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Microstructural evolution of sol-gel-derived 
phosphosilicate gel with heat treatment 
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The microstructure of phosphosilicate gel prepared by a sol-gel process was investigated as a 
function of the heat-treatment temperature. Crystalline phases, Si3(P04)4 and SIP207, were 
identified in the heat-treated phosphosilicate gel containing 56 tool % P2Os. It was found from 
the Fourier transform infrared spectra that phosphorus enters into the copolymer structure at 

600 ~ The specific surface area of the gel increased with the heat-treatment temperature. 
An increase of the density of open pores with the heat-treatment temperature was observed in 
the secondary electron micrographs. 

1. In troduc t ion  
The so-called sol-gel process is one of the most promi- 
sing methods for the manufacture of glasses, pure fine 
powders and ceramics. The prime technological im- 
portance of the sol-gel process is that it opens up a 
possibility of preparing homogeneous glasses and 
glass ceramics at lower temperatures, which are hard 
to prepare by melting of oxide mixtures I-1-6]. It was 
suggested by Roy 1-2] that a gel may be converted to a 
glass below the normal melting temperature of that 
composition because of the excess free energy of a gel 
compared to a glass of the same composition. The 
sol-gel process is known to be particularly suitable for 
coating deposition and fibre fabrication. 

The theoretical considerations, processing tech- 
niques and applications related to sol-gel-derived 
ceramics have been reviewed by many authors [3-6]. 
Glass preparation via the gel route can be described 
by three stages: (1) gelation, (2) drying, and (3) gel-to- 
glass or gel-to-ceramic conversion. During gelation, 
the overall medium becomes viscous and is then sol- 
idified by a coherent network of particles. In forming 
gels, the most widely used and most extensively in- 
vestigated starting materials are the acids and metal 
alkoxides. Polymeric oxide gels are made almost ex- 
clusively from metal alkoxides. With additions of 
water, the metal alkoxides readily hydrolyse; and with 
appropriate control of hydrolysis and condensation 
reactions, polymerized oxide networks can be formed. 

Most of the research on two-component phospho- 
silicate glasses has been made on films produced on 
substrates from the gas or liquid phase by heating 
I-7-9]. A few investigators have studied phosphosilic- 
ate glasses prepared by the sol-gel method. Thomas 
[10] has provided in his patent a method for produ- 
cing phosphosilicate glasses. Silicon alkoxide was 
reacted with phosphoric acid to produce a homo- 

geneous gel. By this method, a granular oxide product 
consisting of about 8-26 wt% P205 and about 
92-74 wt % SiO 2 could be produced. 

Jabra et  al. [11] studied the gels of the SIO2-P205 
system prepared by the sol-gel method. Silica was 
introduced as a hydrosol (LUDOX AS) which is 
stabilized by the presence of NH~ ions. The P205 was 
introduced as an aqueous solution of phosphoric acid 
or ammonium phosphate (NHr r The two 
solutions were brought to pH5 and mixed under 
constant stirring at room temperature. Increasing the 
pH to 6 brought about gel formation in approximately 
1 h. Gels containing 5-20 mol % P205 were obtained 
in this way. The conversion of gels into glasses was 
obtained by hot-pressing techniques using graphite 
dies. By this method they could produce transparent 
glasses containing 5-15 mol % P205. 

The object of this work was the study of the micro- 
structural change of a phosphosilicate gel with heat- 
treatment temperature. The sol-gel method of making 
phosphosilicate glass was chosen as a low-temper- 
attire route because melt forming of these high P205 
content glasses would be difficult owing to the high 
volatility of phosphorus oxide at high temperatures. 

2. Experimental procedure 
2.1. Preparation of gels 
In this work, the phosphosilicate gel containing 
56 mol % P20 5 was prepared by a sol-gel process. 
Tetraethoxysilane (TEOS, Si(OC2H5)4) and phos- 
phoric acid (H3PO4) were used as raw materials. The 
general procedure for the preparation of phosphosilic- 
ate gels containing 56 mol % P205 is described below. 

Because the number hydroxyl groups in phosphoric 
acid is sufficient to completely hydrolyse TEOS, no 
water was added in the sol-gel process. To slow down 
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the gelation process, TEOS and phosphoric acid were 
diluted with ethanol before they were mixed. The 
gelation time varied depending on the volume ratios of 
ethanol to TEOS and ethanol to phosphoric acid. In 
Table I the geiation time is presented with the volume 
ratios of ethanol to TEOS and ethanol to phosphoric 
acid. It shows that the gelation time increased as the 
volume ratio of ethanol to total volume increased. 
After drying at ,-~ 45 ~ in the oven, each gel powder 
was heat treated at 500 ~ for 4 h in flowing oxygen. 
X-ray diffraction analyses were carried out on the 
heat-treated gel powders. The X-ray diffraction pat- 
terns of these gels are shown in Fig. 1. The peaks for 
Si3(PO4) 4 and the tetragonal polymorph of SiP20 7 
appear in all three diffraction patterns. However, the 
intensities of the crystalline peaks from Gel III, which 
was prepared with the largest amount of ethanol, were 
much smaller than those shown in the other patterns. 
Thus Gel III was chosen to be used for further ex- 
periments. 

T A B L E  I Gellation time for gels prepared with three different 
volume ratios of ethanol to TEOS and ethanol to phosphoric acid. 

R1 a R2 b Gellation time 

Gel I 1 0 ~ 20 s 
Gel II 1 1 ~ 10 min 
Gel III 3 3 2-3 h 

"R1 = vol (EtOH)/vol (TEOS). 
b R2 = vol (EtOH)/vol (H3PO4). 
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Figure 1 X-ray diffraction of the 56% phosphosilicate gel heat 
treated at 500 ~ for 4 h in flowing oxygen. A, SiP2OT; B, Sia(PO4) 4. 
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All the gels after drying at ~ 45 ~ were hand- 
ground with a mortar  and pestle. To study the micro- 
structural evolution of the 56 mol % phosphosilicate 
gel with heat treatment, gel powders were heated to 
various temperatures at a heating rate of 1 ~ min-  ~ 
in flowing oxygen and cooled in the air. 

2.2. Measurements of properties 
Identification of crystalline phases in the powder sam- 
ples was performed using an automated X-ray diffrac- 
tometer. A CuKa source was used for all analyses. The 
patterns were generally run at 1 ~ 20 min-1. 

Infrared study of the gel powder was performed 
using a DIG1LAB FTS-60 infrared spectrometer. The 
gel powder and KBr powder were dried in an oven at 
110 ~ for one day. To prepare samples, l mg sample 
powder was mixed with 300 mg KBr powder and 
pressed into a pellet at 150 MPa. The absorbance 
spectra were collected in the mid-infrared region 
of 450-4000cm -1 by 100 scans with a resolution 
of 2 cm-  1. 

The specific surface area of powders was determined 
by flowing a gas mixture of nitrogen and helium 
through the sample - nitrogen as adsorbate and 
helium as inert non-adsorbable carrier gas. In this 
study, a three-point BET method was used with 20%, 
25%, and 30% nitrogen gas mixtures. The process of 
adsorption and desorption is monitored by measuring 
the change in the thermal conductivity of the gas 
mixture. Prior to the measurement, the powder was 
outgassed at 150 ~ for 2 h in flowing nitrogen. The 
instrument was calibrated by injecting a volume of 
nitrogen which would match the desorption peak. 

The gel powder was examined by scanning electron 
microscopy (SEM). For the powder samples, the pow- 
der was dispersed in methanol. A drop of the solution 
was placed on an aluminium sample holder and 
allowed to dry. All the samples were gold coated to 
prevent the specimen from charging. 

3. Results and discussion 
3.1. Crystallization 
The phosphosilicate gel powder was examined by 
X-ray diffraction analysis (XRD) after heat treatment 
at 500 ~ for 4 h in an oxygen ambient. In the gel 
containing 56mo1% P205, crystalline phases of 
Si3(PO4) 4 and SiP20 7 were detected by XRD. These 
results are in good agreement with the work of other 
investigators [12, 133 where they established the exist- 
ence of the compounds Si3(PO4) 4 and SiP20 7. 

The sequence of the crystallization was studied with 
56 mol % gel powders which were heated to various 
temperatures at a heating rate of 1 ~ min-  1 in oxy- 
gen and cooled in air. The X-ray diffraction patterns of 
the gel powders are presented in Fig. 2. The gel dried 
at 50~ was X-ray amorphous. When the gel was 
heated to 300 ~ crystalline phases of Si3(PO4) 4 and 
SiP20 7 appeared. But the intensity of the strongest 
peak of Si3(PO4)4 was higher than that of SiP20 7 at 
300 ~ As the temperature increased, the intensities of 
the peaks of the SiP20 7 crystalline phase increased at 
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Figure 2 X-ray diffraction of the 56% phosphosilicate gel heat 
treated to various temperatures. A, SiP2OT; B, Si3(PO4)4. 

the expense of the glass phase, while those of the 
Si3(PO4) 4 crystalline phase remained nearly constant. 

3.2. Fourier t ransform infrared (FTIR) 
IR spectroscopy was employed to study the molecular 
structural changes of the gel powders as the heat- 
treatment temperature increased. The IR spectra of 
56 mol % gel powders heated to various temperatures 
are presented in Fig. 3. The broad band in the region 
of 3000 cm-  1, which is significant at low temperatures, 
is thought to be due to the water present in the gel. But 
at high temperatures, these bands may not account for 
the water in the gel. They may be due to the water 
absorbed in the KBr pellets which are very hygro- 
scopic. 

IR spectra of the phosphosilicate phases have been 
studied by many authors [14-17]. Based on these 
studies, the peak assignment may be made for the 
phosphosilicate gel powders. The strong peak at 
,-~ 1160cm -1 evident in all spectra in Fig. 3 is as- 

signed to a combination of P - O  stretching vibration 
of  the P - O - P  and P - O - S i  linkages. The peak at 

500 cm-1 is assigned to O - P - O  bending vibra- 
tions, while that at ~ 1030 cm -1, which began to 
appear at 300 ~ can be assigned to Si-O stretching 
vibrations of the S i - O - P  linkage. The peak at 

680 cm -1 can be assigned to O - P - O  bending 
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Figure 3 IR absorbance spectra of the 56% phosphosilicate gel heat 
treated to various temperatures. 

vibrations, while the peak in the region of 990 cm-  1 at 
150 ~ may be due to the presence of an OH group as 
a silanol. This peak disappeared as the heat-treatment 
temperatures increased. The peak at 1360cm -1, 
which appeared after heat treatment at 600~ is 
assigned to P=O stretching vibrations. The broad 
band at ,,~ 2350 cm-  1, which disappeared at 600 ~ is 
assigned to P - O H  stretching vibrations. The peak at 
1630 cm-1 is generally assigned to the bending vibra- 
tions of water and that at 1720 cm-1, which appeared 
at high temperatures, may be due to the CO 2 gas 
trapped in the pores inside the gel. 

Given the above information, it may be concluded 
that the large decrease in the intensity of the broad 
band in the region of 3000 cm-1 and the peak at 
1630cm -1 with increasing heat-treatment temper- 
ature is due to the loss of H 2 0  from the gel. As the 
temperature increased to 600~ the band at 

2350 cm-  1 disappeared and the peak at 1360 cm-  1 
appeared, which indicates that the phosphorus 
entered into the copolymer structure at ,-~ 600 ~ The 
split of the broad band at ,-~ 680 cm-  1 into several 
peaks at high temperatures is thought to be due to the 
crystallization of the gel powders. The crystalline 
Si3(PO4) 4 and SiP20 7 phases have been detected by 
XRD analysis in the gel powders heated to 300 ~ and 
above, as was discussed in the previous section. 

3.3. Speci f ic  surface area 
To study the microstructural development of the gel 
with temperature, the specific surface area of the gel 
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powder heated to various terhperatures was measured 
by BET surface area analysis. The gel powders dried at 
,-, 45 ~ were hand-ground with a mortar  and pestle 

and sieved to - 2 0 0  mesh. These powders were 
heated to various temperatures at a heating rate of 
1 ~ min -1 in oxygen and cooled in the air. The 
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Figure 4 Variation in specific surface area of the 56% phospho- 
silicate gel powder with heat-treatment temperature. 

specific surface areas of 56 mol % gel powders heated 
to various temperatures in oxygen are presented as a 
function of temperature in Fig. 4. Unlike other silicate 
gels which generally have high surface areas, the sur- 
face areas of these gel powders were very low at low 
temperatures. At 150~ the surface area of the gel 
powder was less than 1 m 2 g-1. As the temperature 
increased, the surface area increased. At temperatures 
above 600 ~ the surface area was about 4 m2g - 1. 

Suzuki et al. [18] have investigated the gels ~'of the 
system A12Oa-P2Os-SiO 2 with P205 concentrations 
ranging from 7.5-30 mol %, and reported that the 
specific surface area of the gel with higher P205 
concentration was much lower than that of the gel 
with lower P205 concentration, even at low temper- 
atures. Gels with higher P2Os concentration seem to 
become more dense during the drying process. It is 
suspected that at low temperatures some phosphoric 
acid remained unreacted or partially reacted filling the 
pores of the gel. This effect is believed to contribute to 
the low specific surface area and to lead to the phase 
separation. Phase separation in phosphate gels or 
glasses has been reported by many authors 1-14, 
18-20]. As the temperature increased, the water and 
organic residues were eliminated giving rise to forma- 
tion of pores in the gel. The phosphoric acid remaining 
unreacted in the gel at low temperatures could be 

Figure 5 Secondary electron micrographs of the 56% phosphosilicate gel powder heat treated to various temperatures: (a) 150 ~ (b) 300 ~ 
(c) 600 ~ and (d) 800 ~ 
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incorporated into the structure as the temperature 
increased [16]. 

treatment temperatures as shown in the secondary 
electron micrographs. 

3.4. Change of microstructure with 
temperature 

The microstructures of the gels were examined by 
scanning electron microscopy (SEM). The secondary 
electron micrographs of the gel powders heated to 
each temperature are presented in Fig. 5. The surface 
of the gel powder heated to 150 ~ was smooth and no 
large pores were detected in the gel. As the heat- 
treatment temperature was increased, the gel den- 
sifted. At 300 ~ some large pores began to appear. 
After heating at 600 and 800 ~ the density of open 
pores was much greater than that observed for the gels 
heated at lower temperatures. These observations of 
the microstructures of the gel powder are in good 
agreement with the results of the BET surface area 
measurement where the specific surface area appeared 
to increase with increasing heat-treatment temper- 
ature. 

4. Conclusion 
The phosphosilicate gel containing 56 mol % P 2 0 5  

was prepared by a sol-gel process and the change of 
the gel microstructure with heat-treatment temper- 
ature was studied. 

Crystalline phases, Si3(PO4) 4 and SiP207, were 
identified in the heat-treated phosphosilicate gel con- 
taining 56m01% P205. When the heat-treatment 
temperature was low ( ,-~ 300 ~ Sia(PO4) 4 was the 
main crystalline phase in the gel. As the temperature 
was increased to 800~ SiP20 7 crystalline phase 
grew rapidly and became the dominant crystalline 
phase. From FTIR spectra of the phosphosilicate gel, 
it was shown that phosphorus entered into the co- 
polymer structure at ~ 600 ~ 

Unlike other silicate gels, the specific surface area of 
the dried phosphosilicate gel was small and increased 
with increasing heat-treatment temperatures. The in- 
crease of the surface area was found to be due to the 
increase of the density of open pores with the heat- 
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