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Abstract: Hypergolic materials synthesis is a new preparative technique in materials science that
allows a wide range of carbon or inorganic solids with useful properties to be obtained. Previously we
have demonstrated that metallocenes are versatile reagents in the hypergolic synthesis of inorganic
materials, such as γ-Fe2O3, Cr2O3, Co, Ni and alloy CoNi. Here, we go one step further by using
metallocene dichlorides as precursors for the hypergolic synthesis of additional inorganic phases, such
as photocatalytic titania. Metallocene dichlorides are closely related to metallocenes, thus expanding
the arsenal of organometallic compounds that can be used in hypergolic materials synthesis. In the
present case, we show that hypergolic ignition of the titanocene dichloride–fuming nitric acid pair
results in the fast and spontaneous formation of titania nanoparticles at ambient conditions in the
form of anatase–rutile mixed phases. The obtained titania shows good photocatalytic activity towards
Cr(VI) removal (100% within 9 h), with the latter being dramatically enhanced after calcination of the
powder at 500 ◦C (100% within 3 h). Notably, this performance was found to be comparable to that
of commercially available P25 TiO2 under identical conditions. The cases of zirconocene, hafnocene
and molybdocene dichlorides are discussed in this work, which aims to show the wider applicability
of metallocene dichlorides in the hypergolic synthesis of inorganic materials (ZrO2, HfO2, MoO2).

Keywords: hypergolic materials synthesis; metallocene dichlorides; fuming nitric acid; photocatalytic
titania; Cr(VI) removal

1. Introduction

Progress in materials science largely depends on new synthesis methods and tech-
niques. These typically include solid–state, ball–milling, arc–discharge, plasma, pyrolytic,
template synthesis, nanolithography, high pressure–high temperature (HPHT), sol–gel,
freeze–drying, microemulsion, precipitation, borohydride reduction, thermolysis, hot-
injection, sonochemical, hydrothermal, chemical vapor deposition, sputtering, flame spray
pyrolysis, electrochemical and microwave synthesis [1–3]. In spite of the large variety of
existing techniques today, there is an ever-increasing demand for new synthesis methods
in materials science that can deal with needs not met by the previous ones.

Recently, our group introduced the synthesis of hypergolic materials as a radically new
preparative method in materials science [4–12]. At the heart of this new technique are hy-
pergolic reactions. In hypergolic reactions, a fuel (organic, inorganic or organometallic) and
a strong oxidizer (fuming nitric acid, sodium peroxide, chlorine or bromine) ignite rapidly
and spontaneously upon contact at room temperature and atmospheric pressure without
external stimuli (spark, lighter or match). Spontaneity results from the exothermic character
of hypergolic reactions (∆H < 0) as well as the release of large amounts of gaseous products
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(∆S > 0), which eventually leads to negative free energy changes (∆G = ∆H − T ∆S < 0).
On the other hand, the fast kinetics likely result from the fact that hypergolic reactions are
usually spin-allowed, i.e., no spin change takes place in the transition from the reactants to
the products, thus ensuring a small activation energy (Ea).

The advantages of hypergolic materials synthesis are: (i) simple and easy operation
(e.g., one has to merely bring two reagents into contact at ambient conditions), (ii) generality
towards both carbon and inorganic materials synthesis, (iii) the targeted material (carbon
or inorganic) is formed rapidly (within seconds) and spontaneously at ambient conditions
upon contact of the reagents, (iv) the released hypergolic energy can be further converted
into useful work (chemical, mechanical, photovoltaic, thermoelectric or heating fluids),
and (v) since hypergolic reactions and rocket fuel propellants are closely related [10],
hypergolic materials’ synthesis provides a practical way of converting disposed rocket fuel
(also known as “mélange”) into useful material (in other words, it provides an alternative
means of rocket fuel waste management other than feedstock for the chemical industry
or fertilizers; see links: https://www.osce.org/secretariat/57488 and https://www.osce.
org/files/f/documents/8/f/35905.pdf, last accessed on 8 April 2021). Most importantly,
hypergolic materials synthesis not only allows the fast and spontaneous formation of a
wide range of nanomaterials at ambient conditions, but it also produces useful energy
in the process. This clearly differentiates it from other preparative techniques where the
formation of a material might require prolonged heating at high temperature (i.e., a time-
and energy-consuming process).

At this point it should be emphasized that the method is safe to run on a small scale in
the lab; however, for large-scale synthesis it would be necessary to build a pilot reactor that
is based on basic ideas from rocket fuel engineering. Hence, such a reactor could be simply
made up of an ignition chamber simultaneously connected to a fuel tank and an oxidizer
tank, just like in rockets [13]. Although the method is still in its first stages, we believe
that it has great potential to develop similarly to the flame spray pyrolysis technique in
the near future. For instance, flame spray pyrolysis, which was started tentatively decades
ago due to serious hazards involved in the process (flammable methane, hot flames etc.),
is now widely used in labs and industry thanks to a number of technical upgrades over
time. Currently, several important materials (carbon black, fumed silica, P25 titania) are
routinely produced via flame spray pyrolysis [14]. Another point concerns the cost and
toxicity of the reagents used in hypergolic materials synthesis, parameters that should be
seriously taken into consideration in view of the real investment and sustainability.

Although the majority of examples provided from our group pertain to carbon, hy-
pergolic materials synthesis can be extended beyond carbon to the synthesis of inorganic
materials as well. For instance, in a previous work we presented the rapid synthesis of inor-
ganic materials (γ-Fe2O3, Cr2O3, Co, Ni, alloy CoNi) by the hypergolic ignition of suitable
metallocenes with fuming nitric acid [9]. Herein, we further expand the gallery of available
nanostructures by using closely related metallocene dichlorides and fuming HNO3 as the
starting reagents, with particular emphasis on photocatalytic titania [15,16]. The latter was
obtained by the hypergolic ignition of the titanocene dichloride-fuming HNO3 pair, thus
resulting in nanocrystalline titania composed of anatase–rutile polymorphs. The effective-
ness of the titania nanoparticles in the photocatalytic removal of hexavalent chromium
from water was assessed for both as-made and calcined powders, and showed a highly
efficient removal in the latter case (100% within 3 h). This effect is comparable to that of
benchmark P25 TiO2 under identical conditions. Besides titanocene dichloride, the related
zirconocene, hafnocene and molybdocene dichlorides also react hypergolically with fuming
nitric acid to afford the corresponding ZrO2, HfO2 and MoO2 phases, hence demonstrating
the general characteristics of the method. Overall, metallocene dichlorides together with
metallocenes, thanks to their diverse structure and composition, appear to be versatile
reagents for the hypergolic synthesis of a wide range of inorganic materials with useful
properties (magnetic, photocatalytic etc.).

https://www.osce.org/secretariat/57488
https://www.osce.org/files/f/documents/8/f/35905.pdf
https://www.osce.org/files/f/documents/8/f/35905.pdf
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2. Materials and Methods

Synthesis was conducted in a fume hood with a ceramic tile bench using small amounts
of reagents. In a typical procedure, a glass test tube (diameter: 1.6 cm; length: 16 cm) was
charged with 0.5 g TiCp2Cl2 (titanocene dichloride, 97% Sigma-Aldrich, St. Louis, MO,
USA) followed by the dropwise addition of 0.75 mL fuming nitric acid (100% Sigma-
Aldrich, St. Louis, MO, USA). Both reagents reacted hypergolically upon contact to afford
a solid residue within the tube. The residue was collected and washed successively with
water, acetone and tetrahydrofuran prior to drying at 80 ◦C (thereafter denoted as as-made
sample or as-made titania). Water helps to remove residual acid after reaction, whereas
acetone and tetrahydrofuran help to wash off any unreacted titanocene dichloride, which
is soluble in both solvents. The hypergolic ignition of the organometallic compound by
fuming HNO3 is shown in Figure 1. Calcined titania (or calcined sample) was obtained by
heat treatment of the as-made titania at 500 ◦C for 1 h under air in a box oven. Due to the
general characteristics of the method, even more inorganic materials could foreseeably be
used with suitable metallocene dichlorides and fuming nitric acid as described above.
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Figure 1. Dropwise addition of fuming nitric acid into titanocene dichloride in a test tube triggers
spontaneous ignition for titania formation.

Powder X-ray diffraction (XRD) was carried out using background-free Si wafers
as substrates and Cu Kα radiation from a Bruker Advance D8 diffractometer (Bruker,
Billerica, MA, USA). Raman spectra were collected with an RM 1000 Renishaw using a
laser excitation line at 532 nm. Atomic force microscopy (AFM) images were recorded on
silicon wafers substrates using tapping mode with a Bruker Multimode 3D Nanoscope
(Ted Pella Inc., Redding, CA, USA).

UV–visible spectra of chromium solutions were recorded in quartz vesicle with a
UV–2401(PC) Shimadzu spectrophotometer. The photocatalytic experiments were carried
out in a photoreactor containing a quartz cylindrical tube (diameter: 3.5 cm, height: 18 cm)
placed inside a stainless-steel cooling bath. A magnetic stirrer was used for mixing the
solutions and it was located under the photoreactor. Two UV–C lamps, each with roughly
18 W maximum output power and a peak wavelength at 253.7 nm, were used as light
sources and fitted to the side of the quartz tube. The interior of the bath was lined with
aluminum foil to increase the illumination of the samples while the reactor temperature was
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kept constant at 25 ◦C. Benchmark P25 TiO2, which is a reference material in photocatalysis,
was tested as well in our experiments under identical conditions for comparison reasons.

3. Results and Discussion
3.1. Synthesis and Characterization

The hypergolic reaction between titanocene dichloride and fuming nitric acid results
in the simultaneous formation of carbon and titania phases in the as-made sample (N2
BET surface area: 52 m2/g). The titanium-containing organometallic compound serves as
the source of titania, whereas the attached cyclopentadienyl groups serve as the source of
residual carbon [9]. Based on thermal gravimetric analysis in air, the carbon content of the
as-made sample reaches the value of 40% with the other 60% being TiO2. Accordingly, an
additional heat treatment step at 500 ◦C for 1 h under air is necessary in order to free the
inorganic phase from residual carbon (N2 BET surface area: 62 m2/g).

AFM study of the as-made titania showed the presence of spherical nanoparticles with
an average size of 12 nm (Figure 2a). In addition to the nanoparticles, we also observed
impaired, irregular-shaped carbon nanosheets with a thickness of about 2 nm (Figure 2b).
Therefore, the as-made sample should be better described as an admixture of titania and
carbon phases. The two phases co-exist separately in a large part of the sample in the form
of a heterogeneous mixture; however, some nanosheets spotted with titania nanoparticles
were also observed (not shown).
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Figure 2. (a) AFM cross section analysis profile and depth analysis histogram of the titania nanoparti-
cles in the as-made sample. (b) The sample additionally contains impaired, irregular-shaped carbon
nanosheets with a thickness of ca. 2 nm.

In order to completely remove carbon, the sample was calcined at 500 ◦C in air to
afford pure titania. AFM analysis in this case revealed the exclusive presence of spherical
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titania nanoparticles of about the same size as for the parent sample within statistical
error (Figure 3). Thus, heat treatment barely affected the size and morphology of the TiO2
nanoparticles, but nevertheless it produced changes in the phase composition of titania, as
discussed in the next paragraph.
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The crystalline structure and phase composition of the as-made and calcined titanias
were studied by X-ray diffraction (Figure 4). In both cases, the titania consists of the
anatase and rutile mixed phases, but at different ratios. Based on Rietveld analysis, the
as-made titania contains 85% anatase and 15% rutile, whereas the calcined one contains
70% anatase and 30% rutile, as a result of partial anatase-to-rutile thermal transformation
at 500 ◦C [17]. Interestingly, the anatase/rutile ratio for the as-made sample is close to that
of photocatalytic Degussa P25 TiO2 (80/20) [18], whereas that of the calcined sample was
close to the values reported in the literature for optimal TiO2 photoreactivity (60/40) [19,20].
Note that it was difficult to detect carbon in the XRD pattern of the as-made titania. There
are three reasons for this: (i) poorly crystalline carbon (e.g., amorphous carbon) usually
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produces broad and small intensity (002) reflections in X-rays, (ii) superimposition of the
(002) carbon and (101) anatase peaks near 25◦, and (iii) phase-contrast between the lighter
carbon and heavier titania. Nevertheless, the presence of carbon in the as-made sample
was clearly confirmed by Raman spectroscopy, as shown below.
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Figure 4. XRD patterns of the as-made (top) and calcined (bottom) titania samples showing the
anatase and rutile phases.

The Raman spectrum of the as-made sample shows the simultaneous presence of
TiO2 and carbon (Figure 5 and inset). Titania is evidenced by an intense band at 145 cm−1

followed by three smaller intensity bands at 640, 515 and 395 cm−1 and a very weak
shoulder just below 200 cm−1 [21,22]. These peaks correspond to the five Raman active
modes of anatase, and overall, the spectrum matches well with that of Degussa P25 [22]. On
the other hand, carbon shows the characteristic G and D bands at 1588 cm−1 and 1362 cm−1,
respectively [23]. Based on the broadness and relative intensity ratio (ID/IG = 0.75) of the
two bands we can safely conclude that carbon is in an amorphous state. In sharp contrast,
crystalline graphite displays narrower Raman lines with an ID/IG ratio close to 0.2. In
respect to the calcined sample, this still shows the titania Raman peaks; however, the
characteristic G and D carbon bands completely disappear (Figure 5). This fact signals the
sole presence of pure titania in the calcined sample.
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Figure 5. Raman spectra of the as-made and calcined titanias in the carbon region. The characteristic
Raman peaks of titania are shown in the inset.

Likewise, titanocene dichloride, the analogous zirconocene, hafnocene and molyb-
docene dichlorides (ZrCp2Cl2 98%, HfCp2Cl2 98% and MoCp2Cl2 95% from Sigma–Aldrich,
St. Louis, MO, USA) also ignite rapidly and spontaneously with fuming HNO3 in ambi-
ent conditions (Figure 6) to give the corresponding ZrO2, HfO2 and MoO2 phases with
characteristic reflections in their XRD patterns (Figure 7). Similar to the titania case, all the
as-made samples also contained ca. 40% carbon; however, this could be easily removed by
calcination. Therefore, metallocene dichlorides seem to be a general class of organometallic
precursors for the hypergolic synthesis of diverse inorganic materials.
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Figure 7. XRD patterns of the ZrO2, HfO2 and MoO2 phases derived through hypergolic ignition of the corresponding
ZrCp2Cl2, HfCp2Cl2 and MoCp2Cl2 organometallic compounds by fuming nitric acid.

3.2. Photocatalytic Activity of Titania towards Cr(VI) Removal

Since the anatase-to-rutile ratio in the as-made and calcined samples was close to
those of photoreactive TiO2 [18–20], both titanias were tested successfully in the removal
of toxic hexavalent chromium [24] from water under UV irradiation. Ultraviolet light
matches the energy band-gap of TiO2, thus triggering electron transfer from the valence
band to the conduction band of the solid [25,26]. The electrons sitting in the conduction
band are then available to reduce the highly toxic Cr(VI) species into relatively harmless
Cr(III) [25,26]. Thus, ultraviolet light is necessary in order to switch-on the photocatalytic
activity of titania. Although sunlight is the main source of UV radiation, making up nearly
5% of the solar spectrum, in our work we used UV lamps to ensure controlled experimental
conditions throughout the whole process.

The kinetics of Cr(VI) removal with or without UV irradiation at room temperature
for both the as-made and calcined samples is depicted in Figure 8, top. Solutions of 50 mL,
each containing 9 mg of titania (as-made or calcined) and an initial Cr(VI) concentration
of 5.5 mg/L at pH = 3 (e.g., acidic industrial wastewaters), were used to carry out the
experiments [27,28]. Accordingly, total Cr(VI) removal was achieved within 9 h for the
as-made titania and within 3 h for the calcined titania under UV irradiation (Figure 8, top;
closed–red and blue symbols). On the other hand, as expected, the measurements at room
temperature for the two materials without UV irradiation showed little capability for the
removal of hexavalent chromium from the aqueous solution (Figure 8, top; open–red and
blue symbols). Also noticeable was the fact that the combination of an acid environment
and UV irradiation in the absence of titania led to the removal of even less at ca. 10%,
thus demonstrating the active role of TiO2 in the photocatalytic process. For comparison
reasons [29], the efficiency of the commercial TiO2 nanoparticles, AEROXIDE® TiO2 P25
(99.5%, EVONIK, Tokyo, Japan) under identical conditions is also presented (Figure 8,
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bottom). In this case, the total Cr(VI) removal under UV irradiation was achieved within
2 h, thus being comparable to that of calcined titania.
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As it has been shown previously, both as-made and calcined titanias possess com-
parable nanoparticle sizes and specific surface areas. In addition, the corresponding
anatase-to-rutile ratios fall within the expected range of photoreactive titania (typically
60–80% anatase and 20–40% rutile). Based on these findings, the higher photocatalytic
performance of calcined titania should be ascribed to the high purity of the sample, which
is void of carbon (e.g., neat titania).

4. Conclusions

Hypergolic materials synthesis is a fresh preparative technique in materials science
that still needs further basic and technical studies before implementation in a lab or at an
industrial–scale. In an effort to explore more chemical options in this context, we have
presented the hypergolic ignition of titanocene, zirconocene, hafnocene and molybdocene
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dichlorides by fuming nitric acid for the fast and spontaneous formation of the correspond-
ing TiO2, ZrO2, HfO2 and MoO2 phases at ambient conditions. Particular emphasis was
given on the titanocene dichloride-fuming HNO3 pair, which resulted in the formation of
nanocrystalline photocatalytic titania composed of the anatase–rutile mixed phases. The
photocatalytic activity of the solid before and after calcination was evaluated by Cr(VI)
removal from aqueous solution under UV irradiation. High photocatalytic performance
was observed for the calcined sample (100% removal within 3 h), probably due to the
higher purity of the titania phase (e.g., carbon-free). Notably, the photocatalytic activity of
calcined titania was comparable to that of benchmark P25 TiO2 under identical conditions.
To sum up, metallocene dichlorides, due to their diverse composition, expand the chemical
possibilities of hypergolic materials synthesis in the manufacture of a large variety of
functional materials with interesting properties.
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