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The atomic origin of high catalytic activity of ZnO
nanotetrapods for decomposition of ammonium
perchlorate†

Gen Tang,‡ac Yanwei Wen,‡ab Aiming Pang,c Dawen Zeng,*ab Yungang Zhang,ac

Shouqin Tian,ad Bin Shan*ab and Changsheng Xieb

Distinct from the common well faceted ZnO nanorods (R-ZnO), ZnO nanotetrapods (T-ZnO) exhibited a

remarkable catalytic activity for the thermal decomposition of ammonium perchlorate (AP): the

activation energy at high temperature decomposition (HTD) was significantly decreased to 111.9 kJ mol−1,

much lower than 162.5 kJ mol−1 for pure AP and 156.9 kJ mol−1 for AP with R-ZnO. This was attributed

to more abundant atomic steps on the surface of T-ZnO than that of R-ZnO, as evidenced by HRTEM

and density function theory (DFT) calculations. It was shown that the initiation step of perchloric acid

(PA) decomposition happened much faster on stepped T-ZnO edges, resulting in the formation of active

oxygen atoms from HClO4. The formed oxygen atoms would subsequently react with NH3 to produce

HNO, N2O and NO species, thus leading to an obvious decrease in the activation energy of AP decom-

position. The proposed catalytic mechanism was further corroborated by the TG-IR spectroscopy results.

Our work can provide atomic insights into the catalytic decomposition of AP on ZnO nanostructures.
It is well known that AP is one of the most common oxidants
in composite solid propellants and pyrotechnics, which
operate at high temperatures and stresses in general.1 The
thermal decomposition rate of AP is closely related to the
additives, which can greatly influence the burning rate and
pressure exponent of the propellant.2 A specific feature of AP
decomposition is its extremely high sensitivity to the action
of various additives.3 This has stimulated much attention
from many researchers, especially those dealing with the
development of solid propellants.4,5 Many studies have been
carried out to lower the thermal decomposition temperature
of AP and to increase the heat release by developing different
catalysts, such as transition metals,6–13 rare earth metals,14–16

and their compounds17–19 in the past decades. ZnO, as one
of the best single metal oxide catalysts, is used indispensably
in the chemical industry and the photochemical industry,
owing to its excellent reactivity, non-toxicity and stability.20

Recently, ZnO twin-cones,21 nitrogen-doped ZnO nanocrystallites22

and ZnO nanorod-assembled hollow superstructures23 have
been explored as catalysts to promote the thermal decomposi-
tion of AP. To explain the decomposition mechanism of AP
with ZnO additives, two assumptions have been proposed.
The first one is the formation of easily melting eutectics
between oxide additives and AP, due to the transition from
the solid state into liquid.24 The other assumption is attrib-
uted to VO-related defects and the release of oxygen.21 How-
ever, the two assumptions lack solid and direct evidence, and
thus it is difficult to further reveal the catalytic mechanism of
ZnO for AP decomposition, especially at the atomic or molecu-
lar level. This is because the surface atomic structure of ZnO
nanocrystals will probably play a very important role in the
catalytic decomposition of AP. Therefore, it is of great signifi-
cance to understand the catalytic mechanism of ZnO in the
decomposition of AP from atomic insights.

We report here the excellent catalytic activity of T-ZnO
towards the thermal decomposition of AP due to the unique
stepped configurations of T-ZnO, which are characterized
using the HRTEM technique. With a few surface atomic
steps, well faceted R-ZnO exhibit an inferior catalytic activity.
Interestingly, active oxygen atoms on the steps of T-ZnO are
the key to highly efficient thermal decomposition as revealed
by density-functional theory (DFT) calculations and con-
firmed by IR spectroscopy. In addition, the reaction pathway
reveals that the unique atomic step configurations could
oyal Society of Chemistry 2014
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facilitate the initiation of the combustion process, i.e. forma-
tion of active oxygen atoms from HClO4. The formed active oxy-
gen atoms can react with NH3 to produce HNO and N2O
species, thus leading to a significant decrease in the activation
energy of AP decomposition. Our investigation offers new
insights into the interaction between AP and T-ZnO, and the
mechanism of ZnO-involved heterogeneous catalytic reactions.

Fig. 1 shows the experimentally measured values of ln(β/Tp
2)

versus 1/Tp for AP decomposition with ZnO additives, which
are calculated from the exothermic peak temperature depen-
dence on the heating rate as described using the Kissinger
correlation (ln(β/Tp

2) = ln(AR/Ea
2) − Ea/RTp). In this formula,

β is the heating rate in degrees Celsius per minute, Tp is the
peak temperature, R is the ideal gas constant, A is the pre-
exponential factor and Ea is the activation energy. Also, Table 1
summarizes the kinetic parameters of pure AP, AP with T-ZnO
and R-ZnO in low-temperature decomposition (LTD) and
high-temperature decomposition (HTD) processes. The calcu-
lation details are described as shown in S-III.† For pure AP,
the activation energy Ea of LTD and HTD is calculated to be
137.2 ± 1.6 and 162.5 ± 7.6 kJ mol−1, respectively, which are
close to the values previously reported in the literature.22 In
the presence of T-ZnO, the activation energy Ea of AP decom-
position is decreased significantly to 109.9 ± 2.3 kJ mol−1 for
LTD and 111.9 ± 6.9 kJ mol−1 for HTD while R-ZnO as addi-
tives lower the activation energy to 117.9 ± 6.6 kJ mol−1 for
LTD and 156.9 ± 15.1 kJ mol−1 for HTD. It can be seen that
Table 1 Kinetic parameters of pure AP and AP with ZnO additives in
LTD and HTD processes

Sample

LTD HTD

Ea (kJ mol−1) R2 Ea (kJ mol−1) R2

AP 137.2 ± 1.6 0.9998 162.5 ± 7.6 0.9978
AP + T-ZnO 109.9 ± 2.3 0.9995 111.9 ± 6.9 0.9962
AP + R-ZnO 117.9 ± 6.6 0.9969 156.9 ± 15.1 0.9909

Fig. 1 Dependence of ln(β/Tp
2) on 1/Tp for AP and mixtures of AP with

ZnO additives in the HTD stage. Scatter points are experimental data
and lines denote the linear fitting results.

This journal is © The Royal Society of Chemistry 2014
T-ZnO and R-ZnO exhibit an obvious catalytic activity for
AP decomposition. Moreover, the catalytic activity of T-ZnO
is better than that of R-ZnO, probably because of the differ-
ence in their surface atomic structure.

As known, the properties of materials depend deeply on
their structures, especially surface atomic structures. The phase
structure of T-ZnO and R-ZnO was characterized using XRD.
Their corresponding XRD patterns are shown in Fig. S1.† It is
found that T-ZnO and R-ZnO belong to hexagonal wurtzite
structured ZnO with lattice parameters a = 0.3249 nm and
c = 0.5206 nm (JCPDS card, no. 36-1451). TEM and HRTEM
were also employed to characterize T-ZnO and R-ZnO, and
the corresponding images are presented in Fig. 2. For T-ZnO,
each particle consists of four feet with a length of up to
200 nm (called T-ZnO) as shown in Fig. 2(a). The diameter
of every foot is gradually decreased from the cross (~40 nm)
to the foot tip (~20 nm). Thus, the average diameter is consid-
ered to be ~30 nm and the specific surface area of T-ZnO is
only 4.5 m2 g−1 in our previous report.25 Upon decreasing the
diameter, some surfaces with concave curvatures appear on
the side face of the foot (Fig. 2(b)). On these surfaces, there
are abundant atomic steps that consist of exposed {10−10}
and (0001) facets in the HRTEM images in Fig. 2(c–d), in
which the lattice spacing of 0.51 nm and 0.28 nm between the
adjacent lattice planes corresponds to the d-spacing of (0001)
planes and {10−10} facets,26 respectively. It can be seen that
these steps appear on the whole side face of every foot. In addi-
tion, exposed faces with Miller indices of (0001) and {10−10}
can also be frequently observed on the surface of a foot tip
as shown in Fig. 2(e). For the surface with convex curvatures,
a relatively high density of atomic steps and kinks can also
be expected. As a comparison, R-ZnO exhibits a diameter of
~50 nm and length of up to ~400 nm as shown in Fig. 2(f–h).
The surface/volume ratio can be calculated as 0.085 m2 m−3

but the specific surface area of such nanorods was reported to
be 4–8 m2 g−1 in other similar studies.27,28 In this sense, the
diameter and length of R-ZnO are slightly larger than that of
T-ZnO, but both samples have a similar specific surface area.
In addition, R-ZnO show very well-faceted crystals, and their
Fig. 2 (a) TEM and (b–e) HRTEM images of T-ZnO including stepped
surfaces; (f) FSEM and (g–i) TEM images of R-ZnO.
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Fig. 3 A stick–ball model of decomposition of PA on the stepped
structure of a ZnO (10−10) surface. (a) Step configurations along [001],
(b) initial state of PA adsorbed on a stepped structure, (c) transition
state of PA decomposition, and (d) final state of PA decomposition.
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side faces have exposed {10−10} facets and are very flat
(Fig. 2(g–h)), in good agreement with a previous work.29 Near
the end face, there is an exposed {01−11} facet (Fig. 2(g) and (i))
or the convex curvature (Fig. 2(h)) connected with side surface
{10−10} facets and an end face (0001) plane. There are only a
few kinks or steps at the connection, indicating a lower den-
sity of the stepped surfaces on R-ZnO than that on T-ZnO.
Therefore, the great difference between T-ZnO and R-ZnO is
mainly shown in the surface structure rather than in the size
and specific surface area, which can explain the above distinct
catalytic performance.

To further investigate the role of T-ZnO's atomic steps in
the catalytic decomposition of AP, DFT calculations and the
nudged elastic band method (NEB) were employed. The
adsorption and decomposition of perchloric acid (PA) on ZnO's
most stable surfaces, i.e. {10−10} facets, were studied first. This
is because PA is the key chain carrier in the decomposition of
AP in its incipient stages, since PA is adsorbed on the surface
of AP and prevents the continuous decomposition of AP.30–32

In addition, catalysts such as ZnO have been introduced to
promote the reaction of PA to boost the decomposition of AP.
The exact computational details can be found in S-II and
S-IV.† From Fig. S5,† the adsorption of a PA molecule on the
ideal (10−10) surface is very weak and the calculated activa-
tion barrier for PA decomposition is as high as 1.98 eV, which
implies that an ideal ZnO (10−10) surface is unlikely to con-
tribute to the high catalytic performance. Moreover, there are
no other exposed facets in T-ZnO from the above HRTEM
characterization. Thus, the high reaction rate of PA decom-
position on T-ZnO can be attributed to the observed step
configurations. According to the HRTEM image in Fig. 2(c),
a stick–ball model of the stepped configuration of a (10−10)
surface along the [001] direction is shown in Fig. 3(a). Com-
pared to the oxygen vacancy energy of around 3.72 eV in bulk
ZnO,33 the formation of an oxygen vacancy on a step edge is
a relatively easy process with a thermodynamic barrier of
around 0.5 eV. Such vacancies can be easily created through
the abstraction of oxygen by NH3 and other reductive species
in the reaction process and are expected to be abundant along
the step edges. Our calculation results show that the presence
of a di-vacancy on the step edge could greatly enhance the
adsorption energy as well as lower the reaction barrier. Once
an oxygen di-vacancy is created on the step edges, we find that
one of the O vacancy sites is energetically favorable for PA
adsorption (Fig. 3(b)) and the binding energy is calculated to
be −0.86 eV. Once adsorbed, the PA molecule would rotate
along the [001] axis, with one of the O atoms in the PA mole-
cule abstracted by the neighboring vacancy. The transition
state will be encountered with two O atoms of PA residing in
the two oxygen vacancies (Fig. 3(c)) and the energy barrier is
0.96 eV, much lower than that on an ideal (10−10) surface.
Following the bond breaking of Cl–O, the final state of an
active O* and HClO3

* adsorbed on a stepped configuration is
reached as shown in Fig. 3(d). The binding energy of the
active O atom in the final state is calculated and its value
would be 0.48 eV, indicating a higher reactivity in further redox
572 | CrystEngComm, 2014, 16, 570–574
reactions. We thus conclude that the stepped structure of
T-ZnO plays a crucial role in the high rate of PA decomposition.

Following the initiation stage, the oxidation exothermic
reaction of NH3 is a multistage process. Firstly, the adsorbed
NH3 can be activated to form NH intermediates through reac-
tion of NH3 with the formed active O atoms on the surface of
T-ZnO. The oxidation reaction of NH occurs through the colli-
sion between NH and O adsorbed on the T-ZnO surface.
Simultaneously, a series of reactions happen between gaseous
NH and O on the surface of T-ZnO, and then the NH could
interact with an oxygen atom (O) to form an HNO species,
while two HNO species would interact to produce N2O. The
reaction pathways of the catalytic mechanism of T-ZnO
nanoparticles are as described in eqn (1)–(4). This is similar to
the proposed mechanism of selective catalytic oxidation of NH3

to N2 over Ag/Al2O3 by Zhang et al.,34 in which the first step
yields NH, and then the NH reacts with atomic oxygen (O) to
form nitroxyl (HNO), which is further converted to N2 or
nitrous oxide (N2O), or NH could even react with molecular O2

to produce nitric oxide (NO); the in situ-formed NO interacts
with the NHx (x = 1, 2) and is reduced to N2.

NH3 + O → NH + H2O (1)

NH + O → HNO + H2O (2)

HNO + HNO → N2O + H2O (3)

N2O + O → NO (4)

T-ZnO can return to its initial state after an active oxygen
atom reacts with NHx (x = 1–3). Therefore, T-ZnO should be
considered as the catalyst accelerating both the diffusion of
HClO4 and the formation of active O atoms, which play a very
important role in these chemical reactions. That is to say,
T-ZnO have abundant atomic steps where the active O atoms
This journal is © The Royal Society of Chemistry 2014
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act as an active center during the decomposition of AP. As a
result, the reverse reaction is held back, leading to the more
complete oxidation reaction of ammonia. With an increase in
the temperature, a series of reactions happen to gaseous NH3

and NH with O on the T-ZnO surfaces, so the adsorbed layer of
HClO4 and NH3 is decreased gradually. The oxidation of ammo-
nia becomes more complete, and the activation energy of AP
decomposition in HTD is decreased from 162.5 kJ mol−1 for
pure AP to 111.9 kJ mol−1 for AP with T-ZnO as shown in Fig. 1.

The thermolysis process and its chemical reaction mecha-
nism for pure AP and AP mixture with T-ZnO were systemati-
cally studied by means of an infrared spectra technique. Then,
the real time species and their concentrations are obtained
and identified by using rapid scanning Fourier transform infra-
red in situ spectroscopy. From Fig. 4, it can be seen that a set
of bands are observed at ~2237, ~2204, ~1313 and ~1269 cm−1

which are associated with N2O.
35 One band located at ~1630

and ~1590 cm−1 is assigned to NO. The other band located at
~2922 and ~2785 cm−1 is assigned to HCl. Also, the band located
at ~3850, ~3736, ~3632, ~3563 and ~1690 cm−1 is assigned to
Fig. 4 IR spectra of decomposed gas products of pure AP (a) and
mixtures of AP with T-ZnO (b) at different temperatures until they are
completely decomposed.

This journal is © The Royal Society of Chemistry 2014
H2O(g). These results indicate that the main gaseous products
of AP and a mixture of AP with T-ZnO are N2O and NO. Addi-
tionally, small amounts of HCl and H2O are produced from
pure AP, which is similar to that in ref. 3. These results can
also be considered as a confirmation for the schematic illustra-
tion of AP decomposition. The N2O/NO intensity ratio is
increased in LTD but is decreased in HTD when the test tem-
perature is elevated for pure AP. This is because N2O cannot be
oxidized into NO continuously at LTD and the reverse reaction
(N2O → NH3 → NH4ClO4) will occur, leading to the cessation
of decomposition of pure AP. Interestingly, as the temperature
rises, the values of N2O/NO remain almost unchanged for the
T-ZnO catalytic system all the time. It can be seen that T-ZnO
will promote the oxidation of NH3 and N2O to produce NO
species continuously, resulting in the decreased activation
energy of AP decomposition. The experimental results are in
good agreement with the theoretical calculations, further
confirming that the atomic steps can facilitate the adsorption
of HClO4 and supply active oxygen atoms to react with NH3,
thus playing a key role in the decomposition of AP.

In summary, surface atomic steps of T-ZnO play very impor-
tant roles in catalytic reaction, compared with well faceted
R-ZnO. The findings of this work provide fundamental insight
into the role of surface defects in catalytic activation and open
up a novel strategy for significantly improving catalytic effi-
ciency through controlling the surface defects of catalysts. We
believe that the strategy may also be applied in the other cata-
lysts, such as Fe2O3, CuO, etc.
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