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Using tetraethoxysilane (TEOS) as a precursor, silica aerogels were synthesized via the sol-gel polymerization followed 
by supercritical drying process. During the polymerization period, N, N-dimethylformamide (DMF), acting as a 
chemical additive for the structure control, was introduced in the hydrolysis step and condensation step, respectively. As 
a result, the nanopore volumes for the pores smaller than 100 nm were up to 6.0 cm3/g and 5.7 cm3/g for the samples that 
produced with DMF addition in the hydrolysis step and condensation step, while the value for the sample without DMF 
was only 4.6 cm3/g. Besides, the sample with DMF addition in the condensation step possessed more uniform pore size 
distribution while compared with that with DMF addition in the hydrolysis step. DMF can provide a shielding layer 
around the colloid particles through hydrogen bonds, inhibiting the aggregation of colloid particles and the enlarging of 
pore sizes. 
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1. INTRODUCTION∗ 

Silica aerogels are nano-porous materials that have 
gained extensive attention in the past decades, owing to 
their extraordinary properties, such as low density [1], 
large surface area [2], high porosity, and extremely low 
thermal conductivity [3, 4]. For these extraordinary 
characteristics, silica aerogels are presently of interest in 
thermal insulation [5, 6], acoustic insulation [7, 8], 
catalysts and sensors [9 – 11]. These characteristics are 
derived from their mesoporous structures, which are 
formed in the sol-gel polymerization of silicon alkoxides, 
and preserved under supercritical drying or ambient 
pressure drying [12 – 14]. However, due to the aggregation 
of the colloidal particles, non-uniform pore structure often 
appears in the aerogel, accompanied by the existence of 
many large pores in the range of a few hundred nanometers 
which cannot be measured by N2 adsorption-desorption 
method generally [15, 16]. Therefore, the nanopores 
volume in these silica aerogels with particle aggregation is 
restricted severely. 

One of the facile ways to prepare the silica aerogels 
with uniform pore size is the introduction of drying control 
chemical additives (DCCAs) such as DMF [17 – 19]. He et 
al. synthesized the water-glass-based silica aerogel with 
uniform pore structure, and its pore volume was as high as 
3.3 cm3/g after the addition of dimethylformamide (DMF) 
[18]. Similarly, Cai et al. prepared methyltrimethoxysilane 
based silica aerogels that exhibit uniform pore structures 
[20]. Using tetraethoxysilane (TEOS) as a precursor, Vollet 
et al. researched the structure of aerogels prepared by 
sonohydrolysis method with additions of DMF [21]. 
However, attributed to the ambient pressure drying 
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method, the pore volume of the aerogel in this study is 
very low [22]. In fact, the researchers found that the strong 
polar reagent seems work as not only the control additives 
but also a catalyst, modifying the hydrolysis and 
polymerization rates and ultimately affecting the structural 
properties [21]. DCCAs can decrease the hydrolysis rate by 
combining with water molecules [18], and increase the 
polymerization rate via the deprotonation. Furthermore, it 
can be absorbed on the silica clusters through the hydrogen 
bond interactions and provide the steric hindrance around 
the colloid particles [20]. This shielding effect can inhibit 
the aggregation of the silica sol particles, which will 
contribute to uniform pore structure of the silica aerogel. 
Whereas, the study about the modification on the nanopore 
volume of silica aerogel is limited. High nanopore volume 
is critical for high performance silica aerogels. 

In this paper, with the addition of DMF as the structure 
control reagent, the monolithic silica aerogels with high 
nanopore volume and uniform pore structure were 
synthesized by the sol-gel polymerization of TEOS. In this 
aerogel, the content of large pores larger than 100 nm 
decrease remarkably. Besides, when DMF is added in the 
condensation step instead of the hydrolysis step, the pore 
structure in the aerogel is more uniform. 

2. EXPERIMENTAL 
Preparation of silica aerogels: Fig. 1 a shows the flow 

chart of the fabrication routes. The wet gels were prepared 
using the conventional two-step method. Firstly, the TEOS 
was hydrolysed in a mixed solution of H2O, ethanol and 
HCl (molar ratio nTEOS: nH2O: nethanol: nHCl = 1:4:6:8×10-4) 
under refluxing at 50 °C for 30 min. Secondly, for the 
condensation step, the above-mentioned compounds met 
the overall molar ratio (TEOS: H2O: Ethanol: 
NH3 = 1:6:8:1×10-2) with additional solution of H2O, 



331 
 

ethanol and ammonia hydroxide. The silica aerogels were 
obtained by the supercritical drying method after aging in 
an ethanol bath for three days. For the modified aerogels, 
the DMF reagent was introduced into the solution at a 
mole ratio of 1:1 with TEOS in the hydrolysis step and 
condensation step, resulting in the samples marked as S–H 
and S–C, respectively. For the blank control sample, equal 
volume of ethanol was added into the contrast sample 
accordingly. The samples without DMF were marked as  
S–N. 

Characterization: the bulk density of the silica aerogel 
was determined by measuring the dimensions and mass of 
the monoliths. The particle size distribution of silica sol 
was monitored by the dynamic light scattering analysis 
(DLS, BI-200SM, USA). The microstructure of the 
aerogels was studied using field-emission scanning 
electron microscopy (FE-SEM, S-4800, Japan). The 
chemical composition of silica aerogels was characterized 
with Fourier transform-infrared spectroscopy (FTIR, 
Perkin-Elmer, USA). Surface area, pore volume, and pore 
size distribution (PSD) were measured by N2 adsorption-
desorption method (Autosorb-iQ, USA). The pore volume 
(VN2) is chosen the single point desorption pore volume of 
pores size smaller than 100 nm at P/P0 = 0.98. Total pore 
volume (Vt) was calculated according to the equation: 

Vt=1⁄ρb – 1⁄ρs, (1) 

where ρb is the bulk density, ρs is the skeletal density of 
silica aerogel which is 2200 kg/m3. 

3. RESULTS AND DISCUSSION 
Fig. 1 shows the steric shielding effect of DMF on the 

silica clusters (Fig. 1 b) and the DLS analysis results for 
the silica sol particles size in the sol-gel process after the 
base addition (20th min) (Fig. 1 c).  

 
Fig. 1. a – flow chart of the aerogel; b – the shielding effect of 

DMF on clusters; c – DLS analysis of the sol particles 

It can be seen that the distribution of secondary sol 
particles (2 ~ 10 nm) of S–H and S–C are narrower than 
that of S–N, indicating that the addition of DMF reagent 
inhibits the aggregation of primary colloidal particles. This 
is attributed to the steric shielding around the colloid 
particles, which is provided by DMF on the surface of 
particles through hydrogen bond [20]. Meanwhile, the S–H 
has smaller particle size while compared with S–C. DMF 
can decrease the hydrolysis rate by attaching with H2O 

molecules. Thus, the growth of silica sol particles in S–H 
will be limited due to the lower hydrolysis degree. 

 
Fig. 2. FTIR spectra of the samples 

The FTIR spectra of S–N, S–H and S–C in Fig. 2 
exhibit the characteristic absorption peaks located at the 
same wavenumbers. A broad band located at 3454 cm-1 
and a peak at 1634 cm-1 belong to the stretching vibrations 
of surface –OH groups and the bending vibration of 
adsorbed H2O, respectively. The peaks at 2983 cm-1, 
2926 cm-1, 2853 cm-1, and 1400 cm-1 correspond to the C–
H bonds, indicating the existence of some residual 
carbonaceous organic groups in the aerogels after the 
supercritical drying. Besides, the intense bands near 
1100 cm-1 and 470 cm-1 are assigned to the Si–O–Si bonds.  

SEM images in Fig. 3 exhibit the three-dimensional 
nanoporous structures of the obtained aerogel samples. 
When compared with the S–N (Fig. 3 a), the S–H and S–C 
exhibit larger pore size and smaller particle size 
(Fig. 3 b, c). This suggests that the aggregation of the 
colloidal particles have been restrained by DMF 
effectively. Furthermore, the S–C has more uniform pore 
structure than sample S–H. As mentioned above, the DMF 
can decrease the hydrolysis rate. The wet gel of the S–H 
will hydrolyse and polymerize furtherly in the aging or 
supercritical drying step, resulting in the heterogeneity of 
the pore structure in the S–H. Correspondingly, the DMF 
added in the condensation step has limited effect on 
hydrolysis process. As a result, the PSD of S–C is more 
uniform. 

N2 adsorption-desorption isotherms of silica aerogels 
are shown in Fig. 4 a. These isotherms represent a type IV 
nature according to the IUPAC classification. The 
hysteresis loops at the high pressure are attributed to the 
capillary condensation occurring in mesopores. All the 
isotherms have sharp increase in the relative pressure 
region of P/P0 = 0.95 – 1.0, which indicates the liquid 
condensation related to the presence of macropores [3]. 
The N2 adsorption values of S–H and S–C aerogels are 
much higher than the S–N sample. In fact, the nanopore 
volumes of the S–H and S–C are as high as 6.0 cm3/g and 
5.7 cm3/g (Table 1), while it is much smaller in the S–N 
aerogel (4.6 cm3/g). The results illustrate that there are 
much more nanopores preserved in the aerogel that were 
obtained with the addition of DMF. 
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a b c 

Fig. 3. SEM images of aerogel samples: a – S–N; b – S–H; c – S–C 

 
a b c 

Fig. 4. a – N2 adsorption-desorption isotherms; b – the pore size distribution; c – the pore volume of the samples corresponding to 
different range of pore size 

Table 1. Structural properties of all the silica aerogels 

Samples Density, 
g/cm3 

Surface area, 
m2/g Vt VN2 

S–N 0.134 950 7.0 4.6 
S–H 0.142 813 6.6 6.0 
S–C 0.136 874 6.9 5.7 

Vt was calculated using Eq. 1. 
VN2 was measured by N2 adsorption-desorption method according 
to the pore size smaller than 100 nm at P/P0=0.98. 

It has been found that the specific surface area values 
of S–N, S–H and S–C are 950 m2/g, 813 m2/g and 
874 m2/g. This is resulted from the acceleration of 
polymerization reaction after the addition of DMF, making 
the primary particles become greater [19]. 

The PSD curves of the aerogels presented in Fig. 4 b 
reveal that the S–H and S–C have larger pore size 
compared to the S–N. Moreover, the pore size of the S–N 
are concentrated at 10 nm, while they increase to 19 nm 
and 13 nm for S–H and S–N, respectively. This indicates 
that the introduction of DMF can enlarge the pore size. 
Larger pore sizes for the nanopores will provide larger 
volume. Meanwhile, the S–C shows more uniform PSD 
compared with the bimodal distribution of the S–H. The 
pore volume corresponding to different pore size range is 
presented in Fig. 4 c. The larger pore volume of the S–N 
for the pores of 2 – 10 nm results from the aggregation of 
the primarily sol particles. It is obviously to find that there 
are so many pores larger than 100 nm in S–N, while most 
of pores in S–H and S–C are located in the range of  
10 – 50 nm. The decrease of pores larger than 100 nm in  
S–H and S–C states that the introduction of DMF have 

controlled the aggregation of colloidal particles 
remarkably. 

4. CONCLUSIONS 
Silica aerogels with nanopores volume as high as 

6.0 cm3/g are synthesized. With the addition of DMF in the 
condensation period, the content of pores larger than 
100 nm decreases remarkably, owing to the shielding 
layers of DMF around particles inhibiting the aggregation 
of the sol particles effectively. Besides, the silica aerogels 
with more uniform pore size distribution have been 
obtained with the introduction of DMF in condensation 
step rather than the hydrolysis step. This study provides an 
effective approach for the preparation of silica aerogels 
with high nanopore volume and uniform pore structure. 
Next, our researches will focus on the effects of high 
nanopore volume and uniform pore structure on aerogel 
performance, especially the thermal insulation 
performance. 
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