Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Study on the thermal decomposition mechanism of
graphene oxide functionalized with
triaminoguanidine (GO-TAG) by molecular reactive
dynamics and experimentsf

i '.) Check for updates ‘

Cite this: RSC Adv., 2019, 9, 33268

Chongmin Zhang, 2 Xiaolong Fu,*® Qilong Yan, & *< Jizhen Li,* Xuezhong Fan?

and Guofang Zhang @ °

Graphene oxide (GO) has a catalytic effect on the thermal decomposition of energetic materials above the
melting point. To further enhance the catalytic activity of GO, it has been functionalized with the high
nitrogen ligand triaminoguanidine (TAG). However, theoretical studies on the reactivity of functionalized
GO (e.g., GO-TAG) have not been carried out. Therefore, the thermal decomposition of each TAG, GO
and GO-TAG is studied by molecular dynamic simulations using a reactive force-field (ReaxFF) with
experimental verification, and the results are reported herein. The results show that the GO nanolayer
has a tendency to aggregate into a large carbon cluster during its degradation. The main decomposition
products of TAG are NHz, N, and H,. For GO-TAG, the main decomposition products are H,O, NHs, N,
and H,. GO has a significant acceleration effect on the decomposition process of TAG by decreasing the
decomposition temperature of TAG. This phenomenon is in agreement with the experimental results.
The initial decomposition of TAG is mainly caused by hydrogen transfer in the molecule. The edge
carbon atoms of GO promote the decomposition of TAG molecules and reduce the decomposition
activation energy of TAG by 15.4 kJ mol™. Therefore, TAG will quickly decompose due to the catalytic
effect of GO. This process produces a "new” GO that catalyzes the decomposition of components such
as TAG. At the same time, many free radicals (HN,, HoN and free H) are generated during the
decomposition of TAG to catalyze the decomposition of other components, which in turn, enhance the
catalytic capability of GO.
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1 Introduction

The increasing enhancement of the burn rate of propellants
has become increasingly important to improve the perfor-
mance of a certain type of rocket motor.»” Graphene oxide
(GO) has been reported to catalyze the thermal decomposi-
tion process of energetic materials (EMs).>* To further
enhance the catalytic activity of GO, graphene oxide func-
tionalized with triaminoguanidine (GO-TAG) has been
synthesized and has high catalytic activity.®” TAG is an
energetic, nitrogen-rich, flammable compound.® Energetic
derivatives of TAG usually have high positive enthalpy, good
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thermal stability and a high nitrogen content. TAG can be
used in clean propellants as a raw material,® leading to
a large amount of gas production with little residue. The
main gaseous products are nontoxic products, such as NH;,
H,0 and N,.

Since the development of Molecular Dynamic simula-
tions (MD) wusing the reactive force-field method
(ReaxFF),"*** it has become very popular in studying the
thermal decomposition processes of EMs."*"** The catalytic
mechanisms of GO on EMs can be studied from a micro-
scopic point of view by the MD method. The thermal
decomposition process of pentaerythritol tetranitrate
(PETN) in both a single molecule and the condensed phase
were studied by the ReaxFF method.'® The results show
that the activation barrier of the decomposition kinetics in
the condensed phase is approximately 2 times lower than
that of the single molecule due to the effect of intermo-
lecular hydrogen transfer in the condensed phase. Han
et al’ studied the thermal decomposition of nitro-
methane (CH;NO,) using ReaxFF. The results show that at
3000 K, the first reaction in the thermal decomposition of

This journal is © The Royal Society of Chemistry 2019
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nitromethane is intermolecular proton transfer. At 2000 K
and 2500 K, the first reaction in its thermal decomposition
process is usually an intramolecular isomerization reac-
tion, which involves the cleavage of the C-N bond, the
formation of a C-O bond, and finally, the production of
methyl nitrate (CH3;ONO). By employing the ReaxFF
method, the detailed initial decomposition mechanism of
EMs can be studied, which is of great significance for
understanding the thermal decomposition properties of
EMs.

Graphene has many interesting properties,*®** such as
being able to be used in energy storage,>*~>° catalysis,
and superconducting materials.**** GO, as a precursor of
graphene, has been used in EMs, and it has been reported
to catalyze the thermal decomposition of EMs.**** The
preparation of graphene nanoparticle composites and
their effects on the thermal decomposition of ammonium
perchlorate (AP) have been studied.?*® The results show that
the Ni/graphene nanocomposite has high catalytic activity.
The Ni/graphene nanocomposite is used to catalyze the
thermal decomposition of AP, and the results indicate that
the temperature corresponding to the maximum decom-
position rate of AP is reduced by 97.3 °C, where the low
temperature decomposition peak disappears.** Function-
alized graphene sheets may increase the burn rate of
nitromethane.*® The results show that the vacancy defect
of the graphene sheet, that is, the functionalized part of
the oxygen-containing group, accelerates the thermal
decomposition of nitromethane and its derivatives, and
the final products are H,0, CO, and N,. These studies
indicate that graphene has a good catalytic effect on EMs
and can decrease their decomposition temperatures,
which implies that graphene is important for improving
the combustion performance of propellants. Yan et al.®
studied the synthesis and properties of GO-TAG-Cu(u)/
Cu(1). They used TAG as an energetic ligand to function-
alize with GO and then coordinate with Cu ions. Their
results show that these EMs are highly thermostable with
low sensitivity and that the highest thermal decomposition
peak temperature is above 495 °C with an impact sensi-
tivity of greater than 81 J. This material will be a good
candidate for use in low-vulnerability solid propellants
and charges of deep-well perforating guns. However, the
catalytic effect of GO-TAG on the thermal decomposition of
energetic materials has not been reported to date.

In this work, the initial thermal decomposition mecha-
nism and thermal decomposition products of TAG mole-
cules and GO-TAG molecules are simulated by ReaxFF,
whereas the thermal decomposition of TAG and GO-TAG are
experimentally verified by differential scanning calorimetry
(DSC) and thermogravimetry (TG). The evolutions of the
major chemical species of GO, TAG and GO-TAG during their
decomposition processes are presented with proposed
reaction mechanisms. Our research focuses on the kinetics
of the initial reactions, which are confirmed with experi-
mental results.

27-31

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

2 Methods
2.1 ReaxFF force field

ReaxFF is a method for modeling chemical reactions with
atomistic potential based on the reactive force field approach
developed by van Duin et al.'® The total energy of the system is
described by the sum of the bond energy (Epong), Over-
coordination penalty energy (Eover), under-coordination correc-
tion energy (Eunder), valence angle energy (E,,), torsion angle
energy (Ecr), lone-pair electron energy (Ei,), Coulomb interac-
tion energies (Ecow), and van der Waals interaction energy
(Eyaw), as shown in eqn (1).

Esyslcm = Ebond + Eovcr + Eundcr + Eval + Etor
+ Elp + ECouI + Evdw (1)

ReaxFF uses bond-order formalism in conjunction with
polarizable charge descriptions to describe both reactive and
nonreactive interactions between atoms. The bond order is
described by the empirical formula:

BO; = BOY + BO + BOT™

ri Ppoa ri Prog
= CXP (Pbol (—i) Doo2 (—;)
r() rO
Fi Pros
Texp | Poos (—) )
rO

where BO is the bond-order and r; is the distance between
atoms i and j. From eqn (2), the ¢ bond, the 7 bond, and the -
7 bond formed between two atoms i and j can be described. In
the analysis section of this article, we use a BO cutoff of 0.3.3%%
That is, when the bond level between the i and j atoms is greater
than 0.3, a chemical bond forms between them. In ReaxFF, the
charge of an atom is described by the EEM method." For van
der Waals forces, the description of long-range interactions has
been added to the ReaxFF-lg force field,*® which makes the
description of the condensed state of the TAG molecular crystal
more accurate.

+ exp

2.2 Simulation details

The initial crystal structure of TAG is obtained from exper-
imental X-ray data.® We first optimized the unit cell of the
crystal structure by the ReaxFF-lg method and obtained the
structural parameters, which are compared with the X-ray
experimental data presented in Table 1. It can be seen
from Table 1 that our computed lattice parameters a, b and ¢
show very good agreement with the experimental data, with

Table 1 Comparison of the computation and experimental unit cell
lattice parameters of TAG

Method a(A) b(A) c¢(A) a(deg) 6 (deg) v (deg)
Ref. 8 X-ray 7.460 10.274 6.343 90.00 110.80 90.00
This work ReaxFF-lg 7.438 10.251 6.312 90.00 110.86 90.00
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less than 0.5% deviation. The computational lattice angles
a, 8 and v are consistent with the experimental results, with
almost no deviation. Therefore, our calculation of TAG
based on the ReaxFF-lg method is credible and reliable.

Consequently, according to the abovementioned struc-
tural optimization results, actual TAG molecules can be
obtained. Based on the work of Yan et al.,® graphene oxide
was grafted with TAG molecules to form GO-TAG molecules,
and geometric optimization was performed. Then, we
carried out isothermal-isobaric (NPT) MD simulation with
a 0.25 fs time step to relax the internal stresses and to obtain
the initial structures of TAG, GO and GO-TAG. The molec-
ular structures and super cells of TAG, GO and GO-TAG are
shown in Fig. 1 and 2, respectively. Here, we used
a Berendsen thermostat (100 fs damping constant) and
a Berendsen barostat (500 fs damping constant). After 100 ps
of NPT simulation, we carried out 100 ps isothermal iso-
choric (NVT) MD simulations with a 0.25 fs time step at 1200
K, 1500 K, 2000 K, 2500 K, and 3000 K to analyze the thermal
decomposition of TAG, GO and GO-TAG. The thermostat and
barostat were same as those used in the NPT MD simulation.
All MD simulations were carried out using ADF software
package with a reactive force field of ReaxFF-1g.**

In the analysis, the bond order cutoff used in this work to
confirm the generation of chemical bonds was set to 0.3 for
all atom pairs. We considered that when the bond order
between two atoms was greater than 0.3, a chemical bond
formed. After that, we used the data calculated by this
method to obtain the product distribution and reaction
steps.

o

(a)

Fig. 1 Molecular structures of TAG (a), GO (b) and GO-TAG (c).
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Fig. 2 Super cells of TAG (a), GO (b) and GO-TAG (c).
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2.3 Thermal analysis

Differential scanning calorimeter (DSC) curves were recorded by
a TA Instruments Q20 under a heating rate of 10 °C min~" with
a 50 ml min " N, gas flow, and the sample mass was approxi-
mately 0.5 mg. Thermogravimetric (TG) analysis was carried out
on a TA Instruments Q500 TGA with a heating rate of
10 °C min~" under N, gas flow.

3 Results and discussion
3.1 Details of the initial reactions

For a reaction, the initial reaction mechanism should be
understood first, which helps to understand the complete
reaction pathway. Therefore, for the GO, TAG and GO-TAG
systems, their first 100 ps decomposition products and path-
ways were studied. At the same time, to understand the effect of
temperature on the decomposition products and pathways,
their dynamic processes at 1200 K, 1500 K, 2000 K, 2500 K, 3000
K were determined. All results are from the average of three
calculations.

First, the decomposition process of GO was studied.
Fig. 3 shows the evolution of key chemical species of GO at
different temperatures from 1200 K to 3000 K. The decom-
position of GO from 1200 K to 3000 K shows that during the
decomposition process, the temperature has a strong
influence on the distribution of the products. At low
temperatures, there are few decomposition products, which
proves that GO undergoes almost no decomposition. Only
small amounts of H,O and H, are generated. As the
temperature increases, the decomposition of GO becomes

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04187g

Open Access Article. Published on 16 October 2019. Downloaded on 10/20/2025 9:02:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

50

—H2
——H20

(a) GO 1200K
40-

30+

20+

Number of fragment

104

100

o+
N
o
AN
o
()]
o
o]
o

Time/ps
50

—H2
1l——H20|

40+

(c) GO 2000K

30

20+

Number of fragment

104

100

o_
N
o
IS
o
(o]
o
®
o

Time/ps
50

—H2
—H20
—CO
——CO02

(e) GO 3000K
40-

30

20

Number of fragment

10+

o
N
o
AN
o
D
o
0]
o

100
Time/ps

View Article Online

RSC Advances
50 —
\——HZOI (b) GO 1500K

= 40
[}
g
® 304
©
o 204
e
£
Z 101

0 T T T T T T

0 20 40 60 80 100
Time/ps
50 p—
@‘ (d) GO 2500K

= 40
[0}
IS
g’ 30+
©
5 204
Qo
§
=z 101

O T T T T T T

0 20 40 60 80 100

Time/ps

Fig. 3 Evolution of key chemical species of GO at different temperatures from 1200 K to 3000 K.

increasingly intensive. It can be seen from the product
diagram that the number of products significantly increases
and that the growth of H, is faster than that of H,O. H,O is
formed in large quantities at the beginning of the reaction,
but after approximately 40 ps, the amount of H,O no longer
increases or even begins to decrease because at the initial
stage of the reaction, the hydroxyl groups on GO can easily
detach and form hydroxyl radicals and then generate H,O
with a hydrogen atom. However, in the middle and late
stages of the reaction, the oxygen atoms are held by GO and
form epoxy groups or carbonyl groups or form oxygen-
containing hetero rings with carbon atoms. These bonds

This journal is © The Royal Society of Chemistry 2019

render the oxygen atoms not easily detachable and thus
reduce the formation of water. When the temperature is
3000 K, the formation of CO and CO, takes place, which
indicates that the reaction becomes more intensive, causing
the carbonyl groups at the edge of GO and some oxygen-
containing six-membered rings to begin to rupture and
detach.

Table 2 shows the initial decay mechanism of GO at 3000
K. The decomposition process of graphene includes the
rearrangement of functional oxygen groups at the edges and
in the plane, which form oxygen-containing heterocyclic

rings. Reactions (1) and (2) in Table 2 show the

RSC Adv., 2019, 9, 33268-33281 | 33271
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Table 2 Initial decay mechanism of GO at 3000 K
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rearrangement of oxygen-containing groups at the edges
and in the plane, respectively. Reaction (3) is the cracking of
the six-membered ring on the graphene edges and the
formation of a linear chain. It can be seen that the forma-
tion of a linear chain is also caused by the rearrangement of
oxygen atoms. The two graphene sheets may be connected
by C-O-C or C-C bonds (Reaction (4)) and then rearrange
into an oxygen-containing heterocyclic ring or a six-
membered ring with carbon, in which the two graphene
sheets are firmly connected. As for small molecules, such as
H,, H,0, H,0,, CO, CO,, they are usually formed by the
reaction of hydrogen atoms and hydroxyl radicals with
other molecules, and the reaction mechanism is relatively
simple.

Fig. 4 shows the evolution of key chemical species of TAG
at different temperatures from 1200 K to 3000 K. Similar to
the decomposition process of GO, as the temperature
increases, small molecule products increase. At 1200 K, the
decomposition products are NHj;, HyN,, CHyN,, which
proves that TAG has only undergone a preliminary decom-
position, that is, breaking of the C-N bonds. However, the
NH; generated during this time is mainly due to the rear-
rangement of hydrogen atoms in the TAG molecule. At 1500
K, H,N, and N, begin to form, indicating that H,N,
undergoes further decomposition. As the temperature

33272 | RSC Adv., 2019, 9, 33268-33281

ey
o

|(|: o ®)
o |

continues to rise, H, appears and the amounts of H,N,, N,
and H, increase, indicating that the decomposition of TAG
is becoming increasingly intensive. When the temperature
reaches 2500 K, the amount of NH; does not change because
the macromolecules in the system are almost completely
decomposed. When the temperature reaches 3000 K, the
amount of all products is basically unchanged, indicating
that TAG has been completely decomposed.

Table 3 shows the initial decay mechanism of TAG at 3000
K. The first reaction is the breaking of C-N bonds, and the
H;3N, group detaches from carbon atoms after capturing
a hydrogen atom (Reaction (5) in Table 3). The HyN,
generated in Reaction (5) is decomposed into H,N, and H,
(Reaction (6)). H,N, can continue to decompose, resulting in
the formation of N, and H, (Reaction (7)). The CH,N, group
formed in Reaction (5) can be decomposed into HN, radicals
and CH;3N, (Reaction (8)), and the hydrogen atoms in the
CH;N, group can be rearranged to bind to carbon atoms and
further decomposed into CHN and H,N radicals (Reaction
(9)). The H,N and HN, radicals formed in the previous
reaction can react with free hydrogen radicals or hydrogen
atoms on other groups to form NH; and H,N,, respectively
(Reaction (10) and (11)). N, can also react with the free
hydrogen atoms in the system to form HN, radicals (Reac-
tion (12)). There is another decomposition pathway for the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Evolution of key chemical species of TAG at different temperatures from 1200 K to 3000 K.

Table 3 Initial decay mechanism of TAG at 3000 K

Primary reactions

CHgNg — CH,N, + H,N,
H,N, — H,N, + H,
H,N, — N, + H,

CH,N, — HN, + CH;N,
CH;N, — CHN + H,N
H,N + H = NH,

HN, + H — H,N,

N, + H — HN,

This journal is © The Royal Society of Chemistry 2019

(5)
(6)
(7)
(8)

(10)
(11)
(12)

CH;N, group. If the hydrogen atoms do not rearrange,
CH;N, will be cleaved into a CN group and a H,N, group. CN
can react with other groups to form a nitrile molecule.

Fig. 5 shows the evolution of key chemical species of GO-
TAG at different temperatures from 1200 K to 3000 K. At low
temperatures, H,, H,O and NH; are generated, with H,
being the most abundant decomposition product. As the
temperature increases, N,, CO, etc. gradually form, indi-
cating violent decomposition of GO and TAG. Similar to GO,
the amount of H, is greater than that of H,O and the amount
of H,O no does not increase in the later stages of the reac-
tion. Moreover, in the decomposition process of GO-TAG,

RSC Adv., 2019, 9, 33268-33281 | 33273
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Fig. 5 Evolution of key chemical species of GO-TAG at different temperatures from 1200 K to 3000 K.

almost no of H4N, and H,N, are detected because the small
molecular groups generated by TAG during the decomposi-
tion process are captured by GO and grafted onto six-
membered rings at the edge of GO.

Table 4 shows the initial decay mechanism of GO-TAG at
3000 K. The first step is the breaking of C-N bonds in TAG,
which leaves two nitrogen atoms on the carbonyl (Reaction
(13) in Table 4). Hydrogen on nitrogen atoms is not stable
and can be taken up by free groups, including -OH, NH,,
etc., or be rearranged to bond to carbon atoms before TAG is
decomposed. After TAG is decomposed, CN,H, attaches to
a carbonyl group of GO, and the N-N bond on TAG may be

33274 | RSC Adv., 2019, 9, 33268-33281

broken. However, there are two ways of breaking this bond:
one is direct cleavage, leaving -NH on the carbonyl group;
the other is the bonding of -NH to an edge carbon atom on
graphene to form a four-membered ring, followed by
breakage of the N-N bond. On the other hand, the formed
four-membered ring is unstable, leading to breakage of the
C-N bond and transfer of the -NH to another carbon atom
(Reaction (14)). This is a rearrangement process. Reaction
(15) shows that when N=N is attached to the edge of gra-
phene, a diazole ring can form. The structure of this ring is
relatively stable, and no cracking of the ring was observed
during the kinetic process. Like the decomposition process

This journal is © The Royal Society of Chemistry 2019
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Table 4 Initial decay mechanism of GO-TAG at 3000 K
Primary reactions
I H
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o o]
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| w — |
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O o
Il
C
O‘ NH
N
\\ N
N N\
N (15)
O

o]

of graphene oxide, two sheets of graphene may also be
connected by oxygen atoms to form a large graphene sheet,
but in the decomposition of GO-TAG, nitrogen atoms can
also act as a bridge, like oxygen atoms (Reaction (16)). At the
same time, similar to the decompositions of TAG and GO,
small molecular compounds and radicals, such as H,0, CO,
CO,, NH3;, N,, H,, HN,, H,N and free hydrogen, are also
produced during the decomposition of GO-TAG. The
generation mechanism is basically similar.

3.2 Apparent kinetics of the initial reactions

To study the effect of GO on TAG, the decomposition
kinetics were investigated and are reported in this section.

This journal is © The Royal Society of Chemistry 2019

We used the ReaxFF force field to obtain the temperature
rise curves of TAG and GO-TAG from 300 K-3000 K. Then,
TAG and GO-TAG were each decomposed at temperatures of
1500 K, 2000 K, 2500 K, 3000 K and 3500 K, and the number
of TAG molecules in each decomposition process was
counted. Then, the decomposition activation energies of
TAG and GO-TAG were analyzed based on the Arrhenius
equation.

It can be seen from Fig. 6 that the decomposition
temperature of GO-TAG is lower than that of TAG, which is
consistent with the experimental results and indicative of
the acceleration effect of GO on the initial decomposition of
TAG.

RSC Adv., 2019, 9, 33268-33281 | 33275
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Fig. 7a shows the evolution curve of TAG at the different
temperatures mentioned above. In the thermal decomposi-
tion process, the first step can be considered to be a one-step
process. Thus, this step can be described by the first-order
reaction rate equation. The behavior of the simulated time
evolution profiles for the decomposition of the TAG system,
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8-

64

4

Number of TAG molecules

— 1500K
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Ink
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Table 5 Rate constant of pure TAG decomposition at different
temperatures

T (K)
kx 10" (s

1500
0.025

2000
0.165

2500
0.478

3000
1.155

3500
1.804

“ The average value, with the other results shown in ESL

Table 6 Rate constant of TAG decomposition in GO-TAG at different
temperatures

T (K)
kx 10" (s7H)*

1500
0.074

2000
0.363

2500
0.822

3000
1.689

3500
2.870

“ The average value, with the other results shown in ESI

as shown in Fig. 7a, proves that this assumption is
reasonable.
According to the first-order reaction kinetic eqn (3),

dITAG] _rag

dt

where [TAG] is the number of TAG molecules, & is the reaction
rate constant, and ¢ is the time.
Eqn (4) can be obtained by integrating eqn (3)

(3)

281 Ink = -11.30/T+31.47

27
26
251

1 (b) 3

23 T T T T T T T T
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

1T (10° 1/K)

29
B Ink = -9.46/T+31.32

28

27

26

25{ (d) .

0.250.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
1T (10° 1/K)

(a) Evolution of the pure TAG molecules over time at various temperatures, where the dotted lines are the curve fitted according to the first

order reaction; (b) Arrhenius plot of the rate constants of pure TAG molecules at various temperatures; (c) evolution of TAG molecules over time
at various temperatures in GO-TAG, where the dotted lines are the curve fitted according to the first order reaction; (d) Arrhenius plot of the rate

constants of TAG molecules at various temperatures in GO-TAG.
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[TAG], _

In 772G ~

kt (4)

where [TAG], is the initial number of TAGs.

Therefore, by using the data presented in Fig. 7a, the corre-
sponding rate constant k can be calculated according to eqn (4)
and is listed in Table 5.

The relationship between the reaction rate constant and
temperature can be obtained from the Arrhenius eqn (5),

k = A exp(—E,/RT) (5)

where A is the pre-exponential factor, R is the molar gas
constant, and E, is the reaction activation energy.

Based on the data presented in Table 5, a graph of In &
versus 1/T can be constructed using the Arrhenius formula,
as shown in Fig. 7b. It can be seen from the fitted curve that
the intercept and slope are 31.47 and —11.30, respectively,
which means that —E,/R is —11.30 and In A is 31.47. There-
fore, the activation energy of the decomposition of TAG is
calculated to be 94.0 k] mol™", and the pre-index factor is
4.65 x 10",

The evolution of TAG molecules at different temperatures
in GO-TAG is shown in Fig. 7c. Similar to the thermal

View Article Online

RSC Advances

decomposition process of TAG, the decomposition process
of GO-TAG is described by a first-order reaction rate equa-
tion. Therefore, by using the data presented in Fig. 7c, the
corresponding rate constant k can be calculated according
to eqn (4) and is listed in Table 6.

Based on the data presented in Table 6, the plot of In k versus
1/T can be generated by the Arrhenius formula, as shown in
Fig. 7d. It can be seen from the fitted curve that the intercept
and slope are 31.32 and —9.46, respectively, which means that
—E,/R is —9.46 and In 4 is 31.32. Consequently, the activation
energy of the decomposition of TAG is calculated to be
78.6 k] mol ', and the pre-index factor is 4.00 x 10"

At the same time, we fit the TAG decomposition curve
according to the obtained rate constants (Tables 5 and 6)
and the first-order reaction formula as shown in Fig. 7a and
c. It can be seen that the fitted curve and the statistical curve
are basically consistent, which proves that the trend of the
statistical curve is correct, especially at high temperatures.
At low temperatures, it may be because the reaction rate is
low, resulting in poor curve consistency.

Therefore, it can be seen from the activation energies listed
in Tables 5 and 6 that when TAG and GO are combined, the
decomposition activation energy of TAG is lowered, which

Hydrogen
s
transfer

Hydrogen l transfer

formation of
" Ao
N, andH
g\ 2 2
7ps ¢ 6 ps

NH, ‘f ¢
formation
1.5 ps — |
- of NH;
complete 10 ps
decomposition f

O~

Fig. 8 Evolution of the pure TAG molecules in the first 10 ps at 3000 K (the hydrogen atom is white, the nitrogen atom is blue, and the carbon

atom is gray.).
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>

C-N bond

2.5 ps

Fig. 9 Evolution of GO-TAG molecules in the first 2.5 ps at 3000 K (the hydrogen atom is white, the nitrogen atom is blue, the oxygen atom is

red, and the carbon atom is gray.).

proves that GO can accelerate the decomposition of TAG. This
result is similar to the results observed by Yan et al.,®* where
the decomposition temperature of GO-TAG was lower than
that of pure TAG.

3.3 Image of the initial reactions

As seen from Fig. 8, at 5 ps, the H atom in the TAG molecule will
start to transfer, which may cause the breaking of C-N bonds. At
5.5 ps, the N,H, appears because of the H transfer. At 6 ps, the H
atom in the N,H, is transferring and making N, and H, appear
at 7 ps. At 9 ps, the -NH,, group captures a H atom in hydrogen
and leads to the formation of NH;. TAG molecule has
completely decomposed at 10 ps.

Moreover, the phenomenon of intramolecular and
intermolecular hydrogen transfer was observed at 0.5 ps. In
previous literature reports, Sergeev et al.'® studied the
hydrogen transfer behavior during the thermal decomposi-
tion of PETN. Studies have shown that the decomposition
activation energy of a PETN single molecule (156 k] mol ") is
significantly different from the decomposition activation
energy of the corresponding condensed phase (82 k] mol ).
Researchers believe this energy is caused by hydrogen
transfer within the system. In this work, we observed similar
phenomena, so it can be considered that the transfer of
hydrogen atoms in the system promotes the decomposition
of TAG molecules.

33278 | RSC Adv., 2019, 9, 33268-33281

As seen from Fig. 9, at 0.5 ps, the carbon atoms at the
edge of the GO promote the decomposition of TAG and form
a diazole ring. At 2 ps, part of the TAG molecule is detached
from GO. At 2.5 ps, the TAG molecule continues to decom-
pose and has not formed a small molecular product.

In GO-TAG, TAG was observed to decompose at 0.5 ps,
earlier than the decomposition time of pure TAG molecules,
proving that GO promotes the initial decomposition process
of TAG.

3.4 Research of thermal stability

To verify the calculation results, the temperature rise of GO-
TAG and TAG was studied by DSC and TG methods. The
results are shown in Fig. 10. As seen from the DSC curve, the
decomposition peak temperature of TAG is approximately
240 °C and that of GO-TAG is approximately 180 °C. This
result shows that GO promotes the decomposition of TAG,
and its decomposition temperature is approximately 60 °C
lower than that of TAG. At the same time, the result of the
TGA experiment shows that the accelerated decomposition
of GO-TAG starts at 180 °C, while that of TAG starts at
241.2 °C; these results are consistent with the DSC experi-
ment. This work has been described before.® It can be seen
from Fig. 6 that the calculation results of ReaxFF are in
accordance with the experimental results, indicating that
GO promotes the thermal decomposition TAG.

This journal is © The Royal Society of Chemistry 2019
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4 Conclusions

In this work, the decomposition processes of GO, TAG and GO-
TAG were studied by ReaxFF force field. The acceleration effect
of GO on TAG decomposition was further investigated. The
following conclusions were drawn.

(1) The decomposition products of GO at temperatures lower
than 2500 K are H, and H,0, and the C=0 bond at the GO edge
is broken at 3000 K to form CO, and CO. Small layer GOs have
a tendency to agglomerate into a large carbon cluster during the
decomposition process. The main decomposition products of
TAG are NH;3;, N, and H,. The decomposition process of GO-TAG
is similar to that of GO, and carbon clusters are formed. The
decomposition products are H,O, NH;, N, and H,. TAG gener-
ates HN,, H,N and free H radicals during the decomposition
process.

(2) The initial decomposition activation energy of TAG is
94.0 k] mol~*, and the initial decomposition activation energy
of the TAG molecule in GO-TAG is 78.6 k] mol™'; that is, GO
reduces the decomposition activation energy of TAG by
15.4 k] mol~". Through analysis of the initial decomposition
processes of TAG and GO-TAG, we found that the initial
decomposition of TAG was mainly due to hydrogen transfer

This journal is © The Royal Society of Chemistry 2019

within the molecule. The assistance of GO of the initial
decomposition of TAG is mainly manifested in the carbon
atoms at the edge of GO, which promote the decomposition of
TAG molecules.

(3) According to the DSC experiments, the thermal
decomposition temperature of GO-TAG is lower than that of
TAG, and the experimental results for TG are consistent
with the DSC experimental results, proving that GO
promotes the thermal decomposition of TAG when GO and
TAG are combined, which is consistent with the calculation
results. Therefore, TAG will quickly decompose due to the
acceleration of GO in propellant combustion. This process
produces a “new” GO, which catalyzes the decomposition
of components including RDX, HMX, etc. in the propellant.
At the same time, many free radicals (HN,, H,N and free H)
are generated during the decomposition of TAG to catalyze
the decomposition of other components in the propellant,
which enhances the catalytic ability of GO in the
propellant.
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