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Towards understanding the catalytic properties
of lead-based ballistic modifiers in double base
propellants†

Lisette R. Warren, Colin R. Pulham and Carole A. Morrison *

Lead-based ballistic modifiers are additives in double base propellants (DBPs) which render the burn rate

insensitive to changes in pressure within a defined pressure range, thus imparting greater control of

combustion conditions. In-coming European legislation will soon ban the use of lead in propellant

formulations, however, and few suitable candidate replacement materials are currently available. In an

effort to understand better the unique properties offered by lead-based modifiers, we present a first-

principles computational study on Pb, PbO, PbO2, SnO2 and Bi2O3, all of which have been investigated

experimentally as ballistic modifier materials. Our study demonstrates that various quantifiable properties

exist for the lead-based materials. Overall, they have narrower electronic band gaps, lower surface

energies and lower surface work functions than the lead-free systems, indicating a greater propensity to

form stable chemical surfaces with higher catalytic activity. We also show that of the set, only Pb and

a-PbO can support the formation of a weakly bound layer of amorphous carbon, a key experimental

observable in the burning of DBPs.

Introduction

Double base propellants (DBPs) are a form of solid rocket
propellant consisting of the nitrate esters nitrocellulose
(40–70%), and nitroglycerin (15–41%, see Fig. 1), which bind
together to form a polymeric gel. This mixture acts as a
combined fuel and oxidiser, and finds application in missile
and rocket propulsion due to the rapid release and expansion
of smokeless gaseous combustion products.1,2

The burning rate r for DBPs is represented by Vieille’s law,
according to:

r = apn (1)

where a is a constant dependent on the chemical composition
and the initial propellant temperature, p is the combustion
chamber pressure, and n is the pressure exponent of the
burning rate.1,3 For DBPs n is non-zero, such that the burn
rate is significantly dependent on pressure, which leads to
instabilities in the performance of rocket motors.2 This has
been counteracted by additives, termed ballistic modifiers or
burn-rate catalysts, which alter the burning behaviour of the
propellant in three distinct ways, as summarised in Fig. 2.4

First, in the low-pressure range the ballistic modifier catalyses
the burn rate to substantial rates, in a process termed super-
rate burning.5,6 Second, as the pressure increases, the super-
rate burning rapidly disappears to produce either a plateau
burn rate with a low-pressure index (0 o n o 0.2), or a decrease
in burn rate where the pressure index drops below zero; the
latter phenomenon is termed mesa-rate burning.2,3,7 Finally,
at higher pressures, the burn rate returns to approximately the
level of the unmodified propellant.

The first ballistic modifiers were identified during World
War Two, when researchers serendipitously discovered that the
use of lead-containing lubricants in the propellant manufacturing
process lead to a greatly increased pressure exponent in the
ambient pressure region.3 Lead-based ballistic modifiers are
commonly used in the form of lead salts of organic acids such

Fig. 1 Structures of nitroglycerin [left] and fully-nitrated nitrocellulose,
14.4% N by weight [right].
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as lead acetate, lead salicylate and lead b-resorcylate, or as the
oxides PbO, Pb3O4 and PbO2.8–12 To date, only these lead-based
compounds support all three burn-rate effects, while the inclu-
sion of other additives, such as copper-based products and
carbon black, have been found to further increase the catalytic
effect of the lead salts.2,12–14

The on-going dependence on lead is problematic as this
highly toxic element presents hazards in its use and disposal, and
impending European Union regulations (Reach – Registration,
evaluation, authorisation and restriction of chemicals)15 will ban
their use. Hewkin et al. tested a wide range of alternative modifiers
including CuO, Fe2O3, ZnO, Co2O3 and SnO2 which, while increas-
ing the combustion rate, could not support plateau burning.11

In particular, CuO and SnO2 have been found to produce extensive
super-rate burning at low pressures, but fail to plateau off the burn

rate as the pressure increases. A recent review on current ballistic
modifiers, which documents the trends towards nano-scale
particles of ballistic modifiers, maintains the dependence on
lead to generate plateau burning.16 Nano-Bi2WO6 was recently
reported as a promising lead-free alternative capable of achieving
plateau burning, however this was observed at a considerably
higher pressure range than for the lead-based modifiers which
may limit its application, and no mesa effect was observed.17

In order to understand how ballistic modifiers alter the
burn-rate of DBPs, the decomposition mechanism should
be considered. Much of the experimental work and theory
development was documented in the 1950s–1990s, and has
recently been summarised in a review article.18 It is known that
combustion of DBPs occurs in a succession of distinct zones, as
depicted in Fig. 3.3,11 Initially the temperature rises in the
conductive heat zone until thermal degradation of the DBP is
significant, wherein the nitrate esters decompose (reversibly)
to RO� and NO2 just below the burning surface. A series of
simultaneous secondary reactions then occur to deliver primarily
aldehyde and NO2 fragments to the burning surface. Burning
surface temperatures are typically on the order of 300 1C, and
do not exceed 500 1C.7 Highly exothermic gaseous oxidation
and reduction reactions then occur in the fizz zone, and the
temperature rapidly increases. A variety of products are produced,
primarily NO, CO, CO2 and H2O.19 Temperatures at the end of the
fizz zone are typically 800–1000 1C. Redox reactions of these
products in the next zone (the dark zone) takes place slowly unless
the pressure is particularly high. This is then followed by the flame
zone, where the final combustion products of N2, CO2, CO and
H2O are formed, and a luminous flame is produced.

From the perspective of DBP decomposition in the presence
of ballistic modifiers, there is consensus in the literature that
catalysis takes place in the fizz zone, and therefore involves
reactions to produce NO2 and aldehyde fragments, and to

Fig. 2 Burning rate-pressure relation for non-catalysed and catalysed
DBP.8 Copyright (1974) AIAA.

Fig. 3 Schematic diagram of the flame regions in the DBP combustion zone. Reproduced from ref. 18 with permission from Wiley.
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support potential reduction/oxidation reactions, in these
respective parts of the flame.5,6,9,20,21 A thermochemical study
in 1984 showed that a large variety of lead salts all decompose
within the temperature range of 300–500 1C, which is consis-
tent with temperatures just below the burning surface.10 It is
therefore likely that the catalytically active form of the ballistic
modifier will be a decomposition product of the lead salts.
Furthermore PbO and PbO2 have been directly proven to be
capable of produce plateau burning,11,12,22 whilst mass spectro-
metry studies have identified that Pb, PbO, PbO2, H3PbO4 and
elemental carbon are all formed in the decomposition of lead
ballistic modifiers within the combustion process.9 Of the
different lead oxide species, PbO is widely regarded as the most
stable form,23 and so it is likely that other forms of lead oxide
will convert to this in the combustion flame.

Notable to the catalytic decomposition of DBPs is the
observation that the addition of carbon black alongside lead
salts significantly improves the initial super-rate burning and
plateau burning rates. Furthermore, the existence of a carbon
matrix at the burning surface in the presence of lead salts has
been identified in many experiments.5,7,9,11,24–26 A compelling
catalytic theory for the decomposition of DBPs with ballistic
modifiers is that the initial formation of this carbon soot layer
is responsible for modifying the burning surface and aiding
super-rate burning; the subsequent loss of the carbon matrix
with increasing pressure has then been proposed for inducing
the plateau-burning effect.11,18,27

As the available experimental evidence points towards the
ballistic modifier decomposing to catalytically active clusters
interacting at a solid/gas interface, a computational modelling
investigation into the surface properties of various metal and
metal oxides surfaces can offer fundamental insight into the
nature of these catalytic processes. To this end, herein we
simulate the electronic properties of the bulk crystalline mate-
rials of Pb, PbO and PbO2, which have demonstrated success
as burn-rate modifiers when added to DBP formulations, and
compare against Bi2O3 and SnO2 which, while capable of

accelerating reactions at low gas pressures, have failed to
support plateau or mesa burning effects.11,12 This study seeks
to identify the likely surfaces that will form in the condensed
phase and to compute various chemical reactivity markers,
namely electronic band gaps, surface energies and surface work
functions, which may help explain the differences in chemical
reactivity. A layer of amorphous carbon has been deposited onto
each model to investigate its propensity to support a carbon layer.
In this way we identify some unique properties of the lead-based
systems, in the hope that these metrics will accelerate the search
for non-toxic ballistic modifier replacements.

Results and discussion
Structure and electronic properties of bulk models

In order to investigate the catalytic properties of lead-based
ballistic modifiers, condensed phase models of Pb, PbO and
PbO2 have been investigated. SnO2 and Bi2O3 have also been
studied to provide a comparison with lead-free alternatives,
which while known to support super-rate burning, fail to achieve
the plateau and mesa rate effects.

As the temperature of the burning surface in DBPs does not
exceed 500 1C,7 the phase of the bulk model to be considered
should be stable under these conditions. For PbO there are two
known stable phases: litharge a-PbO (space group P4/nmm)
is the ambient temperature structure, which transitions to
massicot b-PbO (space group Pbcm) at temperatures above
500 1C.28–30 As this is within the limit of the burning surface
temperature, both phases of PbO have been included in this
study. Both are characterised by layers orthogonal to either the
c- (a-PbO) or a-axis (b-PbO), wherein all oxygen atoms are
sandwiched between two Pb sub-layers (see Fig. 4). For both
systems inter-layer spaces are occupied by the lone pairs on
Pb(II). For PbO2, a-PbO2 is known to transform into b-PbO2 at
room temperature and under ambient humidity conditions,29

whereas the reverse transition appears to only occur at high

Fig. 4 Structures of bulk models of lead-based (top) and lead-free (bottom) ballistic modifiers investigated in this study. Space group is in paranthesis.
Colour scheme: red (O), dark grey (Pb), purple (Bi), and light grey (Sn).
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pressure.29 Thus, only the b-form (space group P42/mnm) is
considered in this study. The most stable phase for SnO2 (stable
up to 800 1C and high pressures)31 is isostructural with
b-PbO2.32 Unlike in PbO, the Pb/Sn(IV) metal atoms are fully
coordinated to oxygen atoms, resulting in an absence of metal-
based lone pairs in these structures. Bismuth oxide has four
known crystal phases (a-, b-, g- and d-); this study focuses on the
monoclinic a-form (space group P21/c),33 which is the most
stable phase up to 1000 K.34 To complete the study, we also
include metallic lead, which has a face-centered cubic lattice
(space group Fm%3m), consisting of four atoms in the unit cell.
Images of the bulk crystalline structures studied in this work
are presented in Fig. 4.

Input structures were taken from the ICSD, with calculations
performed as described in the Computational Methods section.
In order to interpret the electronic behaviour of the bulk
models, the electronic band structure and projected density
of states (PDOS) onto atomic orbitals were calculated (Fig. 5
and 6). A variety of functionals were tested; the hybrid HSE06
functional performed very well for semiconducting systems,
and the GGA PBE functional performed best for metallic Pb.
Full details of the optimised structures are recorded in the ESI;†
for all models reported in the main text the optimised unit cell
volumes deviated from the experimental values by no more
than 2.5%. Due to the layered nature of the PbO models, lattice
parameters have not been optimised for these models, as
attempts to account for dispersion interactions via the Grimme
D3 dispersion correction scheme did not result in a satis-
factory unit cell optimisation (see ESI†). Similarly, for a-Bi2O3,
the correction scheme resulted in severe over-binding of the
b-axis, and so unit cell optimisation without dispersion was
pursued for this model.

It is evident from Fig. 5 that the electronic band gaps of the
lead-based materials are generally smaller than for the non-lead
oxides. Pb is, as expected, metallic, whilst b-PbO2 is a semi-
metal with a small band gap, in agreement with both experi-
mental reports35,36 and other DFT calculations.35 Both a- and
b-PbO are semiconductors, with the a-form presenting a smaller
indirect band gap of 1.78 eV, in direct agreement with both
experiment37,38 and computation.39 The b-form of PbO presents
a computed band gap of 2.89 eV with the HSE06 functional,
compared to an empirical value of 2.6–2.7 eV.38,40 The electronic
structure for a-Bi2O3 (band gap 3.23 eV) is close to previous
calculations reported for the PBE functional (2.8 eV)41 and is
similar to experimental values (2.5–2.8 eV).42,43 Finally, SnO2 is
found to be a direct band gap insulator; experimental data reports
a direct transition of 3.56 eV,44 and our simulation matches a
previous report using the same functional (2.8 eV).45 Thus, even
though PbO2 and SnO2 are isostructural and present very similar
electronic structures, the band gap for PbO2 is significantly
shorter compared to SnO2. This can be attributed to relativistic
effects: while in both cases the metal s-states form the lower
conduction band, the Pb 6s states reside much lower in energy
than the 5s Sn states, thereby narrowing the band gap.46

Further detail into the electronic nature of the valence band
maximum (VBM) and conduction band minimum (CBM) can

be gathered from the projected densities of states in Fig. 6.
Comparing the lead-based systems first, the 6p states dominate
the VBM near the Fermi level for Pb, where (6p)2 forms the
outermost valence electrons. Both a- and b-PbO present very
similar density contributions around the Fermi level; their
electronic nature differs only in the magnitude of the band
gap. Compared to Pb, in PbO the unoccupied Pb p-states now
shift to the CBM. The valence bands are constructed from
hybridised O p-states and Pb s- and p-states; the nature of this
interaction has been discussed in detail by Walsh et al.,47 and is
used to account for the formation of the asymmetric lone pair
on Pb(II) in litharge a-PbO. Further oxidation to b-PbO2 now
results in the unoccupied metal 6s state forming the major
contribution to the CBM. Oxygen p-states now dominate the
valence band edge, with a very minor contribution from the
metal d-states. Thus, each of the lead-based systems (Pb, PbO
and PbO2) present different orbital contributions around the
Fermi surface, and can be considered to be chemically distinct,
while overall presenting relatively small electronic band gaps.

For the lead-free materials, Bi is found in oxidation state(III)
in a-Bi2O3, and therefore presents the same valence electron
count as Pb(II) in a-PbO. Thus, very similar electronic contribu-
tions are observed around the Fermi surface, where interaction
between the Bi 6s-states, O 2p-states, and unoccupied Bi 6p-states
have also been identified to be responsible for the presence of an
asymmetric lone pair.46 SnO2 is isostructural to PbO2, such that
electronic contributions to the VBM and CBM are very similar for
the two systems (see Fig. 6).

From these simulations, a trend emerges that the electronic
band gap, which is a metric of chemical reactivity, is smaller for
the Pb-based systems than for the lead-free systems. For all
metal oxide models, the O 2p states dominate the valence band
maximum, with contributions from metals varying depending
on their oxidation state.

Properties of bare surfaces

2D periodic slabs were generated to study the surface properties
of the lead-based and lead-free models (see Computational
methods). Atomic relaxations only were considered, and features
such as surface reconstructions and defect formation effects were
not included. While this may lack authenticity with the experi-
mental observation of e.g. flow of powders (where high surface
energies may be indicative of materials that clump), it can provide
valuable insights into their stabilities at point of formation in a
hot gas stream. Surface energies are used to understand the
chemical stability of the surfaces, as well as the structural nature
of each surface, while surface work functions indicate the energy
required to oxidise the material, and therefore provide another
metric for chemical reactivity. Structures for the other (less stable)
studied surfaces with relaxed surface energies are reported in
the ESI.†

Ball-and-stick models of the most stable surface for each
system are shown in Fig. 7. Computed surface energies and
work functions are presented for both the hybrid HSE06 func-
tional and GGA PBE functional in Table 1. We note that surface
energies computed by the HSE06 hybrid method are generally
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greater than those obtained for the GGA PBE method. For all
systems, the computed band gap of the surface is smaller than
that of the bulk system (see Table 1 and Fig. 5). As with the bulk
systems, a similar trend is observed where the Pb-based sys-
tems portray smaller band gaps than the Pb-free modifiers,
which again suggests a more chemically reactive state. The
nature of the VBM and CBM is the same as observed for the

bulk models. For all surfaces, the electron density around the
band gap is located largely on the exposed surface states due to
the increasing chemical activity of the unsaturated valency sites
(see ESI†).

From the perspective of forming clusters in the condensed
phase of DBPs, low values for the surface energy indicate
chemical stability of the surface and ease of formation, while

Fig. 5 Computed band structures and band gaps for the best fitting functional for each of the lead-based and non-lead systems. Experimental band
gaps also given.
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higher values indicate an energetic barrier to formation and a
higher propensity to form larger clusters. From this study, it is
notable that the Pb-based surfaces all present relatively low
surface energies for formation, which in turn suggests a com-
parative ease for these compounds to form small clusters with
stable faces. The (111) surface of Pb was deduced to be the most
stable, as expected for a fcc metal.56 For a-PbO and b-PbO the
(001) and (100) surfaces, respectively, which arise due to the
breaking of weak van der Waals interactions between the layers,
were found to be the most stable, in agreement with previous
reports (on isostructural SnO)57 and b-PbO.53 For b-PbO2 and

SnO2, the (110) surface was deduced to be the most stable, in
agreement with other DFT calculations reported for isostructural
rutile TiO2,58–60 which has also been verified experimentally.61

Due to breaking of Pb–O bonds, b-PbO2(110) has a noticeably
higher surface energy for formation compared to the other lead
systems. Isostructural SnO2, in turn, presents a much higher
surface energy value, attributed to the severance of stronger
Sn–O bonds compared to Pb–O.62 Thus, SnO2 presents the highest
surface energies for formation in the test set, and therefore a
greater propensity to form particles of larger diameter to mini-
mise the surface/volume ratio. This particle agglomeration effect

Fig. 6 Computed density of states for the best fitting functional for the lead-based and non-lead systems.
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has been observed for SnO2 in a DBP.12 Finally, in agreement with
the computational study by Lei and Chen,34 the (010) surface with
terminating oxygen atoms was determined to be the most stable
cleaved model for a-Bi2O3.

The work function is a measure of the ease of electron
removal from the valence band of the material to the vacuum.
Our HSE06 computed values (see Table 1) for Pb and a-PbO
match experimental values well, and the PBE computed work

Fig. 7 Ball-and-stick models of most stable surface for each studied system as indicated; expanded for visualisation. Surfaces are 2D periodic models,
with no directionality along z-direction. Colour scheme: red (O), dark grey (Pb), purple (Bi), and light grey (Sn).

Table 1 Summary of surface band gaps, surface energies (g) and surface work functions (j) for the lead and non-lead systems

System Band gap (eV) g (J m�2) HSE/PBE Other works g (J m�2) j (eV) HSE/PBE Other works j (eV) Expt j (eV)

Pb(111) Metallic 0.33/0.32 0.28a 48 3.8/3.8 3.78a 48, 3.83a 49 4.2550

a-PbO(001) 1.72c 0.34c/0.20c 0.08b 51 4.5c/3.6c 3.60b 51 4.4652

b-PbO(100) 2.89c 0.33c/0.24c 0.13a 53 5.3c/4.6c — —
b-PbO2(110) Metallic 0.77/0.55 — 7.5/6.9 — —
a-Bi2O3(010) 3.18 0.37/0.37 0.26a 34, 0.38b 51 5.5/4.9 4.1b 51 4.8252

SnO2(110) 2.18 1.26/1.04 1.04a 54, 1.31b 51 7.5/6.6 7.48b 51 4.55,52 4.4–5.755

Functionals: a PBE functional. b PBEsol functional. c D3 dispersion correction applied.
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function matches another report using the PBEsol functional.51

For a-Bi2O3(010), both computed values are higher than pre-
viously reported,51 but match better with experiment. PbO2 and
SnO2(110) predict much higher work functions than experi-
mentally observed, but match previous theoretical works for
SnO2(110).51 The reason for this disparity is likely due to the
experimental ease of formation of oxygen vacancies on these
surfaces, which has been found to raise the Fermi level closer to
the conduction band, resulting in lower work functions.63

Despite this, the trends between experiment and theory remain
consistent, and high values for the surface work functions of
PbO2 and SnO2(110) remain.

With respect to chemical reactivity, the very low work func-
tion value obtained for Pb(111) indicates that the surface is
easily oxidised, in accordance with the metallic nature of this
material. All other surfaces are harder to oxidise. While the
inclusion of O p-states to the Fermi surface will increase the
work function compared to Pb (see Fig. 6 for bulk model
density of states, ESI† for the surface model equivalents),
all oxide surfaces retain a significant metal contribution bar
b-PbO2 and SnO2 which are almost entirely composed of O
p-states, and thus return the largest surface work functions of
the set. We observe that the work function for a-PbO(001) is
lower than that for a-Bi2O3(010), suggesting the former is more
readily oxidised than the latter. b-PbO(100) is also narrowly
smaller than a-Bi2O3(010). Overall, the lower work functions
observed for Pb and the PbO polymorphs suggest these surfaces
can be more readily oxidised than the other systems in the text
set, which in turn may account for why Pb-based compounds
aide the reduction of aldehyde fragments to form carbonaceous
material at the burning surface in DBPs.

Thus a clear picture emerges from the computational
modelling work performed on the bulk models and bare surfaces.
Pb and PbO present lower (more stable) surface energies, lower
surface work functions and smaller electronic band gaps, indicating
these materials possess a greater chemical reactivity compared to
the less stable PbO2 and the Pb-free ballistic modifiers included in
the test group.

Carbon binding study to surface models

An important feature of the catalytic activity of ballistic modifiers
in DBPs is their propensity to support a large amount of amor-
phous carbon at the burning surface. In particular, a compelling
theory is that the formation of this carbon soot layer, and its
subsequent loss with increasing pressure, is responsible for the
super-rate and plateau/mesa burning mechanisms in DBPs.18,27

To test this hypothesis, layers of amorphous carbon have been
deposited onto each of the most stable surface models identified
in the previous section. The aim is to investigate the interaction
between a carbon layer and the surface; if the bare surface
remains intact then it becomes possible to define an adsorption
energy (see ESI†). Owing to the complex nature of the amorphous
layer it is not expected that the true energy minima will be
obtained, but any variation in interaction across the model
surfaces should yield further critical insight into the enhanced
catalytic behaviour observed for the Pb-containing modifiers.

Initial adsorption models, constructed in order to adsorb
equivalent amounts of carbon to each surface (ca. 1 carbon
atom per 1.4 Å2 of surface area) are presented in the ESI.† The
output structures obtained and binding energies obtained
where possible are shown in Fig. 8; optimised properties are
also displayed in the ESI.†

As observed from the negative binding energies in Fig. 8,
binding of a carbon layer to all surfaces results in favourable

Fig. 8 Optimised adsorption models and energies for binding amorphous
carbon to bare metal and metal oxide surfaces.
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adsorption interactions. For a-PbO(001) and Pb(111), the
absence of any oxygen atoms at the binding surface means
that only relatively weak Pb–C bonds can form, and it is likely
that the carbon layer would be easily detached. These models
therefore appear to support the build-up and reduction of an
amorphous carbon layer, as postulated in the carbon soot
theory to account for all three DBP burn rate effects sum-
marised in Fig. 1.18 The b-PbO and b-PbO2 surfaces have more
accessible oxygen sites that take part in binding to carbon, and
structural distortion effects are observed in both which render
the calculation of carbon binding energies unreliable. For the
latter model the oxygen atoms are ripped out of the surface to
form part of the carbon matrix. While the removal of oxygen
atoms will introduce defects and likely increase the reactivity of
Pb sites, it seems unlikely that this model could support stable
attachment of a carbon layer. Interestingly, while SnO2(110)
and PbO2(110) are structurally very similar, the SnO2 surface
model remains intact upon carbon binding, again demonstrating
the significantly stronger Sn–O bonds compared to Pb–O.62

Similarly, carbon binding to a-Bi2O3(010) appears to leave the
surface largely intact, and strong C–O interactions results in a
relatively strong surface attachment. With respect to their
experimental action as ballistic modifiers, this likely explains
why SnO2 is observed to build up large layers of carbon matter,
sustaining super-rate burning but failing to achieve plateau/
mesa-rate burning through the loss of this layer.12 In the case of
a-Bi2O3 (and it’s respective acidic salts), addition to double-base
propellants results in accelerated burning at low pressures,
but fails to achieve plateau burning at the low pressures of lead
salts.64–66

Conclusions

There is a pressing need to find non-toxic replacements for
lead-based ballistic modifiers in double-base propellant rocket
systems. Consensus in the literature points towards decompo-
sition of the ballistic modifier to form metal-containing clusters
at the burning surface in the propellant combustion zone; these
clusters act as catalytic sites to seed decomposition of the nitrate
ester fuel. As no suitable lead-free alternatives exist, this study
reports on a first principles simulation study to identify key
metrics found for lead-based compounds.

In summary, bulk electronic band structures, surface elec-
tronic properties, surface energies and surface work functions
have been investigated to gain an understanding into the
electronic properties of the systems studied. A carbon-binding
study has also been performed to investigate the interaction
between a carbon layer and the bare surface. For the bulk
materials, the lead-based systems (Pb, a-PbO, and b-PbO2)
present smaller electronic band gaps, suggesting a greater
chemical reactivity, than the lead-free alternatives. The surface
energies obtained for each model, which are indicative of the
relative ease for each material to form clusters with stable faces
at a gas/solid reactive interface, indicate that the presence of
lead renders the bulk models more energetically favourable to

cleave. Calculated surface work functions suggest that the
lead-containing models are easier to oxidise than the lead-free
models. Intriguingly, literature reports on Bi2WO6, introduced at
the start of this paper as the first lead-free material capable of
supporting plateau rate burning (at higher gas pressures than for
the Pb-based salts), suggest low surface energies, a band gap
smaller than that reported herein for Bi2O3, and a surface work
function in the upper range of materials reported here.67 Finally,
the carbon-binding study has revealed weak binding to the Pb and
a-PbO surfaces, destruction of the b-PbO and b-PbO2 surface, and
stronger binding to the a-Bi2O3 and SnO2 systems. This suggests
that the first two systems alone are capable of supporting the
growth and destruction of the amorphous carbon layer postulated
to account for the modified burn-rate properties inferred by the
lead-based additives. Taken together, this first principles study
has highlighted important metrics that may cast light on the
enhanced ballistic modifier properties offered by the current
materials used, which we hope provides guidance in the
on-going search to find lead-free alternatives.

Computational methods
Bulk models and surfaces: CRYSTAL17

In order to make use of hybrid DFT for accurate electronic band
structures, localised basis set calculations have been performed
using the ab initio periodic CRYSTAL17 code. Pseudopotentials
or all-electron atom-centered Gaussian-type functions are used
for basis sets through the standard LCAO method.68 An all-
electron basis set was used for O (8-411d1 in the notation used
by CRYSTAL),69,70 and for Pb, Bi and Sn the scalar-relativistic
small-core pseudopotential developed by Metz, Stoll and Dolg71

was employed along with 22 (Pb, Sn), and 23 (Bi) valence
electrons treated explicitly. For Bi2O3, PbO2 and SnO2 the
valence electrons were described using Bi-4411-411-411d,72

Sn-411-51d and Pb-6111-51d notations respectively.73 For Pb
and PbO, a cc-pVDZ (double zeta quality) basis set was required
to describe the valence electrons due to the metal/layered
nature of the structures.74

For the bulk systems full optimisation of the atomic
positions and lattice parameters was performed (only atomic
positions were optimised for layered PbO). Tested functionals
were the pure GGA PBE,75 and the B3LYP,76,77 PBE0,78 B3PW77,79

and HSE0680 hybrid functionals. The Grimme D3 dispersion
correction scheme (DFT-D3)81 has been tested for all calculations,
but was found to overbind the monoclinic a-Bi2O3 b-axis, so was
not applied to its surface and bulk models. Convergence of the
k-point grid was considered for energy differences of 10�6 a.u.,
resulting in a Monkhorst–Pack shrinking factor82 of 14 for PbO2,
SnO2 and PbO, 8 for Bi2O3, and 16 for Pb. To describe the metallic
nature of Pb, the Gilat net83 was doubled to 32, and a Fermi
smearing temperature of 0.01 a.u. was applied. Other computa-
tion conditions include the evaluation of the bielectronic
Coulomb and exchange contributions to the Fock matrix are
controlled by five overlap criteria, set in this study to 10�7, 10�7,
10�7, 10�7, and 10�14 in atomic units.83,84 Convergence criteria
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was determined from the root-mean-square and absolute value of
both the gradients and estimated displacements.83 In addition,
the energy threshold criteria between two successive optimisation
steps is set to 10�7 a.u.

All conditions defined above for the bulk systems were
maintained for optimising surfaces in CRYSTAL. 2D periodic
boundary conditions were imposed, such that periodicity is
interrupted in the z-direction.68 The only surfaces considered
were Tasker-type surfaces, where the bulk lattice is cut to
expose non-polar symmetric top and bottom surfaces that
maintain the stoichiometry of the host crystal.85 For the
surfaces, atomic positions only were optimised. The surface
energies were computed in the standard way, and surface work
functions were computed following the methodology of Doll
(see ESI†).86

Carbon binding model: CASTEP19

These simulations were performed using the plane-wave DFT
code CASTEP, version 19.1.1.87 The GGA PBE functional75 was
used for all systems, with an energy cutoff of 800 eV for all
metal oxides, and 350 eV for Pb, so that convergence was
achieved to within 2 meV per atom. Ultrasoft pseudo-
potentials88 were generated ‘‘on the fly.’’ For the bulk systems,
a Monkhorst–Pack scheme was set such that k-point spacings
were less than 0.05 Å�1. The optimisation convergence toler-
ances for force, stress, ionic displacement, and energy were
0.01 eV Å�1, 0.02 GPa, 0.005 Å, and 5 � 10�6 eV per atom,
respectively, with SCF convergence between two cycles of
1 � 10�8 eV. For PbO2 and Pb systems a temperature smearing
of 0.1 eV was applied. Atomic positions only were optimised.
Monkhorst–Pack k-point spacings for surfaces were 6 � 3 � 1
for b-PbO2 and SnO2(110), 5 � 5 � 1 for a-PbO(001), 4 � 4 � 1
for b-PbO(100), 14 � 14 � 1 for Pb(111), and 4 � 5 � 1 for
a-Bi2O3(010). The non-periodic z-direction for the surfaces was
modelled with a vacuum of 20 Å for all surfaces to fit in the
carbon layer. The quantity of carbon added to each surface was
calculated to maintain a consistent ca. 1 carbon atom per 1.4 Å2

of surface area across all models. All systems were tested with
the Tkatchenko–Scheffler dispersion correction,89 which was
applied to the layered PbO system to optimise the atomic
positions.
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44 D. Fröhlich, R. Kenklies and R. Helbig, Phys. Rev. Lett., 1978,

41, 1750–1751.
45 F. Ma, Y. Jiao, G. Gao, Y. Gu, A. Bilic, S. Sanvito and A. Du,

ACS Appl. Mater. Interfaces, 2016, 8, 25667–25673.
46 A. Walsh, D. J. Payne, R. G. Egdell and G. W. Watson, Chem.

Soc. Rev., 2011, 40, 4455–4463.
47 A. Walsh and G. W. Watson, J. Solid State Chem., 2005, 178,

1422–1428.
48 D. Yu and M. Scheffler, Phys. Rev. B: Condens. Matter Mater.

Phys., 2004, 70, 1–8.
49 B. Sun, P. Zhang, Z. Wang, S. Duan, X.-G. Zhao, X. Ma and

Q.-K. Xue, Phys. Rev. B: Condens. Matter Mater. Phys., 2008,
78, 035421.

50 H. B. Michaelson, J. Appl. Phys., 1977, 48, 4729.
51 Y. Hinuma, T. Toyao, T. Kamachi, Z. Maeno, S. Takakusagi,

S. Furukawa, I. Takigawa and K.-I. Shimizu, J. Phys. Chem. C,
2018, 122, 29435–29444.

52 Y. Xu and M. A. A. Schoonen, Am. Mineral., 2000, 85,
543–556.

53 J. Fang Lv, C. Lin Fan, X. Tong, Y. Xing Zheng and X. Li,
Appl. Surf. Sci., 2019, 470, 135–142.

54 J. Oviedo and M. J. Gillan, Surf. Sci., 2000, 463, 93–101.
55 A. Klein, C. Körber, A. Wachau, F. Säuberlich, Y. Gassenbauer,
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Phase Transitions, 2013, 86, 1069–1084.

74 K. A. Peterson, J. Chem. Phys., 2003, 119, 11099–11112.
75 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,

1996, 77, 3865–3868.
76 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B: Condens. Matter

Mater. Phys., 1988, 37, 785.
77 A. D. Becke, J. Chem. Phys., 1993, 98, 5648–5652.
78 C. Adamo and V. Barone, J. Chem. Phys., 1999, 110,

6158–6170.
79 J. P. Perdew and W. Yue, Phys. Rev. B: Condens. Matter Mater.

Phys., 1986, 33, 8800–8802.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 8

/2
/2

02
5 

5:
47

:1
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cp05172a


This journal is©the Owner Societies 2020 Phys. Chem. Chem. Phys., 2020, 22, 25502--25513 | 25513

80 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,
2003, 118, 8207–8215.

81 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys.,
2010, 132, 154104.

82 H. J. Monkhorst and J. D. Pack, Phys. Rev. B: Solid State,
1976, 13, 5188.

83 R. Dovesi, V. R. Saunders, C. Roetti, R. Orlando, C. M.
Zicovich-Wilson, F. Pascale, B. Civalleri, K. Doll, N. M.
Harrison, I. J. Bush, P. D’Arco, M. Llunel, M. Causà, Y. Noël,
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