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a b s t r a c t

Iodine oxides are of significant interest as strong oxidizers in energetic formulation that also operate as
iodine release agents for neutralization of spores using strong thermal pulses. In this paper incorporation
of carbon black (CB) as the main fuel or additive into iodine oxides-based energetic materials are shown
to lower both initiation and iodine release temperatures compared to those of Al/iodine oxides and Ta/
iodine oxides thermites. Those lowering effects were triggered by a condensed phase CB-iodine oxides
reaction explored by high heating rate time-resolved temperature-jump time-of-flight mass spectrom-
etry and low heating rate thermogravimetric analysis/differential scanning calorimetry results. We
observe that other carbon allotropes, such as carbon nanotubes and functionalized graphene sheets, also
feature the similar effect as CB. Fourier transform infrared spectroscopy analysis shows that the presence
of CB lowered the bond energy of iodine oxide on the surface to trigger the CB-iodine oxide initiation at a
relatively lower temperature.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Developing new energetic materials with high efficiency
neutralization of biological warfare agents has gained increased
attention due to the increased threat of bioterrorism [1e5]. Pre-
liminary laboratory studies have suggested that an ideal neutrali-
zation process should generate not only a high temperature, but
also release a long-lasting biocidal agent [6e12]. The main limita-
tion of conventional energetic materials is low neutralization effi-
ciency since the thermal neutralization mechanism is dominant in
this case, with the lack of effective biocidal agent release [6].
Therefore, it has been proposed that simultaneously delivering a
rapid thermal pulse with a remnant biocidal agent would prolong
the exposure time and improve the inactivation process [13].

Halogen-containing energetic materials have shown the most
promise because of their excellent biocidal properties [14],
compared to other biological energetic materials [15e17]. Among
all halogens, iodine stands out owing to its strong neutralization
effect. Different methods have been reported for incorporating
try and Biochemistry and
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elemental iodine into energetic materials [14,18e20]. For instance,
Dreizin et al. employed mechanically alloyed aluminum-iodine
composites as a fuel in energetic formulations and the initiation
and combustion tests in air indicated that higher iodine concen-
tration lowers initiation temperatures and the combustion tem-
peratures were not substantially diminished [12]. They also found
improvements in terms of pressurization rate and maximum
pressure at constant volume with 15wt% and 20wt% of I2 [12].
Furthermore, an effective inactivation of aerosolized spores has
been achieved using Al/I2 and Al/B/I2 composites with 15e20wt%
of iodine [14]. Another efficient method is to use iodine-containing
compounds as an oxidizer, particularly iodine oxides/iodic acids.

Among all the iodine oxides/iodic acids (I2O5, I4O9, HI3O8, HIO3,
H5IO6, etc [21e23]), I2O5 is the most studied in thermite systems
[24e28] due to its relatively high iodine content (~76% iodine mass
fraction). In these studies, aluminum particles with different sizes
were chosen as the fuel due to its high reaction enthalpy, thermal
conductivity and availability. With reported propagation velocities
of up to ~2000m/s for loose ball-milled nano-aluminum and nano-
scaled I2O5 (~10 nm) [27], I2O5 shows its high potential in
aluminum-based thermites as an extremely aggressive oxidizer.
Constant volume combustion tests also show nano-Al/micro-I2O5
outperforms traditional aluminum-based thermites such as Al/CuO
and Al/Fe2O3 [28].
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Aluminum has a passivating alumina shell that stabilizes the
material at ambient conditions. However, once the aluminum core
is heated near the melting temperature, obtaining sufficient
mobility, it can diffuse through the oxide shell and interact with any
available oxidizer ultimately leading to initiation [29]. However,
iodine oxide releases O2 at a relatively low temperature (~450 C)
which is well below the Al melting point, where reaction is most
advantaged [30]. To explore the fuel melting aspect of initiation, we
have also used tantalum as a fuel since it has a much higher melting
point (~3000 �C) than Al (660 �C), and thus would not melt at the
point of initiation. However, the immobile tantalum core will not
react with iodine oxide until some cracks appeared in the Ta2O5
shell upon heating (higher than 500 �C) due to the amorphous to
crystalline phase change of the oxide shell [31]. Those cracks serve
as a low resistance pathway for the oxygen to react with the
tantalum core [31].

In this work, we employed carbon as a fuel to better interpret
the initiation process of iodine oxide-based energetic materials
since it has a high melting point (3550 �C) and no passivating shell.
Therefore, there will be direct contact between the fuel and
oxidizer enabling further understanding of the initiation process.
Time-resolved temperature-jump time-of-flight mass spectrom-
etry was used to study the initial events of bare oxidizers or carbon/
iodine oxides thermites under rapid heating rates, enabling us to
probe the reaction process on a time scale close to that of a com-
bustion event. Slow heating rate thermogravimetric analysis and
differential scanning calorimetry in an argon environment was also
employed to further probe the reaction mechanism. Both methods
indicate that carbon black (CB) and other carbon allotropes, such as
functionalized graphene sheets and carbon nanotubes, can lower
the iodine release temperature from iodine oxides such as I2O5,
HIO3 and HI3O8, via a condensed phase reaction mechanism. More
importantly, we also found that CB as an additive with only 3wt%
can also significantly lower the initiation and iodine release tem-
peratures for both Al/iodine oxides and Ta/iodine oxides thermites,
indicating the potential use of CB in biocidal applications. In addi-
tion, Fourier transform infrared spectroscopy analysis was
employed to examine the structural changes, specifically how the
vibrations of I2O5 are affected by the addition of carbon black. The
result implies that the presence of carbon black lowered the bond
energy of iodine oxide on the surface and therefore triggered this
condensed phase reaction.

2. Experimental

2.1. Materials

The aluminum nanopowders (Al) (Alex, ~80 nm) were pur-
chased from Novacentrix. The active Al was 81% by mass, deter-
mined by thermogravimetric analysis. Nano-tantalum powders
(<50 nm, Ta) were purchased from Global Advanced Metals. Nano-
sized carbon black (~50 nm, CB) was obtained from Cabot Corpo-
ration. Multi-wall carbon nanotubes and iodine pentoxide (I2O5)
purchased from Sigma-Aldrich were directly used as received.
Functionalized graphene sheets (FGS) with C:O molar ratio of 15
and 60 were obtained from Aksay et al. [32] and labeled as FGS15
and FGS60, respectively. All the other chemicals were of analytical
grade and used as purchased without further treatment. HI3O8 was
prepared via thermal treatment of commercial HIO3 at ~180 �C for
30min.

2.2. Preparation of thermites

Aluminum, tantalum or CB was stoichiometrically mixed with
I2O5, HIO3 and HI3O8 based on the following equations, respectively,
in hexane followed by 30min of sonication.

3C þ 2HIO3/3I2 þ H2 þ 3CO2

8C þ 2HI3O8/3I2 þ H2 þ 8CO2

5C þ 2I2O5/2I2 þ 5CO2

4Alþ 2HIO3 /I2 þ  2Al2O3þH2

32Al þ  6HI3O8 /9I2 þ  16Al2O3 þ 3H2

10Al þ  3I2O5 /3I2 þ  5Al2O3

After room temperature evaporation of the solvent in a desic-
cator, the solid thermite powders were used. To show the
morphology of the thermites, as an example, the SEM images of CB/
Ta/HI3O8 along with Ta/HI3O8 and HI3O8 are shown in Fig. S1. The
fact that fuel (CB, Ta) nanoparticles were well distributed on the
surface of HI3O8 indicates a good mixing of fuel and oxidizer.

2.3. Temperature-jump time-of-flight mass spectrometry-(Jump/
TOFMS) measurement and high-speed imaging

The decomposition of oxide particles was investigated using a T-
Jump/TOFMS [6]. Typically, a ~1 cm long platinum wire (76 mm in
width) with a thin layer coating of oxidizer sample was rapidly
joule-heated to about 1200 �C by a 3ms pulse at a heating rate of
5� ~105 �C/s. The current and voltage signals were recorded, and
the temporal temperature of the wire was measured according to
the CallendareVan Dusen equation [29]. However, the sample
temperature can be different than the wire temperature, and we
are only able to directly measure the wire temperature by this
method. To address this concern, we have previously developed a
heat transfer model to estimate the true sample temperature dur-
ing the heating event [33,34]. The major conclusion from this
quantitative model is that the characteristic heating time of
nanoparticles on the wire is sufficiently fast, that even though we
are using a high heating rate, the nanoparticles on the wire are
expected to be essentially at the wire temperature (± 5 �C).
Therefore, initiation/ignition temperatures of the materials in
contact with the wire is equal to the wire temperature within any
experimental and practical effect. Adding a material with a higher
thermal conductivity such as carbon would only improve the sit-
uation. The temperature of the wire corresponding to the initial
release of O2 or iodine was regarded as the O2 or iodine release
temperature. Mass spectra were measured every 0.1ms. The
detailed experimental set-up is given in our previous papers [6,29].

To identify the point of initiation, a high-speed camera (Vision
Research Phantom v12.0) was employed to record the combustion
on the wire during heating. Initiation temperatures of thermite
reactions in vacuumwere measured from the correlation of optical
emission from high speed imaging and temporal temperature of
the wire, and were further analyzed in combination with the
temporal mass spectra. Each measurement was repeated 3 times.

2.4. Thermogravimetric analysis/differential scanning calorimetry
(TGA/DSC) measurement

Thermogravimetric analysis and Differential Scanning Calorim-
etry were conducted using an SDT Q600 (TA instruments). The
measurement was performed under a 100mLmin�1 argon flow
with ~1.0mg samples placed into an alumina pan and heated from
room temperature up to 550 �C (or higher temperature) at a rate of
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5 �C/min.
2.5. Fourier transform infrared spectroscopy (FTIR) analysis

Attenuated total reflection (ATR) FTIR spectra of I2O5 samples
with and without CB were collected using a Nicolet iS-50R spec-
trometer equipped with a room temperature deuterated triglycine
sulfate (DTGS) detector FTIR spectroscopy. A Thermo Scientific
Smart iTX accessory was installed to collect the ATR spectra shown
here at 4 cm�1resolution and averaged over 25 scans.
3. Results and discussion

To investigate the performance of iodine oxides/iodic acids as
oxidizers in thermite systems, we have previously employed Al and
Ta as fuels. However, both aluminum and tantalum have an oxide
shell, which to some extent restricted our understanding on how
those thermites react during initiation [35], and thus motivated the
use of carbon. Commercial iodine pentoxide was first examined
because it is the most extensively studied and can be obtained
easily [36].

T-Jump/TOFMS was employed to study the initial events of bare
oxidizers or thermites under rapid heating [37]. We plot in Fig. 1
both the iodine and oxygen release temperatures vs. the reaction
initiation temperature. Different initiation temperatures were ob-
tained for thermites with different fuels including Al, Ta and CB.We
have previously argued that the initiation of Al-based and Ta-based
thermites is dominated by the melting of aluminum and the phase
change of the Ta2O5 shell, respectively [35]. As to CB, the initiation
temperature of CB/I2O5 is ~330 �C (determined from release of CO2
product since there is virtually no optical signature of initiation),
and more than 100 �C lower than the iodine release temperature
from the neat I2O5, which implies a condensed phase reaction
mechanism may be dominant here.

Ignition by its nature is essentially the point where self-heating
by exothermic reaction exceeds heat loss and product formation
occurs. It should be noted that the light emission of metal based
thermites aligns well with the product release profile based on our
previous work [29]. One major conclusion from this paper is that
the product formation determined bymass spectrometry correlates
Fig. 1. Release temperature of I and O2 from neat I2O5 vs. initiation temperature of
corresponding Al-based, Ta-based and CB-based thermites under vacuum. Error bars
represent two replicates. The diagonal dashed line would imply a perfect correlation
between initiation and release temperature. (A colour version of this figure can be
viewed online.)
well with the temperature at which light emission begins. There-
fore, ignition/initiation in these experiments is defined at the point
of CO2 production for C-based thermites (Fig. S2) and the light
emission of Al/Ta-based thermites.

To understand the relationship between iodine release and
initiation, we plotted iodine release temperatures vs initiation
temperatures in Fig. 2. The dotted red line represents the iodine/O2
release temperatures (~450 �C) from neat I2O5 obtained through a
high heating method. Note that, the y-axis in Fig. 2 is the iodine/O2
release temperature of the fuel/I2O5mixture; however, the y-axis in
Fig. 1 is the iodine/O2 release temperature of the neat I2O5. Since
CB/I2O5 ignition was initiated at a very low temperature, 3wt% CB
was introduced into both Al/I2O5 and Ta/I2O5 systems to investigate
the effect of CB as an additive.

Results in Fig. 2 shows that the initiation temperature is corre-
lated with the iodine release temperature for all cases except for Al/
I2O5 inwhich its initiationwas controlled by themobilization of the
aluminum core. When aluminum is employed as the fuel, iodine
release is actually delayed to a significantly higher temperature
compared with neat I2O5 (550 vs. 450 �C). This delay might be
caused by the interaction between the alumina shell and I2O5,
which to some extent stabilizes I2O5 and therefore delays its
decomposition. Similar effects of halogen interactions have been
reported in previous studies [26,38].

Fig. 2 also shows that addition of just 3wt% CB into Al/I2O5

system, not only lowers the iodine release temperature but also the
initiation temperature. The incorporated CB offsets the influence of
aluminum on the iodine release from I2O5 and makes it behave like
that of the bare oxidizer. As to why initiation seems not limited by
the melting point of Al: the condensed phase reaction of CB/I2O5 is
initiated first and presumably the energy generated kicks the
temperature above the point of making the Al core mobile. Thus,
addition of CB lowers the initiation temperature of an aluminum
based thermite.

As a comparison, CB3wt%/I2O5 (non-stoichiometric) shows a
lower initiation and iodine release temperatures than CB3wt%/Al/
I2O5, which indicates the presence of aluminum inhibits the
condensed phase reaction of CB/I2O5 and therefore delays the
iodine release from I2O5. On the other hand, with only 3wt%
addition of CB, the iodine release temperature of I2O5 was brought
lower by about 50 �C compared to the neat I2O5, which indicates
that the condensed phase CB/I2O5 reaction occurred before the I2O5
Fig. 2. Release temperatures of iodine/oxygen vs. initiation temperatures of different
thermites. (A colour version of this figure can be viewed online.)



Fig. 4. TGA results of neat I2O5, CB/I2O5, Al/I2O5 and CB3 wt%/Al/I2O5 thermites. (A
colour version of this figure can be viewed online.)
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decomposition. Furthermore, the addition of 3wt% CB into Ta/I2O5
system also bring both iodine release and initiation to lower tem-
peratures, indicating the general effect of CB additive on different
fuel/I2O5 systems. In addition, time resolved images of CB3wt%/Al/
I2O5 and CB3wt%/Ta/I2O5 thermite reactions during rapid heating
under vacuum were captured using a high-speed camera and are
shown in Fig. S3. In contrast to CB3wt%/Al/I2O5, the CB3wt%/Ta/I2O5
reaction is much more vigorous with strong light emission.

In fact, similar results (Fig. S4) were also obtained for HI3O8-
based or HIO3-based thermites indicating the general effect of CB
on iodine oxides/iodic acids.

We now turn to mechanistic effects, which we limit to the CB/
I2O5 reaction mechanism since the other oxidizers showed similar
behavior.

To explore the CB/I2O5 reaction further, time-resolved T-Jump
mass spectra of I2O5 and CB/I2O5 were obtained and shown in Fig. 3.
For neat I2O5, above the decomposition temperature (>1.1ms,
470 �C), Oþ

2 and Iþ are detected in addition to IOþ, IOþ
2 , I

þ
2 , and I2Oþ,

which is consistent with our previous result of HI3O8. Since IOþ and
IOþ

2 were reported previously as the primary species of iodic acid,
we conclude that the commercial I2O5 is partially hydrated to form
HI3O8. In fact, the XRD and TGA/DSC results (Fig. S5) of commercial
I2O5 also prove it is ~80% hydrated to HI3O8 [35,36]. For CB/I2O5,
both the disappearance of the Oþ

2 peak and the appearance of a COþ
2 peak prove CB reacted with I2O5. The time-resolved mass

spectra of bare CB (Fig. S6) clearly eliminates the possibility that the COþ
2 peak is from CB. The new COþ peak is either a fragment of CO2

or a product of incomplete reaction of CB/I2O5 energetic composite.
Considering both facts that the reaction is extremely fast (less than
several milliseconds) and the formed O2 could rapidly escape the
reaction interface at very low pressure, the partially incomplete
reaction between the fuel and oxidizer is not a surprise.

Fig. 3 also shows that CB/I2O5 released iodine at ~360 �C, which
occurred slightly later than its initiation temperature (~340 �C),
indicating a condensed phase reaction mechanism was involved
here. More importantly, the onset release temperature of iodine
from CB/I2O5 is about 100 �C lower than that of neat I2O5, which is
probably due to that the condensed phase reaction of CB extracts
oxygen from I2O5, and thus promoting a quicker release of iodine.

Slow heating rate TGA in argon is shown in Fig. 4. Neat I2O5
shows one minor weight loss at around 210 �C that corresponds to
the dehydration of HI3O8 and another major weight loss at around
Fig. 3. Time-resolved mass spectra of I2O5 (A) and CB/I2O5 (B
370 �C that results from the decomposition of I2O5. The DSC curve
of I2O5 shows that both steps are endothermic (black curve in
Fig. S7).

When CB was mixed with I2O5 (red curve in Fig. 4) the onset
decomposition temperature is 140 �C lower than that of neat I2O5.
In addition, the DSC (red curve in Fig. S7) shows an exotherm
around 250 �C presumably from reaction between CB and I2O5.
Even with only 3wt% of CB, the TGA curve of I2O5 follows the same
kinetics as CB/I2O5 at temperatures below 250 �C. However, as
temperature increases (250< T< 300 �C), the reaction effectively
stops until it reaches the neat I2O5 condition resuming decompo-
sition at a rate the same as neat I2O5. In fact, the actual weight loss
of CB3wt%/I2O5 at 300 �C, ~35%, is very close the theoretical weight
loss ~37% based on the reaction of 3wt% CB and I2O5 (accounted for
the 80% hydration HI3O8 specie).

The unchanged TGA result of Al/I2O5 compared with that of I2O5
indicates that aluminum does not pose any significant influence on
the decomposition of I2O5 at low heating rates, which is quite
different from the T-jump/TOFMS experiment in which the pres-
ence of aluminum delays the iodine release of I2O5. Moreover, for
). (A colour version of this figure can be viewed online.)



Fig. 5. The relation between iodine/oxygen release temperatures and initiation tem-
peratures of thermites employing carbon allotropes as the fuel. (A colour version of
this figure can be viewed online.)

Fig. 6. ATR-FTIR spectra of bare I2O5, CB3wt%/I2O5 and CB8wt%/I2O5 at room temperature
showing I-O bond red-shift upon addition of CB. (A colour version of this figure can be
viewed online.)
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CB3wt%/Al/I2O5, the decomposition started at a temperature very
close to that of CB/I2O5, thus aluminum does not influence the CB/
I2O5 reaction at a low heating rate and again differs from the T-
jump/TOFMS experiment.

The TGA curve (Fig. S8A) of Ta/I2O5 starts decreasing at a lower
temperature than that of bare I2O5, which suggests Ta/I2O5 reaction
was probably initiated prior to I2O5 decomposition at low heating
rate and thus causing the weight loss. The TGA/DSC of nTa in O2 at a
heating rate of 20 �C/min (Fig. S9) shows oxidation is a one step
process beginning at ~300 �C and finishing at ~500 �C, indicating
that gaseous O2 can diffuse through the Ta2O5. Thus, the Ta/I2O5
reaction was probably initiated by the interaction between the Ta
core and the oxidizer I2O5 following a condensed phase reaction
mechanism. The 3wt% addition CB into Ta/I2O5 system, decreases
the onset decomposition temperature, but the kinetics were found
to be faster (Fig. S8A) and a small exothermwas observed (Fig. S8B).

Additional carbon allotropes including CNT and FGS were eval-
uated by stoichiometrically mixing with I2O5. Fig. 5 shows the
relation between iodine release temperatures and initiation tem-
peratures of those energetic composites employing carbon allo-
tropes as the fuel from T-Jump mass spectrometry. The horizontal
dotted red line represents the oxygen and iodine release temper-
atures of neat I2O5, and the dotted blue line would refer to the
perfect correlation between iodine release and the onset reaction
temperature. For all samples, the initiation temperatures are either
lower to or the same as the corresponding iodine release temper-
atures and the iodine release temperature is lower than bare I2O5.
All four stoichiometric thermites employing FGS15, FGS60, CNTor CB
as the fuel initiated almost at the same temperature ~310 �C,
implying that the different properties among those carbon mate-
rials [39e42] appear to have no significant effect on initiation. We
also note that above a threshold level of carbon the ignition tem-
perature is not affected. So, 3% and 8% of CB addition have essen-
tially the same ignition temperature. Additionally, the low heating
rate TGA/DSC results (Fig. S10) show similar onset decomposition
temperatures and exothermic peaks as to CB/I2O5, which are in
consistent with the initiation results.

Since we conclude that surface reaction is clearly playing a
significant role, FTIR attenuated total reflection (ATR, surface) and
transmission measurements (KBr pellet) were both employed to
deduce any structure changes just prior to reaction [43]. FTIR-ATR
spectra of bare I2O5, CB3wt%/I2O5 and stoichiometric CB/I2O5 at
room temperature, is shown in Fig. 6. The spectra show a steady
red-shift (to lower wavenumbers) with increasing CB content. For
clarity, the stoichiometric CB/I2O5 is labeled as CB8wt%/I2O5. The
redshifts indicate weaker iodine-oxygen bonds due to the presence
of CB. In addition, no new peak is detected with CB-added samples
which suggests no new carbon-iodine or carbon-oxide bonds are
formed between CB and iodine oxide. Transmission FTIR-KBr pellet
spectra (Fig. S11) show no discernible changes in the spectra.
Keeping in mind that the ATR is a surface sensitive technique while
the KBr pellet method is a bulk technique we can conclude that the
surface of I2O5 particles even under room temperature conditions is
affected by CB in a manner to enable a lower decomposition
temperature.
4. Conclusions

In this paper, we employed carbon (CB, CNT and FGS) as both a
fuel and as an additive to aluminum and tantalum fuels to study the
influence of a fuel without nascent oxide shell on initiation of
iodine oxide-based thermites. We found that the initiation tem-
perature of CB/I2O5 is much lower than the initiation temperature
of Al/I2O5 and Ta/I2O5. When CB is used as an additive to other fuels
we observe a decrease in the overall initiation temperature and a
lowering of the iodine release temperature to below that of the
nascent oxidizer. Other carbon allotropes showed similar results.
FTIR analysis indicated at CB lowered the iodine-oxygen bond en-
ergy of I2O5 on the surface and thus triggered this condensed phase
reaction. These results indicate that CB can be employed as an
additive to any metal fuel as a means to lower both the initiation
and iodine release temperature.
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