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Aluminum (Al) based reactive materials are of interest as their addition can significantly increase the energy
density of energetic composites such as solid propellants. In this study, we employed graphene oxide (GO) as an
energetic gas generator to increase the ignitability of Al and promote the flame propagation of Al/CuO thermite
composites. Compared to the pristine Al/CuO composite, 2.5 wt % addition of GO releases gas and heat upon
disproportionation, resulting in a 2X higher burn rate and heat flux. Though both GO and reduced graphene

oxide (rGO) addition can reduce the agglomeration size of Al NPs by 2X, GO is more energetic with heat and gas
release at low temperature, granting it the ability to increase the ignitability of Al NPs and promote the energy
delivery of Al/CuO composite. This study provides a simple way to increase the energy delivery rate of reactive
materials by adding a small percentage of functionalized carbon nanomaterials.

1. Introduction

Reactive materials are heterogeneous energetic materials that
generally contain reactive metal fuels such as aluminum (Al), titanium,
and magnesium, and metal oxides based oxygen donors such as CuO,
BiO3, and FepO3 [1-8]. Reactive materials have attracted great atten-
tion as their addition can significantly increase the energy density of
energetic composites such as solid propellants and explosives [9,10].
Compared to the conventional micro-sized reactive materials, nanosized
reactive materials have much larger diffusion contact areas between the
fuel and oxidizer, and hence are expected to release energy at a much
higher rate [1,7,11]. However, the enhancement of the energy delivery
rate of the reactive materials using nanoparticles for their micro coun-
terparts is not as great as might be expected based on simple geometric
considerations [11-15]. The reason behind this is the rapid sinter-
ing/agglomeration of Al nanoparticles (NPs) upon heating, which can
occur at a rate faster than their combustion time [16-19]. Consequently,
Al NPs may actually burn at the microscale or even larger, losing their
nano features and high surface area during combustion, and conse-
quently delivering energy at a much lower rate than expected [11,20].

Carbon materials such as graphite flakes, carbon black, carbon fibers,
and graphene have been employed to promote the ignitibility and
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reactivity of reactive materials [21-28]. For example, Shen et al. used
graphene as an additive to increase the ignitability and combustion
characterizations of Al/CuO nanothermites [27]. Yi et al. used carbon
fibers as sensitizers to promote the reaction of Al/Bi3O3 [28]. In our
recent study, we added carbon fibers into 3D printed Al/CuO nano-
thermite composites and found them to promote the burn rate by 2X
[31]. The reason is that carbon fibers cause agglomerates to be ejected
from the burning surface and attach on the fibers, thus providing more
heat feedback. However, those carbon fibers themselves are inert and do
not contribute to the chemistry of the thermite reaction. This suggests
employing carbon nanomaterials with functional energetic groups could
be employed for both physical and a chemical promotion. Functional-
ized energetic graphene materials such as ultrathin graphene oxide (GO)
and graphene fluoride (GF) have been found to be effective additives for
metal combustion. GO and GF [21,29,30], are considered to provide
reactive radicals, heat, and gaseous products at relatively low temper-
atures, which lower the ignition threshold; reduce particle agglomera-
tion; and promote energy release of Al and boron combustion [21,29,
30]. Although efforts have been made using functionalized carbon
nanomaterials/functionalized graphene in reactive powder energetic
materials, little has been done to investigate the effects of these additives
on flame propagation in printed energetic composites.
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Herein, we employed GO as an energetic gas generator and investi-
gated its effects on the ignitability of Al and the flame propagation
properties of Al/CuO thermite composites. We used a direct-ink-write
approach to fabricate high loading (90 wt %) Al/CuO nanothermite
composites with a 10 % polymer mixture of hydroxypropyl methylcel-
lulose (HPMC) and poly(vinylidene fluoride) (PVDF). With various
amounts of GO and rGO addition, the burn rates, flame temperatures,
and heat flux of Al/CuO composites are measured. Compared to the
pristine Al/CuO composite, GO releases gas and heat upon dispropor-
tionation and oxidation, resulting in a doubled burn rate and heat flux
with just ~2.5 wt % addition. Unlike the physical effects that the carbon
fibers have on the Al/CuO thermite composites [31], the enhancement
of GO on the Al combustion performance is mainly owing to its early
decomposition, which not only provides heat but also gas to increase the
ignitability of Al NPs. We also found the pre-assembling of Al@GO and
Al@rGO can reduce the agglomerating/sintering size of aluminum
nanoparticles, however, we found that merely physically adding GO also
increased the heat flux, indicating that the aggregation status of Al NPs
is not important in the flame propagation of Al/CuO composite sticks.

2. Experimental section
2.1. Materials

Aluminum nanoparticles (Al NPs, 72.5 wt. % active, 70 nm) and CuO
microparticles (CuO MPs, ~5 pm) were purchased from US Research
Nanomaterials and Sigma-Aldrich, respectively. METHOCEL™ F4M
Hydroxypropyl Methylcellulose (HPMC) and Polyvinylidene Fluoride
(PVDF), average molecular weight: ~534,000) were obtained from Dow
Chemical Company and Sigma-Aldrich, respectively. N, N dime-
thylformamide (DMF, 99.8 %) was purchased from Sigma-Aldrich and
used as a solvent to dissolve the above polymers.

2.2. SEM/EDS and TG/DSC

The morphologies and compositions of the carbon fibers and the 3D-
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printed composite sticks were characterized by scanning electron mi-
croscope (SEM, Thermo-Fisher Scientific NNS450) coupled with energy-
dispersive X-ray spectroscopy (EDS). Thermogravimetric analysis/dif-
ferential scanning calorimetry (TGA/DSC, Setaram LABSYS Evo) in this
study were conducted in air or argon flow (40 mL/min) at a heating rate
of 10 °C/min from room temperature to 1000 °C. For each test, 4 mg of
sample powders were placed in a 100 uL alumina crucible. The baseline
correction of the sample TGA and DSC curves was performed by sub-
tracting the TGA and DSC curves of the empty alumina crucible with the
same heating process.

2.3. Al@GO and Al@rGO preparation

Al@GO (Al content is 90 wt %, and GO is in 10 wt %) composite
powders were prepared by a mechanical mixing method. We first
dispersed 10 mg of GO powder (0.5-5 um in diameter, 0.8-1.2 nm in
thickness, XFNANO) in ethanol (1 mg/mL) and sonicated for 2 h.
Meanwhile, 90 mg of Al nanoparticles (70 nm in diameter, US Nano)
were dispersed in 9 mL of ethanol by sonication for 30 min. After that,
the GO suspension was added to the Al suspension and sonicated for 1 h.
The mixture was filtered and fully dried on a hotplate at 60 °C for 1 h,
and subsequently in a vacuum desiccator for 12 h. We used the same
method to prepare the mixture of the Al@rGO (90/10 wt %). The rGO
was prepared by thermally reducing GO powder in an argon (Ar) envi-
ronment at 400 °C. rGO is also used as an additive to Al/CuO for a
comparison to GO. The scanning electron microscopy (SEM) images of
Al NPs, Al@GO, and Al@rGO are shown in Fig. 1a-c, respectively.

2.4. T-Jump ignition and time-of-flight mass spectrum (TOFMS)

Samples of GO, rGO, Al@GO, and Al@rGO for T-Jump ignition and
TOFMS were prepared by a physical mixing method. Generally, the
sample powder was suspended in hexane for 10 min of sonication. A
small amount of the sample was deposited on a thin Pt wire (76 um
diameter, OMEGA Engineering Inc.), which can be resistively heated to
1000 °C for ignition at a rate of ~10° K/s. The temporal temperature of

” S500r
70nm)-CuO(5um)-90wt.%

Fig. 1. SEM images of reference Al NPs (a), Al@GO (b), and Al@rGO (c) nanocomposites; lower (d-f) and higher magnification (g-i) SEM images of different Al/CuO
composites with the above reference Al (d and g), AlI@GO (e and h) and Al@rGO (f and i).
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the wire is obtained from the Callendar-Van Dusen equation. The igni-
tion delay time is determined from the video captured with a high-speed
camera (Vision Research Phantom V12.1) and the ignition temperature
is estimated by correlating the video and the measured wire tempera-
ture. The ignition tests are conducted under 1 atm argon or air as noted.
The details about T-Jump/TOFMS can be found in our previous studies
[32,33].

2.5. Direct-write of Al/CuO nanothermite composite sticks

To prepare the ink for printing, typically 1125 mg Al and CuO, 75 mg
HPMC and 50 mg PVDF, and 4 mL DMF were used for each ink
formulation. The amount of Al/CuO is reduced when GO or rGO is added
in the formulation, but the total polymer loading (10 wt %) remains the
same. The details of the formulations are shown in Fig. S1. HPMC and
PVDF were dissolved in DMF in a mass ratio of 3:2 to form a clear viscous
solution by magnetically stirring the mixture overnight (300 rpm). Then,
a measured amount of CuO MPs and Al NPs (with and without GO or
rGO, physically added or pre-assembled) was added to the above to form
a slurry. A 30 min ultra-sonication step was implemented after each
addition of the CuO MPs and Al NPs, respectively, to break up aggre-
gates. The slurries were magnetically stirred (300 rpm) for 24 h to
achieve homogenization. The slurries were also mechanically stirred for
1 h prior to printing.

In a typical printing process, the obtained inks were extruded
through a 16-gauge needle (inner diameter: 1.35 mm) at a feed rate of
~12 mL/h (extrusion speed of the ink) and a writing speed (moving
speed of the nozzle) of 22 cm/min. Printed lines are completely dried
before depositing another layer due to the heating of the substrate at
75 °C, and the resulting lines (15 layers) formed a square 8 cm x 8 cm
frame with a semicircle cross-section with a diameter of 1 mm. After
printing, the samples were left on the heating substrate (75 °C) for
additional 30 min to further evaporate any remaining solvent. Finally,
the frame was cut into 3 cm long sticks for combustion characterization.
The density (mass/volume, p) is determined from the mass divided by
the volume (cross-sectional area x length) of each stick. The porosity of
the samples was estimated by (1-(actual density/theoretical density)).
The low and high magnification cross-sectional SEM images of the Al/
CuO composites are shown in Fig. 1d-f and g-i, respectively.

2.6. Macroscopic and microscopic imaging systems

As shown in Fig. 2, the printed sticks were placed between two
different camera systems that can simultaneously capture the macro-
scopic and microscopic combustion videos. The macroscopic imaging
camera (Vision Research Phantom Miro M110, 13,000 frames/s) has a
window size of 256 x 128 pixels, and a resolution of 82 um/pixel, while
the microscopic imaging camera (Vision Research Phantom VEO710L
coupled to Infinity Photo-Optical Model K2 DistaMax, 24,000 frames/s)
has a window size of 512 x 512 pixels, and a resolution of 2.2 pm/pixel.
The sample was fixed by double-sided tape on steel support and was
ignited by a thin nichrome wire coil (0.01” diameter). The burning of the
printed sticks was conducted in 1 atm Ar and the burn rate is reported

Microscopic T Macroscopic
Imaging: 512x512 pixels, SSNE RS Imaging: 256x128 pixels,
2.2 um/pixel 82 um/pixel

«—z <—l:|z

Y Printed sticks Nichrome wire

p S——

Steel support

Fig. 2. The macroscopic and microscopic imaging system of observing the
flame propagation of an Al/CuO composite stick in an inert environment (1 atm
argon). The macroscopic imaging system has a window size of 256 x 128 pixels
with a resolution of ~80 pm/pixel while the microscopic imaging system has a
window size of 512 x 512 pixels with a resolution of ~2 pum/pixel.
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based on three runs of each sample. The linear burn rate rates (v) and
average flame temperature (T) of the composite sticks were determined
from the macroscopic videos. The heat flux calculations consider den-
sities (p), burn rates (v) and flame temperatures (Heat flux ~ pxvxT)
and are normalized based on the Al/CuO composite without the addition
of GO or rGO. The details of how we obtained the temperature by color
pyrometry can be found in our previous studies [34,35]. Briefly,
three-channel intensity (red, green, blue) ratios extracted from the color
camera are processed using a house-built MATLAB routine and demo-
saiced for the camera’s Bayer filter using the built-in MATLAB algo-
rithms. The system was calibrated with a blackbody source (Mikron,
Oriel) and the corresponding flame temperature maps were output and
reported. The temperature uncertainty is estimated to be ~200-300 K.

3. Results and discussion
3.1. Thermochemical property (heat/gas release) of GO and rGO

The thermal decomposition properties of the GO and rGO are shown
in Fig. 3. The results in Fig. 3b and d show that GO has an early
exothermic peak at 200 °C regardless of the gas environment (Air or Ar)
Based on previous studies about thermal reduction of GO [29,36], the
GO actually undergoes a so-called disproportionation reaction, in which
the partially oxidized sp3 carbon become fully oxidized to carbonaceous
gases such as CO; and the rest is reduced to sp2 graphene. However, rGO
does not have this peak due to the relative lack of oxygen functional
groups during the preparation process, as evidenced by the XPS analysis
in Figs. Sla and 1b. Correspondingly, as shown in Fig. 3a and c, the mass
drop of GO (200-300 °C) is associated with disproportionation, and the
slight mass drop of rGO (200-300 °C) may be owing to the slow
decomposition of some residual groups. At the higher temperature
range, both GO and rGO have a carbon oxidation peak at 400-600 °C in
the presence of air (Fig. 3b), where GO’s residue is oxidized more rapidly
in a one-step process while rGO experiences slower oxidation with two
steps. It is also noted that the oxidation of rGO’s residue is slightly earlier
than that of GO, which can be attributed to the presence of more carbon
defects, as suggested by the Raman spectra in Fig. Slc.

The gas release properties of GO, rGO, and their Al NPs containing
mixtures are measured in a T-Jump time-of-flight mass spectrum, and
the collected spectra are shown in Fig. 4a and b for GO and rGO,
respectively. All the spectra are normalized to HyO (m/z = 18). GO re-
leases a much greater amount of CO5 upon decomposition than rGO,
which is not surprising, as GO has ~32 at % O compared to ~16 at % in
rGO shown in X-ray photoelectron spectroscopy (XPS) results in Fig. S1.
With the increase of GO content in the Al/GO composites, the amount of
CO4, release also increases, further confirming the high gas release from
GO. In contrast, rGO and the Al/rGO composites release much less CO,,
and the CO5 peaks do not increase with the increase of rGO content. We
also noticed that the Al20 peaks for Al/GO and Al/rGO composites, are
similar to neat Al NPs, implying no direct reaction between Al NPs and
GO/rGO.

To explore the effects of GO addition on Al ignition, Al NPs, Al@GO,
and Al@rGO composites were coated on a thin platinum wire and heated
up to 1000 °C in air. The typical ignition snapshots are shown in Fig. 4c-
e. Only Al@GO was successfully ignited while Al NPs just sinter into a
big droplet upon heating without ignition. Al@rGO shows some degree
of ignition as we observed small sparks flying but it is much less violent.
As Fig. 1a-c shows, Al NPs have a high degree of aggregation, while after
mixing with GO or rGO, they are dispersed better on the thin carbon
sheets and fewer aggregations are observed. More importantly, upon
heating, GO releases heat and gas (CO5) at a relatively low temperature
(200 °C), which is much lower than the melting point of Al (660 °C),
offering an opportunity to separate the nanoparticles before they can
sinter/agglomerate into larger droplets. These well-dispersed nano-
particles when ignited, generate a more violent event.
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Fig. 3. TGA (a and c) and DSC (b and d) results of GO (a and b) and rGO (c and
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ignition of Al NPs (c), Al@GO (d), and Al@rGO (e) in air.

3.2. Effects of Al@GO and Al@rGO addition on the flame propagation of
free-standing Al/CuO composites

As GO promotes the ignition of Al NPs, we can incorporate it into the
Al/CuO composites to explore its effects on flame propagation. Al@GO
and Al@rGO with different GO and rGO contents were mixed with

stoichiometric CuO and formulated with a polymer mixture of HPMC/
PVDF (10 wt %) to directly write free-standing composite sticks [37].
The cross-sectional SEM images of typical reference Al/CuO, Al@GO/-
CuO, and Al@rGO/CuO composite sticks are shown in Fig. 1. The burn
rate, flame temperature, and heat flux of different Al/CuO composite
sticks with Al@GO and Al@rGO are measured in an argon environment
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and the results are shown in Fig. 5a and b, respectively. Fig. 5a shows
that the burn rate and heat flux of Al/CuO increase with the increase of
GO content from 0 wt % to 2.5 wt %. The Al@GO (2.5 wt %)/CuO has a
doubled burn rate and heat flux compared to the reference Al/CuO.
When the GO content is further increased to 5 wt %, both the burn rate
and heat flux decline, to roughly the same as the reference. By contrast,
the burn rate and heat flux of Al/CuO decreases rapidly with the increase
of rGO, with a nearly 50 % reduction when the rGO addition is 5 wt %
compared to the reference of Al/CuO. For both cases, the measured
flame temperatures reduce slightly, with the increase of GO or rGO. GO
not only promotes the ignition of Al NPs but also increases the flame
propagation rate of Al/CuO composites, which is probably because of
the early decomposition of GO that can release heat and gas at the same
time.

We also noted that pre-assembly of Al and GO or rGO reduces the
aggregations of Al NPs as the SEM images show (Fig. 1). With GO and
rGO, Al@GO and Al@rGO are better dispersed with less aggregation
compared to bare Al NPs. The role of Al aggregations on the agglom-
eration formation and flame propagation needs to be further explored.

3.3. Effects of physical GO, and rGO addition on the flame propagation of
free-standing Al/CuO composites

To better probe the effects of Al aggregation status, GO and rGO were
also physically added to the Al/CuO composites for comparison. As we
mentioned above, Al@GO and Al@rGO represent the pre-assembled Al
NPs/carbon mixtures while Al/GO and Al/rGO refer to simple mixture
of the Al NPs and the carbon materials. The above-mentioned pre-
assembled Al@GO, Al@rGO, Al/GO, and Al/rGO mixtures were then
physically mixed with CuO and the binder, to print the free-standing Al/
CuO composite sticks. One thing we noted is that the densities of com-
posite sticks with pre-assembled Al@GO, and Al@rGO are about 13 %—
30 % higher than the physically mixed cases (with Al/GO, and Al/rGO)
and 13 %—20 % higher than the reference Al/CuO (no GO or rGO cases),
respectively, as shown in Fig. 6a, indicating the close assembly between
GO or rGO with Al NPs helps to reduce the voids in the printing com-
posites. On the contrast, the porosities of Al/CuO composite sticks with
physically mixed Al/GO or Al/rGO is either similar or lower compared
to the reference (No GO or rGO), of which, Al/CuO composite with
physically mixed Al/rGO is the lowest (61 % porosity), due to the low
density of rGO itself (See cross-sectional SEM images in Fig. S2 for more
details).

As Fig. 6b shows, GO promotes the burn rate and heat flux by 100 %
regardless of if it was pre-assembled or just physically mixed with Al
NPs. Apparently, the aggregation state of Al NPs in the composites does
not affect the flame propagation of Al/CuO composite sticks with the
addition of GO. The addition of rGO also increases the burn rate by
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almost 100 % but mainly due to its relatively low density (large porosity,
Fig. 6a and Fig. S2), as a result, the heat flux is only 20 % higher than the
reference. The flame temperature of Al/CuO composite with all carbon
materials addition is roughly the same at ~2500 K, which is slightly
lower compared to reference Al/CuO (2800 K) [38,39]. In short, among
the three-carbon materials, only GO promotes the energy delivery rate of
Al/CuO composite. We may conclude that the observed effect is more
related to the reason is more related to the energetic property of GO
rather than the aggregation state of Al NPs. To further observe the effect
of GO addition on Al agglomeration, we take a closer look at the flame
front.

3.4. Effects of GO addition on the Al agglomeration

The flame front and Al agglomerating process of reference Al/CuO
composites, and Al/CuO with AI@GO or Al@rGO were observed by a
microscopic imaging system with pyrometry. The typical snapshots and
their corresponding temperature maps are shown in Fig. 7a-f (more
details in the supporting videos). The Al/CuO composite without the
addition of GO or rGO clearly generates much larger agglomerations
compared to the GO or rGO containing cases. As we mentioned previ-
ously, GO or rGO, because of gas generation, can disperse the Al NPS and
reduce the aggregations before combustion, thus decreasing the nega-
tive effects of sintering. The combustion products from both cases were
collected and characterized by SEM/EDS. The combustion products are
AlyOy with Cu caps, and are covered with much smaller Cu particles
(from vapor condensation), as evident in the EDS results in Fig. S3. The
size distributions of combustion products are also analyzed and shown
in Fig. 7g-i. The average combustion product size of GO and rGO con-
taining cases is 18 pm and 20 pm, respectively, which is approximately
2X smaller compared to the reference Al/CuO (34 pm). Smaller degree of
agglomeration due to gas dispersal enables a higher degree of reaction,
also making the flame front thinner with higher heat feedback to the
unburnt materials from the flame front [11,31]. We also observed that
the burning of GO is darker (Fig. 7b) compared to the burning of Al
agglomerations (2600 K), indicating its lower flame temperature (<
2000 K). It is noted that the burning of GO containing composite is much
brighter compared to rGO, confirming its superior energetic properties
with more heat release, consistent with the evidence is shown in
TG/DSC results in Fig. 3, making GO a favorable carbon additive that
can be incorporated into Al/CuO composite at low mass fractions to
boost the overall energy delivery rate.

The flame front and Al agglomerating process of Al/CuO composites
with physically added GO or rGO were also observed by a microscopic
imaging system with pyrometry, and the results are shown in Fig. S4.
The combustion products are also collected and characterized by SEM/
EDS (Fig. S5). The results show no apparent differences in the size
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distributions of the post-combustion products between pre-assembled
Al@GO/CuO or Al@rGO/CuO composites, and the physically mixed
Al/CuO/GO or Al/CuO/rGO composites, further confirming the pre-
assembling between Al and GO is not essential in impacting combus-
tion products, while physically added GO already can reduce the
agglomeration of Al NPs and promote the reaction between Al and CuO.

4. Conclusions

In this study, we employed graphene-like carbon-based additives, i.
e., GO and rGO, into free-standing Al/CuO composites. We found that
GO is more efficient in promoting the flame propagation of Al/CuO
composites. GO releases heat and gas upon disproportionation at low
temperatures (~200 °C) that can increase the ignitibility of Al NPs and
disperse Al NPs better. With just 2.5 wt % GO addition, the Al/CuO
composite can have a 2x higher burn rate and energy delivery rate,
whereas the addition of rGO will reduce its burn rate and energy de-
livery rate compared to the reference Al/CuO. Through a microscopic

imaging system, we observed 2X smaller agglomerations formed from
the GO and rGO containing cases compared to the reference Al/CuO,
confirming both GO and rGO also can increase the dispersion and reduce
the aggregations of Al NPs. Though both GO and rGO can reduce the
agglomeration size of Al NPs, GO is more energetic with heat and gas
release at low temperature, granting it the ability to increase the ignit-
ability of Al NPs and promote the energy delivery of Al/CuO composite.
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