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ABSTRACT

Achieving controllable film-forming process is always a difficult issue for

practical application, especially for bi-/multiple component composite materi-

als. Thus, this paper firstly developed a conveniently and controllable elec-

trophoretic assembly technique under mild conditions to design nano-Al-

doped@Co3O4 energetic film with wide potential applications. The stable sus-

pension consists of isopropyl alcohol with the tracing of polyethylenimine and

tween 80. The high crystallinity and uniformity of structure in target films were

demonstrated by FESEM, EDX, XRD, and FT-IR techniques. Electrophoretic

assembly dynamics of Al/Co3O4 particles were deeply explored to provide a

theoretical foundation for optimizing exothermic performance. The exothermic

performance of target film can be accurately adjusted, and the output of heat

(Q) and activation energy (Ea) can reach up to * 3.6 kJ/g (close to 85% of

theoretical value) and low to 230.01 kJ/mol, respectively. This breakthrough

will substantially push forward the facile functional film-forming process of

different kinds of particles used in fields of electronics, military, aviation, etc.
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1 Introduction

During last decade, metastable intermixed compos-

ites (MICs) with superior self-contained heat-release

capacity, usually composed of fuel-Al or Mg and

oxidizing agent (B2O3, CuO, Fe2O3, etc.) [1–3], have

attracted increasing attentions widely used in fields

of sensors, detonators, triggers, and electronics [4–7].

The MICs with promising nanostructures have

shown great advantages in increasing the contact

area, shortening mass transfer distance, and

improving the heat flow efficiency during the

exothermic process. Until now, the current research

emphases and difficulties of MICs have always been

mainly focused on the development of uniform dis-

tribution, exploration of their film-forming technique,

and precise control of components to optimize their

thermopositive property.

With a high adiabatic reaction temperature of

3201 K [8], the Al-doped Co3O4 MIC, as a desirable

energetic system, has been a valuable research focus.

The theoretical heat-release (Q) of it can reach up to

4.2 kJ/g [9], much higher than that of other common

systems (e.g. Al-doped CuO MIC, Al-doped Fe2O3

MIC), showing wide potential applications. Recently,

various fabrication techniques, including magnetron

sputtering [10], traditional sintering process [11],

mechanical mixing method [12], and vapor deposi-

tion method [13], have been applied to design Al-

doped Co3O4 MIC with different structures to

improve its exothermicity. In fact, it is increasingly

essential to construct energetic films or coatings

based on Al-doped Co3O4 MICs when they are inte-

grated with devices, electrodes, and substrates with

complex shapes. However, because of the difficulties

of reducing the preparation cost and improving

preparation efficiency simultaneously, there are still

bulging bottlenecks of facile fabrication of Al-doped

Co3O4 MIC films, though relatively successful tech-

niques or methods have been explored conducted by

researchers. For example, the novel 3D-Al/Co3O4

nanothermite film was fabricated by magnetron

sputtering deposition of nanoscale Al layers on

Co3O4 porous skeletons substrate, showing a great

heat-release property (1.7 kJ/g) and a violent defla-

gration process after a capacitor discharge stimula-

tion [14]. Yang group demonstrated the feasibility of

using thermal evaporation technique of Al to con-

struct Al/Co3O4. MICs on a silicon substrate,

possessing relatively uniform microstructure and

great exothermicity with Q of 3.2 kJ/g [15]. In addi-

tion, Volochaev et al. reported the layered Co3O4/Al

films fabricated using sequential reactive magnetron

sputtering of a metallic Co target and Al target in a

mixture gas of argon and oxygen, and pure argon

gas, respectively, and further studied structural and

magnetic properties of reaction product-Co/Al2O3

coatings after vacuum annealing treatment [16].

Thus, it is urgent to develop a controllable and con-

venient technique to solve mentioned issues.

Because of the outstanding advantages of simplic-

ity, high versatility, and efficiency [17–20], an elec-

trophoretic assembly technique has turned out to be a

promising technique to construct various functional

films from charged particles or molecules. Several

energetic systems (e.g., Al-doped Bi2O3 MICs [21],

Al-doped CuO MICs [22], Al-doped ZnO MICs [23])

have been efficiently designed by the electrophoretic

assembly process. In fact, Zhang et al. group reported

the successful electrophoretic assembly process of Al-

doped Co3O4 MIC coating using the dispersing agent

of a mixture of ethanol, acetylacetone, and nitric acid

[9]. However, the presence of acid inevitably reacts

with the fuel-Al, and the heat-release capacity needs

to be improved due to relative maldistribution of

components. Thus, in this paper, a developed elec-

trophoretic assembly technique was proposed to

design uniformly distribute Al-doped Co3O4 MIC

film with enhanced exothermic performance. The

suitable dispersing agent consisted of isopropanol,

polyethylenimine, and tween 80. The electrophoretic

assembly kinetic models of Al, Co3O4, and Al/Co3O4

particles were firstly built to adjust and control the

intensity of exothermic reactions. Finally, the heat-

release performance of all samples was also

investigated.

2 Experimental section

2.1 Reagents and materials

Polyethylenimine (PEI), cobalt oxide, tween 80 were

purchased from Aladdin Industrial Corporation.

(Shanghai, China). The isopropyl alcohol (IPA) was

purchased from Kelong Industrial Inc., China, and

nano-Al (99.9%) particles were commercially avail-

able stored in a vacuum drying oven to protect it

from oxidation. Other reagents (e.g., ethanol) bought
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from Sinopharm Chemical Reagent Co., Ltd. were

used without further purification. Double distilled

(DD) water was used in all experiments. PEI used in

this study needs to be diluted 100 times by ethanol. Ti

sheets (99.9%) were used as working and counter

electrodes during the controllable electrophoretic

assembly process.

2.2 Controllable Design of Nano-Al-
doped@Co3O4 Energetic Film

The schematic diagram of the design of nano-Al-

doped@Co3O4 energetic film was shown in Fig. 1.

After a comparative analysis of a large number of

experiments using a series of suspending agents

(ethanol, methanol, propanol, toluene, formaldehyde,

etc.), the nano-Al-doped@Co3O4 energetic film was

only successfully fabricated in the optimized IPA.

Thus, the stable suspension can be obtained by the

following two steps of (i) adding the Al and Co3O4

particles with different moral ratios into a mixture of

100 mL IPA ? 1 mL tween 80 with the particle

loading concentrations of 1–2 g/L and followed by

ultrasonic treatment for 20 min at 25 �C and (ii)

adding the trace PEI (2 mL) into the previous sus-

pension to realize the surface modification of Al and

Co3O4 particles and followed by the ultrasonic

treatment for 10 min at 25 �C. Before electrophoretic

assembly, the working and counter electrodes with

an effective contact area of 2 9 3 cm2 were polished

by sandpapers, ultrasonically cleaned in ethanol and

DD water, and dried in a vacuum drying chamber in

sequence. The mole ratio of nano-Al and Co3O4 in

suspension (USðAlCo3O4Þ) were adjusted by accurately

weighing via a high precision electronic balance with

an accuracy of 10-4 g. During electrophoretic

assembly process, the distance of two electrodes was

controlled at 1 cm, and charged particles were

directly moved to the working electrode under dif-

ferent applied voltages from 5 to 25 V/mm at normal

pressure and 25 �C. After electrophoretic assembly

for 0–20 fmin, the working electrode with the target

energetic film was removed from the stable suspen-

sion, and followed by vacuum drying treatment at 85

�C for 1 h. The nano-Al-doped@Co3O4 energetic film

was finally obtained after natural cooling. All exper-

iments were repeated in triplicate.

2.3 Materials characterization

The crystalline composition of product was investi-

gated by a X-ray diffractometer (XRD-6000, Shi-

madzu, ZD-3AX, Inc., Japan) at a scanning rate of 4�/
min equipped with Cu Ka radiation

(k = * 0.15 nm). The micro-morphologies of pro-

duct were analyzed by field emission scanning elec-

tron microscope (FESEM, HITACHI SU5000?,

Oxford Instruments Ultim Max, Japan) equipped

Fig. 1 Schematic diagram of the facile design of promising nano-Al-doped@Co3O4 energetic film

6264 J Mater Sci: Mater Electron (2022) 33:6262–6272



with the energy dispersive X-ray spectroscopy (EDX).

The mole ratios of Al and Co3O4 in the product were

determined by atomic absorption spectrometer (AAS,

180-80, Exter Analytical spectrograph, USA). The

nano-Al-doped@Co3O4 energetic film was scraped

off from the working electrode and characterized by

differential scanning calorimetry (DSC) using a

thermogravimetric analyzer (NETZSCH, STA449F3,

Germany) from 25 to 1000 �C under Ar 99.999%

atmosphere to analyze its heat-release property.

3 Results and discussion

3.1 Morphology and crystal structure
characterization

Figure 2a displays the XRD pattern of the nano-Al-

doped@Co3O4 energetic film prepared by the effi-

ciently electrophoretic assembly. The characteristics

of the spatial symmetry aluminum crystal structure

are demonstrated by the orientations along the Al

(111), Al (200), Al (220), and Al (311) directions at the

corresponding diffraction angle of 38.472�, 44.738�,
65.133�, and 78.227�, which is accorded with the

standard pattern for pure Al (PDF# Card No.

04-0787). While the other peaks are assigned to Co3O4

(PDF# card No. 43-1003, Fd3m(227)) with crystal lat-

tice parameters of a = b = c = 8.084 Å. Meanwhile,

sharp peaks of obtained Co3O4 and Al crystals indi-

cate that they are highly crystallized, and there are no

other peaks (Al2O3, Co, etc.) in Fig. 2a, indicating the

high purity of product and no chemical reaction

during electrophoretic assembly process. Thus, these

results also demonstrate the superiority of elec-

trophoretic assembly to design nano-Al-doped@Co3-
O4 energetic film in the stable suspension. The

surface morphology of the target film was analyzed

by FESEM technique in Fig. 2b–d. Clearly, sample

surface is uniformly distributed with rare locally

reunion areas in low-resolution FESEM image of

Fig. 2b. Moreover, nano-Al particles randomly scat-

tered in the Co3O4 matrix in a high magnification

FESEM image of target film in Fig. 2c, where it is

found that there are still some cracks also clearly seen

in Fig. 2d. The presence of tiny cracks acted as heat

flow release channels provide the promising struc-

tural foundation to improve the sufficient degree of

exothermic reaction. In addition, as shown in partial

enlarged higher magnification FESEM image

(Fig. 2d), Al particles are still in nanoscale, con-

tributing to increasing the reaction contact area and

Fig. 2 a The typical XRD

pattern of nano-Al-

doped@Co3O4 energetic film,

and the FESEM (low-

resolution (b) and high-

resolution (c)) images of

product, and d partial enlarged

image of blue dotted area in (c)
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shortening the mass transfer distance during the

heat-release process.

In addition, top-view FESEM images along with

elemental mapping and EDX spectrums for product

were displayed in Fig. 3. The entire region in the top-

view image (Fig. 3a, b) corresponds to the elemental

mapping region. Uniformity of product was also

demonstrated by the distribution diagrams of all key

elements of Al, Co, and O in two random regions.

The Ti element is from the substrate. For two random

regions, the signal peaks of all elements are clearly

displayed in EDX spectrums in Fig. 3c, d. Further-

more, the mole percent of these elements are ana-

lyzed in Fig. 3c, d, which is 26.9%:31.4%:40.9%:*1%

and 27.1%:31.3%:41.0%:*1% for Al:Co:O:Ti of sam-

ples in two random regions, and the calculated mole

ratio of key elements of Al:Co:O is close to 8:9:12 of

theoretical reaction ratio of Al@Co3O4 energetic sys-

tem. Moreover, the similar results are also verified by

AAS technique (Table 1). Moreover, the mole ratio of

Al to Co3O4 in product (UpðAlCo3O4Þ) shows an almost

linear relationship with USðAlCo3O4Þ demonstrated by

EDX and AAS technique (Fig. 4), further demon-

strating the high controllability of element content

within target energetic film via electrophoretic

assembly technique.

3.2 Electrophoretic assembly dynamic
studies

Generally, the film-forming process of different par-

ticles during electrophoretic assembly is a kinetically

driven process [24]. In this study, for electrophoretic

assembly of energetic film, the key evaluation crite-

rion for a desirable stable dispersion system was that

the surface of both fuel-Al and Co3O4 particles can be

efficiently modified by the same electric charge in a

stable suspension.

Figure 5 shows the zeta potentials of Al, Co3O4 and

Al/Co3O4 particles as functions of the concentration

of PEI as a highly effective surface modifier with lots

of branched molecules [25]. There are scarcely any

deposits on the working electrode substrate without

the addition of PEI. The zeta potentials of Al, Co3O4

and Al/Co3O4 particles increase sharply with

increased concentration of PEI, and reach to the peak

value as the concentration of PEI is around 2 mL/

100 mL, and then decrease slightly, respectively. That

is mainly due to the increased flocculation and

Fig. 3 a Top-view image of the sample in the random region I (a) and II (b) with the respective elemental mapping, followed by the EDX

spectrums of the samples in region I (c) and II (d)
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sedimentation rate of the charged Al and Co3O4

particles after adsorbing excessive PEI. Thus, the

concentration of PEI is controlled at 2 mL/100 mL to

obtain the stable suspension with the highest zeta

potential for the following highly-efficient

electrophoretic assembly process of nano-Al-

doped@Co3O4 energetic film.

The electrophoretic assembly dynamics of Al and

Co3O4 particles deposited on the working electrode

are further explored in Fig. 6. It is clearly seen that

the electrophoretic assembly efficiency of Al increa-

ses linearly with electrophoretic assembly time

(T\ 8 min) (Fig. 6a), that is, the first time period

(0–8 min) is the linear control stage for Al particles

with the linear fitting formula (Eq. 1) as follows:

YAl ¼ 0:511X; ð0\X\8min; R2 ¼ 0:999Þ ð1Þ

where YAl and X are the electrophoretic assembly

efficiency (mg/cm2) and electrophoretic assembly

time (min). The result is in accord with the research

by Wang et al. [26]. In general, electrophoretic

assembly process of particles has two kinds of kinetic

behaviors of linear and non-linear or parabolic

deposition kinetic. For the linear deposition kinetic

within a relatively short deposition time (t), elec-

trophoretic assembly efficiency increases linearly

with the time, and the model expression can be

expressed as (Eq. 2) under a certain applied voltage.

For the non-linear deposition kinetic, the elec-

trophoretic assembly efficiency increases linearly

with t0.5 as the electrophoretic assembly time con-

tinues to increasing, and the corresponding model

can be expressed as (Eq. 3):

Y ¼ eCf
4pg

E� DEð Þt ð2Þ

Y ¼ 2
eCf
4pg

E� DEð Þtm0:5e�ktm t0:5 þ eCf
4pg

E� DEð Þb ð3Þ

where the Y; e;C; g; f;E;DE; tm and b is the elec-

trophoretic assembly efficiency, dielectric constant of

dispersed medium, solids loading in suspension, the

viscosity of dispersed medium, the zeta potential of

the particle, applied field strength, the field drop in

field along the direction of the assembly, the key time

between linear and non-linear control stage, and the

constant. In this study, with the assembly time

increasing from the tm (8 min), a non-linear

Table 1 Summary of the mole

ratios of nano-Al-

doped@Co3O4 energetic film

Element Mole percent by EDX (%) Mole percent by AAS (%)

Al 26.9 27.1

Co 31.4 30.0

O 40.9 42.9

Ti * 1 –
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relationship between electrophoretic assembly effi-

ciency and time is observed in Fig. 6a. Clearly, elec-

trophoretic assembly efficiency (Y, mg/cm2)

increases linearly with X0.5, the fitted relational

expression (Eq. 4) is as follows:

Y ¼ 2:48X0:5 � 2:931; X� 8min; R2 ¼ 0:992
� �

ð4Þ

Similar electrophoretic assembly behaviors can be

observed for Co3O4 (Fig. 6b). For Co3O4 particles in

the linear control stage:

YCo3O4 ¼ 0:751X; ð\X\10min; R2 ¼ 0:998Þ ð5Þ

For Co3O4 particles in the non-linear control stage:

YCo3O4
¼ 3:045X0:5 � 2:073; X� 10min; R2 ¼ 0:994

� �

ð6Þ

However, the tm for Co3O4 is 10 min longer than

that for Al particles. The reason is probably due to the

stronger charge pack capacity for Co3O4 than that for

Al nanoparticles. Thus, as shown in Fig. 6c, for Al/

Co3O4 particles, the electrophoretic assembly effi-

ciency still increases linearly with assembly time

before 8 min (Eq. 7), and the linear change does not

apply for a prolonged deposition.

YAl=Co3O4
¼ 0:632X; 0\X\8min; R2 ¼ 0:991

� �
ð7Þ

The mole ratio of Al to Co3O4 in product

(UpðAlCo3O4Þ), essential to output performance, can be

determined by co-deposition kinetic study (Fig. 6c).

For 0 8 min, UpðAlCo3O4Þ can remain a constant value,

which can be expressed as Eq. 8. For 8–10 min, and a

longer assembly time ([ 10 min), the UpðAlCo3O4Þ
shows a relative relatively complex change relation-

ship with assembly time, which can be expressed as

Eqs. 9 and 10. In fact, it is essential to realize the

accurate control for a codeposition of Al and Co3O4,

and the electrophoretic assembly time is determined

at 8 min in the linear control stage.

Fig. 6 a Variation of electrophoretic assembly deposition (EPD)

efficiency with deposition time during electrophoretic assembly

process of Al (a), Co3O4 (b), Al/Co3O4 (c) particles, and d the

electrophoretic assembly efficiency as functions of applied voltage

in different loading concentrations
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UpðAl:Co3O4Þ ¼
0:511MCo3O4

0:751MAl

; ð\X\8minÞ ð8Þ

UpðAl:Co3O4Þ ¼
ð2:48X0:5 � 2:931ÞMCo3O4

0:751MAl

; 8�X� 10minð Þ

ð9Þ

UpðAl:Co3O4Þ ¼
ð2:48X0:5 � 2:931ÞMCo3O4

ð3:045X0:5 � 2:073ÞMAl

;

ðX[ 10minÞ
ð10Þ

In addition, electrophoretic assembly efficiency as a

function of applied voltage is displayed in Fig. 6d.

The difference of electrophoretic assembly efficiency

of sample at 5 V/mm intervals is defined as DD, and

the DD1, DD2, and DD3 is the difference of elec-

trophoretic assembly efficiency as voltage changes

from 10 to 15 V, 15 to 20 V, 20 to 25 V/mm, respec-

tively. Clearly, for the particle concentration of 1 g/L,

electrophoretic assembly efficiency increases almost

linearly as the applied voltage is lower than 10 V/

mm. The growth rate slows down with voltage con-

tinues to increasing probably due to more intensified

collision among particles and a more pronounced

sedimentation process under a higher voltage, and

the corresponding DD gradually decreases with DD1

(2.3)[DD2 (1.7)[DD3 (1.6), which demonstrates the

over-voltage will goes against the high efficiency

electrophoretic assembly. There is a similar change

law of electrophoretic assembly efficiency and volt-

age for higher particles concentration of 2 g/L.

However, each difference value (DD) of elec-

trophoretic assembly efficiency in a certain voltage

change range for particles concentration of 2 g/L is

higher than that of 1 g/L (Fig. 6d), probably due to

the synergistic effect of a greater degree of sedimen-

tation of particles, more violent collision among

particles, and decreased solution concentration in

suspension, etc. [21, 27, 28].

3.3 Heat-release performance analysis

The heat-release performance of nano-Al-

doped@Co3O4 energetic film is deeply explored by

DSC technique in Fig. 7. For sample obtained by

electrophoretic assembly for 8 min, the DSC curve

increases sharply to maximum value as the heat

temperature in Ar atmosphere is * 605 �C due to the

intense heat-release reaction (Eq. 11) shown in Fig. 7a

(black dotted-line circle).

Fig. 7 a DSC curves of nano-

Al-doped@Co3O4 energetic

film fabricated by

electrophoretic assembly for

8–12 min, and b DSC curves

of samples with different

UpðAlCo3O4Þ

Fig. 8 Schematic illustrations

of the transformation process

of reaction interfaces before

and after Al melting
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8Alþ 3Co3O4 ! 4Al2O3 þ 9Co;DQ ¼ 4237J=g ð11Þ

The lower onset temperature of ca. 550 �C shows

the outstanding detonation advantage compared

with that of 955 �C and 1040 �C for alu-

minum/molybdenum trioxide and aluminum/cop-

per oxide [13]. What is noteworthy is that a tiny

endothermic peak at * 660 �C can not be ignored

due to the melting process of Al particles [15]. In

addition, there is another weak exothermic peak at

around 800 �C mainly because of heat-release reac-

tion of solid Co3O4 particles and liquid-state-Al in

Fig. 7a (green dotted-line circle). In this state, the

reaction interface changes from solid-Al@solid-Co3O4

to solid-Co3O4@liquid-Al (Fig. 8), and the reaction

contact area greatly increased, which further speeds

up the reaction process. The total output of heat (Q) is

ca. 85% of theoretical value of * 3.6 k J/g by simu-

lation analysis software. In addition, samples

obtained by electrophoretic assembly for 10 min and

12 min shows similar DSC curves though the

respective Q is ca. 92% and 87% of that for 8 min

(Fig. 7a), which is probably due to the inadequate

exothermic reaction.

Moreover, the DSC curves of product with differ-

ent UpðAlCo3O4Þ adjusted by electrophoretic assembly

dynamics of Al/Co3O4 particles are similar showed

in Fig. 7b. The Q of sample with UpðAlCo3O4Þ of 2.67:1

(close to the theoretical reaction ratio of 8:3) is highest

compared with that of 2:1 and 3:1. Thus, exothermic

performance of samples can be flexibly controlled by

adjusting the USðAlCo3O4Þ and electrophoretic assembly

dynamics. The activation energy (Ea) of samples is

also calculated via Kissinger Akahira–Sunose method

(Eq. 12) [29]

ln
b

T2
p

 !

¼ ln
RA

Ea

� �
� Ea

RTP

ð12Þ

where Ea, b, R, TP, and A is the activation energy, the

value of the linear heating rate (K/min), the universal

constant as 8.314 J/(mol K), the value of peak abso-

lute temperature (K), and the pre-exponential factor

(s-1). The heating rates are selected as 10, 20, 30, and

40 K/min, respectively. Combined with DSC curves,

the Ea value of samples prepared by electrophoretic

assembly for 8 min is low as 230.01 kJ/mol, indicat-

ing a small activation energy barrier to overcome,

and contributing to easily rapid release of heat

energy, and further providing great potential

applications for designing other composite energetic

systems.

4 Conclusion

In summary, the novel nano-Al-doped@Co3O4 ener-

getic film with promising even microstructure dis-

tribution and superior performance was conveniently

fabricated via a controllable electrophoretic assembly.

Target film possesses high purity and crystallinity

determined by XRD, FESEM, and EDX. Elec-

trophoretic assembly dynamics of Al/Co3O4 particles

were deeply explored, which turned out to be a

control bridge to connect the USðAlCo3O4Þ and UpðAlCo3O4Þ
to largely optimize heat-release performance. The

DSC results indicated that there was an intense

exothermic process with 85% of theoretical output of

heat once the reaction of fuel-Al and oxidizing agent

in obtained energetic film with low activation energy

(Ea) was triggered. Thus, it is believed that this study

creatively opens a novel view-sight and provides a

valuable reference to design other electrophoretic

assembly of bicomposites with various wide

applications.
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