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SnO2 nanoparticles-loaded graphitic carbon nitride (SnO2NPs/g-C3N4) hybrids were 

successfully synthesized by one-pot calcining. Various characterization means and detection 

techniques were used to analyse their structure and properties. It was found that SnO2 NPs 

possess the synergistic effect on g-C3N4. The addition of SnO2 NPs not only increases the 

surface of g-C3N4 but provide extra electron. Having added 10 wt% SnO2NPs/g-C3N4 hybrids, 

the onset decomposition temperature of ammonium perchlorate (AP) was decreased to 

352.2 °C. Furthermore, considering the band gap of g-C3N4 (Eg = 2.7 eV) and SnO2 (Eg = 3.6 

eV), the conduction band electrons (ecb
−) and valence band holes (h+) were generated on their 

surface under heat excitation. In addition, on the basis of the synergistic effect (the ecb
− would 

transfer from g-C3N4 to SnO2) of SnO2, a possible synergistic mechanism was proposed to 

understand the thermal decomposition of AP. 

Introduction 

Composite solid propellants (CSPs) have a significant effect on 

the properties of rockets and missiles, such as onset 

decomposition temperature and burning rates. Now, the CSP 

are generally composed of prepolymer (binder), high energy 

fuel, and oxidizer salts.1,2 Ammonium perchlorate (AP) is a 

kind of common oxidants, which has been widely used in 

various propellants. The burning behaviours of CSPs are 

strongly dependent on the properties of AP decomposition. The 

lower high-temperature decomposition (HTD) temperature and 

decomposition heat of AP can lead to a shorter ignition delay 

time and a higher burning rate.3,4 In this regard, to improve the 

oxidation effects of AP, various catalysts were explored to 

catalyse AP so as to decrease its onset decomposition 

temperature. The most commonly used catalysts are metal 

oxidation until now, such as CuO,5 CoO,6 CuFe2O4,
7 Co3O4,

8 

ZnO,9 LDH/C,10 MnO2,
11 Mn3O4,

12 MgAl2O4,
13 and NiO,14 

which could decrease the onset decomposition temperature of 

AP decomposition to a certain extent. Nevertheless, these 

existing catalysts possess many disadvantages, for example, 

low production, complicated preparation process, and high cost, 

giving rise to environmental pollution as well as extremely 

limit their large-scale applications in propellants and missiles. 

Therefore, one way to overcome the disadvantages is to 

develop novel catalysts with high efficiency, low cost and easy 

preparation. 

Lately, graphitic carbon nitride (g-C3N4) has been significantly 

concerned because of its characteristics and special properties, 

such as earth-abundant, metal-free, low band gap, etc.15-18 In 

addition, taking into account the band gap of g-C3N4 (Eg = 2.7 

eV), it can absorb blue-violet light when wavelength lower than 

475 nm of solar spectrum.19,20 On this basis, g-C3N4 has been 

widely applied in solar water splitting and thermal 

decomposition of AP.21-25 Meanwhile, the research of surface 

modification of g-C3N4 has attracted much attention due to its 

excellent performances. For example, Shloam et al. reported 

that SiO2NPs/g-C3N4 composite was successfully prepared and 

it was applied to the degradation of organic pollutions 

(rhodamine B).26 Obviously, g-C3N4-based materials possess 

wide application foreground in photo-catalysis, sensing and 

bio-imaging.27,28 However, g-C3N4-based materials as a heat 

catalyst for AP decomposition have not been reported. 

Herein, for the first time, we reported that SnO2NPs/g-C3N4 

hybrids were successfully prepared as well as discovered that 

the hybrids could be used as a novel catalyst in AP 

decomposition. In particular, SnO2NPs/g-C3N4 hybrids could 

effectively decrease the HTD temperature by 102.2 °C. 

Furthermore, SnO2, as a good semiconductor (Eg = 3.6 eV),29 

possess synergistic effect on the g-C3N4. As a consequence, we 

proposed a possible synergistic mechanism for the 

decomposition of AP. Namely, the generated conduction band 

electron (ecb
−) on the g-C3N4 would transfer to the surface of 

SnO2. Besides, the generated ecb
− and h+ can react with HClO4 

and NH4 which is originated from the lattice of AP, pushing the 

reaction to proceed toward the right hand of reversible reaction 

of AP decomposition. On the other hand, SnO2NPs/g-C3N4 

hybrids provide the possibility of large-scale applications in the 

industry field. 

Experimental section 

Chemicals and apparatus 
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Dicyandiamide (DCDA, 99%), SnO2 (99.9%, 30-50 nm) and 

ammonium perchlorate (AR, d50:135 µm) were purchased from 

Aladdin (Shanghai, China). Tubular furnace atmosphere was 

obtained from Zhonghuan experiment electric furnace (Tianjin, 

China). All reagents are of analytic grade and used without 

further purification. 

Preparation of SnO2NPs/g-C3N4 hybrids  

The SnO2NPs/g-C3N4 hybrids were prepared via a modified 

general method according to earlier study.30 Typically, the 

powder of SnO2NPs and DCDA (molar ratio equal 1:1) was 

fully mixed to grind for 30 minutes (“fully mixed” was key to 

the decrease of agglomeration degree). Finally, the mixture was 

placed in the tubular furnace atmosphere and calcined at 550 °C 

under argon flow with a heating rate of 2.5 K•min−1. 

Characterization 

The samples were characterized by X-ray powder diffraction 

(XRD) with Philips X’Pert Pro X-ray diffractometer equipped 

with Cu Kα radiation (λ = 0.15418 nm). Field-emission 

scanning electron microscopy (FESEM) image was performed 

on Ultra (Carl Zeiss, German) with an acceleration voltage of 

15.0 kV. Field-emission transmission electron microscopy 

(FETEM) images were carried out on Libra 200FE (Carl Zeiss, 

German). Fourier transform infrared (FT-IR) spectra were 

recorded on a Nicolet-5700 FTIR spectrometer using pressed 

KBr pellets to test the chemical bonding of the samples from 

4000 to 400 cm−1. X-ray photoelectron spectra (XPS) were 

acquired on an ESCALAB MKII with Mg Kα (hν = 1253.6 eV) 

as the excitation source.   

Catalytic measurements 

To test the catalytic activities of SnO2NPs/g-C3N4 hybrids in 

the thermal decomposition of AP, AP mixed with the SnO2, g-

C3N4 and SnO2NPs/g-C3N4 hybrids were ground for 30 min, 

respectively. The resulting mixture was detected by thermo-

gravimetric/differential thermal analysis/differential scanning 

calorimetry (TG/DTA/DSC) using SDT Q600 (TA, America) at 

a heating rate of 10 °C•min−1 in a static N2 atmosphere over the 

temperature range of 25-500 °C. Thermal gravity analysis-

Fourier transform infrared (TGA-FTIR), as a special detection 

means, was used to analyse catalytic mechanism of the thermal 

decomposition of AP by real-time detecting the products. 

Results and discussion 

Characterization of SnO2NPs/g-C3N4 hybrids  

The schematic of preparation of SnO2NPs/g-C3N4 hybrids was 

indicated in Fig. S1. The structure of as-prepared SnO2NPs/g-

C3N4 hybrid was characterized by XRD. As shown in Fig. 1a, 

the respective XRD peaks of g-C3N4 and SnO2 can be observed, 

respectively. The parameters of g-C3N4 and SnO2 are consistent 

with the literature values of JCPDS No. 87-1526 and No. 70-

4175, respectively. For the XRD pattern of SnO2, the peaks 

located at 26.5°, 33.8°, 37.9° and 51.7° are correspond to (110), 

(101), (200) and (211), respectively. Toward the g-C3N4, the 

peak located at 27.3° is corresponded to the interlayer 

diffraction of graphitic-like structures and the peak at 13.3° is 

ascribed to in-planar repeated triazine units, respectively. It 

should be noted that SnO2NPs/g-C3N4 hybrids show the 

diffraction peaks located at 13.3°, 26.5°, 27.3°, 33.8°, 37.9° and 

51.7°, which are consistent with the characteristic peaks of 

SnO2 and g-C3N4, indicating the existence of SnO2 in the as-

prepared SnO2NPs/g-C3N4 hybrids. 

 

 
 

Fig. 1 (a) XRD patterns of g-C3N4, SnO2 NPs and SnO2NPs/g-C3N4 

hybrids. (b) FT-IR spectra of g-C3N4, SnO2 NPs and SnO2NPs/g-

C3N4 hybrids. 

 

XRD results were further confirmed by FT-IR investigation. Fig. 1b 

shows the FT-IR spectra of three samples. As to pure SnO2 NPs, the 

relatively broad peak centred at 3450.6 cm-1 is ascribed to water 

molecules of crystallization. The sharp peak at 650.5 cm-1 is 

characteristic peak of the SnO2 crystallization.31, 32 Moreover, for the 

g-C3N4, the peaks at 1246, 1415, and 1636 cm-1 are attributed to the 

typical stretching modes of CN heterocycles.17,24 The peaks between 

3000 and 3400 cm-1 are ascribed to the secondary and primary 

amines.25 Notably, for SnO2NPs/g-C3N4 hybrids, all of peaks of 

SnO2 NPs and g-C3N4 can be observed, suggesting the formation of 

SnO2NPs/g-C3N4 hybrids. 

 

 

Fig. 2 (a) FESEM image of bulk g-C3N4, (b) TEM image of 

SnO2NPs/g-C3N4 hybrids. 

 

The morphology of as-prepared bulk g-C3N4 and SnO2NPs/g-

C3N4 hybrids were confirmed by FESEM and TEM images. In 

contrast to the bulk g-C3N4 (Fig. 2a), it can be clearly seen that 

SnO2 NPs were dispersed on the surface of g-C3N4 sheets (Fig. 

2b). What’s more, the degree of agglomeration is relatively less. 

As shown in Fig. S2, it should be noted that the addition of 

SnO2 NPs increase the g-C3N4 surface up to 11.8 m2•g-1, which 

was 4 times larger than that of bulk g-C3N4 (2.9 m2•g-1).30 

Compared with SnO2NPs/g-C3N4 hybrids (prepared by different 

ratios of SnO2NPs and DCDA), the BET of SnO2NPs/g-C3N4 

hybrids is larger than hybrids 2 (Fig. S2c) and 3 (Fig. S2d), 

confirming that the molar ratios of 1:1 between SnO2NPs and 

DCDA is the best. Above discussions demonstrated the 

formation of SnO2NPs/g-C3N4 hybrids. To further probe the 

chemical environment and chemical composition of the as-
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prepared hybrids, XPS measurements were performed. As 

indicated in Fig. 3a, SnO2, the typical Sn 3d5/2 (486.5 eV), Sn 

3p3/2 (716 eV), Sn Auger (1049.6 eV) and O 1s (530.7 eV) 

peaks were observed, which were accord in the result of 

previously reported literature.33 As to g-C3N4, two strong peaks 

of C 1s (285.9 eV) and N 1s (399.6 eV) were in previous 

studies.19 Particularly, for the as-prepared SnO2NPs/g-C3N4 

hybrids, C, N, O, and Sn were distinctly seen in the 

spectroscopy. In the high-resolution N 1s XPS spectroscopy of 

g-C3N4 (Fig. 3c), the peaks located at 396.2 and 397.3 eV are 

corresponded to sp2 C-N=C and sp3 N-[C],3 respectively. 

However, in contrast to N 1s of g-C3N4, the high-resolution N 

1s spectroscopy of SnO2NPs/g-C3N4 hybrids shows the obvious 

differences. The appearance of peak at 398.8 eV and a positive 

shift (0.5 eV) of the peak of nitrogen atoms in the C-N=C group 

(396.7 eV) confirmed that the existence of reaction between 

SnO2 and g-C3N4. 

 

 

 

Fig. 3 (a) XPS survey spectra of SnO2, g-C3N4 and SnO2NPs/g-

C3N4 hybrids. (b) High-resolution N 1s spectroscopy of g-C3N4 

and (c) SnO2NPs/g-C3N4 hybrids. 

Catalytic activities of SnO2NPs/g-C3N4 hybrids in 

thermal decomposition of AP 

In order to detect the catalytic activities of the as-prepared 

SnO2NPs/g-C3N4 hybrids in thermal decomposition of AP, AP 

mixed with g-C3N4, SnO2 NPs and SnO2NPs/g-C3N4 hybrids 

were tested by DSC and DTA measurements, respectively. As 

indicated in Fig. S3, to the DSC curve of pure AP 

decomposition, the single endothermic peak at 245.5 °C is 

corresponded to the crystallographic transition of AP.3 The first 

exothermic peak at 338.9 °C and 454.4 °C are attributed to the 

low-temperature decomposition (LTD), and HTD, 

respectively.4,34 Compared with the pure AP, DSC curve of AP 

mixed with g-C3N4 exhibits the HTD temperature located at 

384.4 °C, confirming that g-C3N4 possess the intrinsic catalytic 

effect on AP (Fig. S3).24 SnO2, as a semiconductor, displays the 

catalytic effect on the AP (Fig. 4a). However, DSC curve of AP 

mixed with 10 wt% SnO2NPs/g-C3N4 hybrids displays a single 

exothermic peak and the HTD temperature was decreased to 

352.2 °C (Fig. 4b). The obvious change highlights the 

promoting effect of SnO2, which improved the catalytic 

performance of g-C3N4 for the thermal decomposition of AP. 

Fig. 4c and Fig. 4d show the TG-DTG curve of AP mixed with 

SnO2 NPs, SnO2NPs/g-C3N4 hybrids, respectively. It can be 

seen from Fig. 4c that two-step loss weight can be observed 

from the DTG curve of AP mixed with SnO2 and the 

exothermic peak cantered at 408.1 °C is consistent with the 

DTA curve. However, compared with the two-step loss weight 

of DTG curve (Fig. 4c), Fig. 4d shows a one-step loss weight 

and further suggested that SnO2NPs/g-C3N4 hybrids possess 

excellent catalytic effect. In addition, the temperature 

differences and decomposition heat of HTD of AP and AP 

mixed with three additives of g-C3N4, SnO2 and SnO2NPs/g-

C3N4 are shown in Fig. 4e and Fig. 4f, respectively. Moreover, 

as shown in Fig. S4, the TGA-DTG curves confirmed that the 

temperature of high temperature decomposition decreased with 

the increase of the molar ratio SnO2 and dicyandiamide. All the 

results manifested that SnO2NPs/g-C3N4 hybrid is a good 

catalyst in the thermal decomposition of AP. 

 

 
 

Fig. 4 (a) DSC curves of AP mixed with SnO2 NPs. (b) DSC 

curves of AP mixed with SnO2NPs/g-C3N4 hybrids. (c) TG-

DTG curve of AP mixed with SnO2 NPs and (d) SnO2NPs/g-

C3N4 hybrids. (e) Decomposition temperature of AP and (f) 

decomposition heat of AP with the three additives of g-C3N4, 

SnO2 NPs and SnO2NPs/g-C3N4 hybrids. 

Catalytic mechanisms 

Jacobs35 proposed the mechanism of AP thermal decomposition 

for the first time. The details as follows: 
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NH3 — H —  ClO4

NH3 — HClO4

NH3(a)+ HClO4(a)    (LTD)

NH4
+ClO4

-

                             (1) 
NH3(a)+ HClO4(a) NH3(g)+ HClO4(g)    (HTD)                 (2) 

As is well-known, the pair of ions (NH4
+ and ClO4

−) in the 

NH4
+ClO4

− lattice. The LTD was confirmed to be a 

heterogeneous process which the proton was transferred from 

NH4
+ to ClO4

−, leading to the formation of NH3(a) and 

HClO4(a). Subsequently, in the HTD process, the gas-phase 

molecule of NH3 and HClO4 would separate from the AP lattice 

and resulting in decomposition of HClO4 and NH3.
6,35 

Obviously, the exothermic process of HTD is owing to the 

oxidation of NH3 and reduction of HClO4.
3,36 

So, how could SnO2NPs/g-C3N4 hybrids catalyse the AP 

decomposition? As can be seen from the eq. (1) and eq. (2), the 

adsorption of HClO4 and NH3 on the AP surface during LTD 

process as well as the reduction of HClO4 plays a key role in 

thermal decomposition of AP. In primary decomposition stage 

of AP, the adsorption of HClO4 in the pores of AP prevented 

the decomposition of AP because the eq. (2) is reversible.37 On 

the other hand, g-C3N4, as a Lewis base, can react with HClO4 

by Lewis acid-base interaction, leading to the separation of 

HClO4 from the pores of AP as well as pushing the 

decomposition reaction to proceed toward the right-hand side of 

the eq. (2). The evidence of reaction between g-C3N4 and 

HClO4 was shown in Fig. S5. For the FT-IR spectrum of g-

C3N4 and the treated g-C3N4 with HClO4, there was an obvious 

change occurred. The peaks at 1146, 1120 and 1096 cm-1 are 

the characteristic peaks of ClO4
−.24 Therefore, it was found that 

Lewis acid-base reaction is involved in the thermal 

decomposition of AP. 

 

On the other hand, g-C3N4, as a polymer semiconductor (Eg 

=2.7 eV), is easy to meet the requirements of heat excitation.38 

Thus, the ecb
− and h+ could be generated on the surface of g-

C3N4 under heat excitation.17,27 In addition, in view of the 

synergistic effect of SnO2, the generated electron on g-C3N4 

would transfer to the SnO2. Therefore, the electrons and holes 

were separated; the probability of composite between electrons 

and holes would decrease to some extent. Clearly, the 

remaining electrons and holes would participate in the 

reduction of perchlorate acid and oxidation of ammonium. The 

conclusion was similar to the previous literature.39 During the 

decomposition process, ecb
− could react with HClO4, causing 

the reduction of HClO4 and production of •O2
−. The generation 

of •O2
− was demonstrated by electron paramagnetic resonance 

spectroscopy (EPR) and thermal analysis experiments (Fig. S6 

and Fig. S7). Finally, •O2
− and h+ with powerful oxidation 

ability could further react with NH3 to form N2O, NO2 and 

H2O,16 leading to the continue decomposition of AP because 

the decomposition process is reversible. 

The gas products during AP decomposition were further 

confirmed by TGA-FTIR instrument with real-time monitoring. 

Fig. 5 shows the three-dimensional TGA-FTIR spectra of 

thermal decomposition of AP mixed with SnO2NPs/g-C3N4 

hybrids. 

 

 

Fig. 5 Three-dimensional TGA-FTIR spectra of the thermal 

decomposition of AP mixed with SnO2NPs/g-C3N4 hybrids. 

 

As shown in Fig. 6, FT-IR spectra of the gas products in AP 

thermal decomposition was used to analyse gas composition. 

All of the gas products are origin from the LTD and HTD 

process (290-320 °C and 330-380 °C). The gas products at 

368 °C were identified as H2O, NH3 (1650-1620 cm-1 and 

3400-3650 cm-1), HCl (1750-3000 cm-1), N2O, NO2 (2202-2238 

cm-1, 1380-1320 cm-1 and 840-800 cm-1) and ClO3 (1000-900 

cm-1).24 In addition, the gas products of decomposition 

temperature at 398, 348 and 288 °C were also demonstrated the 

production of the above gas. 

 

 

 

Fig. 6 FTIR spectra of gas products during the thermal 

decomposition of AP mixed with SnO2NPs/g-C3N4 hybrids. 

In short, SnO2NPs/g-C3N4 hybrid as the catalyst for the thermal 

decomposition of AP is shown in Fig. 7. 

 

In short, the schematic of thermal decomposition of AP is 

shown in Fig. 7 (SnO2NPs/g-C3N4 hybrid as the heat catalyst). 

Page 4 of 6New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

 
 

Fig. 7 Schematic of the thermal decomposition process of AP 

with the additive of SnO2NPs/g-C3N4 hybrids. 

Conclusions 

In summary, SnO2NPs/g-C3N4 hybrids were successfully 

prepared. It was proved that the as-prepared hybrids could be 

used as an excellent catalyst for AP thermal decomposition. 

When SnO2NPs/g-C3N4 hybrid was added to AP, the HTD 

temperature of AP was decreased by 102.2 °C. Furthermore, a 

possible synergistic mechanism was proposed to illustrate the 

thermal decomposition of AP. Moreover, SnO2NPs/g-C3N4 

hybrid as a novel catalyst provided a new insight for the 

preparation of other g-C3N4-based functional materials and the 

thermal decomposition of AP. 
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