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on Al(111) surface by periodic DFT calculations
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Abstract The adsorption of hexogen (RDX) molecule on the
Al(111) surface was investigated by the generalized gradient
approximation (GGA) of density functional theory (DFT). The
calculations employ a supercell (4×4×3) slab model and three-
dimensional periodic boundary conditions. The strong attractive
forces between RDXmolecule and aluminum atoms induce the
N−O and N−N bond breaking of the RDX. Subsequently, the
dissociated oxygen atoms, NO2 group and radical fragment of
RDX oxidize the Al surface. The largest adsorption energy is
−835.7 kJ mol–1. We also investigated the adsorption and
decomposition mechanism of RDX molecule on the Al(111)
surface. The activation energy for the dissociation steps of V4
configuration is as large as 353.1 kJ mol–1, while activation
energies of other configurations are much smaller, in the range
of 70.5–202.9 kJ mol–1. The N−O is even easier than the
N−NO2 bond to decompose on the Al(111) surface.
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Introduction

Powderized aluminum (Al) is the most commonly used me-
tallic additive in rocket propellant formulations to improve the

performance of high energetic ingredients. Al powder is
known to increase the combustion exothermicity and regres-
sion rate of solid propellant grains and enhance the blast effect
of explosives as well as their underwater performance [1]. The
efficiency of such processes depends on the size of the Al
particles. Because of its large surface area, Al nanopowder can
produce dramatic improvements in the performance of some
energetic ingredients.

Hexogen (RDX), chemical name of hexahydro-1,3,5-
trinitro-1,3,5-triazine (C3H6N6O6), is a well known high
energetic density material (HEDM) [2, 3]. It has been
widely used in solid propellant as an oxidizer. As Al
nanopowder also is the most commonly used in solid
propellants, it is important to understand the reaction in
RDX/Al composite propellants. Up to now, researches
have been carried out on the thermal behavior, decompo-
sition mechanism, molecule structure, explosive perfor-
mance and application of RDX [4–11]. Thermal
decomposition of gas- and solid-phase RDX has been
studied both experimentally and theoretically to under-
stand the reaction pathways [4]. Boyd et al. carried out
a molecular dynamics characterization of void defects in
crystalline RDX to study the factors which affect the
sensitivities of energetic materials to detonation initiation
[5]. Umezawa et al. investigated the decomposition and
chemisorption of RDX molecule on Al(111) surface using
molecular dynamics simulations [6]. Balbuena employed
DFT method to characterize the infrared and terahertz
spectra of a RDX deposited over an aluminum surface,
which was modeled as a planar cluster of Al16 [12].
Although there are extensive experimental and theoretical
studies on the combustion of Al particle in air [13], only a
few have reported its reaction characteristics with nitr-
amine propellant such as RDX [6, 12, 14–19]. The con-
tent about its adsorption on Al surface is not
comprehensive and decomposition mechanism for RDX
on Al surface is not available. Our work focuses on the
detailed atomic-level description of the interactions
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between the energetic compound of RDX and the Al(111)
surface. The Al surface is considered to be easily exposed,
easily oxidized and chemically corroded [20–22]. In this
paper, we studied six adsorption configurations of RDX
on Al(111) surface to see how the initial adsorption posi-
tions of RDX affect its decomposition pathways. In addi-
tion to studying the geometries and energies of
adsorptions, we investigated the density of states as well.
In view of the DFT calculations were employed to inves-
tigate the chemisorptions and dissociation pathways of
NO on the Rh surfaces [23] as well as H2S on the closed
packed surfaces of a number of important noble metals
and transition metals [24, 25], we also studied the decom-
position mechanism of RDX molecule on the Al(111)
surface with a periodic DFT approach.

Computational method

The calculations performed in this study were done using
the CASTEP package [26] with Vanderbilt-type ultrasoft
pseudopotentials [27] and a plane-wave expansion of the
wave functions. Exchange and correlation were treated
with the generalized gradient approximation (GGA), using
the functional form of Perdew, Burke, and Ernzerhof of
PBE [28]. The electronic wave functions were obtained by
a density-mixing scheme [29] and the structures were
relaxed using the Broyden, Fletcher, Goldfarb, and
Shannon (BFGS) method [30]. In this study, the cutoff
energy of plane waves was set to 300 eV. Brillouin zone
sampling was performed using the Monkhost–Pack
scheme. The values of the kinetic energy cutoff and the
k-point grid were determined to ensure the convergence of
total energies.

The Al surface was represented by a slab model with
periodic boundary conditions. The energy convergence with
respect to the number of layers has been tested to ensure the
reliability and representative of the selected model. The
surface energy (Esurf) is calculated by equation,

Esurf ¼ Eslab � nEbulk

2A
; ð1Þ

here Eslab is total energy of the selected slab supercell,
Ebulk is the energy of the bulk crystal per atom, n is the
number of atoms in the slab calculation, and A is the area
of the slab. The surface energies of 1, 2 and 3 layers are
0.40 eV, 0.35 eV and 0.35 eV, respectively. Therefore,
considering the balance of both computational efficiency
and accuracy, a 4×4 supercell with three layers containing
48 Al atoms was used to study the adsorption of the
molecular systems (see Fig. 1). The slabs were separated
by 16 Å of vacuum along the c-axis direction with a RDX
molecule on the top of the slab. The cell size with a
rhombic box of a×b×c is 11.45×11.45×18.34 Å.

Several tests have been performed to verify the accu-
racy of the method when applied to bulk aluminum and to
the isolated RDX molecules, such as the optimum cutoff
energy for calculations. For bulk aluminum, we have
tested for convergence, using the k-point sampling density
and the kinetic energy cutoff. In these calculations, a
Monkhorst-Pack scheme with mesh parameters of
12×12×12 has been used, leading to 56k-points in the
irreducible Brillouin zone. To determine the equilibrium
bulk parameters of aluminum, we uniformly scaled the
lattice vectors and performed energy calculations as a
function of the unit-cell volume. The calculated lattice
constants are the same values of 4.050 Å at Ecut=
300 eV and Ecut=400 eV. It can be concluded that, at
Ecut=300 eV, the bulk structure is well converged, with
respect to the cutoff energy. The calculated lattice constant
of 4.050 Å is also identical to the experimental value [31],
indicating that the present set of pseudo-potentials is able
to provide a very good representation of the structural
properties of bulk aluminum.

An equally good representation has been observed for the
geometric parameters of the isolated RDX molecules. For
example, on the basis of optimizations of the isolated RDX

Fig. 1 a Lateral view of the
slab model of Al(111). Atoms
in different layers are colored
differently for easy
identification. b Top view of the
surface. Surface sites are
depicted in the panel. c RDX
molecule on the Al surface with
no interactions
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molecule in a rhombic box with dimensions of
11.45×11.45×18.34 Å, we obtain the following equilibrium
geometries of RDX molecule: r (N1−N2)=1.398 Å,
r (N2−O1)=1.252 Å, r (N2−O2)=1.251 Å, r (C−N)=
1.453–1.454 Å. Bond angles of θ (N2−N1−C)=121.0–
121.1°, θ (N1−N2−O2)=116.5° and θ (N1−N2−O1)=116.6°
at Ecut=300 eV. The increase of the cutoff energy to 400 eV
leads to the following values: r (N1−N2)=1.404 Å, r
(N2−O1)=1.250 Å, r (N2−O2)=1.251 Å, r (C−N)=1.454 Å,
and θ (N2−N1−C) = 120 .3–120 .7° , θ (N1−N2−
O2)=116.7° and θ (N1−N2−O1)=116.3°. We noticed that
there are no significant differences between the values obtained
at the two cutoff energies, indicating the convergence of the
results even at Ecut=300 eV. These values are also very close to
the experimental data for crystal RDX (for example: N1−N2:
1 .36 Å, N2−O1: 1 .23 Å, N2−O2: 1 .23 Å, and
N2−N1−C: 118.7°) [8]. The good agreement between our
calculated properties of aluminum bulk and the isolated
RDX molecule with the experiment suggests that the
performed computational method is proper to the ad-
sorption system of RDX molecule on the Al(111) sur-
face, which qualifies us for investigation of molecular
adsorption on the Al(111) surface.

For the case of chemical adsorption configurations, the
corresponding adsorption energy (Eads) was calculated
according to the expression

Eads ¼ E adsorbateþslabð Þ � E moleculeþslabð Þ; ð2Þ

where E(adsorbate + slab) is the total energy of the adsorbate/-
slab system after the RDX molecule being absorbed by Al
slab and E(molecule + slab) is the single-point energy of the
RDX/slab system as a whole but without interactions be-
tween RDX molecule and the Al slab (RDX molecule is as
far as 6.1 Å away from Al surface).

The E(adsorbate + slab) and E(molecule + slab) were calculated
with the same periodic boundary conditions and the same
Brillouin-zone sampling. A negative Eads value corresponds
to a stable adsorbate/slab system. Figure 1 shows the Al slab
model, the absorbed surface sites and the configuration of
RDX molecule on the Al surface atoms with no interactions
of adsorbate/Al.

Transition states (TS) were located by using the
complete LST/QST method [32]. Firstly, the linear syn-
chronous transit (LST) maximization was performed,
followed by an energy minimization in directions con-
jugated to the reaction pathway. The TS approximation
obtained in that way was used to perform quadratic
synchronous transit (QST) maximization. From that
point, another conjugate gradient minimization was per-
formed. The cycle was repeated until a stationary point
was located. The convergence criterion of the transition
state calculations was set to 0.25 eV Å-1 for the root-

mean-square force. The activation energy is defined as:
Ea=ETS−ER, where ETS is the energy of transition state,
and ER is the sum of the energies of reactants.

Results and discussion

The adsorption and decomposition of RDX molecule on the
Al(111) surface are complicated. There exist both physical
and chemical adsorptions, and the latter case results in the

Fig. 2 Adsorption configurations of RDX on the Al(111) surface. V, P
and T denote vertical, parallel and tilted adsorptions of RDX,
respectively
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decomposition of the RDX molecule on the Al surface.
There are four cases as follows:

(1) The RDX molecule is nondissociative, for example,
see Fig. 2, P1.
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According to the orientation of the N1−N2 bond of
RDX molecule relative to the Al(111) surface, V1, V2,
V3 and V4 are four kinds of vertical adsorptions of
RDX, they denote the N atom above a top site, an
hcp site, a bridge site, and an fcc site, respectively, P1
is one kind of parallel adsorption of RDX, as well as
T1 is a tilted adsorption of RDX. Moreover the lateral
and top views of the optimized adsorption configura-
tions after full relaxation of the atomic positions have
been given in Fig. 2.

Geometries and energies

The adsorption energies were calculated by Eq. 2 and given
in Table 1. As Fig. 2 shows, V1 to V4 show the adsorption
configurations that the N1−N2 bond is initially vertical to
the Al surface and above an on-top site, an hcp site, a bridge
site, and an fcc site, respectively. P1 is the adsorption
configuration that RDX molecule was initially parallel to
the Al surface, and T1 is an adsorption configuration that

RDX molecule was initially tilted to the Al surface.
Adsorption at V1 site leads to a complete dissociation of both
O atoms of N2 nitro group. The N2 and two dissociated O
atoms adsorb on Al surface, resulting in a total of two Al−N
bonds and six Al−O bonds. The Al−O and Al−N bond lengths
are in the range of 1.796–1.879 Å and 1.929–1.931 Å, respec-
tively. In configuration V2, both O atoms of the N2 nitro
group also completely dissociated, and three Al−N bonds
and seven Al−O bonds formed (r (Al−O)=1.781–
1.919 Å, r (Al−N)=1.940–2.055 Å). The product of V3
is similar to V1, which forms one more Al−N bond of N2
atom (r (Al−N)=2.048 Å). The V4 configuration decom-
posed as Formula (2). The adsorptions lead to dissociation
of one of nitro O atoms. Both the dissociated and undis-
sociated O atoms interact strongly with neighboring Al
atoms to form four Al−O bonds in lengths of 1.844–
1.891 Å. Besides the vertical adsorption configurations V1
to V4, we also studied the cases in which the RDX molecule
was initially parallel and tilted to the Al surface, as P1 and T1,
respectively. InP1, our study indicated that the RDXmolecule
rotates to maximize the interaction with the Al surface during
the optimization. As a result, the RDX molecule is nondisso-
ciative as shown in Formula (1). The configuration P1 illus-
trates that the RDX molecule symmetrically adsorbed on the
Al surface, and each O atom forms an Al−O bond with an Al
atom underneath (bond lengths are in range of 1.813–1.819 Å).
At the same time, the Al atom below the RDX molecular
center interacts with three N atoms to form three Al−N bonds
(bond lengths are in the range of 2.087–2.095 Å), and in T1
configuration, the RDX decomposed as Formula (4). The
adsorptions lead to the breaking of N−NO2 bond. The decom-
posed NO2 group and the remaining RDX fragment interact
strongly with neighboring Al atoms to form two Al−O bonds
in lengths of 1.791–1.805 Å and twoAl−N bonds in lengths of
1.834–1.933 Å.

As can be seen from Table 1 and Fig. 2, the Eads value
of T1 (−293.1 kJ mol–1) is the smallest, since N−NO2

bond is a very weak bond, one NO2 group dissociated
from RDX and formed two Al−O bonds and two Al−N
bonds. The Eads value of V4 (−351.5 kJ mol–1) is the
second smallest, since there is only one O atom

Table 1 Adsorption energies
(Eads), activation energies (Ea)
and adsorption sites of RDX on
the Al(111) surface

aN1 atom on the top site on
Al(111) surface.

Relation of N1−N2 of RDX molecule with the Al slab Configurations Adsorption
sites

Eads

(kJ mol-1)
Ea

(kJ mol-1)

Vertical V1 top −798.5 202.9

V2 hcp −835.7 143.1

V3 bridge −809.2 70.5

V4 fcc −351.5 353.1

Parallel P1 spread −537.4 –

Tilted T1 top a −293.1 121.5
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dissociated and formed four Al−O bonds without any Al
−N bond. Otherwise, when two nitro O atoms of RDX
molecule are dissociated, the corresponding adsorption
energies are very large. The adsorption energy of V1,
V2 and V3 are −798.5, −835.7 and −809.2 kJ mol–1,
respectively. Although the decomposition products of
V1, V2 and V3 are similar, the corresponding adsorption
energies are different, because there is an additional Al−N
bond in V3 as compared to V1 (Eads is almost 10.7 kJ
mol–1 larger), as well as there is an additional Al−O bond
in V2 as compared to V3 (Eads is almost 26.5 kJ mol–1

larger). Although the configuration P1 forms six Al−O
bonds and three Al−N bonds V3, the corresponding ad-
sorption energies are much smaller than those of V3
(almost 271.8 kJ mol–1 smaller), because the RDX mole-
cule in P1 does not dissociate, and there is no bond
broken. During the adsorption process, the nitro N and
O atoms interact with Al atoms to form weak bonds, and
release less energy as compared to V3.

As a whole, when the decomposition products of the
RDX molecule in V1, V2 and V3 configurations are of
three radical species, their adsorption energies are much
larger than those of two radical species and nondissocia-
tive configurations. Herein, these radical species readily
oxidize the Al and form strong Al−O and Al−N bonds.
In a word, for all the above mentioned configurations of
RDX except P1, the RDX molecule is decomposed to
different products when initially being placed on differ-
ent surface sites, resulting in strong chemical adsorp-
tions. In addition to the formation of strong Al−O
bonds, the Al−N bonds are also formed through the
strong interaction of nitro N atoms with the surface Al
atoms. The fact that the dissociation of the nitro group

on the Al(111) surface was observed in simple energy
minimizations suggests that the uncoated Al surface is
very active to the electron acceptors as further discussed
below.

The density of state (DOS)

The electronic structure is intimately related to their funda-
mental physical and chemical properties. Moreover, the
electronic structures and properties are related to the adsorp-
tions and decompositions for the adsorbates. The discussion
above suggests that the decomposition of the RDX molecule
on the Al surface initiates from the rupture of N−O bond and
results in the formation of Al−O and Al−N bonds.
Therefore, the knowledge of their electronical properties
appears to be useful for further understanding the behaviors
of the RDX molecule on the Al surface. Figure 3 displays the
total DOS and their projection on the N, O and Al atoms for all
adsorption configurations. Clearly, the total DOS equals the
sum of its projections on N, O and Al atoms. The electronic
structures vary with adsorption configurations due to the dif-
ferently dissociated products of the RDX molecule.

As can be seen from Fig. 3, for N and O atoms of P1,
the DOS peak changes greatly, compared to c, the peaks
disappeared at the energy of 0 eV. The values of the
peaks become smaller, while the number of the peaks
increases, and the DOS of Al atoms is almost un-
changed, as compared to c. For T1 configuration, the
peaks also disappeared at the energy of 0 eV for N
atoms, and the values of the peaks become smaller, while
almost all the peaks split into double ones. For V1 to V4
configurations, the DOS of O atoms are similar to each
others in V1, V3 and V4 configurations. Their highest

Fig. 3 Total DOS and their projections on the N, O, and Al atoms for all adsorption configurations. c is a non-adsorption configuration
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peaks of DOS for O atoms become smaller than those of
c at the energy of −5 eV, and the peaks become smooth-
er, whereas the number of DOS peaks becomes more in
the range of −10 to −5 eV, as compared to c. For V2, the
peak of the DOS projection on O atoms becomes smaller
because of one more Al−O bond formed. The peaks of
DOS become smoother in the range of −10 to 0 eV, as
compared to V1, V3 and V4 configurations. At the same

time, the DOS on N atom of V1, V2 and V3 are similar,
the peaks become lower and smoother in the range
of −10 to 0 eV. It is because that there are two to three
Al−N bonds formed in these three configurations. And
for V4, because there is no Al−N bond formed, the DOS
of N atoms almost does not change between −10 and
0 eV. From the above analysis we can draw that when
bonding interactions between the absorbates and the Al
surface are strengthened, the DOS shifts and becomes
smoother with respect to those of c. These explain the
dissociation of N−O bonds and the formation of strong
Al−O and Al−N bonds. In addition, the lower the DOS
peak number of N and O atoms, the greater the number
of the formation of Al−O and Al−N bonds.

The mechanism of dissociation

The reactants (R), transition state (TS) and products for the
surface reaction of RDX molecule on the Al(111) were
depicted in Fig. 4, and a detailed energy profile for four
dissociation of adsorbed RDX configurations were pre-
sented in Fig. 5. The activation energies and reaction ener-
gies at transition state were tabulated in Table 1. As can
be seen from Fig. 4, the RDX molecule interacts with
several Al atoms that deviate from the Al surface obvi-
ously for V1(TS). The O2 atom moves away from N2
atom, as the distance between N2 and O2 increases from
1.218 to 1.821 Å, while the distance between N2 and O1
increases from 1.225 to 1.415 Å. The activation energy
(Ea) of this transition state is 202.9 kJ mol–1 (see Table 1
and Fig. 5), indicating that this process is hard to occur.
In the decomposition process, the O2 atom keeps moving
to the Al surface, and the O1 atom also leaves the N2
atom. These two O atoms bind with the surface Al atoms
and form six Al−O bonds. In addition, another two Al−N
bonds (between N2 atom and two surface Al atoms)
come into being. For V2(TS) and V3(TS), the RDX

Fig. 5 Relative energy profile for RDX decomposition on the Al(111)
surfaces

Fig. 4 Lateral views of RDX on the Al(111) surface. The index R and
TS denote the reactant and transition state, respectively
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molecule does not decompose in these two states, as
compared to the local minimum of physical adsorptions,
the RDX molecule moves down toward the Al surface
and interacts with surface Al atoms. As a result, some Al
atoms deviate from the Al surface obviously. Compared
to the initial state, the bond length of N2−O1 bond in
V2(TS) increases from 1.252 to 1.600 Å and those in
V3(TS) increases from 1.252 to 1.314 Å, while the bond
angle θ(O1−N2−O2) in V2(TS) decreases from 126.8° to
114.9° and in V3(TS) decreases from 126.8° to 121.9°.
With the reaction going on, two O atoms dissociated
from N2 atom. The distances between the partially dis-
sociated O1 atoms and the nearest Al atoms decrease
from 3.639 to 2.683 Å (V2) and from 3.736 to
2.457 Å (V3). The activation energies (Ea) are 143.1
and 70.5 kJ mol–1, respectively (Table 1 and Fig. 5).
After the transition state, the N2−O1 and N2−O2 bonds
rupture. The dissociated moiety binds to the surface and
forms seven Al−O and three Al−N bonds (in V2) and six
Al−O and two Al−N bonds (in V3).

Then for V4(TS), compared to the local minimum of
physical adsorption, the RDX molecule moves toward the
Al surface and attracts two Al atoms that deviate from the Al
surface obviously, and the bond length of N2−O1 bond
increases from 1.252 to 1.519 Å, while the distances be-
tween the O1 and O2 atoms and the nearest Al atoms both
decrease from 2.916 to 2.563 Å and 3.025 to 2.525 Å,
respectively. The activation barrier (Ea) of V4(TS) is
353.1 kJ mol–1 (see Table 1 and Fig. 5), which means that
this process is hard to occur. With the reaction going on, the
O1 atoms dissociated from N2 atom, and O1 atom move
apart from N2 atom and the dissociated moiety binds to the
surface and forms four Al−O interactions (see V4).

Finally, for T1 (TS), the RDX molecule interacts with Al
surface where one Al atom obviously deviates from the Al
surface. The NO2 group moves away from RDX, as the
distance between N1 and N2 increases from 1.402 to
1.754 Å. The activation energy (Ea) of this transition state
is 121.5 kJ mol–1 (see Table 1 and Fig. 5). With the decom-
position process going on, the NO2 group departures away
from the remaining moiety of RDX. At the meantime, both
the NO2 and the remaining fragment of RDX move toward
the Al surface. These two fragments bind with the surface
Al atoms and form two Al−O bonds and two Al−N bonds
(see T1). Although the N−NO2 bond is the weakest bond in
isolated RDX, the N−O is even easier to decompose on the
Al(111) surface.

Conclusions

Based on the investigation of RDX molecule on Al(111)
surface, the major findings can be summarized as follows.

(1) There exist chemical adsorptions when the RDX
molecule approaches the Al surface. The Al surface
is readily oxidized by the oxygen-rich nitro group
of the dissociatively adsorbed RDX. Dissociations
of the N−NO2 bond and N−O bonds of nitro group
result in the formations of strong Al−O and Al−N
bonds. As the number of the formations of Al−O
and Al−N bonds increases, the corresponding ad-
sorption energy increases greatly.

(2) The DOS projections on the N and O atoms for the
dissociated N−O bonds and N−NO2 bond adsorptions
occur with an obvious shift of peaks, which infers that
energy bands become broad and the interactions of
chemical bonds are strengthened.

(3) The decomposition processes on Al surface are pre-
dicted to be exothermic. The activation energy for V4
configuration is as large as 353.1 kJ mol–1. However,
the activation energies of other configurations are in
the range of 53.7 to 202.9 kJ mol–1.

(4) Although the N−NO2 bond is the weakest bond in
isolated RDX, the N−O is even easier to decompose
on the Al(111) surface.
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