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The integration of composite energetic films (CEFs) with various types of initiators can effectively

adjust their performance and represents potential applications in microscale energy-demanding sys-

tems. In this study, the Al/Bi2O3/graphene oxide (GO) CEFs were successfully integrated into cop-

per micro-ignitors by electrophoretic deposition, a low-cost and time-saving method. The effects of

the Al/Bi2O3/GO CEFs with different GO contents on exothermic performance and ignition proper-

ties of micro-ignitors were then systematically investigated in terms of heat release, activation

energy, ignition duration, the maximum height of the ignition product, and ignition delay time. The

results showed that the addition of GO promoted more heat releases and higher activation energies

of Al/Bi2O3/GO CEFs. The addition of�3.5 wt. % GO prolonged the ignition duration from 450 ls

to 950 ls and increased the maximum height of the ignition product from about 40 mm to 60 mm.

However, the micro-ignitors with more than 3.5 wt. % GO cannot be ignited, which suggested that

GO played a contradictory role in the ignition properties of micro-ignitors and the controlled GO

content was a prerequisite for improved ignition performance. The ignition delay time gradually

extended from 10.7 ls to 27.6 ls with increases in the GO contents of Al/Bi2O3 CEFs, revealing

that an increase in the weight ratio of GO leads to lower ignition sensitivity of micro-ignitors.

Published by AIP Publishing. https://doi.org/10.1063/1.5016576

I. INTRODUCTION

Micro-ignitors can be found in numerous civilian and

military applications such as triggering the inflation of airbags

in automobiles, micro-propulsion systems for microsatellites,

and safe-and-arm devices used in missiles, rockets, and many

other ordnance systems.1–3 In the past decade, a large number

of research studies4–19 have attempted to integrate varied com-

posite energetic materials (CEMs) with micro-ignitors to

improve their ignition or initiation performance using differ-

ent approaches.

Metastable Intermolecular Composites (MICs) have been

widely employed in micro-ignitors due to high combustion

efficiency, a high energy release rate, and other excellent char-

acteristics, involving Al/CuO,6–9,13 Al/MoO3,15 Al/Bi2O3,12

and so on. Among them, Al/Bi2O3 showed the ideal character-

istics for a micro-actuation energy source owing to high den-

sity, high reactivity, and significant gas production during

combustion (0.894 g gas per gram material20). In 2011, Staley

et al.11 fabricated a silicon-based bridge wire micro-chip initi-

ator with Al/Bi2O3 nanothermite. The initiator had the capac-

ity to controllably initiate with a 100% success rate over a 30

to 80 lJ firing energy range and with response times of less

than 2 ls in high input. Unfortunately, the nanothermite still

suffers from high electrostatic sensitivity (less than 0.16 mJ

electrostatic discharge11), thus limiting its practical applica-

tion. Some researchers found that many carbon materials and

their derivatives could decrease the sensitivity of CEMs by

suppressing hotspot formation.21–23 Moreover, a theoretical

investigation showed that the stability of CEMs could also be

improved by encapsulating them inside carbon nanotubes

(CNTs) or between graphene layers.24 Graphene oxide (GO)

is composed of defective quasi-two-dimensional graphene

nanosheets with a number of oxygen-containing groups inter-

spersing on the basal planes and edges. Compared to CNTs

and graphene, GO has its unique advantages. First, GO sheets

possess a large surface area and the negatively charged

oxygen-containing functional groups on carbon nanosheets

can be used as nucleation and electrostatic adsorption centres

of nanoparticles (NPs) to form NP:GO nanocomposites.

Second, GO is energetic, which is attributed to the highly exo-

thermic thermal deoxygenation of it.25 In recent years, many

GO contained composites have been successfully synthesized,

and their performance has been improved due to GO addi-

tion.26–28 Therefore, the nanocomposites assembling GO with

Al and Bi2O3 NPs are supposed to be able to achieve higher

energetic and more stable properties. However, few investiga-

tions on Al/Bi2O3/GO-based CEMs have been reported in the

literature until now.

As far as integration methods are concerned, spin-coat-

ing,5 physical vapour deposition,6–9,12–15,17,18 and electropho-

retic deposition (EPD)16,19 were usually used in most studies.

The films deposited by physical vapour deposition usually

have regular planar interfaces and very close contact between

the oxidizer and fuel reactants. However, this fabrication pro-

cess is time-consuming, expensive, and difficult to scale up.

Spin-coating is a commonly used film preparation method

a)Authors to whom correspondence should be addressed: xiaoxiama3-c@

my.cityu.edu.hk, Tel.: þ852 34426744 and huyan@njust.edu.cn, Tel.: þ86

025 84315855.

0021-8979/2018/123(9)/095305/8/$30.00 Published by AIP Publishing.123, 095305-1

JOURNAL OF APPLIED PHYSICS 123, 095305 (2018)

https://doi.org/10.1063/1.5016576
https://doi.org/10.1063/1.5016576
https://doi.org/10.1063/1.5016576
https://doi.org/10.1063/1.5016576
https://doi.org/10.1063/1.5016576
mailto:xiaoxiama3-c@my.cityu.edu.hk
mailto:xiaoxiama3-c@my.cityu.edu.hk
mailto:huyan@njust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5016576&domain=pdf&date_stamp=2018-03-06


with simple operation and inexpensive instruments. However,

this method is prone to liquid sputtering and cannot guarantee

the film uniformity and adhesion. Electrophoretic deposition

(EPD) has also been employed in the preparation of energetic

films in recent years. It has the advantages of easy operation,

less time consumption, and no need for expensive instruments

and vacuum conditions. Moreover, the prepared films through

this method have strong adhesion, good uniformity, and high

density.16,19 However, there was no literature report to employ

the electrophoretic deposition method to achieve Al/Bi2O3/

GO based CEMs.

In this work, Al/Bi2O3/GO composite energetic films

(CEFs) with promising properties were prepared on the cop-

per micro-ignitors by electrophoretic deposition. The mor-

phology and structure of as-prepared Al/Bi2O3/GO CEFs

were characterized by using a high resolution transmission

electron microscope (HRTEM), a field emission scanning

electron microscope (FESEM), and an X-ray diffraction

(XRD) spectrometer. The exothermic properties under dif-

ferent GO contents were studied by differential scanning cal-

orimetry (DSC). The electrical ignition experiments of the

as-fabricated micro-ignitors with Al/Bi2O3/GO CEFs were

also carried out. The combustion processes were recorded by

high-speed photography, and the ignition delay time was

researched with the auxiliary of a photodetector.

II. EXPERIMENTAL SECTION

A. Reagents

Al nanoparticles with a mean grain size of 50 nm were

purchased from Shanghai Aladdin Biochemical Technology

Co., Ltd. Analytically pure N,N-Dimethylformamide, isopro-

pyl alcohol, and nitric acid were purchased from Sinopharm

Chemical Reagent Co., Ltd. GO sheets and Bi2O3 nanopar-

ticles were prepared by the modified Hummers method and

water bath deposition, respectively. The detailed preparation

processes are described in the electronic supplementary

material.

B. Material preparation

Al/Bi2O3/GO CEFs were prepared through a simple

EPD process, as shown in Fig. 1. A copper micro-ignitor on

a glass substrate, which was fabricated by micromachining

and the magnetron sputtering technique, was used as the

cathode, while a graphite sheet was adopted as the anode.

The electrodes were inserted vertically into the electrophore-

sis bath with a constant distance of 15 mm. The electropho-

retic suspension was composed of Al/Bi2O3/GO composites

with various GO contents (0 wt. %, 2 wt. %, 3.5 wt. %, 5 wt.

%, and 6.5 wt. %), which was prepared by the electrostatic

self-assembly method28,29 (see electronic supplementary

material). The equivalence ratio of fuel (Al and GO) and oxi-

dant (Bi2O3) was fixed as 1.5, and the mass of the Al2O3

shell was included in the calculation. The Al/Bi2O3/GO com-

posites were dispersed in N,N-Dimethylformamide and iso-

propyl alcohol with a volume ratio at 1:1 under ultrasound

for 30 min before the EPD process. 0.00025 M nitric acid

was added into the suspension to increase the surface charges

of the Al/Bi2O3/GO composite, thus enhancing the electro-

phoretic deposition rate. A direct voltage of 60 V was

applied to the electrodes at room temperature to start the

EPD process. All samples were rinsed by ethanol three times

and dried in an oven at 35 �C for 6 h after 10-min deposition.

C. Material characterization

The Al/Bi2O3/GO composites were characterized by trans-

mission electron microscopy (FETEM, JEOL JEM-2100) to

observe their morphology and stability in solvents. Inductively

coupled plasma optical emission spectrometry (ICP-OES,

PerkinElmer Optima 4300DV) was used to measure the equiva-

lence ratio of thermite reaction for five kinds of Al/Bi2O3/GO

CEFs. The Al/Bi2O3/GO CEFs were characterized by Field

emission scanning electron microscopy (FESEM, FEI Quanta

450) and XRD (D8ADVANCE, Bruker, Germany) to study

their morphology and phase. All samples used in FESEM were

not carbon or gold coated, and FESEM was operated with an

accelerating voltage of 20 kV. All samples used in XRD were

under a voltage of 40 kV and a current of 40 mA (Cu Ka irradi-

ation, k¼ 1.54 Å). DSC (Q20, TA, USA) was employed to

study the exothermic properties and thermal kinetics from

40 �C to 700 �C at different heating rates at 2 �C/min, 5 �C/min,

7.5 �C/min, and 10 �C/min, respectively. The mass of all sam-

ples was 5 mg, and the atmosphere was Ar with a flow rate of

50 mL/min.

D. Electrical ignition experiments

A capacitor (47 lF/55 V) discharge firing circuit test

system was adopted to investigate the electrical ignition

characteristics of Al/Bi2O3/GO micro-ignitors, as shown in

Fig. 2. In this experiment, switch K1 was closed first to

charge the capacitor to the settled voltage (55 V). Then,

switch K2 was closed, and micro-ignitors were initiated. For

each kind of micro-ignitor, three parallel electrical ignition

experiments were conducted and the results were averaged.

The voltage (1), current (2), and photoelectric (3) signals

were recorded into an oscilloscope, while the ignition pro-

cess was simultaneously observed using a high-speed camera

(MotionXtra HG-100K) that captured 20 000 frames per

second.

FIG. 1. Fabrication process of Al/Bi2O3/GO CEFs.
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III. RESULTS AND DISCUSSION

A. Morphology and phase of Al/Bi2O3/GO CEFs

GO, nano-Al, and nano-Bi2O3 were three components of

the suspension used for EPD. They can be uniformly dispersed

in the mixed solvent and carry different surface charges based

on double layer theory. When their concentrations were very

low (0.001 mg/mL), the surface of GO was measured (surface

zeta potentials) to be negatively charged (-23.2162.82 mV),

while the nano-Al and nano-Bi2O3 were positively charged

(19.5361.97 mV and 22.4263.04 mV, respectively). As a

result, when the three components were added into this mixed

solvent simultaneously, they were adsorbed together by an elec-

trostatic interaction to form a stable ternary system. Figure 3(a)

shows the TEM images of the ternary system after 30-min ultra-

sonic dispersion. It can be seen that the spherical nano-Al and

rhombic nano-Bi2O3 were closely adsorbed on the film-like GO

sheet after intense dispersion, which directly certified that the

stability of the ternary system was very good. From the high-

resolution TEM (HR-TEM) image [Figs. 3(b) and 3(c)], the lat-

tice distance was measured as 0.321 nm and 0.232 nm, corre-

sponding to the (100) facet of Bi2O3 and the (111) facet of Al,

respectively. Furthermore, the scanning transmission electron

microscopy bright field (STEM-BF) image and its correspond-

ing energy dispersive spectra of X-ray (EDX) elemental map-

ping of Bi, Al, and O were collected as shown in Figs.

3(d)–3(g), respectively. This confirmed that the nano-Al and

nano-Bi2O3 were both adsorbed onto the GO sheets with uni-

form distribution.

The home-made copper micro-ignitor had a bridge

structure with a 1.5 mm long and 0.8 mm wide bridge area as

shown in Fig. 4(a). The average resistance value of the

bridge area is 1.8 X. When the micro-ignitor was stimulated,

the current density in the bridge area suddenly increased due

to a sudden decrease in the width of the bridge area, resulting

FIG. 2. The layout of the electrical ignition system.

FIG. 3. (a) TEM image of the Al/

Bi2O3/GO composite, (b) the HR-TEM

image of the Al/Bi2O3/GO composite

(the observation area is Bi2O3), (c) the

HR-TEM image of the Al/Bi2O3/GO

composite (the observation area is Al),

and (d) the STEM-BF image of the Al/

Bi2O3/GO composite and the corre-

sponding EDX mapping of (e) bis-

muth, (f) aluminium, and (g) oxygen.
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in the temperature rising steeply and even explosion of the

micro-ignitor. As shown in Fig. 4(b), the copper micro-

ignitor was completely covered by a continuous and uniform

Al/Bi2O3/GO layer after the 10-min EPD process. The cross-

sectional view [Fig. 4(c)] also demonstrates that the Al/

Bi2O3/GO CEF was successfully deposited onto a copper

substrate with excellent quality.

The real densities for Al/Bi2O3/GO CEFs with different

GO contents prepared through EPD were obtained by mea-

suring deposited mass and thickness and follow-up calcula-

tion. These data can be found in Table S1 in the electronic

supplementary material. The real densities of Al/Bi2O3/GO

CEFs were between 27% and 37% of the theoretical maxi-

mum density (TMD) of Al/Bi2O3 (7.188 g/cm3).20 From the

plot of real densities as shown in Fig. 5(a), with the increase

in the GO content, the densities show a downward trend.

This may be due to two reasons. First, the density of GO

itself is smaller than that of Al and Bi2O3; second, the addi-

tion of GO can make the composite film loose while reduc-

ing the agglomeration between the nanoparticles. The

equivalence ratios of thermite reaction for five kinds of Al/

Bi2O3/GO CEFs were also researched through ICP-OES.

Compared with Al/Bi2O3/GO composites in the dispersion,

the equivalence ratio of all Al/Bi2O3/GO CEFs increased, as

shown in Fig. S2 (supplementary material).

XRD patterns of the Al/Bi2O3/GO CEFs with different

GO contents are shown in Fig. 6. The diffraction peaks in all

cases were indexed to be of Bi2O3 (pdf#74–1373) and Al

(pdf#85–1327). The disappearance of the diffraction peak at

around 2h¼ 10.5�, which belongs to the (001) reflection of

GO [Fig. S4 (supplementary material)], may indicate that the

regular layered structure of GO had been destroyed and that

exfoliated GO sheets deposited with Al and Bi2O3 NPs were

formed.30

Figure 7 shows the top and cross-sectional SEM images

of Al/Bi2O3/GO CEFs. As shown in Fig. 7, Al/Bi2O3/GO

CEFs were successfully deposited on the copper micro-

ignitor. GO sheets were evenly distributed in the CEFs. Al

and Bi2O3 NPs were uniformly deposited on GO sheets,

which effectively inhibited their agglomeration. From the

cross-sectional image [Fig. 7(b)], it can be clearly seen that

the film was loose and porous.

B. Heat release characteristics of Al/Bi2O3/GO CEFs

The exothermic properties of Al/Bi2O3/GO CEFs with dif-

ferent GO contents at the heating rate at 2 �C/min were mea-

sured and calculated through the area integration method. The

results are shown in Fig. 8(a) and Table I. For Al/Bi2O3 CEFs,

there is a strong exothermic peak between 400 �C and 600 �C,

which is attributed to the reaction between nano-Al and nano-

Bi2O3 (Al-Bi2O3). There is an extra peak at around 190 �C for

all GO containing samples, which is attributed to the decompo-

sition of oxygen containing groups of GO, which is referred to

the DSC plot of pure GO [Fig. S5 (supplementary material)].

FIG. 4. Optical images for (a) the copper micro-ignitor, (b) the micro-ignitor with Al/Bi2O3/GO CEFs, (c) the cross-sectional view the SEM image for the

micro-ignitor with Al/Bi2O3/GO CEFs.

FIG. 5. The real densities versus GO content of Al/Bi2O3/GO CEFs.

FIG. 6. XRD patterns for Al/Bi2O3/GO CEFs with different GO contents

(0 wt. %, 2 wt. %, 3.5 wt. %, 5 wt. %, and 6.5 wt. %).
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The heat releases of GO reduction are almost linear with the

weight percentage of GO in the Al/Bi2O3/GO CEFs, as shown

in Fig. S6 (supplementary material). It is interesting that an

exothermic peak can be found close prior to thermite reaction

for Al/Bi2O3/GO CEFs, which is attributed to the reaction

between the reduced GO and nano-Bi2O3 (C-Bi2O3).
28 From

Table I, the heat release of Al/Bi2O3 CEFs is about 65% of the

theoretical heat (2126 J/g).20 Attractively, with the rise of the

GO content, the heat release of Al/Bi2O3/GO CEFs signifi-

cantly increased and some of them were even beyond the theo-

retical value of Al/Bi2O3 (about 100%, 108%, and 110% of the

theoretical value when the GO content is 3.5 wt. %, 5 wt. %,

and 6.5 wt. %, respectively). This may be due to two reasons.

First, the addition of GO suppresses the agglomeration among

the nanoparticles, leading to closer contact between the fuel

and the oxidant; second, the reduction product of GO introdu-

ces a C-Bi2O3 reaction prior to the thermite reaction, resulting

in significant increases in heat releases.

In addition, a series of DSC experiments with different GO

contents at different heating rates (2, 5, 7.5, and 10 �C/min,

respectively) were performed to research the thermal kinetics

of Al/Bi2O3/GO CEFs. The activation energies are shown in

Fig. 8(b). The detailed DSC data, plots, and fitting curves

according to the Kissinger method are shown in Table S2 and

Fig. S7 (supplementary material). It is clear that the total heat

releases and activation energies of Al/Bi2O3/GO CEFs both sig-

nificantly increased with the rise of GO contents. It indicates

that the addition of GO endues Al/Bi2O3/GO CEFs with

improved exothermic properties and better thermal stability,

which exactly is the requirements of micro-ignitors.

C. Electrostatic sensitivity characteristics of Al/Bi2O3/
GO CEFs

The electrostatic discharge (ESD) energy at 50% of Al/

Bi2O3/GO CEFs with different GO contents was measured

FIG. 7. (a) Top-view and (b) cross-sectional view SEM images of Al/Bi2O3/

GO CEFs.

FIG. 8. (a) DSC profiles for Al/Bi2O3/GO CEFs with the heating rate at

2 �C/min under different GO contents (0 wt. %, 2 wt. %, 3.5 wt. %, 5 wt. %,

and 6.5 wt. %, respectively) and (b) the activation energies versus GO con-

tent of Al/Bi2O3/GO CEFs.

TABLE I. The heat releases of Al/Bi2O3/GO CEFs with different GO con-

tents at a heating rate at 2 �C/min.

GO

content

(wt. %)

Heat release (J/g)

The 1st peak

(GO reduction)

The 2nd or/and

the 3rd peak (C-Bi2O3

or/and Al-Bi2O3 reaction)

Total heat

release

0 … 1385 1385

2 13.61 1541 1554.61

3.5 34.41 2091 2125.41

5 40.26 2268 2308.26

6.5 51.76 2335 2386.76
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by an electric spark tester JGY-50III, which was calculated

with the formula E¼ 0.5CU2, where C is the capacitance of

the capacitor in Farads (F) and U is the charge voltage in

volt (V).10 As shown in Fig. 9, the 50% ESD energy of Al/

Bi2O3/GO CEFs rises with the increase in GO contents and

the 50% ESD energy of CEFs with 6.5 wt. % GO contents is

about 10 times of the CEFs without GO. This is due to the

high conductivity (320 S/cm) of GO,29 which allows the

charges loaded on the CEFs transfer quickly and suppresses

the formation of hot spots. Therefore, Al/Bi2O3/GO CEFs

exhibit lower electrostatic sensitivity than Al/Bi2O3 CEFs.

D. Electrical ignition characteristics of the
micro-ignitor

The ignition processes of fabricated micro-ignitors were

qualitatively measured using a high-speed camera. Figure 10

shows a sequence of high-speed video frames of the burst

action for the copper micro-ignitor and the Al/Bi2O3/GO

CEF micro-ignitor with different GO contents all discharged

at 47 lF/55 V. The interval between adjoining pictures was

50 ls. It can be seen that Al/Bi2O3/GO CEFs have a great

effect on the ignition performance of these micro-ignitors, in

which the contents of GO in CEFs played an important role.

When the content of GO was 3.5 wt. %, the ignition duration

was significantly prolonged from 450 ls to 950 ls and the

FIG. 9. The electrostatic discharge (ESD) energy at 50% of the Al/Bi2O3/

GO CEF micro-ignitor with different GO contents.

FIG. 10. Electrical ignition processes of different types of micro-ignitors measured using a high-speed camera.
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maximum height of the ignition product was also increased

from about 40 mm to 60 mm compared to the micro-ignitor

without GO. It is supposed that GO in CEFs with an appro-

priate content can reduce agglomeration of Al and Bi2O3

nanoparticles and thus promote complete reaction between

them. When the GO content was too high (>3.5 wt. % in this

study), Al/Bi2O3/GO CEFs cannot be ignited. This is

because most of nanoparticles were distributed between the

GO layers for these samples and GO was inclined to be

transformed into reduced graphene oxide (r-GO) at high tem-

perature, which has higher thermal stability23,25 and requires

more energy to ignite. Therefore, GO in CEFs with more

content had significant inhibiting effects on ignition.

The ignition delay time is the time interval between the

discharge from the capacitor and the start of the firing of the

micro-ignitor,31 which can reflect the ignition sensitivity of

the energetic material for the micro-ignitor. In this work, the

ignition delay time was measured by calculating the time

interval between the start of the voltage signal detected using

a voltmeter and the start of the photoelectrical signal

detected using a photoelectric probe, as shown in Fig. 11(a).

Figure 11(b) provides the ignition delay time versus the GO

content. It was evident that increasing the content of GO led

to an increase in the ignition delay time from 10.7 ls to 27.6

ls. It took more time to build up the heat before the agent

with more GO was ignited. It indicated that the addition of

GO can reduce the electrical ignition sensitivity of Al/Bi2O3,

which is of positive significance for the safe transport and

preservation of the micro-ignitors, especially in the case of

high sensitivity of Al/Bi2O3.

IV. CONCLUSIONS

A new type of micro-ignitor with Al/Bi2O3/GO CEFs

was fabricated by the facile and low-cost EPD method. The

as-deposited Al/Bi2O3/GO CEFs with different GO contents

were investigated by XRD, SEM, and DSC. The existence

and uniform distribution of the three components in the Al/

Bi2O3/GO CEFs were confirmed. The addition of GO

changed the exothermic process of Al/Bi2O3 CEFs by adding

the exothermic decomposition reaction of oxygen groups of

GO and the C-Bi2O3 reaction and endued Al/Bi2O3/GO

CEFs with improved exothermic properties and better ther-

mal stability. The micro-ignitors with Al/Bi2O3/GO CEFs

can promote the flame duration and height in the case of the

GO content less than or equal to 3.5 wt. %. The ignition

delay time of the as-fabricated micro-ignitors was prolonged

with the increasing GO content, indicating their increasingly

low electrical ignition sensitivity and high safety. The con-

trolled ignition of the micro-ignitors was realized through

the addition of GO and can be potentially used in civilian

and military fields to meet various requirements.

SUPPLEMENTARY MATERIAL

See supplementary material for detailed preparation pro-

cesses of GO, nano-Bi2O3, and Al/Bi2O3/GO composites,

more TEM images of nano-Al, nano-Bi2O3, and Al/Bi2O3/

GO composites, XRD patterns for GO and nano-Bi2O3, DSC

plots of pure GO and Al/Bi2O3/GO CEFs with different heat-

ing rates and GO contents, the table of DSC peak tempera-

tures and calculated activation energies, and the table of

detailed data about the real density of Al/Bi2O3/GO CEFs.
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