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Abstract 

Reactive molecular dynamics simulations are performed to investigate the combined effects of iron nanopar- 
ticles and external electrostatic fields on the combustion of n-dodecane. Results suggest that iron nanopar- 
ticle additives significantly accelerate fuel and oxidizer consumption. In particular, the decomposition of 
n-dodecane is initiated at the nanoparticle’s surface by hydrogen abstraction and subsequent absorption of 
the hydrogen and carbon atoms. Products, such as H 2 and H 2 O, are formed in the nanoparticle’s shell and 

released back into the gas phase, demonstrating a catalytic behaviour of the nanoparticle. Additionally, the 
application of an external electrostatic field further increases the n-dodecane consumption rate. A rise in the 
variety of product species is also observed when an external electrostatic field is applied due to the overall 
accelerated kinetics of the system. Analysis of the system’s kinetic energy suggests that the presence of an 

external electrostatic field leads to an increase in the translational energy of the molecules. The chemical com- 
position of the nanoparticle is also affected. The absorbed species diffuse along the surface of the nanoparti- 
cle to counteract the externally applied electric field. This species rearrangement leads to the formation of an 

anisotropic shell with varying chemical composition. This study suggests that the use of electrostatic fields 
with nanomaterial-based catalysis can offer new possibilities for the control of the reaction process as well 
as for the synthesis of tailored nanoparticles. 
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
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1. Introduction 

Metallic nanoparticles have recently gained sig- 
nificant attention in the combustion community, 
due to their high energy density and high surface- 
to-volume ratio compared to their micro-sized 
behalf of The Combustion Institute. This is an open 
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ounterparts, resulting in high chemical reactivity,
ower melting temperatures and increased catalytic
ctivity [1] . The recent achievements in nanotech-
ology and synthesis of nanomaterials with tai-

ored properties have further increased the inter-
st in metal powder combustion [1] , as well as in
he use of nanoparticles to enhance the combus-
ion properties of liquid fuels. The so-called nanofu-
ls , i.e. suspensions of nanoparticles in a base liquid
uel, have been proposed as alternative fuels due to
he possibility of increasing the energy density of 
he fuel and decreasing the emissions [2] . 

In particular, iron nanoparticles (FeNPs) com-
ine many advantageous characteristics, which
ake them suitable to be used as energetic material

nd fuel additives. Iron is an easily available metal,
hich has low cost and is non-toxic [3] . Moreover,

ron nano-powder is characterized by high burning
ates [4] . In addition, the combustion temperature
f FeNPs (around 2200 K) is comparable to that
f hydrocarbon fuels [5] . Thus, FeNPs can preserve
he solid-liquid state throughout the combustion
rocess. Finally, the oxidation products consist of 

ron oxides, which can be filtered at the exhaust
sing particulate filtering technology and reduced
ack to pure iron by reacting with hydrogen [5] .
tudies on the use of nanofuels with iron and
luminum oxide nanoparticles demonstrated an
ncrease of heat release rates and thermal efficiency
ompared to the combustion of the base fuel [6] . 

Combustion of nanofuels is characterised by a
ide range of scales and physical phenomena given
y the interaction between nanomaterial, liquid
uel and gaseous phase [2] . Experiments on single
roplet combustion have shown that the addition
f nanoparticles could enhance the evaporation
ate by offering sites for boiling nucleation. Shells
f nanomaterial can form during the drying of the
roplet and interact with the combustion of fuel
apour, or fragments of nanomaterial could be
ispersed in the gas phase [2,7] . Sequential com-
ustion of fuel vapour and metal nanoparticles has
lso been observed [8] . Studies on the oxidation
rocess of nanoparticles at the molecular level

9–12] have shown that both diffusion and melt
echanisms are important elements of the

ombustion transient. Also, diffusion induced
y electric charges has been identified as one of 
he mechanisms contributing to the oxidation of 
he nanoparticle [10] . Recent studies have focused
n the mechanisms of adsorption of carbon-based
uels on the nanoparticle’s surface [13] , as well
s on the effect of nanoparticles on hydrocarbon
ombustion [14] . It was shown that the presence
f nanoparticles generally increases the reactivity
f the system and the decomposition of the fuel
hrough adsorption. 

In addition to the development of alternative fu-
ls, there is an increased attention towards electri-
cation of the transportation and development of 
ybrid thermal-electric propulsion [15] . This means
Please cite this article as: E. Kritikos and A. Giusti, Investiga
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that in next-generation engines there will be large
availability of electrical energy that could be used
to control the combustion process. External Elec-
tric Fields (EFs) have a direct effect on chemical re-
actions by affecting flame stabilization [16] , blowoff 
limits [17] and flame shape [18] , also showing in
some cases a reduction of pollutant emissions [19] .
Macroscale effects can be explained by the interac-
tions at the atomistic level. On the one hand, ex-
ternal EFs determine the bulk movement of ionic
species and electrons due to electrostatic forces and
the movement of neutral species due to collisions
with the charged species (ionic wind) [20] . On the
other hand, the chemical evolution of the system is
affected by the kinetics of polarized molecules, ions
and electrons [21,22] . Reactive Molecular Dynam-
ics (MD) studies showed that external EFs can in-
fluence directly the reaction rates, species consump-
tion and initiation time of the combustion process
[23,24] . 

In this work we study the combined effect of 
EFs and FeNPs on the combustion of hydrocar-
bons using reactive MD. n-Dodecane (n-C 12 H 26 ) is
used here as a surrogate for aviation fuels. The ob-
jectives are to: (i) investigate the role of FeNPs in
the combustion kinetics of n-dodecane; (ii) anal-
yse the effects of molecular polarization and local
charge transfers on the consumption rates of fuel
and oxidizer under external EFs; and (iii) study the
mechanism of absorption of gas molecules into the
FeNP and the related chemical composition of the
nanoparticle with and without an external EF. 

2. Methods 

Reactive MD simulations are performed using
the ReaxFF reactive force field [25] , which can de-
scribe bond formation and dissociation during MD
simulations. The high accuracy of ReaxFF arises
from the fact that its parameters are tuned using
quantum mechanics computations, while maintain-
ing a relatively low computational cost even for
large systems of atoms. In this study, the ReaxFF
FeCHO-2016 [26] is used with a 0.3 bond order cut-
off for the recognition of breaking and formation
of bonds. 

In the study of external EF effects on the react-
ing system, the computation of the charge distribu-
tion is of primary importance, since the Coulomb
force is directly dependent to the atom’s charge. In
MD the charge distribution is computed by apply-
ing the Sanderson’s Electronegativity Equalization
(EE) principle [27] at each timestep. This method
is based on the minimization of the system’s elec-
trostatic energy while satisfying the charge neu-
trality constraint. The Charge Equilibration (QEq)
method [28] is the most widely used method to com-
pute the atomic charges. However, the QEq method
does not limit long-range charge transfers even be-
tween atoms of infinite separation, leading to spu-
tion of the effect of iron nanoparticles on n-dodecane 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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rious net charges of neutral molecules [24,29,33] .
This uncontrolled charge transfer, which could be
a good approximation for conductive materials, in-
volves the entire domain. Additionally, the QEq
method lacks a description of polarization induced
by an external EF. 

To overcome these shortcomings the Charge
Transfer with Polarization Current Equalization
(QTPIE) method [33] , which shields the charge
transfers up to the overlap of the atomic orbitals
and introduces molecular polarization under an ex-
ternal electric field, is used in this study. The overlap
integrals are computed with the primitive Gaussian
Type Orbitals (GTO). A short description of the
derivation of the atomic exponential values for the
GTO can be found in Section S1 of the Support-
ing Information. The QTPIE method is selected
instead of other methods that perform a similar
shielding of the charge transfers, such as the Split
Charge Equilibration (SQE) [30] and the Atom-
Condensed Kohn-Sham density functional theory
to Second order approximation (ACKS2) [31] , be-
cause it is formulated in the atom space instead
of the bond space, thus reducing the computa-
tional cost [32] . Additionally, the QTPIE method
has a similar formulation to the QEq method, thus
the same ReaxFF can be used [24,33] . Finally, the
QTPIE method includes a description of polariza-
tion due to an external EF that satisfies the non-
locality constraint [34] and can be used with peri-
odic boundary conditions in the direction of the EF
[24] . It is worth noting that none of the aforemen-
tioned methods can describe ionization as there is
no electron description in MD. Methods such as
eReaxFF [35] include the particle nature of elec-
trons and potentially can be further developed to
be used in gas phase combustion simulations un-
der external EFs (left for future study). Therefore,
this study is limited to the investigation of electro-
static forces due to polarization and close charge
transfers. It should also be noted that the conduc-
tivity of the metal nanoparticle under an external
EF, where movement of charges towards the sur-
face is expected (see Section 3.1 ), is sufficiently re-
produced by the method used in this study. 

An amorphous FeNP of 40 Å diameter, sur-
rounded by 10 n-C 12 H 26 and 185 O 2 molecules, was
used in all simulations. The preparation procedure
for the FeNP is detailed in Section S3. The FeNP
is prepared to achieve a structure consistent with
the nanoparticles reported in experimental studies
(such as Ref. [36] ). The preparation process of the
nanoparticle is also important in order to eliminate
any effects of the initial crystalline structure which
has well-defined edges and faces and thus tends to
have sharp melting points. The annealing process
followed in this study is consistent with the one used
in similar MD studies [11,37] . Molecules are placed
in cubic boxes of densities 81.2 and 31.7 kg/m 

3 with
periodic boundary conditions. The corresponding
Please cite this article as: E. Kritikos and A. Giusti, Investiga
combustion under external electrostatic fields, Proceedings of t
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gas mixture densities are 3.79 and 1.48 kg/m 

3 , re- 
spectively. Fairly low densities are examined in this 
study compared to previous investigations, such as 
Ref. [11] , in order not to significantly accelerate 
the oxidation process and fail to observe any ef- 
fects of EFs. Both density systems are simulated at 
1800 K. Additionally, temperature effects are stud- 
ied for the 31.7 kg/m 

3 system with simulations at 
1800 and 2000 K. Results are obtained for 5 exter- 
nal EFs, corresponding to E = 0 (base case), 10 −4 , 
10 −3 , 10 −2 and 0.1 V/ ̊A. 

Simulations for all temperature, density and EF 

conditions are performed using both the micro- 
canonical (NVE) and canonical (NVT) ensembles. 
For the NVT ensemble, the Nosé-Hoover ther- 
mostat is used to regulate the temperature with a 
damping constant of 100 fs. Practically, the NVT 

simulations resemble the conditions of a combus- 
tor where a constant temperature is maintained. On 

the contrary, the process of NVE ensemble allows 
the investigation of the ignition and combustion 

transient of the system. 
All simulations are performed using the 

LAMMPS software [38] equipped with the USER- 
REAXC package [39] . The cut-off distance for 
ghost atoms is modified to match the maximum 

overlap integral distance (see Section S1). The 
equations of motion are progressed using the 
Verlet algorithm with a timestep of 0.1 fs. The 
timestep is held sufficiently small to capture all 
reaction events at high temperatures [40] . For 
post-processing, the atomic connectivities and 

trajectories are outputted every 20 fs and 0.5 ps, 
respectively. Reactions are monitored for a total 
simulated time of 2 ns for NVT simulations and 

1.5 ns for NVE simulations. Results for all studied 

conditions are averaged over 3 simulations, each 

initialised with the same atom positions and differ- 
ent velocities (sampled from a Maxwell-Boltzmann 

distribution) before the equilibration step. 
The Kinetic Energy (KE) components, 

i.e. translational, rotational and vibrational, are 
computed based on the velocity of the molecule’s 
center-of-mass, on its rotational movement and 

on the residual atomic motion, respectively. In 

addition, the shell thickness of the FeNP is mea- 
sured as the distance of an absorbed C, H or O 

atom from the FeNP’s surface. The FeNP’s surface 
is computed based on the alpha-shape method 

[41] using a 4 Å radius and a smoothing level of 8. 
Additionally, the shell characteristics are evaluated 

separately on the front (i.e., the side with outward 

normal vector in the direction of the external 
EF) and back hemisphere of the FeNP. The front 
and back hemispheres are separated with a plane, 
normal to the direction of the EF and passing from 

the center-of-mass of the FeNP. This approach 

was selected to examine the shell thickness instead 

of the radial distribution function as under an 

external EF the FeNP loses its spherical shape. 
tion of the effect of iron nanoparticles on n-dodecane 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 1. Internal EF of a BCC FeNP with a lattice parameter a = 2 . 866 Å under E = 0 . 1 V/ ̊A along the x-direction; the 
internal EF is computed using a Fe sample charge placed in a 200-cell cubic grid; the Coulomb interactions were shielded 
using the γ parameter (as used in ReaxFF [25] ) to account for close interactions between the sample charge and FeNP 

atoms. 
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. Results and discussion 

.1. Polarization and charge distribution 

The effect of the external EF on an isolated
eNP is first investigated. Theoretically, the exter-
al EF polarizes the conductive sphere, as the neg-
tively charged electron cloud is pushed opposite
o the EF direction, i.e. towards the back hemi-
phere of the FeNP. This charge rearrangement
eads to an equal in magnitude and opposite inter-
al EF, in order to cancel the external EF inside
he nanoparticle. Polarization of the FeNP is suc-
eeded with the QTPIE method as shown in Fig. 1
or an external EF along the x-direction with a
trength of 0.1 V/ ̊A. The field lines follow the ex-
ected direction, i.e. they appear to be perpendic-
lar to the surface and parallel inside the FeNP

42] . All charge is accumulated on the surface while
he core’s charge is equal to zero (see Fig. S1). The
ipole moment of the FeNP predicted with the QT-
IE method (e.g., μ

MD , 10 −2 V / Å = 3 . 8 D) is approx-

mately 2 times lower than the theoretical value
or a linearly polarized spherical conductor (e.g.,

th ., 10 −2 V / Å = 8 . 9 D) for all investigated EFs. This

an be attributed to the shielding nature of the QT-
IE method, which introduces a dielectric constant

or the FeNP. Moreover, a weak polarization takes
lace between the surface atoms and the adjacent
toms (as is evident in Fig. S1). This is a conse-
uence of the charge equilibration method, which

s based on atomic positions without an explicit

reatment of the electron cloud. 

Please cite this article as: E. Kritikos and A. Giusti, Investiga
combustion under external electrostatic fields, Proceedings of t
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It should be noted that when the FeNP is im-
mersed in a gas domain the nanoparticle acquires a
small net charge, mainly caused by the charge equi-
libration that is performed on the entire system and
not on individual molecules. In the case with low
density we observe a net charge of -0.768 e for the
whole FeNP. This net charge fluctuates during the
simulation, due to close interactions with the gas
molecules. Although relatively small, at very high
EFs this net charge can cause a movement of the
FeNP in the direction opposite to the direction of 
the external EF. For example, in NVT simulations
at 31.7 kg/m 

3 and 1800 K, the FeNP reaches a rel-
atively constant velocity (after an initial accelera-
tion) equal to 8 m/s and 38 m/s for EF strengths of 
10 −2 V/ ̊A and 0.1 V/ ̊A, respectively. This velocity is
small compared to the average thermal velocity of 
the gas phase (e.g., c ave , O 2 = 1600 m/s) and should
not considerably affect the results. Note that when
the QEq charge equilibration method is applied,
the net charge of the FeNP becomes about 51.1 e
(see Fig. S2). This demonstrates some success of the
method adopted here in achieving charge shielding
and limiting long-range charge transfers. 

3.2. Kinetics 

The FeNP acts as a catalyst when inserted into
the gas mixture. Under the same ambient condi-
tions, gas-only simulations predicted no reactions
during the first 4 ns of simulation (not shown
here). To evaluate the accuracy of these simula-
tions the activation energies of selected combus-
tion reactions were evaluated with the ReaxFF
tion of the effect of iron nanoparticles on n-dodecane 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 2. First-order rate constants of n-C 12 H 26 and O 2 consumption derived from NVT ensemble simulations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FeCHO-2016. Good agreement with the literature
was found (as shown in Section S5). It should
be noted that combustion of n-C 12 H 26 is initiated
through pyrolysis at high temperatures [43] . A de-
tailed analysis of n-dodecane combustion under ex-
ternal electrostatic fields can be found in Ref. [44] .
On the contrary, when FeNPs are included in the
domain, dissociation and oxidation reactions take
place in the first 10 ps of the simulated time. Figs. 2
and 3 show the rate constants (from NVT simula-
tions) and time evolution of species, respectively.
Under no external EF an increase in temperature
or density accelerates the consumption of both n-
C 12 H 26 and O 2 . Both fuel and oxidizer molecules
react with the FeNP’s surface, dissociate and get
absorbed, resulting in highly accelerated kinetics
compared to the gas-only simulations. As the fuel
and oxidizer dissociate an increase in the forma-
tion of H 2 and H 2 O gas products is noted, even
at the initial stages of combustion. These products
are formed on the surface of the FeNP and escape
into the gas mixture. No carbon products are ob-
served in the gas phase since C atoms remain ab-
sorbed into the FeNP. Towards the final stage of 
the simulated time the FeNP is melting, leading to
the release of a few iron compounds as recorded in
some cases of both NVT and NVE ensemble sim-
ulations. 

Regarding the influence of the external EF on
the kinetics of the system, for E ≤ 10 −3 V/ ̊A no
significant effects are observed, as any changes of 
the average consumption rate lie within the statis-
tical uncertainties ( Fig. 2 ). Similarly, no consider-
able change in the time evolution of products is
noted. On the contrary, for E ≥ 10 −2 V/ ̊A a clear
effect on the consumption rate of n-C 12 H 26 is ob-
served for all studied conditions (both NVT and
NVE simulations). The consumption of O 2 seems
unaffected in NVT simulations, except for the case
at 31.7 kg/m 

3 and 1800 K, where a slight increase of 
the average first-order rate constant is observed for
Please cite this article as: E. Kritikos and A. Giusti, Investiga
combustion under external electrostatic fields, Proceedings of t
2022.07.003 
E ≥ 10 −2 V/ ̊A. In NVE simulations a clear acceler- 
ation of O 2 consumption takes place for all stud- 
ied conditions when E = 0 . 1 V/ ̊A (not shown here). 
In gas-only simulations, no reactions occurred in a 
4 ns simulated time even under strong external EFs. 
Therefore, simulations suggest that EFs are more 
effective when combined with FeNPs, enhancing 
the catalytic action of the nanomaterial. It should 

be noted that, due to the small amount of charge 
transfer, only relatively high EFs show effects on 

the system dynamics in the timeframe investigated 

here. At such strong EFs, ionization may be ex- 
pected, which requires further investigation and the 
development of new methods that take into ac- 
count free electrons and ionic species. 

In addition, under the strong 0.1 V/ ̊A EF, pro- 
duction of simpler hydrocarbons is noted. Observ- 
ing the trajectories of n-C 12 H 26 , it is evident that 
these molecules originate from fuel pyrolysis. The 
kinetics is affected by the close interactions and the 
related charge transfers between the FeNP and gas 
molecules, which results in a translational accelera- 
tion when an external EF is applied. In general, the 
strong EF leads to a reduction in the total number 
of C, H and O compound molecules, such as H 2 O, 
in the gas phase. Additionally, the production of 
other oxygen compound species, such as OH and 

CO, is evident mostly for the strong EF. In NVE 

ensemble simulations at E = 0 . 1 V/ ̊A, the FeNP 

quickly melts forming many smaller iron clusters 
which subsequently further catalyse the gas phase 
mixture. Therefore, the strong EF leads to a large 
variety of different species but to an overall smaller 
number of molecules in the gas phase. 

To further investigate the kinetics of the system, 
the KE components of the last nanosecond of the 
total simulated time are analysed in Fig. 4 . In ab- 
sence of an external EF, the FeNP has high vibra- 
tional energy while its translational energy is negli- 
gible due the system’s homogeneity. Conversely, the 
gas molecules experience primarily translational 
tion of the effect of iron nanoparticles on n-dodecane 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 3. Number of molecules of products for the NVT (left) and NVE (right) simulations for 31.7 kg/m 

3 and 1800 K condition, averaged over consecutive time periods of 500 ps 
(i.e., τ1 = τ2 = τ3 = τ4 = 500 ps); note the logarithmic scale of the y-axis. The numerical values are also reported in Table S4. 

Fig. 4. KE components from NVT (left) and NVE (right) simulations for 31.7 kg/m 

3 and 1800 K condition, averaged over the last nanosecond of the total simulated time. The 
numerical values are also reported in Table S5. 
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Fig. 5. Temperature of FeNP for 31.7 kg/m 

3 and 1800 K condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

movement. For example, in NVT simulations at
31.7 kg/m 

3 and 1800 K, the translational, rota-
tional, and vibrational KEs of the gas mixture are
752, 634 and 462 kcal/mol respectively. The low
vibrational energy of the gas mixture can be at-
tributed to the fact that only a few to no n-C 12 H 26
molecules (typically characterised by high vibra-
tional energy) exist, whilst O 2 experiences primarily
rotational movement. For weak EFs there are neg-
ligible fluctuations of the KE components, which
verifies that the effects of the external EF on the
system’s kinetics are not significant. For strong EFs
( E ≥ 10 −2 V/ ̊A) an increase in translational KE of 
both the system and the FeNP is observed. The
FeNP’s movement is mainly affected by the small
but non-negligible net negative charge that the
FeNP acquires when placed inside the domain with
the gas mixture. As discussed in Section 3.1 , this
residual charge can be primarily attributed to the
formulation of the QTPIE method. Nonetheless,
the translation KE of the gas is increased mainly
due to the non-negligible net charge that the fuel
and oxidizer molecules can acquire as they closely
interact. A decrease in the vibrational KE, both for
the FeNP and system, can be observed, suggesting
stabilization effects of the external Coulomb force.
Effects are not as evident in NVE ensemble simu-
lations at E = 10 −2 V/ ̊A due to the accelerated ki-
netics of the system which overcomes the effect of 
electrostatic forces. It is noted that the FeNP’s KEs
are not reported for E = 0 . 1 V/ ̊A in NVE ensem-
ble simulations as the FeNP starts to melt and frag-
ment after the first 0.6 ns of simulated time. 

Fig. 5 shows the FeNP temperature as a func-
tion of time, computed from the atomic kinetic
energies under different external EFs and ensem-
bles (the temperature of the system is shown in
Fig. S4). Results only for the base case and high-
strength EFs are shown, since, as previously ex-
plained, no significant difference was observed for
weaker strengths of the external EF. Differences be-
tween the NVT and NVE ensemble simulations can

be observed. In NVT simulations there is a decrease 

Please cite this article as: E. Kritikos and A. Giusti, Investiga
combustion under external electrostatic fields, Proceedings of t
2022.07.003 
in the FeNP temperature, i.e. KE, especially under 
very strong external EF. Any temperature changes 
take place in the first 500 ps of the simulated time. 
Afterwards, the temperature remains constant. The 
decrease of nanoparticle temperature is mainly due 
to the effects of the thermostating method and 

the presence of drift velocities under the external 
Coulomb force. This suggests that the development 
of new thermostating strategies in the presence of 
external variable forces should be addressed in fu- 
ture research [45,46] . On the contrary, in NVE sim- 
ulations an increase in the atomic velocities and 

consequently in the FeNP’s and system’s tempera- 
ture is observed. A local minimum is noted around 

1 ns of simulated time for E ≤ 10 −2 V/ ̊A, which cor- 
responds to the FeNP’s melt. Specifically, this de- 
crease in KE is attributed to the transition from 

solid to liquid phase since at 0.9 ns time the BCC 

structure of the FeNP is completely lost. Results 
for E = 0 . 1 V/ ̊A are presented until the melt and 

decomposition of the FeNP. 

3.3. Chemical reactions 

The combustion mechanism of gas mixture and 

FeNP begins with absorption and dissociation of 
hydrocarbon and oxygen molecules, which is an 

exothermic process [11,47] . The initiation time of 
absorption, which denotes the time till the first re- 
action between a gas molecule and the FeNP oc- 
curs, suggests that O 2 is the first species to get ab- 
sorbed at 1800 K (see Table S3). The chemical ab- 
sorption mechanism of n-C 12 H 26 in the FeNP is 
presented in Fig. S5. Firstly, bonds between Fe 
atoms and the H atoms are formed. Secondly, the 
C–H bonds break and the H atoms get absorbed at 
the surface. Subsequently, the bonds between the 
C and Fe atoms are formed, which suggests that 
the carbon chain gets absorbed at the surface. Fi- 
nally, the C–C bonds break as well. It is evident 
that n-C 12 H 26 molecules undergo dehydrogenation 

instead of pyrolysis. This result is in agreement with 

the study of Zhang et al. [13] for the reaction of 
tion of the effect of iron nanoparticles on n-dodecane 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 6. Shell thickness for each species (top) and number of absorbed atoms in the FeNP at 0.1 V/ ̊A (bottom); results are 
presented for NVT simulations for 31.7 kg/m 

3 and 1800 K. 
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thanol over aluminum nanoparticles. This results
n a very rapid dissociation of n-C 12 H 26 , which
eads to a significant heat release. It is noted that
he number of C–C bonds remains constant at 6
ince many C 2 structures exist on the surface of 
he nanoparticle. Also the number of Fe–C bonds
emains constant, which suggests that no carbon
ompounds escape back to the gas phase. More-
ver, the number of Fe–H bonds decreases due to
he fact that hydrogen compound species are emit-
ed into the gas phase. A similar absorption mech-
nism is observed both in simulations without an
xternal EF and when a 0.1 V/ ̊A EF is applied (see
ig. S5). 

The next stage of the FeNP combustion corre-
ponds to core melt and to diffusion of core atoms
owards the surface of the nanoparticle [12] . This
ffect is more evident in the NVE ensemble simu-
ations where the temperature is governed by the
eactions, thus the temperature increases signifi-
antly. In NVT ensemble simulations the temper-
Please cite this article as: E. Kritikos and A. Giusti, Investiga
combustion under external electrostatic fields, Proceedings of t
2022.07.003 
ature effect on FeNP is in the form of local hot-
spots and high-temperature areas [11] . The com-
bustion of the nanoparticle continues further with
an inward diffusion of shell atoms and outward dif-
fusion of core atoms [12] . This diffusion is driven
by an induced EF between the positively charged
core and the negatively charged shell, as also re-
ported in previous studies [9,10] . For example, at
2 ns of an NVT simulation at 31.7 kg/m 

3 , 1800 K
and zero EF the FeNP has a net charge of −0 . 84 e.
The core (defined here as a sphere of 12 Å radius
from the center-of-mass) has a charge of 0.18 e,
while the shell has a charge of −1 . 03 e. It is evident
that the non-bonded van der Waals and Coulomb
interactions have a significant effect on the com-
bustion process of nanoparticles. It is interesting
that this phenomenon of core atom diffusion to-
wards the surface and inward diffusion of shell
atoms takes place even with the QTPIE method
that predicts lower charges than the QEq method,
which other studies used. As previously discussed,
tion of the effect of iron nanoparticles on n-dodecane 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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products, such as H 2 and H 2 O, are formed into the
nanoparticle and released to the gas phase. As a re-
sult, the FeNP seems to accelerate the combustion
process by quickly catalysing the fuel and oxidizer
into smaller products. 

The external EF can alter the local thickness
and composition of the FeNP’s shell. After gas
molecules dissociate and get absorbed into the
nanoparticle, they acquire a negative charge and
thus diffuse along the surface towards the back
hemisphere of the FeNP, due to the Coulombic
force, in order to counteract the external EF. For ex-
ample, at 2 ns of an NVT simulation at 31.7 kg/m 

3 ,
1800 K and 0.1 V/ ̊A EF the FeNP has a net charge
of −0 . 44 e. The front and back hemispheres of the
core have a charge equal to 0.06 e and 0.38 e, respec-
tively, while the front and back sides of the shell
have a charge of 0.46 e and −1 . 34 e. This diffu-
sion leads to an anisotropic FeNP shell structure.
Fig. 6 shows the shell thickness of the front and
back hemispheres of the FeNP from the NVT en-
semble simulations. Under no external EF there is a
uniform thickness between the front and back sides.
Similarly, for E < 10 −2 V/ ̊A no significant differ-
ence on the local shell thickness appears. However,
for E = 10 −2 V/ ̊A there is a decrease in the overall
maximum and average shell thicknesses. This can
be attributed to the fact that after the movement of 
negatively charged C, H and O atoms to the back
side of the FeNP, the Coulomb force opposes the
inward diffusion towards the core. Similar consid-
erations can be applied for the strong EF. Specif-
ically, even if there are many more atoms on the
back side (as shown in Fig. 6 ), the Coulomb force
keeps them near the surface. Note that the aver-
age shell thickness, which indicates the distance of 
absorbed C, H, and O species from the surface of 
the FeNP, does not show significant differences be-
tween the front and back side of the FeNP (for all
EFs). 

From Fig. 6 it can also be observed that the
number of atoms in the back side of the FeNP is
significantly higher than that in the front side for all
species. We note that the number of C and O atoms
absorbed into the FeNP keeps increasing with time.
However, the number of H atoms initially increases
and then decreases with time. This can be attributed
to the fact that H 2 and H 2 O molecules are formed
and escape from the FeNP’s surface. Hence, less H
atoms can be found absorbed into the FeNP. Ad-
ditionally, only a small percentage of absorbed O
atoms can be found in the front hemisphere. The
faster diffusion of O atoms towards the back side
occurs due to the higher negative charge they can
acquire. Finally, the existence of more species on
the back side of the FeNP leads to partial melt-
ing of the back area, which can result in detach-
ment and release of Fe compounds into the gas
phase. The shell thickness of the FeNP obtained
from the NVE simulations is shown in Fig. S6. Sim-
Please cite this article as: E. Kritikos and A. Giusti, Investiga
combustion under external electrostatic fields, Proceedings of t
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ilarly to the NVT simulations, a uniform shell com- 
position is observed when no EF is applied. Under 
a 0.1 V/ ̊A EF the reactivity of the system drasti- 
cally increases, which leads to the rapid formation 

of a thick shell. This increase in reactivity is associ- 
ated with the quick increase of the FeNP’s temper- 
ature, as shown in Fig. 5 . It is noted that, similarly 
to the NVT simulations, the external EF leads to 

an anisotropic chemical composition of the FeNP. 
As shown in Fig. S6, the front and back sides of 
the FeNP have a different number of absorbed C, 
H and O atoms. 

4. Conclusions 

A reactive molecular dynamics study of the in- 
teraction of iron nanoparticles with n-C 12 H 26 com- 
bustion has been performed, with a focus on the 
effect of externally applied electrostatic fields. The 
presence of an iron nanoparticle increases the reac- 
tivity of the system, which is further accelerated by 
the external electrostatic field. The increase in re- 
activity is related to the rapid dissociation and ab- 
sorption of fuel and oxidizer into the nanoparti- 
cle. It was found that n-C 12 H 26 undergoes dehydro- 
genation induced by the nanoparticle, instead of 
following a pyrolysis reaction path typically found 

at high temperature without nanoadditives. Un- 
der strong external electrostatic fields, a further ac- 
celeration of the fuel’s consumption is observed. 
On the contrary, in most cases the external electric 
field does not significantly affect the consumption 

rate of O 2 . Additionally, for strong electric fields 
a larger variety of gas-phase species was recorded 

as an indication of enhanced catalytic effects. The 
diffusion of atoms into the nanoparticle is also af- 
fected by the external electric field. As the fuel and 

oxidizer dissociate and get absorbed, the respec- 
tive atoms acquire a negative charge and diffuse to- 
wards one side of the nanoparticle to balance the 
external electric field. As a result, the electric field 

leads to an anisotropic shell thickness and chemical 
composition. 

This study open ups new possibilities for the 
control of the combustion process through the 
combination of tailored nanofuels and electrostatic 
fields. This study also suggests that electrostatic 
fields could potentially be used for the synthesis 
of nanoparticles with varying properties across the 
surface. 
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upplementary material 

Supplementary material associated with this ar-
icle can be found, in the online version, at doi: 10.
016/j.proci.2022.07.003 . 
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