of SiO2-NiO foam at 1300 °C was in the range of 100 µm to 

360 µm. Views from previous researchers, the pore size of porous foam for steam methane reforming was 

uncommon between researcher within the range 0.1 µm to 21 mm [5,10,11]. The open pore size observed of 

SiO2-NiO foams was within the range and compatible to be used in steam methane reforming application. 

Densification of SiO2-NiO foams was observed as shown in Fig. 2 (a-d) at different sintering temperatures; 

1000 °C, 1100 °C, 1200 °C and 1300 °C. The micrographs in Fig. 2 represented the morphology of SiO2-NiO 

foam with 10 wt.% of NiO after sintered at different sintering temperatures. The morphology of SiO2-NiO 

foams showed open pore distribution with micro meter size. White spot or powder-like in Fig. 2 (a-d) 

represented the distribution of NiO particles at different temperatures while the grey structure was the 

structure of SiO2. The structure of SiO2-NiO foams became denser as the sintering temperatures increased 

from 1000 °C to 1300 °C 

 

  

  

Fig. 2 Morphology of silica-nickel oxide foams at (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, and (d) 1300 °C (    

= NiO distribution) 

Nickel oxide particles distribution were marked by yellow circle while SiO2 particles distribution was the 

grey structure where NiO particles distributed on as shown in Fig. 2 (a-d). The distribution of NiO and SiO2 

particles were distinguished by elemental mapping as discussed at Fig. 3. As shown in Fig. 2 (a,b), the 

particles were initially packed loosely and started to approach and contact to each other as the sintering 

temperature increased. The growth of grain structure was observed under SEM as the SiO2 particles and NiO 

particles started to bond with each other at higher sintering temperature in which denser grain structure was 

clearly seen at 1200 °C and 1300 °C.  

(c) (d) 

(a) (b) 
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Based on Fig. 2 (a-d), open pore distribution with irregular shape was observed with micro meter size within 

the range 3 µm up to 20 µm for SiO2-NiO foams with 10 wt.% of NiO composition. Grano et al. [12] reported 

that, sintering of nickel crystallite at elevated temperature disrupted the mesoporous SiO2 template that 

contributed to the irregular shape on the foam microstructure. The distribution of open pore observed on the 

surface of SiO2-NiO foams decreased as the sintering temperature increased due to the increasing in grain size 

as seen in Fig. 2 (a-d). The larger grains  were found to grow and densified, whilst smaller grains and pores 

that had been created at a lower temperature to accommodate the volume shrinkage associated with 

reduction were observed to disappear [13]. 

Elemental mapping was extremely useful for displaying element distributions in textural context, 

particularly for showing compositional zonation instead of figured out element and mass content. The 

elemental mapping result showed the particles distribution of elements which existed in SiO2-NiO foams. The 

result of elements mapped for 10 wt.% of SiO2-NiO foams was showed in Fig. 3 (a-d). There was nickel (Ni), 

silica (Si) and oxygen (O) distributions observed through elemental mapping analysis. The highest 

distribution of NiO particles was observed at 10 wt.% of NiO composition. This might be due to the excess NiO 

particles which cannot be mixed with the SiO2 particles [14]. Fig. 3 shows the elemental mapping test for SiO2-

NiO foam using Electron Dispersive X-ray Spectroscopy (EDS). 

 

  

  

Fig. 3 Element distribution by elemental mapping for 10 wt.% of nickel oxide composition sintered at 

1300 °C 

Element and phase map were collected automatically and simultaneously. This helped to observe how 

each element was distributed individually. Fig. 3 (a) was the original image of 10 wt.% of SiO2-NiO foams. The 

distribution of Ni, Si and O were differentiated by red, blue and purple colour, respectively in Fig. 3 (b-d). 

Through the elemental mapping analysis, the white spot as marked in Fig. 2 (a-d) were clarified as Ni 

particles and the rest of dense structure were Si and O. The colour-image represented the distribution and 

increased the possibility distinguish the different elements. The distribution of Ni particles was the highest 

for SiO2-NiO foams with 10 wt.% of NiO sintered at 1300 °C as proven by EDS result tabulated in Table 1. The 

purpose to carry out the elemental mapping analysis in this research study was to identify the element and 

(c) 

(a) 

(d) 
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mass content that existed in SiO2-NiO foams. A micrograph of 10 wt.% of SiO2-NiO foams morphology was 

captured to determine the element and mass content. 

The result tabulated in Table 1 showed the mass of different elements such as 20.49% of nickel (Ni), 17.82% 

of silica (Si) and 17.82% of oxygen (O). The differences in element mass affected the particle distribution. The 

highest mass of Ni represented the higher distribution of Ni particles on the SiO2-NiO foams as shown in Fig. 

4. This was because the distribution of particles on SiO2-NiO foams was affected by the early composition of 

raw material during sample preparation. As the NiO sintering temperature increased, the Ni particles 

distribution after sintering observed by elemental mapping analysis was increased.  

Table 1 Element obtained for 10 wt.% of nickel oxide composition sintered at 1300 °C 

Element Mass (%) 

Ni K 61.69 

Si K 20.49 

O K 17.82 

Total 100.00 

 

Fig. 4 (a-d) showed the Ni particles distribution at different sintering temperatures at 1000 °C, 1100 °C, 

1200 °C and 1300 °C, respectively. 

 

  

  

Fig. 4 The distribution of nickel particles of 10 wt.% of silica-nickel oxide foams after sintered at (a) 1000 

°C, (b) 1100 °C, (c) 1200 °C and (d) 1300 °C 

The distribution of Ni particles increased as the sintering temperatures increased as observed in Fig. 4 (a-

d). The lowest Ni particles distribution of SiO2-NiO foams was observed at temperature of 1000 °C. Lowest 

distribution observed at lowest sintering temperature due to presence of open pore with macro size and thin 

strut. At 1300 °C, the highest Ni particles distribution was observed due to the decrease in pore distribution 

and size, presence a number of close cells and bigger struts. The highest Ni particles indicated the domains 

contained higher NiO contents than the matrix, which attributed to the formation of NiO-enriched 

(c) 

(a) 

(d) 
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agglomerates. As sintering temperature increased, the particles gain more energy and collision rate increases 

[15]. 

Sintering effect was clearly visible in the SiO2-NiO foams of the sintered at 1200 °C and 1300 °C as higher Ni 

particles distribution observed on SiO2-NiO foams compared to the SiO2-NiO foams sintered at 1000 °C and 

1100 °C. Nickel particles distribution on the surface of SiO2-NiO foams depended on the structure of SiO2-NiO 

foams. Low number of open pore with the larger strut gave Ni particles to distribute more on SiO2-NiO foams 

surface. Larger strut with denser structure associated with the grain growth as the sintering temperatures 

increased. The structure of materials sintered at high temperatures indicated signs of particle grain growth 

and also substantiated by the grain size distributions [16].  

4. SUMMARY 

The morphology of 10 wt.% of SiO2-NiO foams was affected by the compositions and sintering 

temperatures. Both of them affected the open pore size and distribution, closed pore and strut size  

which connected the cell windows together. The open pore size and distribution decreased as the 

compositions and sintering temperature increased. The number of closed pore became dominant at high 

temperatures. The size of struts also bigger as densification occurred as sintering temperature increased. 

Thus, the highest of Ni particles distribution was observed at the highest sintering temperature which was 

1300 °C. 
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