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A B S T R A C T

Reactions of nanothermites is complex, and the heterogeneous reaction poorly understood. In this study Al-CuO-
multilayer graphene (MLG) composites were studied to explore the effects of MLG on the reaction properties,
products composition and reaction mechanism of Al-CuO nanothermites. The morphology composition of Al-
CuO-MLG composites before and after reaction was studied by scanning electron microscope (SEM). And de-
tailed reaction pathways were characterized by X-ray diffraction (XRD), thermal gravimetric analysis and dif-
ferential scanning calorimeter (TG-DSC) and X-ray photoelectron spectroscopy (XPS). Results indicate that the
presence of MLG between nano-Al and nano-CuO particles tunes and improves reaction characteristics. A total
heat of reaction of the Al-CuO-MLG (1 wt%) composites is 1679 J/g, increased by∼87.5 J/g compared to that of
Al-CuO composites.

1. Introduction

The nanothermites [1–4] have received increasing interest over the
past 15 years for additives in propellants and explosive, combustion
synthesis of advanced materials [5,6], and on-chip energetics [7].

One of area of interest is how to moderate or tune reactive
properties of the thermites. This could include changing oxidizers
that have different oxygen release temperatures [8,9], mixtures of
fuels that have different reaction thresholds [10,11] or other ad-
ditives that might change the physical properties of the mixture.
Graphene exhibits intriguing electronic, optical and thermal con-
duction properties [12,13] and has been widely used as promising
thermal interface materials [14,15]. The reported thermal con-
ductivity of multilayer graphene (MLG) is in the range of 4,840-
5,300W m−1 K-1 at room temperature, which is significantly above
in-plane bulk graphite for (2000W m−1 K-1) [16–18]. In a recent
study it was found that the addition of graphene can increase the
thermal conductivity of Al/Teflon by 98% [19] and enhance the
burning rate of solid propellant by 100% [20]. Moreover, Thir-
uvengadathan et al. [21] reported a method for directing the self-
assembly of Al-Bi2O3 nanothermite with graphene oxide. The results
demonstrated the benefits of self-assembly and the role of graphene

oxide as an energetic reactant. The Al-Bi2O3 nanothermite with 5 wt
% graphene oxide showed a remarkable enhancement in energy re-
lease from 739 ± 18 to 1421 ± 12 J/g. Classical theory of laminar
flames shows that the propagation velocity scales as the product of
thermal conductivity and reaction rate to the ½ power. Egan et al.
[22] did an analysis that showed that the thermal conductivity in a
mixture was not sufficient to conduct enough energy to explain the
propagation velocity commonly observed. The addition of graphene
or other high conductivity material may offer insights into reaction
mechanism or alternatively lead to new strategies for moderating
combustion rate.

Here we demonstrate a unique methodology using MLG with high
thermal conductivity as thermal interface material between the fuel
and oxidizer to tune the combustion reactivity of the nanothermite.
The potential microscopic mechanisms of combustion reaction were
investigated using a host of characterization techniques including
scanning electron microscope (SEM), X-ray diffraction (XRD),
Thermal gravimetric analysis and differential scanning calorimeter
(TG-DSC), and X-ray photoelectron spectroscopy (XPS). The detailed
reaction mechanism of the Al-CuO-MLG composites can be well de-
scribed.
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2. Experimental

2.1. Materials preparation

Al nanoparticles procured from Guangzhou Hongwu materials
technology co. LTD, China. MLG was obtained from Institute of Coal
Chemistry, Chinese Academy of Sciences with a purity of 99.9 wt%.
Diameters ranged from 50 nm to 200 nm, and the active Al content was
80 wt% (mass fraction) with a 2–5 nm aluminum oxide shell. The nano-
CuO was prepared using microwave synthesis with a purity of 99 wt%
[23]. The Al-CuO nanothermites was prepared to have a stoichiometric
ratio with 22 wt% nano-Al and 78wt% nano-CuO. MLG was added from
1% to 10% by mass (Table 1). In order to ensure mixing uniformity,
nano-Al, nano-CuO and MLG were mixed in hexane by sonicating for
10min followed by magnetic stirring for 10min. The process was re-
peated three times. In addition, CuO with 50wt% MLG were prepared
similarly. All the Al-CuO-MLG composites were dried under vacuum at
50 °C.

In order to identify reaction pathways, Al-MLG (3 wt%), Al-CuO and
Al-CuO-MLG (3 wt%) under ambient conditions were ignited using a
needle of electric ignitor in a pressure cell under ambient conditions.
Reaction products of them were collected for SEM, XRD and XPS ana-
lysis.

2.2. Materials characterization

The morphology and dimensions of the nanostructures in the com-
posites were observed by SEM (ZEISS Ultra-55, Carl Zeiss Meditec AG,
Jena, Germany). The sample was placed on double-sided tape and then
observed using field SEM at an acceleration voltage of 10–15 kV after
gold sputtering coating under the vacuum degree of 10−6 Pa for 120 s.
The chemical composition of the composites was characterized using
XRD (X’Pert PRO, PANalytical, Almelo, the Netherlands) analysis with

Cu-Ka (λ=1.54059 Å) radiation at 50 kV and 30mA, and a mono-
chromatic graphite diffracted beam. The samples were packed into an
amorphous silicon holder, and the diffraction angle (2θ) was scanned
from 5° to 80°, and the scanning rate was 10° min.−1. Raman spectrum
of Al-CuO nanothermite with different wt% MLG were recorded by
using a Renishaw InVia Raman microscope with an excitation wave-
length of λ=514 nm. And the results of Raman are shown in Figure S1.
The thermal properties were tested by TG-DSC (NETZSCH STA 449F3),
recording with 50mL·min−1 Ar at 10 °C·min-1 from 50 to 1000 °C. XPS
analysis was recorded on an ESCALAB 250 XPS X-ray electron spec-
trometer (American Thermo Electron Corporation).

3. Results and discussion

3.1. Morphology of the Al/CuO/MLG composites

SEM images of MLG, nano-Al, nano-CuO and Al-CuO with 3 wt%
MLG are shown in Fig. 1. The MLG seen in Fig. 1a is seen to be the range
of tens of micrometers, and many wrinkles and voids (complete image
set in Figure S2). The thickness of MLG is about 10 nm with about 20
layers [24,25]. The average particle diameter of Al is 50–150 nm
(Fig. 1(b, (c) and (e)) show the nano-CuO synthesized by the microwave
method, indicating a rod-like structure, with the average length, width
and thickness of each nano-CuO rod are about 2 μm, 200 nm and 50 nm,
respectively. Fig. 1(d) and 1(e) are the low and high resolution SEM
micrographs of the Al-CuO with 3 wt% MLG, which show loose powder
with considerable void space (complete image set in Figure S3).
Fig. 1(f) shows the morphology of reaction products of Al-CuO with
3 wt% MLG. As expected we see considerable increase in particle size as
a result of reactive sintering [26], although we can still see some intact
MLG flakes (box in image).

3.2. Product of the Al/CuO/MLG composites

Fig. 2 shows the XRD pattern of the reaction products of Al-CuO
with 3wt% MLG, which exhibits peaks of Cu, Cu2O, α-Al2O3, δ-Al2O3,
Al2Cu and CuAlO2. Moreover, most of the alumina might be amorphous
as the broad peak shown in Fig. 2. Based on the observed products we
can write an overall reaction in Eq. (1). Interestingly Al2Cu, has seldom
previously been reported nor is it expected on thermodynamic grounds
[27,28] for a pure Al/CuO thermite. In the next section XPS analysis
further confirms the presence of the Al2Cu alloy. It is evident that the

Table 1
Experimental parameters used in the synthesis of Al-CuO-multilayer graphene
(MLG) composites.

Sample 1 2 3 4 5 6

MLG per total solid content (wt %) 0 1 2 3 5 10
Al-CuO nanothermites per total

solid content (wt %)
100 99 98 97 95 90

Fig. 1. SEM images of (a) multilayer graphene (MLG), (b) nano-Al, (c) nano-CuO and (d) Al-CuO with 3wt% MLG, (e) magnification of a part of (d), (f) reaction
products of Al-CuO with 3wt% MLG.
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reaction paths of Al-CuO-MLG composites are different from that of the
Al-CuO nanothermites. Moreover, CuAlO2 can be formed from the re-
actions of Cu2O with Al2O3 (as shown in Eq. (2) [29,30]) and CuO with
Al2O3 (as shown in Eq. (3) [31,32]). The detailed reaction between Al,
CuO and C (MLG), especially Al-C and CuO-C, are examined more
throughly with TG-DSC and XPS in the next section.

+ → + + + +5Al 6CuO 2Cu Cu O Al O CuAlO Al Cu2 2 3 2 2 (1)

+ →Cu O Al O 2CuAlO2 2 3 2 (2)

+ → +2CuO Al O 2CuAlO 1/2O2 3 2 2 (3)

3.3. Thermal analyses of Al/CuO/MLG composites

The thermal properties of the Al-CuO-MLG composites are char-
acterized by TG-DSC and shown in Fig. 3 and Table 2. There are two
major exothermic peaks and one endothermic peak associated with the
thermite reaction [31]. With MLG increasing from 0wt% to 10wt%, the
first exothermic peak is observed with a similar temperature of 590 °C.
This means that the nanothermites have reacted prior to the melting of
Al (660.0 °C) in a condensed phase process [33]. Following the first
exothermic peak, a small endothermic peak is observed at around
658 °C, which is attributed to the melting of unreacted Al. The second
exothermic peak, caused by the reaction of the melted unreacted Al
with Cu2O and some CuO [31], is lowered from 711 °C to 684 °C with
the increase of MLG from 1wt% to 10wt %. The decreasing trend is
closely related to the high thermal conductivity of MLG. The thermal
conductivity of the Al-CuO-MLG composites increases with the increase
of MLG from 0wt% to 10wt% at the same temperature (see Supporting
Information, Figure S4). The second exothermic peaks of Al-CuO-MLG
composites second reaction can be mainly described by liquid (Al)-solid
(Cu2O and CuO) diffusion mechanism [34,35], which are higher than

the peak (677 °C) of the Al-CuO without MLG. The main reason is that
addition of loose MLG increase the mass diffusion and heat transfer
length between the reactants.

Moreover, the Al-C reaction is potentially another reaction pathway
in addition to solid-solid and liquid-solid diffusion reactions in the Al-
CuO reaction process. According to Fig. 3(b), there is a small exo-
thermic peak at 665 °C due to Al-C reactions [22], described with XPS in
more detail in the next section. The total of energy release (ΔH) of each
Al-CuO-MLG composites is shown in Table 2. The maximum energy
release was observed for 1 wt% MLG, with a value of 1679 J/g, which is
an increase of ∼87.5 J/g compared to that of Al-CuO composites.

Fig. 3(c) shows the TG results of Al-CuO nanothermites with MLG.
We can see that Al-CuO reaction without MLG has almost no mass loss.
The weight-loss of the Al-CuO-MLG composites increases with the in-
crease of MLG from 1wt% to 10wt%. Because almost no gas is released
according to Eq. (1), there must have been other reaction. Further, the
reaction of CuO and MLG is investigated as shown in Fig. 4. There are
one (curve 1) and two (curve 2) evident weight losses in Fig. 4(a), re-
fered to CuO and CuO-MLG composites, respectively. There is a broad
and flat peak from 450 °C to 600 °C in Fig. 4(b). The energy release of
the MLG and CuO reaction is 1166 J/g. An endothermic peak is ob-
served at 886 °C, which is refereed to the decomposition of CuO. And
the theoretical reaction of MLG and CuO is shown by Eq. (4). Moreover,
CuO decomposes to Cu2O and O2 at 918 °C by Eq. (5) which is reported
previously [36,37]. The decomposition temperature reduces by 32 °C
due to adding the MLG. The TG-DSC results indicate that the reaction
characteristics between nano-Al and CuO particles can be improved
after adding MLG.

+ → +C 4CuO 2Cu O CO2 2 (4)

→ +4CuO 2Cu O O2 2 (5)

3.4. XPS analyses for reaction pathway

To better understand the reaction mechanism of Al-CuO-MLG, and
particularly the Al-C reactions, XPS are used to investigate the chemical

Fig. 2. XRD of the reaction products of Al-CuO with 5 wt% multilayer gra-
phene.

Fig. 3. DSC curves of (a) Al-CuO nanothermites with: (1) 0 wt% multilayer graphene (MLG), (2) 1 wt% MLG, (3) 2 wt% MLG, (4) 3 wt% MLG, (5) 5 wt% MLG, (6)
10 wt% MLG and (b) detailed reaction peaks of Al-CuO nanothermites with 0% MLG and 10wt% MLG. (c) TG curves of the Al-CuO-MLG composites.

Table 2
Summarized results for DSC experiments of Al-CuO-nanothermites with dif-
ferent proportions of multilayer graphene (MLG).

Sample MLG (wt %) Texo1 (oC) Tendo (oC) Texo2 (oC) △Htotal (J/g)

1 0% 596 658 677 1591.5 ± 26.2
2 1% 596 658 711 1679.0 ± 22.6
3 2% 596 658 706 1652.5 ± 31.8
4 3% 595 658 704 1530.0 ± 42.4
5 5% 595 659 698 1489.5 ± 57.3
6 10% 595 659 684 1465.0 ± 49.5

Nitice: Texo1: Temperature of the first exothermic, Texo2: Temperature of the
second exothermic, Tendo: Temperature of the endothermic, △Htotal: Total of
energy release.
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evolution of reaction products. The Al 2p spectrums of reaction pro-
ducts of Al with 3 wt% MLG, Al-CuO and Al-CuO with 3 wt% MLG are
shown in Fig. 5 and the peak assignments are listed in Table S1 ac-
cording to the handbook of X-Ray photoelectron spectroscopy [38]. Our
observed binding energy of 75.2 eV, 74.6 eV and 77.2 eV are consistent
with peaks of Al-O (AlOx), Al-O (Al2O3) and Al-O (CuAlO2) [39], re-
spectively. The existence of Al-C is confirmed with the binding energy
of 74.0 eV [40]. Bartolucci et al. [41] observed that when 0.1 wt%
graphene was employed to create Al-graphene composite at 550 °C for
4 h, strong peaks for aluminum carbide (Al4C3) was observed, as is
shown in Eq. (6). However we see no evidence of Al4C3 in our XRD
results (see Fig. 2). It may be resulted from the amorphous Al-C phase.

+ →A1 (1) C AlxCy (amorphous) (6)

Furthermore, the spectrums of Cu 2p in Fig. 6 and Table S2, also
confirms the existence of a Cu-Al (Al2Cu) alloy at a binding energy of
933.6 eV [38]. And the pure Cu 2p core levels at 932.2 eV and 932.6 eV,
respectively. The peak at 932.2 eV could also consider the possibility of
the presence of CuO (Cu2O). Moreover, a new peak at 934.9 eV for
reaction products of both Al-CuO (see Fig. 6(a)) and Al-CuO-MLG (see
Fig. 6(b)), and it associated with an Cu-O (CuAl2O4) [42,43], which is

not detected in the reaction product by XRD. According to Cai [44],
CuAl2O4 is synthesized by CuO-Al2O3 reaction and then decomposed
into CuAlO2, Al2O3 and O2. Thus CuAl2O4 is not fully decomposed here.
To further confirm the detailed reaction process, more reliable experi-
mental and characterizations will conduct later.

3.5. Reaction mechanism of Al-CuO-MLG composites

According to the above results of XRD, TG-DSC and XPS, the reac-
tion pathways for the Al-CuO-MLG composites with increasing tem-
peratures are summarized in Table 3. According to the reaction tem-
perature, we proposed a three-stage reaction mechanism to describe the
reaction pathways. It is similar to the oxidation process of the nano Al
powder and decomposition of the CuO nanoparticles, reported by Wen
group [45,46]. First, this stage is a exothermic stage, including Al
(solid)-CuO reaction and CuO-C reaction from 450 °C to 650 °C. Second,
the stage is caused by the melting of the nano-Al about 660 °C. Third,
there are multistep reactions in the exothermic stage from 660 °C to
800 °C, including Cu2O-Al2O3 reaction, CuO-Al2O3 reaction, Al(liquid)-
C reaction, Al(liquid)-CuO reaction and Al(liquid)-Cu2O reaction.

Fig. 4. TG-DSC curves of (1) CuO, (2) CuO with 50wt% MLG.

Fig. 5. XPS Al 2p spectra of reaction products: (a) Al with 3 wt% multilayer graphene (MLG), (b) Al-CuO, (c) Al-CuO with 3wt% MLG.

Fig. 6. XPS Cu 2p spectra of (a) reaction products of Al-CuO, (b)reaction products of Al-CuO with 3wt% multilayer graphene.
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4. Conclusions

The Al-CuO-MLG composites are fabricated by physical mixing
method and the reaction mechanism of Al-CuO-MLG was systemically
investigated. Firstly, the presence of Al-C chemical bonds in the reac-
tion products was confirmed by TG/DSC and XPS. And the results in-
dicated the reaction products include Cu, Cu2O, α-Al2O3, δ-Al2O3,
Al2Cu, Al-C component and CuAlO2. And the results also showed dif-
ferent reaction paths of Al-CuO-MLG composites compared with that of
the Al-CuO nanothermites, according to the formation of Al2Cu com-
ponent in the Al-CuO-MLG reaction. Furthermore, with the addition of
1 wt% MLG, the energy release is increased by ∼87.5 J/g compared to
that of Al-CuO composites. With MLG increasing from 1wt% to 10wt%,
the second exothermic peak is reduced from 710.9 °C to 684.0 °C. We
propose a three-stage reaction mechanism to describe the multistep
reaction pathways. Our study confirms that graphene improves the
characteristics of the heterogeneous reaction process and energy release
pathway of Al-CuO composites.
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