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ABSTRACT 

Facile method of synthesizing organic-inorganic solid foam in complex structure is presented. The synthesis method is 
based on the use of neutral surfactant (1-hexadecylamine, C16H33NH2) as structure directing agent and inorganic salt 
(vanadium nitride, VN) as precursor. The foam containing C16H33NH2 has been synthesized by evolution of oxygen gas 
produced spontaneously from hydrogen peroxide through a viscous VN gel. The foam from the precursor of 0.5 g VN 
nanopowder grows gradually, reaching about 0.3 liters 10 minutes after excess addition of H2O2 and stirring. The ul-
tralight, crystalline material made via foam processing was observed by XRD, SEM, TEM, and FTIR. 
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1. Introduction 

Inorganic-organic materials, due to their large, controlla-
ble pore sizes, high surface areas, and easy functionaliza-
tion for applications in biology, chemistry, and material 
sciences, have been studied over the past few years in 
order to investigate their novel properties [1,2]. Gener-
ally, surfactants with cationic, anionic, and neutral 
charges and amphiphilic block copolymers have been 
utilized as structure directing agents. Most research in 
this field has been focused on oxides as a framework 
constituent. There have been several reports [3-5] relat-
ing to the synthesis of mesostructured metal oxides, such 
as zirconium, niobium, titanium, tantalum, vanadium, 
hafnium, and tungsten oxides. These mesostructured ma-
terials have been synthesized via surfactant template [1], 
polymer template [5], ligand-assisted [6], and nanorepli-
cated routes [3]. Since vanadium oxides, nitrides, and 
phosphates are extremely important in catalysis and in 
advanced materials applications, considerable efforts 
have been devoted to the synthesis of vanadium substi-
tuted zeolites and mesoporous silicate molecular sieves 
[7,8] as well as pure vanadium oxides and vanadophos-
phates. Despite considerable successes, it remains a 
challenge for chemists and material scientists to develop 

simple and efficient routes to advanced functional mate-
rials. Recently, a novel, simple method for the synthesis 
of transition-metal oxide foams was reported by Livage 
and co-workers [9]. This method produces a macropor-
ous inorganic-organic solid, a composite of vanadium 
pentoxide (V2O5) and 1-hexadecylamine (C16H33NH2), 
with the latter intercalated in between the oxide layers. 
Here, we report on the synthesis of a crystalline material, 
so-called organic-inorganic solid foam, made from vana-
dium nitride precursor via foam route. The material was 
characterized using XRD, SEM, TEM, and FTIR. 

2. Experimental 

In previous reports, V2O5 was used as the vanadium 
source, and short-chain amines or long-chain ammonium 
salts were used as templates or intercalates [10-12]. Here, 
we used the vanadium nitride (VN) nanopowder synthe-
sized from our research group as the vanadium source 
and 1-hexadecylamine (Aldrich) as the template. The VN 
nanopower with the average size of ~30 nm was synthe-
sized by injecting VCl4 aerosol bubbled by argon gas into 
a microwave plasma reactor at atmospheric pressure. The 
synthesis method and procedure were reported in our 
previous article [13,14]. In a typical synthesis of the or-
ganic-inorganic solid foam, 2.8 g of C16H33NH2 was dis-
solved in 4.2 ml acetone and 0.5 g (or 7.7 × 10−3 mol) of *Corresponding author. 
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VN nanopowder was added to the mixture. A pasty and 
viscous material was formed and then a solution of hy-
drogen peroxide (70 ml, 30%) was added as oxidant. 
Oxygen gas evolves in this step as H2O2 decomposes and 
voluminous greenish black foam creates spontaneously 
and exothermically, reaching about 0.5 liters 10 minutes 
after H2O2 addition, showing typical VN color. This 
means that VN does not oxidize yet, and C16H33NH2 be-
tween the VN layers does not intercalate. In order to oxi-
dize VN after the completion of the black foam, the foam 
was crushed and stirred with the mixture solution below 
the foam before 10 ml of H2O2 in excess was added. 
Again, oxygen gas evolved and voluminous bright yel-
low foam was formed, meaning the production of vana-
dium oxide foam.  

3. Results and Discussion 

The volume of the foam using 0.2 g VN nanopowder 
increases gradually reaching about 0.3 liters 10 minutes 
after stirring, as shown in Figure 1(a). This material is 
very light, as only 0.2 g of VN is needed to generate the 
large volume of foam. Figure 1(b) shows typical XRD 
patterns of the resultant phases. The XRD pattern of the 
solid material is similar to that of the mesostructured 
vanadium oxide reported in Ref. 11 and exhibits a series 
 

 
(a) 

 
(b) 

Figure 1. (a) Pictures before (left) and after (right) 0.5 g of 
VN nanopowder reacts with H2O2 in the presence of 
C16H33NH2 dissolved in acetone; (b) XRD pattern of the 
foam. 

of 00l reflections with the most intense and lowest order 
reflection that we could observe occurred at a basal dis-
tance, d, 47.5 Å, compared to d = 33.4 Å for the marcro-
porous crystalline V2O5 foam [9]. The most intense re-
flection means the distance between the planes of solid 
material, explaining that the basal distance of solid mate-
rial is not that of both VN and C16H33NH2. This basal 
distance does not correspond to that noted for C16H33NH2 
molecules intercalated in vanadium oxide gels in which 
the alkyl chains are perpendicular to the oxide planes 
[9,15]. In the XRD pattern of the VN black foam men-
tioned above, the basal distance was observed to be 41.6 
Å. Also, this is not consistent with that assigned for 
C16H33NH2 molecules intercalated perpendicularly to the 
vanadium nitride planes. Here, the increase of the basal 
distance can basically be described as an intercalation 
process of water into the layers of the vanadium oxide 
and nitride in which C16H33NH2 molecules were interca-
lated. The basal distance d increased by steps of about 
2.8 Å corresponding to the van der Walls diameter of a 
water molecule. For example, the difference Δd of the 
basal distances between the vanadium oxide foam in this 
article and the V2O5 foam reported in Ref. [9] is about 
14.1 Å, suggesting that five water layers have been in-
tercalated.  

The SEM and TEM images of the synthesized foam 
are showed in Figure 2. SEM image of the foam in Fig-
ure 2(a) exhibits that it is very porous and has an irregu-
lar surface morphology. The inset of Figure 2(a) is a 
magnified view of a large pore. Large pores reaching a 
few micrometers due to oxygen evolution are observed. 
The pattern of the foam structure resembles a lamellar 
structure found in the synthesis of carbon nitrides via a 
solvent-free route at low temperature [16]. Mechanical 
properties of the porous foam are very poor. The foam is 
brittle and can easily be crushed into a powder. In the 
synthesis of the vanadium oxide foam from VN gels, the 
amine is directly intercalated into vanadium oxide layers, 
forming van der Waals intercalation between organic 
molecules and the inorganic species during the foam 
progress. It is believed that C16H33NH2 molecules co- 
condense with anionic inorganic clusters in the gels to 
create lamellar structures, as shown in Figures 2(b) and 
(c).  

Vanadium nitride reacts with hydrogen peroxide to 
give VN·nH2O or partially oxidized VNOx·nH2O gels 
that have a layered structure composed of negatively 
charged vanadium nitride or oxynitride. These gels can 
intercalate organic molecules such as protonated long- 
chain alkylamines, forming a greenish black foam. In the 
foaming process presented in this work, therefore, both 
gelation and intercalation simultaneously occur when the 
VN nanopowder is added to the C16H33NH2 molecules 
and H2O2 solutions. The excess addition of H2O2 in the 
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black foam causes the formation of bright yellow vana- 
dium oxide foam, as shown in Figure 1(a), oxidizing VN 
and intercalating C16H33NH2 molecules into vanadium 
oxide layers.  

The FTIR sectrum of the foam in Figure 3 shows 
strong absorption at 2956, 2919, 2850, and 1468 cm−1, 
which could be assigned respectively to the stretching 
and bending modes of the different C-H vibrations in the 
C16H33NH2. Two absorption bands at 3426 and 1637 
cm−1, which could be attributed to the stretching and 
bending modes of O-H vibrations, respectively, confirms 
the intercalation of water molecules into vanadium oxide 
layers of the foam crystalline. The observation of O-H 
peaks in FTIR supports that five water layers have been 
intercalated into vanadium oxide layers, being consistent 
with XRD data. Absorption bands below 1000 cm−1 
could be indexed to various vibrations of V-O and V=O. 
In particular, the band around 960 cm1 could be assigned 
to the V=O vibration in compared with crystalline V2O5, 
revealing the shift to lower energy by some additional 
 

 

 

 

Figure 2. (a) SEM and (b); (c) TEM images of the synthe-
sized foam with a lamellar structure. 

 

Figure 3. FTIR spectrum collected on the foam. 
 
bonding either to the oxygen or to the vanadium at the 
vacant bonding position following the intercalation of 
C16H33NH2. 

4. Conclusion 

Facile method of synthesizing organic-inorganic solid 
foam in complex structure was presented, based on the 
use of C16H33NH2 as structure directing agent and VN as 
precursor. The foam route in this work showed that 
amines were simply intercalated between the vanadium 
oxide planes via VN foaming process, showing that the 
experimental requirements are not critical. This method 
indicates that metal nitrides can be used for the synthesis 
of new inorganic-organic material via foam route as like 
metal oxides, expecting the applications to mesoporous 
molecular sieves and catalysts because of their large sur-
face area and pore diameter. 
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