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Abstract

N-doped ZnO/Ag nanocomposites were rapidly synthesized by a deflagration method within tens of seconds, using urea as fuel and citric acid
as vesicant. Characterization results showed that the samples were nanoparticles with an average size of about 15 nm. Most of Ag existed in the
form of metallic Ag (0), and N was doped into the composite in the form of acceptor impurities. Compared with pure ZnO, the N-doped ZnO/Ag
nanocomposites possessed a remarkably enhanced catalytic efficiency on the thermal decomposition of ammonium perchlorate. This is
particularly true for the sample containing 4.0% Ag as it offered the best catalytic performance and reduced the final decomposition temperature
of AP to 290 °C from 453 °C. The mechanism showed that the high decomposition rate of AP was due to N doping and Ag modification being

able to transfer efficiently electrons from ClO; to NHZ in ammonium perchlorate.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Waurtzite zinc oxide (ZnO) is a semiconductor material which
has a wide band gap of 3.37 eV and a large excitation binding
energy of 60 MeV at room temperature [1]. It has been widely
utilized as luminescent materials, optoelectronic components
and optical catalysts. Many methods have been used in order to
improve its photo-catalytic performance, such as semiconductor
combination [2], noble metal deposition [3—7], transition metal
doping [8,9], non-metal doping [10-12] and double elements
doping [13-15]. Previous reports have claimed that N doping
[16-17] or Ag modification [3,18,19] would efficiently improve
the photo-catalytic activity of ZnO. It is well acknowledged that
the photo-catalytic mechanism consists in the increase of the
separation of the electrons and holes in ZnO, which is very
similar to the thermal catalytic mechanism of the decomposi-
tion of ammonium perchlorate (AP). Therefore, we summarize
that the N doping and Ag modification may also improve the
thermal catalytic activity of ZnO for the decomposition of AP.
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In addition, to the best of our knowledge, there are only a few
reports about the synthesis of ZnO modified with Ag and doped
with N simultaneously. Zhenjiang Li et al. [20] reported the
synthesis of N-doped ZnO/Ag nanocomposites by a two-step
liquid deposition approach with the plasma nitriding technology,
and the samples exhibited an excellent photo-catalytic activity.
Other researchers obtained Ag-N dual-doped ZnO films by
different methods, such as the sol-gel method [21], the spray
pyrolysis technique [22] and the ion beam assisted deposition
method [23].

In this study, N-doped ZnO/Ag nanocomposites were
rapidly synthesized by a deflagration method, which is simple
and efficient. The obtained nanoparticles have a small particle
size, and exhibit an excellent thermal catalytic efficiency on
the decomposition of AP.

2. Material and methods

2.1. Preparation of pure ZnO, N-doped ZnO and N-doped
ZnO/Ag nanocomposites

Typically, 3.0g of Zn(CH3COO),-2H,O (Sinopharm,
99.0%, China), 0.12 g of AgNOj3 (Sinopharm, 99.0%, China),
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3.0 g of urea (Sinopharm, 99.0%, China) and 0.6 g of citric
acid (Sinopharm, 99.5%, China) were mixed together and
ground into homogeneous slurry in a ball mill. Then the slurry
was put into a preheated muffle furnace to experience a series
of processes such as evaporation, condensation, foaming,
combustion, etc. The whole reaction lasted tens of seconds,
and finally the pink flocculent powders were collected for
characterization. Different amounts of AgNO; was added to
the system to obtain the samples containing different propor-
tions of Ag, designated as N—Ag—x, where “x” stands for the
mass ratio of AgNO;3:Zn(CH3;COO),-2H,0. N-doped ZnO
was synthesized by a similar preparation without adding
AgNO;. As urea is used as fuel in this reaction, the obtained
samples must contain N. Therefore, pure ZnO with a similar
crystal structure and particle size was prepared for comparison
according to the method reported by Hong et al. [24].

2.2. Thermal catalytic performance

The catalytic activity of N-doped ZnO/Ag nanocomposites
on thermal decomposition of AP was tested by the following
steps. Firstly, AP and N-doped ZnO/Ag samples were mixed
together with a fixed mass ratio (97:3) and ground in some
ethanol solution. After ethanol was evaporated, the samples
were tested by a differential scanning calorimeter (DSC)
experiments. The activity of the catalyst was measured
according to the decomposition temperature of AP.

2.3. Instruments

The crystalline phase was determined using an X-ray
diffraction (D/ Max-IIIC, Shimadzu) instrument with Cu Ko
radiation (A=0.15406 nm). The analysis of the element state
was done with X-ray photoelectron spectroscopy (XPS)
(ESCALAB 250, Thermo). Transmission electron microscopic
(TEM) and high-resolution transmission electron microscopic
(HRTEM) images were obtained on a JEM-2100 microscope
(JEOL) equipped with the selected-area electron diffraction
(SAED). Thermal catalytic performance was tested by the DSC
apparatus (US Company, PE Diamond type).
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3. Results
3.1. XRD

Fig. 1(a) showed the XRD patterns of pure ZnO, N-doped
ZnO and N-doped ZnO/Ag nanocomposites containing differ-
ent Ag proportions. All samples exhibited a wurtzite structure,
and the main diffraction data were consistent with the standard
data about a-ZnO (JCPDS no. 5-664). It seems that N and Ag
did not change the initial crystal structure of ZnO. However, an
enlarged image shown in Fig. 1(b) obviously revealed that
compared with pure ZnO, the diffraction peaks of other
samples moved slightly towards the small degrees, implying
N was doped into ZnO lattice, leading to the expander of the
crystal lattice as the radius of N°~ ions is a little larger than
that of O>~ ions.

Besides, when the proportion of AgNOj; reached 1%,
diffraction peaks assigned to metallic Ag (0) appeared and
subsequently increase in the amount of AgNO; caused the
peaks of Ag (0) to become more and more obvious.
In comparison with Zn>* ions, Ag" ions have a much larger
radius (0.072 nm and 0.122 nm respectively), and the X-ray
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Fig. 2. XPS spectra of the sample N-Ag-4%.
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Fig. 1. (a) XRD patterns of the samples and (b) an enlarged image of (a).
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peaks would visibly shift towards the small diffraction degree
if Ag* ions were incorporated into the ZnO lattice [25].
However, this could not be observed in our experiment. In
addition, there were no peaks belonging to any other materials,
such as Ag,O or AgO. Therefore, we can conclude that most
of Ag existed in the form of metallic Ag (0).

3.2. XPS analysis

XPS analyses were performed to further study the existing
states of N and Ag in our samples, and the typical result was

0.26 nm

EIR

shown in (Fig. 2). The insets displayed the high-resolution
peaks of Ag3d and N1s regions. The peak located at 399.1 eV
in the N1s XPS spectrum is ascribed to oxynitride (ZnO; _,N,)
[26], and another weak peak located at 404.1 eV is related to
nitrogen molecule at O sites [27]. No obvious signals indexed
to free N or N radicles could be detected, implying the N
existed in the form of acceptor impurities. The two peaks
located at 367.3 eV and 373.3 eV are respectively attributed to
Ag3ds, and Ag3ds,. Compared with the bulk Ag (Ag3ds),
and Ag3ds, are respectively 368.2eV and 374.2eV), the
peaks of our sample shift obviously toward the lower binding

Fig. 3. TEM images of different samples: (a) pure ZnO; (b) N-doped ZnO; (c) and (d) N-Ag-4%; (e) and (f) HRTEM image and the corresponding SAED pattern

of the sample N-Ag-4%, respectively.
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energy, mainly due to the interaction between Ag and ZnO
[25]. It was further confirmed that most of Ag existed in the
form of metallic Ag (0) rather than Ag* ions.

3.3. TEM observations

Fig.3 showed the typical TEM images of pure ZnO,
N-doped ZnO and the sample N-Ag-4%. It was found that
all these samples were nanoparticles with an average size of
about 15 nm. Besides, we can observe many Ag nanoparticles
appearing as small dark dots in Fig.3(d), and it is another proof
of the existence of metallic Ag (0) in the samples. Fig. 3(e) and
(f) respectively showed the HRTEM images and the corre-
sponding diffraction patterns of the sample N—-Ag-4%. The
spacing of two neighboring parallel fringes was 0.26 nm,
which is assigned to the d spacing of the (002) planes of
ZnO, and the spacing of 0.236 nm is ascribed to the Ag (111)
planes, indicating that Ag (0) was contained in the sample. The
HRTEM image and SAED pattern are in good agreement with
their XRD pattern.

3.4. Thermal catalytic performance

DTA experiments demonstrated the catalytic effect of
N-doped ZnO/Ag nanocomposites on the decomposition of
AP and the results are showed in Fig. 4.

It is well acknowledged that there is one endothermic peak
and two exothermic peaks in the DTA curve of pure AP
(Fig. 4a). The endothermic peak around 249 °C denotes that
the phase of AP undergoes a transition from rhombic to cubic.
The first exothermic peak at about 325.7 °C belongs to the
low-temperature decomposition of AP. During this process,
AP partially decomposes to generate an intermediate product,
and the remaining AP becomes a porous structure without any
change in its chemical properties. The second exothermic peak
at around 453 °C belongs to the high-temperature decomposi-
tion of AP, and it represents when AP is completely decom-
posed into volatile products.
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Fig. 4. DSC curves of AP thermal decomposition catalyzed by different
samples.

When pure ZnO (Fig. 4b) was added into AP, the peak
shape of the DTA curve became similar to the one of pure AP.
However, the low-temperature decomposition peak moved
backward, and the high-temperature decomposition peak
moved forward, both remaining separate. It became even more
conspicuous when the N-doped ZnO (Fig. 4c) was used as a
catalyst. Dramatic changes were observed when N-doped ZnO/
Ag nanocomposites (Fig. 4d—g) were used as the catalyst and it
seemed as if the two exothermic peaks of AP had merged into
one. The decomposition temperature had also been signifi-
cantly lowered, which indicated that loading-Ag effectively
improved the thermal catalytic activity of ZnO. However, the
peaks in Fig. 4d and e are noticeably oblique, chiefly because
the low- and high- temperature decomposition peaks have not
really merged into one. And in fact, the weak peaks were
indeed found at the positions marked with a star. When Ag
was introduced with a proportion of 4.0% and 10%, the two
exothermic peaks of AP actually merged into one. Of all the
samples, N—Ag-4% (Fig.4f) is the one that offered the best
catalytic performance and lowered the final decomposition
temperature of AP to its lowest value of 290 °C from 453 °C.
However, further increasing Ag — up to 10% — (Fig.4g) caused
the decomposition temperature of AP to rise again.

4. Discussion

4.1. Reaction process of the rapid synthesis of N-doped ZnO/
Ag nanocomposites

In this study, we have successfully synthesized N-doped
ZnO/Ag nanocomposites by a deflagration method within tens
of seconds in a muffle furnace which was preheated to 700 °C.
During this process, Zn(CH3;COO),-2H,O and AgNO;
respectively decomposes to form ZnO and metallic Ag, and
that latter will be dispersed in/on ZnO particles. The NHjy
produced by the reaction of urea and citric acid became the
source of dopant N. Furthermore, urea worked also as the fuel
and vesicant, and citric acid was used as assistant of the
vesicant. When the acidic system is heated up, a lot of gases,
such as NH3, NO,, CO, and H,O would fill the entire system.
These gases acted as natural barriers effectively preventing the
product from agglomerating, which is the chief reason why
these samples have a small particle size. The detailed reaction
process has been listed as follows:

Zn(CH5CO0), - 2H,0 — ZnO+CO,1+H,01 )
AgNO3; — Ag+NO, 1 (2)
CO(NH,),+citric acid —NH;1+CO,1 3)
NH;3+ZnO+Ag — N-doped ZnO/Ag 4)

We expect this method to be successful in the preparation of
other nanocomposites, such as N-doped ZnO/Ce and N-doped
ZrOZ/Ag
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4.2. Catalytic mechanism

4.2.1. Mechanism

Jacobs et al. [28,29] consider that the step which can
efficiently control the decomposition rate of AP is the transfer
of electrons from C10; to NHj. The process was described as

ClO; —0+Cl0;5 — 1/20,+Cl05 +e~ (5)

The equation shows that a higher number of positive holes
in the reaction system are conducive to a positive reaction.

As we all know the photo-catalytic mechanism of N-doped
ZnO/Ag nanocomposites consists in the increase of the
separation of the electrons and holes in ZnO, and the separated
electrons and holes will react respectively with O, and H,O to
form oxygen radicals and hydroxyl radical species (O, ,
*HO, and ¢ OH) which are extremely strong oxidants for the
decomposition of organic chemicals [3]. However, in thermal
catalysis, the contributing materials are the positive holes
which will effectively consume the electrons generated by
the reduction of ClO4 , and this is conducive to the decom-
position of AP. Although the contributing materials are not
exactly the same, increase in the number of positive holes is
always beneficial to both photo-catalytic and thermal catalytic
activities of ZnO. Therefore, we imitate the photo-catalytic
mechanism to draw a schematic diagram of the thermal
catalytic mechanism, as shown in Fig.5, and based on this,
the roles of ZnO, N doping and Ag modification respectively
in the thermal catalysis were discussed in detail as follows.

4.2.2. The influence of ZnO

Transition metal oxide plays the role of a bridge in the
electron transfer process. When ZnO is heated, the electrons in
the valence band become excited and transfer to the conduc-
tion band. At a lower temperature, a part of the electrons in AP
transfers to the conduction band of ZnO [30], which causes the
number of electrons transferring from ClO; to NHZ reduced
and finally results in an increase of the decomposition
temperature. However, the electrons deposited in the conduc-
tion band of ZnO are conducive to the high-temperature
decomposition of AP, which causes the decomposition tem-
perature to decrease significantly. That is why the low-
temperature decomposition peak moved backward and the
high-temperature decomposition peak moved forward when
ZnO was used as the catalyst.
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4.2.3. The influence of N doping

N-doped nanocomposites exhibit p-type semiconductor
characteristics and transition of an electron from valence band
to conduction band will need less energy in N-doped nano-
composites [21]. Thus, during the high-temperature decom-
position, the deposited electrons in the conduction band of
ZnO with high energies would transfer to NH more easily and
make the temperature decrease greatly. In this case, the low-
temperature decomposition and the high-temperature decom-
position merged into one process with a large amount of heat
release at a relative low temperature, implying that the
N-doped ZnO has effective catalysis in decomposition of AP.

4.2.4. The influence of Ag

As an excellent conductor, metallic Ag has a smaller work
function (4.26 eV) than the one of ZnO (5.2 eV), which entails
that, when they get in contact, the electrons will migrate from
silver to the conduction band of ZnO in order to achieve the
Fermi lever equilibration [3]. The process can be expressed as

Ag—Agt+e” (6)
Agtt+e” > Ag 7

When ZnO is heated up to a high temperature, electrons in
the valence band will become excited and transfer to the
conduction band with a simultaneous generation of the same
amount of holes left behind. The deflexed energy band in the
space charge region facilitates the rapid transfer of the as-
excited electrons from ZnO to Ag nanoparticles, and mono-
valent Ag is reduced to zero-valent Ag (Eq. 7). Consequently,
more and more positive holes are left in the VB of ZnO, which
is conducive to the decomposition of AP (Eq. 5).

In addition, loading Ag with an optimal proportion was
conducive to the decomposition of AP. However, when the
proportion of Ag is above the optimal value, the silver particles
loading on the surface of ZnO will become the recombination
center of electrons and holes because of the electrostatic
attraction between negatively charged silver and positively
charged holes [31]. This will lead to a decrease in the number
of the positive holes, which is not conducive to the decom-
position of AP. That is why the decomposition temperature
decreased first and increased later, when increasing the content
of Ag, as N-doped ZnO/Ag composites were used as the
catalyst.
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Fig. 5. An energetic diagram of ZnO-based catalysts.
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5. Conclusions

N-doped ZnO/Ag nanocomposites were rapidly synthesized
by a deflagration method. Characterization results showed that
the obtained samples were nanoparticles with an average size of
about 15 nm. Most of Ag existed in the form of metallic Ag (0),
and N was doped into ZnO lattice in the form of acceptor
impurities. DSC tests showed that compared with pure ZnO,
N-doped ZnO and N-doped ZnO/Ag nanocomposites possessed
a remarkably enhanced catalytic efficiency for the decomposi-
tion of AP. Among all the samples, the composite containing
4.0% Ag and N had the best catalytic performance, which
reduced the decomposition temperature of AP to its lowest
value of 290 °C from 453 °C. The mechanism showed that N
doping and Ag modification would transfer the electrons from
ClO; to NHj efficiently in AP, which is the chief factor
responsible for the decrease of the decomposition
temperature of AP.
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