
 
 

 

 
 

Graphene Oxide Induced Nanoscale Energetic Coordination Polymer with Self-sustaining
Combustion Ability

Ma, Xiaoxia; Chan, Shing-Yam; Zhou, Jun; Chen, Yatu; Yang, Guangcheng; Zhang, Kaili

Published in:
Energetic Materials Frontiers

Published: 01/09/2020

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY-NC-ND

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1016/j.enmf.2020.09.006

Publication details:
Ma, X., Chan, S-Y., Zhou, J., Chen, Y., Yang, G., & Zhang, K. (2020). Graphene Oxide Induced Nanoscale
Energetic Coordination Polymer with Self-sustaining Combustion Ability. Energetic Materials Frontiers, 1(2), 51-
58. https://doi.org/10.1016/j.enmf.2020.09.006

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/graphene-oxide-induced-nanoscale-energetic-coordination-polymer-with-selfsustaining-combustion-ability(572423a2-b9c2-4ace-be7b-e615ecfc2154).html
https://doi.org/10.1016/j.enmf.2020.09.006
https://scholars.cityu.edu.hk/en/persons/xiaoxia-ma(ddfd7d6d-e24e-454d-94fd-6fcacc94675d).html
https://scholars.cityu.edu.hk/en/persons/jun-zhou(4b91ffe7-1888-40dc-8511-35b8caf49adc).html
https://scholars.cityu.edu.hk/en/persons/yatu-chen(f9b438d7-400a-4a72-81c9-006a2b45ce38).html
https://scholars.cityu.edu.hk/en/persons/kaili-zhang(1ddf6306-d15a-4fe9-bfd3-e55052354da8).html
https://scholars.cityu.edu.hk/en/publications/graphene-oxide-induced-nanoscale-energetic-coordination-polymer-with-selfsustaining-combustion-ability(572423a2-b9c2-4ace-be7b-e615ecfc2154).html
https://scholars.cityu.edu.hk/en/publications/graphene-oxide-induced-nanoscale-energetic-coordination-polymer-with-selfsustaining-combustion-ability(572423a2-b9c2-4ace-be7b-e615ecfc2154).html
https://scholars.cityu.edu.hk/en/journals/energetic-materials-frontiers(148f9c7d-c22b-438c-af41-75dd5484073a)/publications.html
https://doi.org/10.1016/j.enmf.2020.09.006


Energetic Materials Frontiers 1 (2020) 51–58
Contents lists available at ScienceDirect

Energetic Materials Frontiers

journal homepage: www.keaipublishing.com/en/journals/energetic-materials-frontiers
Graphene oxide induced nanoscale energetic coordination polymer with
self-sustaining combustion ability

Xiaoxia Ma a, Shing-Yam Chan a, Jun Zhou a, Yatu Chen a, Guangcheng Yang b,**, Kaili Zhang a,*

a Department of Mechanical Engineering, City University of Hong Kong, Hong Kong, 999077, China
b Institute of Chemical Materials, China Academy of Engineering Physics, Mianyang, 621999, China
A R T I C L E I N F O

Keywords:
Nanoscale Ni-BTO energetic Coordination
polymer
Graphene oxide
Self-sustaining combustion
Heat release
Pressure performance
* Corresponding author.
** Corresponding author.

E-mail addresses: ygcheng@caep.cn (G. Yang), k

https://doi.org/10.1016/j.enmf.2020.09.006
Received 7 August 2020; Received in revised form
Available online 13 October 2020
2666-6472/© 2020 The Authors. Publishing service
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A B S T R A C T

The self-sustaining combustion of energetic materials, especially for propellants and pyrotechnics, is highly
expected because it is related to various issues, such as combustion efficiency, ignition energy, and environ-
mental protection. In this work, we present a method to solve the discontinuous and quenching combustion
issues of energetic coordination polymer (ECP) by introducing graphene oxide (GO) into the growth of ECP. An
ECP [(NiC2H4N8O4)n, Ni-BTO] constructed from Ni2þ and H2BTO [1H,10H-(5,50-bitetrazole)-1,10-bis(olate)]
ligand is in situ grown on GO layers. The abundant active sites of GO derived from its oxygen groups make it
participate in the coordination and polymerization of Ni-BTO, thereby inducing a new kind of ECP (GO-Ni-
BTO). The induction effect of GO reduces the size of Ni-BTO particles to the nanoscale and allows them to
chemically bond to GO layers. The effects of different GO contents on the exothermic, combustion, and
pressure-generation properties of GO-Ni-BTO are systematically investigated. Results indicate that GO-Ni-BTO
ECP with 7.5 wt% GO content can solve the quenching and discontinuous combustion issues presented by
micro-size Ni-BTO with a higher heat output (3265.58 J⋅g�1) because of the reduced size of GO-Ni-BTO, ox-
ygen-release ability of GO, and strong thermal conductivity of reduced GO. Correspondingly, the peak pressure
and pressurization rate of GO-Ni-BTO ECP with 7.5 wt% GO content are also greatly enhanced. This interesting
GO-Ni-BTO ECP can be used as a heat source for the initiation of secondary explosives and as a gas generator for
the propulsion system.
1. Introduction

Energetic coordination polymer (ECP) is a kind of energetic materials
(EMs) formed by the coordination of metal ions or metal clusters with
nitrogen-rich organic ligands. ECPs can be assembled to different di-
mensions according to the configuration of the metal ions and the co-
ordination mode of the ligands. The metal components endue them with
high density, benign mechanical hardness, and good thermal stability,
whereas organic energetic components endow themwith energy sources,
diverse structures, topologies, and regulation functions.1 Therefore, ECPs
usually exhibit high density, low sensitivity, good thermal stability, and
excellent detonation performance. In the past decade, ECPs experienced
rapid development, and many ECPs were synthesized and reported.2–6

However, most of themmainly focused on the synthesis strategies of new
ECPs, and only few reports were related to practical applications. Several
works pay attention to the catalysis effect of ECPs on the decomposition
aizhang@cityu.edu.hk (K. Zhang
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of propellants and explosives, including ammonium perchlorate (AP),7,8

ammonium dinitramide,9 cyclotetramethylene tetranitramine,10 and
cyclotrimethylenetrinitramine.11 However, these applications only treat
ECPs as additives, rather than main ingredients. Several reports use ECPs
as oxides or fuels, which lay a foundation for the practical application of
ECPs as green gas generators or heat resources.12–17 However, these
energetic composites still confront a major issue, that is, poor
self-sustaining combustion ability. This phenomenon usually occurs
below the critical pressure and appears as quenching or discontinuous
combustion. In this condition, the high-speed airflow generated by the
thermal decomposition of ECPs can blow away the surrounding samples
to form a physical barrier, and the thermal feedback from the gas-phase
flame zone to the solid-phase reaction zone is blocked, resulting in the
termination of combustion.18 Quenching or discontinuous combustion
can cause the reduction of the combustion efficiency, thereby limiting the
gas and pressure generation, which is not conducive to practical
).
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applications. In addition, inadequate combustion is prone to produce
harmful gases, such as CO and NO, which can cause pollution to the
environment.

This issue is expected to be solved by graphene oxide (GO). GO is a 2D
graphite layer with a large number of carboxyl groups on the edges and
hydrophilic oxygen groups (hydroxyl and carbonyl groups) on the sur-
face. The chemical activity of these oxygen groups of GO endows it with a
functionable characteristic, which can coordinate with selected metal
ions or is covalent with selected small molecules.19,20 GO and its
reduction product reduced graphene oxide (rGO) have been widely
studied21 to promote the decomposition, ignition, and combustion of
EMs,22–26 increase their thermal stability,27 and reduce their
sensitivity.28–31 The unique properties of GO mainly arise from the
following aspects. First, GO itself is a kind of EMs with self-sustained
combustion ability because the oxygen groups on the GO sheet can
decompose and generate a large amount of heat by absorbing a small
amount of heat at a relatively low temperature (approximately 200�С),32

which can form a positive thermal feedback effect. Second, GO can
promote mass transfer (mainly oxygen transfer) in the energetic com-
posite system, resulting in rapid and thorough thermal reactions because
the decomposition of the oxygen groups of GO is a process of oxygen
release, whereas the thermal reaction of most EMs requires or includes
oxygen transfer. In addition, the rGO, produced by the decomposition of
oxygen groups, possesses high thermal conductivity,33 leading to a high
combustion propagation by promoting heat transfer.

In a previous study,34 ECP [(NiC2H4N8O4)n, Ni-BTO], which was
constructed from Ni2þ and H2BTO [1H,10H-(5,50-bitetrazole)-1,10-bis(o-
late)] ligand, was proven to be a good primary explosive with high
density (2.128 g⋅cm�3), high nitrogen content (42.6%), good detonation
heat (627 cal⋅g�1), relatively low impact (32.5 J), and friction sensitivity
(192 N). However, its combustion is not continuous in atmospheric
pressure and air atmosphere, which seriously weakens its initiation
ability. Therefore, in this work, GO is used to improve the combustion
performance of Ni-BTO through in situ synthesis of nanoscale Ni-BTO on
GO nanosheets. The thermal decomposition temperature of Ni-BTO is
approximately 200 �C, which is very close to that of the oxygen groups of
GO. That is, further oxygen participation occurs during the decomposi-
tion of GO-contained Ni-BTO ECP (GO-Ni-BTO), which is conducive to
thorough reaction and rapid energy release. Moreover, the thermal
conductivity of the rGO product likely inhibits the formation of hot spots
at a low temperature (approximately 200 �C) to improve its thermal
stability,35–40 accelerate the heat transfer from the gas-phase flame zone
to the solid-phase reaction zone at a high temperature, and increase the
combustion propagation. On the basis thereof, GO-Ni-BTO ECPs with
different GO contents ranging from 2.5 wt% to 10 wt% were prepared
and investigated in terms of exothermic, combustion, and pressure
properties. All GO-Ni-BTO ECPs showed enhanced heat release and
thermal stability. The continuous combustion and excellent pressure
generation were achieved for GO-Ni-BTO ECP with 7.5 wt% GO content.

2. Experimental section

2.1. Materials

Nickel nitrate hexahydrate (Ni(NO3)2⋅6H2O) with analytical-grade
purity (AR) and 30% hydrogen peroxide solution were purchased from
Sigma Aldrich Corporation. Natural flake graphite powder (300 mesh)
was purchased from Nanjing XFNANOMaterials Tech Co., Ltd. Potassium
persulfate (AR) was purchased from China United Test Chemical Reagent
Co., Ltd. Phosphorus pentoxide (AR) and potassium permanganate (AR)
were purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd.
American Chemical Society-grade concentrated sulfuric acid, hydro-
chloric acid, and isopropanol were purchased from Anaqua Global In-
ternational Inc., Ltd (Hong Kong). H2BTO ligand was provided by the
China Academy of Engineering Physics. All reagents were used without
further purification.
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2.2. Sample preparation

GO nanosheets were prepared by using the modified Hummers’
method.41 The following is the typical route. The preliminarily oxidized
graphite powder (2.5 g) was slowly added into the concentrated sulfuric
acid (115 mL) in a flask, which was immersed in an ice bath. After being
stirred for 10 min, KMnO4 (9 g) was slowly added into the slurry. The
slurry reacted for 10 min with stirring during which the temperature of
slurry should be kept below 20 �C. The slurry was then heated to 35 �C
and maintained for 3.5 h. Afterwards, 230 mL of deionized water was
slowly added into the slurry and stirred for 15 min at 98 �C, and then
more deionized water (350 mL) was added to stop the reaction. A 6.5 mL
of 30 vol% H2O2 was added into the slurry to react with the remaining
KMnO4, resulting in a tawny suspension. After the separation, the solid
was washed by 3.8 vol% HCl solution for three times, and then by
deionized water for two times. The product was put into a dialysis tube
after washing to eliminate residue ions. After being dried, GO was
obtained.

Ni-BTO was synthesized in accordance with Reference 34 with slight
modifications. H2BTO (0.1 mmol) was dissolved in 4 mL of deionized
water at 55 �C, and Ni(NO3)2⋅6H2O (0.1 mmol) was dissolved in 0.5 mL
of deionized water. Subsequently, Ni(NO3)2 solution was slowly dropped
into the H2BTO solution with constant stirring for 20 min. The light blue
precipitate was filtered and washed with hot water for three times.
Ni-BTO powder was obtained after drying in a vacuum oven overnight at
60 �C.

GO-Ni-BTO ECPs were prepared by in situ growing Ni-BTO on GO
nanosheets. GO was first added into 60 mL of deionized water for ul-
trasonic dispersion to obtain clear and transparent suspension. Then,
221.4 mg of Ni(NO3)2⋅6H2O was dissolved in 5 mL of deionized water.
Next, 129.4 mg of H2BTO was dissolved in 60 mL of deionized water at
80 �C. Ni(NO3)2⋅6H2O solution was then dropped into GO dispersion
with continuous stirring. Subsequently, H2BTO solution was slowly
added into the obtained solution, which was stirred for 5 h with the
temperature constant at 65 �C. The flocculent precipitate was washed
with deionized water for three times and dried overnight at 60 �C. To
obtain the GO-Ni-BTO complexes with different GO contents, the masses
of GO dispersed in the first step were different. The GO masses of the
samples with GO contents of 2.5 wt%, 5 wt%, 7.5% wt, and 10 wt% were
5, 10, 15, and 20 mg, respectively.

2.3. Morphological and compositional characterization

The field-emission scanning electron microscopy (FEI Quanta 450)
coupled with energy dispersive spectroscopy was used to perform the
morphology and elemental composition of pure Ni-BTO and GO-Ni-BTO
with different GO contents. X-ray diffraction (XRD, Bruker D2 Phaser)
and Fourier transform infrared spectroscopy (FTIR, PE Spectrum One)
were used to receive the component information of the samples. XRDwas
proceeded at 30 kV by using Cu Kα radiation (λ ¼ 1.5418 Å). For FTIR, 1
mg of sample was first ground with 100 mg of KBr powder, and then
pressed to obtain a semi-transparent pellet with the scanning frequency
range of 4000–400 cm�1

2.4. Thermal analysis

Thermal analysis was performed on Ni-BTO and GO-Ni-BTO samples
with different GO contents (2.5 wt%, 5 wt%, 7.5 wt%, and 10 wt%).
Thermogravimetry and differential scanning calorimetry (TG/DSC,
METTLER, TGA/DSC 3þ) were used to understand the weight changes
and heat flow of all samples in argon atmosphere from 45 �C to 700 �C
with a heating rate of 10 �C⋅min�1.

2.5. Closed bomb experiments

A closed bomb experiment is conducted to test the dynamic pressure
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curve in a chamber when an energetic sample undergoes combustion or
explosion reaction. Closed bomb experiments were performed on Ni-BTO
and GO-Ni-BTO ECPs. Typically, a 25 mg loose sample was placed in the
confined cell with a fixed volume of 8 mL and ignited by a nichrome wire
(1 mm in diameter, 3 cm in length). The dynamic pressure during the
reaction process was measured by a piezoelectric pressure sensor (PCB
Piezotronics, Model 112B05) attached to the confined cell, and the
pressure signal was transformed into a voltage signal through a sensor
signal conditioner (PCB Piezotronics, Model 482C54), followed by being
recorded in an oscilloscope. The apparatus of the close bomb experiment
is shown in Fig. S8.

2.6. Open burning experiments

In this study, the open burning experiments included the sample
ignition and combustion recording of Ni-BTO and GO-Ni-BTO ECPs.
Typically, a 5 mg loose sample was loaded into an alumina crucible. It
was ignited by an electric heating wire (1 mm in diameter, 10 cm in
length) in air atmosphere at a current of 3 A. The combustion was
recorded by dynamic analysis microscopy (KEYENCE, VW-6000) with a
sampling rate of 250 frames per second.

3. Results and discussion

3.1. Morphological and compositional analyses

The scanning electron microscopy (SEM) images of homemade GO
sheets are shown in Figs. S1a and b. Manywrinkled GO sheets are stacked
randomly, forming holes and channels, resulting in a large specific sur-
face area. Fig. S1c presents the results of the elemental analysis of GO
sheets. GO mainly contains two elements, C and O, and the atomic
content of O element is 37.4%, which proves that the graphite sheets
have been successfully oxidized. Fig. S1d is the XRD pattern of GO. A
strong diffraction peak appears near 11.5�, corresponding to the (100)
crystal plane of GO. According to the Bragg equation, its interlayer dis-
tance is 77 nm, which is several hundred times that of the graphite layer
(0.34 nm). The reason is that the surface of the GO layers is covered with
a large number of oxygen groups, thereby increasing the interlayer dis-
tance. In addition, no characteristic diffraction peak corresponding to the
crystal surface of natural flake graphite powder (002) appears near 26�,
indicating that graphite has been oxidized to GO.
Fig. 1. SEM images of (a) Ni-BTO micro-particles, (b) GO layers and GO-Ni-BTO E
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The H2BTO ligand and Ni(NO3)2⋅6H2O have good solubility, can
undergo coordination reaction in water, and eventually grow into
micron-sized Ni-BTO crystal particles due to the sufficient supply of Ni2þ

and ligands, as illustrated in Fig. 1a. Meanwhile, the hydrophilic oxygen
groups (e.g., –OH and –COOH) on the GO surface make it have good
dispersibility in water and endow it with surface functionalization abil-
ity. When GO sheets exist in a solution, it can seize the Ni2þ ions through
coordination reactions with hydroxyl and carboxylic functional groups of
GO,19 making the substantial coordination reaction between H2BTO and
Ni2þ ions occur on its surface. In addition, the layered structure of GO can
reduce the contact probability between H2BTO and Ni2þ ions, and the
interaction between GO and Ni2þ can disturb the growth of Ni-BTO
crystals, thereby forming a nanoscale Ni-BTO-coated GO structure.
Fig. 1c, d, 1e, and 1f show the SEM images of GO-Ni-BTO at the same
scale as Fig. 1a, corresponding with the samples with 2.5 wt%, 5 wt%,
7.5 wt%, and 10 wt%, GO content, respectively. Different from Ni-BTO,
the morphology of GO-Ni-BTO is mainly dominated by GO and shows a
layered structure, but the original smooth surface and interlayer space of
GO, as displayed in Fig. 1b, are covered and filled by a large number of
nano particles in these GO-Ni-BTO samples. Comparing Fig. 1c–f, the
content of GO has a significant impact on the compactness of GO-Ni-BTO
ECPs, and 7.5 wt% GO endows it with the most dense and uniform
structure. Fig. 2a–d shows the enlarged SEM images of GO-Ni-BTO ECPs
with different GO contents. When GO content is low (Figs. 1c and 2a),
many Ni-BTO particles are packed on the surface of GO-Ni-BTO (e.g., the
particles in the yellow circles), resulting in a loose structure. With the
increase of GO content, the packing of Ni-BTO gradually disappears,
especially when the GO content is 7.5 wt%, almost no large particles are
agglomerated on the surface of GO-Ni-BTO ECPs. However, when the GO
content continues to increase to 10 wt%, bare GO films can be found, as
indicated by the yellow arrows in Fig. 2d, which demonstrates the
excessive GO content. In addition, for the GO-Ni-BTO ECPs with 2.5 wt%
GO content, the length and width of these small particles are approxi-
mately 400 and 98 nm, which are smaller than that of themicroscale pure
Ni-BTO but much larger than the 185 and 40 nm in the 7.5 wt% GO
sample, respectively. This factor further indicates that GO has the effect
of reducing the size of Ni-BTO through physical isolation and chemical
bonding. In detail, first, considering that the active site of GO induces
metal ions into the GO layers, the coordination between metal ions and
ligands takes place in the GO layers. The GO layer spacing is nanoscale,
and the confinement effect hinders the growth of crystals, thus reducing
CPs with GO contents of (c) 2.5 wt%, (d) 5 wt%, (e) 7.5 wt% and (f) 10 wt%.



Fig. 2. SEM images of GO-Ni-BTO ECPs with GO contents of (a) 2.5 wt%, (b) 5 wt%, (c) 7.5 wt% and (d) 10 wt%.
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the size. Second, the coordination between GO and metal ions obstructs
the inherent coordination mode between the original metal ions and li-
gands, thereby disturbing the growth of crystals.

Fig. 3 presents the XRD patterns of GO-Ni-BTO with different GO
contents and pure Ni-BTO. The diffraction peak of GO does not appear in
all GO-contained samples because of the intercalation of nano particles
into the GO layers, making it completely peel off and thus losing its
Fig. 3. XRD patterns of GO-Ni-BTO with different GO contents and pure
Ni-BTO.
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regular layered structure. Nevertheless, most of the diffraction peaks of
Ni-BTO are maintained in all GO-Ni-BTO samples, but the intensity of
these diffraction peaks decreases gradually as GO contents increase.
Specifically, the strong diffraction peaks at 18.2� and 23.2� of the pure
Ni-BTO decrease greatly in all GO-Ni-BTO samples. Therefore, the GO-Ni-
BTO structure has changed during the coordination and polymerization
among GO, Ni2þ, and H2BTO. This condition is also reflected in
Fig. 4. FTIR spectra of GO-Ni-BTO with different GO contents and pure Ni-BTO.



Fig. 5. TG curves of GO-Ni-BTO with different GO contents and pure Ni-BTO.
Inset is the enlarged TG curves between 180 and 280 �C.
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their infrared spectra (Fig. 4). The transmittance at the wavelength of
1380 cm�1 is almost lost, whereas that at other wavelengths (749 cm�1,
1018 cm�1, 1185 cm�1, 1258 cm�1, 1449 cm�1, 1629 cm�1, and
3400 cm�1) is greatly weakened in all GO-Ni-BTO samples. The
same phenomenon appeared in a previous report when (NH4)2BTO
formed co-crystal with pentaerythritol tetranitrate,42 suggesting that
GO participates in the crystallization of Ni-BTO and forms new
GO-Ni-BTO ECPs. This formation is most likely achieved by the co-
ordination reaction of the oxygen groups of GO with Ni2þ ions.
Fig. 6. (a) DSC curves and (b) heat release summary of Ni-BTO and GO-Ni-BTO
with different GO contents.
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3.2. Thermal analysis

Thermal analysis was first performed on pure GO in an inert atmo-
sphere, and the results are shown in Fig. S2. GO lost approximately 30%
of its weight before 250 �C due to the evaporation of adsorbed water and
decomposition of oxygen groups. GO also showed an exothermic peak
(874 J⋅g�1) between 200 �C–275 �C.

Subsequently, TG–DSC tests were performed on Ni-BTO and GO-Ni-
BTO. The results are presented in Fig. 5. The weight loss of pure Ni-
BTO occurred between 180 �C and 560 �C and was divided into three
stages. Most of the weight loss (approximately 55%) occurred between
180 �C and 380 �C. During this stage, the loss of coordination water
accompanied by an endothermic peak (Fig. 6a) can be first observed, and
then the decomposition of the tetrazole ring accompanied by a strong and
broad exothermic peak follows. The latter two weak weight losses
occurred between 380 �C and 560 �C, accompanied by weak exothermic
peaks, and were probably caused by further reactions between the solid
products generated by Ni-BTO decomposition. For GO-Ni-BTO ECPs, the
onset weight-loss temperature shifted back by approximately 10 �C,
which proved that the thermal stability of the GO-contained samples has
improved. The reason is because of the strong thermal conductivity of
rGO, which is produced by the decomposition of oxygen groups of GO at
approximately 200 �C. rGO can inhibit the formation of hot spots and
increase the onset temperature of Ni-BTO decomposition.35–40

Fig. 6 shows the DSC curves and corresponding reaction heat for all
samples. As GO content increases, the heat absorptions between 180 �C
and 250 �C on the DSC curves decrease because of the increased heat
compensation from the decomposition of the oxygen groups of GO. In
terms of the total heat release, the energy output of all GO-contained
samples shows an increase trend. Specifically, 7.5 wt% GO-Ni-BTO has
the largest heat output, reaching 3265.58 J⋅g�1, which is approximately
1.6 times that of pure Ni-BTO. However, when the GO content increases
to 10 wt%, the heat output begins to decrease because the heat release
mainly arises from the breakdown of the tetrazole ring in the ligand. The
increase of GO content can inevitably lead to the decrease of ECP content,
that is, the decrease of the content of tetrazole rings, thus reducing the
heat release. DSC test results show that GO-Ni-BTO ECPs have signifi-
cantly improved energy density compared with pure Ni-BTO. This
improvement is mainly caused by a more complete decomposition re-
action due to the smaller particle size of ECPs and the enhanced oxygen
transfer arising from the decomposition of the oxygen groups of GO.

3.3. Open burning experiments

Open burning tests of Ni-BTO and GO-Ni-BTO ECPs with 2.5 wt%, 5
wt%, 7.5 wt%, and 10 wt% GO contents are performed under the same
conditions. An open burning experiment aims to test the combustion
performance before and after adding GO into the Ni-BTO and compares
the effect of mass fraction of GO among four GO-Ni-BTO samples. The
interval between two consecutive photos is 4 ms.

The burning sequence of pure Ni-BTO is illustrated in Fig. S3. Before
all the Ni-BTO powders are consumed, many times of combustion occur,
and the combustion intensity is low. This combustion behavior can be
concluded as unsuitable for practical applications because it is neither
continuous nor self-sustaining, and the time interval between two igni-
tions is uncertain. The discontinuous combustion may be caused by
insufficient heat transfer arising from the empty spaces among Ni-BTO
particles. The burning sequence of 2.5 wt% sample shows a slight dif-
ference from the Ni-BTO, as displayed in Fig. S4. Although the frame
intensity of 2.5 wt% is slightly lower than that of the pure Ni-BTO, the
discontinuous combustion is improved to an extent. However, the 2.5 wt
% GO content is not enough to form a tight structure, resulting in a low
heat transfer rate and discontinuous combustion. From the burning
sequence of 5 wt% GO-Ni-BTO (Fig. S5), the combustion duration is
definitely increased when compared with 2.5 wt% pure Ni-BTO and GO-
Ni-BTO. In addition, by increasing the mass fraction of GO, only three



Fig. 7. The single burning sequence with the highest intensity of Ni-BTO and GO-Ni-BTO with different GO contents (the time interval between two successive images
is 4 ms).
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times of quenching and re-ignition occur, whichmeans a denser structure
and better thermal conductivity are obtained. The combustion intensity
is also increased because themaximum flame area increases significantly.

Referring to Figs. S6 and S7, the combustion behaviors of 7.5 wt% and
10 wt% GO-Ni-BTO are similar. They almost obtain the same burning
duration and burning intensity. Most importantly, both samples finish
the combustion process at once, indicating that they can achieve a self-
sustaining combustion, which is probably caused by the following
three reasons. First, by increasing the GO content, the close contact be-
tween the GO layers and nanoparticles can be obtained and can form a
dense structure. Second, more oxygen groups of GO can undergo the
thermal decomposition and promote the oxygen transfer, resulting in a
more thorough decomposition of Ni-BTO. Third, the high thermal con-
ductivity of rGO promotes the thermal feedback from the flame zone to
the solid-phase reaction zone.

Fig. 7 provides the highest-intensity single burning sequence of Ni-
BTO and GO-Ni-BTO with different GO contents. When the GO content
is greater than or equal to 5 wt%, the flame intensity increases signifi-
cantly, which is manifested in higher flame height and larger flame area.
The main reason is that the size of nanoparticles on the GO surface is
much smaller than that of Ni-BTO and 2.5 wt% GO-Ni-BTO, thus
increasing the decomposition rate. In addition, the heat and oxygen
transfers of GO can further improve its reaction rate and combustion
propagation, thus achieving enhanced flame intensity.
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3.4. Close bomb experiments

The dynamic pressure curves of Ni-BTO and GO-Ni-BTO with
different GO contents are tested by closed bomb experiments. Fig. 8
shows that these five samples can all be ignited and generate pressure
pulse in a restrictive environment. Among them, the peak pressure and
pressurization rate of the sample with 2.5 wt% GO are the smallest due to
its slow reaction rate and poor self-sustaining ability. For the pure Ni-
BTO sample, although its reaction rate is slow due to its large size, the
ECP crystal agglomeration leads to large contact between the reactants
(Fig. 2a). Compared with the sample with 2.5 wt% GO, more samples can
be ignited and produce more gases for each ignition; therefore, the
pressurization rate is higher. The GO-Ni-BTO ECP with 7.5 wt% GO
content has the best pressure generation performance. It also has a peak
pressure of nearly 4 MPa, a pressure duration of approximately 1.8 s, and
a pressurization rate of more than 84 MPa/s, which are approximately
1.6, 2, and 2 times of those of pure Ni-BTO, respectively. This improve-
ment is mainly caused by the continuity of the combustion promoted by
the GO layers and the reduced size of GO-Ni-BTO.

4. Conclusions

In this work, we successfully solve the discontinuous and quenching
combustion issues of Ni-BTO ECPs by in situ growing Ni-BTO crystals in
GO dispersion. The morphology and structure analysis indicate that the



Fig. 8. (a) The dynamic pressure curves and (b) pressurization rate of Ni-BTO
and GO-Ni-BTO with different GO contents.
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GO layers are involved in the coordination and crystallization of Ni-BTO,
leading to the reduced particle size and new GO-Ni-BTO ECPs. This
synthesis method therefore can be applied to other micron-scale ECPs to
achieve size reduction and performance improvement. The GO content
has a significant effect on the compactness of the structure and the
improvement of energetic properties. Among them, 7.5 wt% is the most
suitable GO content, and the GO-Ni-BTO ECP with this GO content has
enhanced a heat output of more than 3200 J⋅g�1, which is approximately
1200 J⋅g�1 higher than that of pure Ni-BTO. In addition, 7.5 wt% GO-Ni-
BTO possesses self-sustaining combustion ability, which can achieve self-
sustaining combustion and avoid quenching, resulting in a peak pressure
of 4 MPa. These improved properties are mainly due to the reduced size
of GO-Ni-BTO, oxygen-release ability of GO, and high thermal conduc-
tivity of rGO. The new GO-Ni-BTO ECPs can be used for ignition and as
gas generators.
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