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A novel formation mechanism according to the oxidative dehydrogenation of organics has been proposed
for the low-temperature preparation of carbon-based nanomaterials. Several typical organics including
ethanol, 1-butanol, p-cymene and liquid paraffin are used as precursors to react with ammonium per-
sulfate (APS) in an autoclave, and carbon particles are obtained as a validation. The reaction character-
istics are comprehensively investigated by the differential scanning calorimetric and thermogravimetric
analysis. The strongly exothermic oxidation reaction below 200 °C is a common feature during the
process. The organic molecules are cleaved into small carbon species and further transform to amor-
phous carbon. When the organometallic compound is used as a reactant instead, such as magnesocene
and allyltriphenyltin, carbon encapsulated MgO and SnS nanocrystals with core-shell structure are
synthesized, respectively. A detonation introduced by the violent reaction occurs in the process with a
very rapid liberation of heat and large quantities of thermally expanding gases. The large amounts of free
atomic/radical species and reactive intermediates are generated as sources for the core-shell structure. It
is a common strategy for the large scale production of carbon encapsulated oxide/sulfide nanocrystals by
means of the moderate detonation process of the organometallic compound and APS in an autoclave.
© 2017 Elsevier Ltd. All rights reserved.

the characteristics of carbon nanomaterials synthesized by these
methods can be summarized in Table 1.

1. Introduction

Since the discovery of fullerene and carbon nanotube, carbon
nanomaterials have attracted considerable attention because of
their unique structures and properties that are clearly different
from the traditional carbon phases like graphite, diamond and
amorphous carbon [1,2]. A variety of novel carbon nanomaterials is
successively synthesized in the last three decades, such as onion
[3], nanocone [4], nanobelt [5], graphene [6] and carbyne [7].
Several universal preparation methods for the carbon nano-
materials have been developed, and the principal formation
mechanisms are well understood. These methods can be illustrated
in a temperature-relative oxygen content schematic (Fig. 1). And
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First, it is necessary to define an oxidation temperature region of
carbon nanomaterials (Region ®). It is commonly known that the
oxidation of carbon takes place at a high temperature in the
ambient atmosphere. Thus oxygen is usually eliminated in the
traditional synthesis process. The oxidation temperature of carbon
nanomaterials is particularly dependent upon the order degree of
microstructure. For example, the highly purified nearly defect-free
single-walled carbon nanotubes start oxidation at 600 °C according
to the thermogravimetric (TG) curve [8]. On the other hand, we
have prepared completely amorphous carbon nanotubes without
short-range lattice fringes in the high-resolution transmission
electron micrographs [9], and their oxidation temperature is only
about 300 °C (Supplementary data, Fig. S1). Therefore, it is obvious
that all the carbon nanomaterials with different order degree are
sensitive to oxygen in the temperature range of 300—600 °C.

High-temperature preparation techniques are most utilized for
a highly ordered graphitic structure. Arc discharge and laser
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Fig. 1. The schematic illustration of synthesis methods for carbon nanomaterials.

Table 1

The characteristics of carbon nanomaterials synthesized by different methods in Fig. 1.
Method Temperature Typical product Microstructure Oxidant
Arc discharge/Laser ablation >3000 °C Fullerene, Nanotube, Onion Perfectly ordered None
CVD 600-1000 °C Nanofiber, Nanotube, Graphene Highly ordered None
Flame synthesis 800-1200 °C Nanofiber, Nanotube, Particle Highly ordered Deficient
Hydrothermal/Solvothermal 140-240 °C Sphere, Nanotube disordered Non-essential
Oxidation synthesis <300 °C Particle, Nanotube, Core-shell disordered Essential

ablation can produce a high temperature above 3000 °C, which is
sufficient for evaporation of graphite-based precursors into carbon
atoms and small carbon clusters [10,11]. These gas-phase carbon
sources further undergo the self-assembling process and then
generate various forms of carbon nanomaterials [12—14]. Since the
synthesis temperature is much higher than the oxidation temper-
ature of carbon nanomaterials, these very energetic processes are
mostly carried out in high vacuum or an inert atmosphere (Region
®@). Chemical vapor deposition (CVD) is generally performed in
600—1000 °C, in which temperature range the thermal decompo-
sition of hydrocarbons proceeds and small carbon species can be
achieved for the growth of diverse carbon nanomaterials [15—17].
Both of hydrocarbons and carbon species are susceptible to oxygen
at the reaction temperature. As a result, the content of oxygen in
the furnace ought to be vanishingly low for the synthesis (Region
®). However, it must also be mentioned that the low concentration
oxygen is not essential for the preparation of carbon nanomaterials
at high temperature, flame synthesis is an alternative process using
oxygen or air as the combustion medium (Region @®). The flame
volume provides a carbon-rich chemically reactive environment
capable of generating carbon nanostructures during a short resi-
dence time, thereby avoiding the oxidation of carbon products [18].

On the contrary, carbon nanomaterials can also be intensively
fabricated in a low temperature range of 140—240 °C by the hy-
drothermal/solvothermal carbonization process in an autoclave
(Region ®) [19]. Saccharides are mostly used precursors, which
undergo dehydration and aromatization during the treatment and
eventually give rise to carbon-rich solid products [20]. The auto-
clave is usually assembled in ambient atmosphere at room tem-
perature, and the oxidation of the as-prepared carbon
nanomaterials by the residual oxygen is negligible because the
synthesis temperature is below the lower temperature of region ®.
Otherwise, as is well-known, carbon foam will form by the dehy-
dration reaction of sugar with concentrated sulfuric acid (a strong
oxidizing agent) at room temperature (Region ®). According to
these two processes, it is convincing that carbon can be stably
obtained under 300 °C regardless of the existence of oxidizing
agent.

Since the low-temperature formation of carbon is feasible, it is
further assumed that with the addition of oxidizing agents carbon
can form below 300 °C by an oxidation of organic compounds that
are made of carbon skeletons with lots of hydrogen atoms (Region
®). The oxidation reaction involves the removal of hydrogen from
an organic molecule and retention of carbon for nanostructures. It
is plausible that the oxidizing strength of the oxidant should be one
of the key factors for the formation of carbon nanomaterials. In fact,
various carbon nanomaterials have been synthesized on the basis
of this formation mechanism. Urones-Garrote et al. prepared car-
bon nanotubes and nanobags by the reaction of ferrocene with pure
chlorine in a tube furnace at 200 °C [21]. At the same temperature,
with the presence of ammonium chloride, we have fabricated
amorphous carbon nanotubes and nanoparticles by the reaction of
ferrocene with oxygen in ambient atmosphere and solvent,
respectively [9,22]. It has also been proved that other stronger
oxidants (such as ammonium persulfate (APS), ammonium di-
chromate and ammonium perchlorate) can play an identical role as
oxygen, and carbon encapsulated nanocrystals with core-shell
structure were prepared by a solid state reaction in an autoclave
at about 200 °C [23]. Further, various carbon encapsulated metal
oxide/sulfide nanocrystals were synthesized through the similar
chemical route using APS and metallocene complexes at 200 °C,
and a portion of carbon shell with clear turbostratic structure was
visible [24—27]. Recently, we found that metal w-complexes con-
taining different organic ligands were able to substitute for met-
allocene complexes in this reaction for core-shell structure [28].
These results illustrate a meaningful starting point for the low-
temperature oxidation synthesis of carbon nanomaterials.

In these previous publications, carbon nanostructures derived
from the cyclic organic ligands in w-bonded metallorganics, which
is merely one type of the organic compounds and is therefore not
comprehensive to support the assumption of oxidation synthesis.
In addition, although tens of carbon encapsulated nanocrystals
with core-shell structure have been prepared by the oxidation of
metallocene complexes, the in-depth formation mechanism as well
as the affecting factors are not fully elucidated. Consequently, in the
present work, in order to adduce more evidence for the proposed
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Table 2
Synthesis conditions of carbon particles and carbon encapsulated nanocrystals.

No. Reactants Autoclave vol. (ml) Temp. (°C) Time (min) Major product

Organics Quantity (ml OR mmol) APS Quantity (mmol)
#1 Ethanol 2 ml (NH4)2S20s8 20 50 200 30 Carbon particles
#2 1-Butanol 2ml 20 Carbon particles
#3 p-Cymene 2 ml 20 Carbon particles
#4 Liquid paraffin 2 ml 20 Carbon particles
#5 Magnesocene 5 mmol 10 MgO@C
#6 Allyltriphenyltin 5 mmol 10 SnS@C

SnO, and C

assumption, more general organic reagents with different molec-
ular structure and property are selected as precursors to react with
APS, such as ethanol (CH3CH,0H), 1-butanol (CH3CH,CH,CH,0H),
p-cymene ((CH3),CHCgH5CH3), liquid paraffin (CoHp, n = 11-24),
m-bonded magnesocene ((CsHs),Mg, abbreviated as Cp,Mg) and -
bonded allyltriphenyltin (CH,CHCH,Sn(CgHs)3). It is proved that
carbon can actually form by the oxidative dehydrogenation of the
organics and the strongly exothermic reaction results in a detona-
tion process in the autoclave, which is crucial for the formation of
carbon encapsulated nanocrystals with core-shell structure
(denoted as ‘formula of inner core’@C, such as MgO@C, SnS@C, and
Sn0,@C).

2. Experimental
2.1. Materials and preparation

The analytically pure common organic reagents and the other
two organometallic compounds were received from the Sinopharm
Chemical Reagent Co. Ltd. and J&K Scientific Ltd., respectively.
Carbon particles and carbon encapsulated nanocrystals were pre-
pared by the oxidation of organics in an autoclave, and the syn-
thesis conditions were presented in Table 2. Typically, the organic
reagent and (NHg4),S20g were manually milled in a mortar and
subsequently heated at 200 °C for 30 min. After cooling down to
room temperature, the as-prepared black powder was washed with
deionized water, and the final product was eventually obtained
after drying overnight at 120 °C. In particular, the macroscopic
morphology of as-prepared sample #5 and #6 obviously showed
stratification phenomenon. Fluffy powder and soft powder ag-
glomerates were respectively collected in the top and bottom of the
autoclave for characterization.
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2.2. Characterization

Phase characterization of the samples was performed by X-ray
diffraction (XRD) using a PANalytical X'Pert PRO diffractometer (Cu
K, radiation, A = 0.15418 nm). Raman spectra were measured by a
Bruker Senterra micro Raman spectrometer (2 mW excitation at
633 nm). The morphology and microstructure of the samples were
analyzed by scanning electron microscopy (SEM, JEOL JSM 7500F)
and transmission electron microscopy (TEM, JEOL JEM 2010)
equipped with an X-ray energy-dispersive spectroscopy system
(EDS, EDAX) for composition analysis. Differential scanning calo-
rimetry (DSC) and TG analysis were carried out at ambient atmo-
sphere on a simultaneous thermal analyzer NETZSCH STA 449 F3
with a heating rate of 10 °C min~' using an open alumina pan.
Sealed aluminum pan was also used to simulate the reaction in the
autoclave, which was conducted on NETZSCH DSC 204F1.

3. Results and discussion

In previous studies, lots of metal w-complexes with sandwich-
like structure have already been used as precursors for the prepa-
ration of carbon nanomaterials. Therefore, in the first four samples,
we want to verify whether other common organic reagents without
metal atom in the molecule are effective as well for the oxidation
synthesis of carbon. The XRD patterns of sample #1-#4 are shown
in Fig. 2a. All the patterns have a very broad peak between 20 and
30°, which is a striking characteristic of amorphous structure.
Otherwise, the diffraction peak of sample #2 is sharper than others,
and the small shoulder around 44° corresponding to the (101)
plane of graphite is visible either, suggesting the order degree of
this sample is relatively high. It can be further proved by the Raman
spectra in Fig. 2b. The two typical D and G band Raman shifts
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Fig. 2. XRD patterns (a) and Raman spectra (b) of the sample #1-#4.



24 B. Liu et al. / Carbon 127 (2018) 21—-30

Fig. 3. SEM images of the different samples: (a) #1, (b) #2, (c) #3, (d) #4.

located at 1350 and 1580 cm™! in sample #2 can be assigned to
disordered carbon and ordered graphite, respectively [29]. The
intensity ratio of the D to G band is a widely used indication of the
carbon order degree [30]. The two bands of approximately equal
intensity demonstrate that amorphous carbon with lattice distor-
tion is obtained in this sample. However, the high-intensity D band
and broader G band of sample #4 imply a worse order degree, and
the two broad and overlapped bands in sample #1 and #3 belong to
completely amorphous carbon [31]. Consequently, it is concluded
that oxidation of organics below 300 °C is valid for the preparation
of amorphous carbon and the low synthesis temperature has an
adverse effect on the formation of highly ordered structure.

SEM images of the first four samples are displayed in Fig. 3. A
large amount of micro-/nano-sized irregular-shaped particles is
found in most samples except for sample #2, which is exclusively
constituted of homogeneous connected nanoparticles with a
diameter of 200—400 nm. The high-resolution TEM (HRTEM) im-
ages in Fig. 4 further reveal the microstructure these carbon par-
ticles. Roughly parallel short lattice fringes referred as turbostratic
structure only appear in the particles of sample #2. Conversely,
other samples do not have clear fringes, suggesting a completely
amorphous structure. It is consistent with the XRD and Raman
results that sample #2 has a relatively high order degree in these
samples.

The reaction behaviors of the reactants in sample #1-#4 were
carried out by DSC using sealed pans to closely simulate the con-
ditions in the autoclave. Fig. 5 shows the DSC curves of these
samples with an exothermic peak in common, which should be
caused by the oxidation of hydrogen atom in organic reagents. The
exothermic reaction of ethanol with APS starts at about 108 °C
according to the onset temperature in sample #1, illustrating that
ethanol can be easily oxidized to carbon. Subsequently, a sharp
endothermic peak appears when the temperature increases to
119 °C, probably resulting from some side reaction. It is similar to
sample #3 with the aspect of the existence of both exothermic and
endothermic peaks. But the p-cymene is too stable to be oxidized

until the temperature is raised to 168 °C. For sample #2, after a
broad endothermic peak, a very sharp exothermic peak located at
168 °C can be observed, which means a violent oxidation reaction
takes place and completes in a short time. Otherwise, the wide
exothermic peak initiated at 179 °C in sample #4 may be attributed
to the continuous oxidation of various hydrocarbons with different
carbon atoms in the liquid paraffin. As a result, it is deduced that
alcohols with different alkyl chains, alkanes, as well as aromatic
hydrocarbons can serve as the precursors and their exothermic
oxidation is vital importance for the formation of carbon. However,
the accompanying endothermic side reaction will reduce the inner
temperature in the autoclave, thereby weaken the oxidation reac-
tion and lead to the generation of completely amorphous carbon,
such as sample #1 and #3. And then, the dominant strongly
exothermic oxidation with a large amount of heat release will
rapidly increase the temperature, which is conducive to the syn-
thesis of relatively highly ordered carbon (sample #2 and #4).

As mentioned above, the oxidation formation mechanism for
carbon is proved to be effective. However, the morphology and
microstructure of the products are the lack of novelty because only
amorphous carbon particles are obtained. Therefore, it will be a
meaningful investigation to develop a process for novel nano-
structures based on this theory. For sample #2, the huge heat
release in a short time is likely to break the 1-butanol into clusters
and radicals, resulting in the formation of homogeneous carbon
nanoparticles with a relatively highly ordered structure. In fact,
large amounts of heat and gas (building up a sudden substantial
pressure) generated rapidly enough constitute the detonation
process, made of violent chemical transformation of an explosive.
This technique is particularly in relation to nanodiamond synthesis
[32], and is also widely used for the preparation of core-shell
nanostructures [33—35]. During the reaction process, the detona-
tion of carbon- and metal-containing precursors can yield a high-
temperature and high-pressure state for simultaneously self-
assembling of the carbon and metal clusters into core-shell struc-
ture. Hence, it is appreciable that the explosion occurred in the low-
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Fig. 4. HRTEM images of the different samples: (a) #1, (b) #2, (c) #3, (d) #4.
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Fig. 5. DSC curves of the reactants in sample #1-#4 using sealed pans.

temperature oxidation synthesis should have the same effect for
the preparation of carbon encapsulated nanocrystals with core-
shell structure. The organometallic compound with metal-carbon
bond ought to serve as the precursor for the carbon shell and
interior nanocrystals, and both - and o-bonded compounds were
chosen for testing the hypothesis (sample #5 and #6).

Core-shell structure has already been successfully fabricated
using the precursor of metallocene complex consisting cyclo-
pentadienyl rings bound to the transition metal, whereas magne-
socene with alkaline-earth metal (magnesium) as a central metal
atom is used instead in sample #5. The XRD patterns in Fig. 6a show
that the sharp peaks of the top powder located at 37°, 43° and 63°
can be well indexed to the cubic MgO phase with good crystalli-
zation. Notably, unlike the previous core-shell structures without
distinct carbon diffraction peaks [23—25], the strong and wide
(002) graphite peak around 26° appears in the composite, indi-
cating that the order degree of the carbon shell is greatly improved.
The (NH4)2S04 and (NH4)3H(SO4); came from the decomposition of

APS are the major phases in the as-prepared bottom powder. When
these soluble ammonium salts are eliminated by the washing
process, the MgO and graphite diffraction peaks become visible,
which is identical with the top powder. The core-shell structure can
be directly observed by the SEM images of top powder, consisting of
interconnected nanoparticles with obvious white cores inside
(Fig. 6b and c). The homogeneous core-shell structure is the
dominant product as well in the washed bottom powder (Fig. S2),
which is in accordance with the XRD result. TEM and HRTEM im-
ages in Fig. 6d—f indicate the wormlike carbon shell entirely
encapsulated a lot of aggregated nanocrystals, which can be
indexed to the MgO (200) and (020) lattice fringes at about 0.21 nm
in the enlarged image. In addition, the clear carbon fringes have a
preferential curved orientation toward the center but not all the
layers are well-aligned, resulting the wide (002) peak in the XRD
pattern. The oxidation temperature of the MgO@C is as high as
570 °C, strongly demonstrating the good crystallization of the
carbon shell (Fig. S3). The non-graphitizing carbon tends to crys-
tallize in the presence of the molten alkali metals at a mild tem-
perature (350—800 °C) [36,37]. The sodium and potassium
borohydride also enable the enhancement of graphitized state by a
solvothermal method at 320—350 °C, respectively [31]. However,
the transformation mechanism made by the alkali metal and its
compound is still not well interpreted. It is believed that the
magnesium atom in the precursor have the same effect as sodium
because of their similar valence properties, which needs further
investigation.

Allyltriphenyltin is the first o-bonded complex used for the
preparation of core-shell structure (sample #6). Black fluffy powder
is collected in the top of the autoclave and its XRD pattern is shown
in Fig. 7al. The orthorhombic phase of SnS is the major product
while carbon diffraction peak is absent. Besides the black agglom-
erates, some white powder can also be found in the bottom of the
autoclave. The XRD pattern shows that the mixture is abundant of
(NH4)3H(SO4)2 with good crystallization (Fig. 7all). After washing,
only black powder is remained, which is composed of a majority of
SnO; and a small amount of SnS (Fig. 7alll). All the SnO; peaks are
very broad because of its small size. Under SEM examination, the
homogeneous nanoparticles in the top powder exhibit an equiaxed
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Fig. 6. (a) XRD patterns of the powder in sample #5 in the different position of the autoclave: (I) top, (II) bottom, (IlI) washed bottom. (b, c) SEM images of the top powder at

different magnifications. (d—f) TEM and HRTEM images of the top powder.

morphology and aggregate together (Fig. 7b). The semitransparent
carbon layer and the white inner cores corresponding to the core-
shell structure are further revealed in the high magnification im-
age (Fig. 7c). The uniformity of the washed bottom power is slightly
decreased due to the emergence of some large particles, as indi-
cated by the arrows (Fig. 7d). In the enlarged image (Fig. 7e), the
core-shell structure and a lot of agglomerates (indicated by white
arrows) consisted of ultrafine nanocrystals appear simultaneously.
From the TEM image in Fig. 7f, the large spherical particles with a
diameter of 200—400 nm and small aggregated nanocrystals are
both encapsulated by the carbon shell in the top powder. The EDS
spectrum of the large particles demonstrates that C, S and Sn are
the major elements with the S/Sn molar ratio close to the SnS
stoichiometry (Fig. S4). In the HRTEM image of Fig. 7g, the small
nanocrystal can be perfectly indexed to the SnS phase and the
carbon shell is amorphous because of its disordered fringes. The
DSC-TG curves also show that the carbon shell is more vulnerable to
oxygen than that of sample #5 owing to its low initial oxidation
temperature of 445 °C, as shown in Fig. S5. The agglomerates in the
bottom powder can also be indicated by the white arrows (Fig. 7h),
which are actually composed of ultrafine SnO; nanocrystals with a
diameter of about 5 nm (Fig. 7i). The carbon shell on these nano-
crystals is not discernible, which may lead to the existence of white
colored as-prepared powder in the bottom. However, the carbon
characteristic peak in the EDS spectrum illustrates that a small
amount of carbon is probably distributed in the gap between the

nanocrystals (Fig. S6), and the agglomerates can be conceived as
SnO;/Carbon composite. Otherwise, a small quantity of SnO,@C
with core-shell structure can also be observed in the bottom
powder, as shown in Fig. S7. Therefore, the core-shell structure is
the dominant product in sample #6.

Thermal analysis using different pans is essential to investigate
the reaction behavior of the reactants in sample #5 and #6, as
shown in Fig. 8. In an open pan, the measurement is conducted in
the air atmosphere, and the weight change during the reaction can
be recorded by the TG curve. On the other hand, the sealed pan is
likened to the autoclave, and the reaction characteristic is revealed
in the DSC curve. The pure APS is definitely stable in the open pan
until the temperature is increased to 185 °C (Fig. 8a), and it will
decompose into ammonium pyrosulfate and oxygen [38]. In sample
#5, the sublimation of Cp,Mg results in the sluggish weight loss
from 100 °C, and the reaction actually takes place at 178 °C indi-
cated by the 3% sharp weight loss in the TG curve. Since the time
resolution of the TG measurement is 100 ms (10 data points per
second) [39], the typical reaction time is about 100 ms or less
(Table S1). Taking into account the small sublimation weight loss
before the reaction, the reaction enthalpy is qualitatively calculated
to be 347 J/g by integrating the area under the strongly endo-
thermic peak (Fig. S8). For pure APS in the sealed pan (Fig. 8b),
another small exothermic peak appeared at 132 °C should be
caused by some side reaction of APS, and the reaction products may
further accelerate the decomposition of APS because the
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Fourier transform (FFT) pattern.

corresponding peak is advanced to 170 °C. However, the former
peak is absent in the mixture of Cp;Mg and APS, which can be
explained that APS has already participated in some side reaction
without heat absorption/release. The two strong and overlapped
exothermic peaks started at 148 °C is an evidence for the severe
oxidation reaction. For sample #6, the DSC-TG curves are similar to
that of sample #5, while the difference is an endothermic transition
coincided with the melt of allyltriphenyltin can be found at about
75 °C. In the open pan (Fig. 8c), some melted allyltriphenyltin will
be blown off by the purge gas above 125 °C, and the oxidation re-
action initiates at 193 °C with a 14% linear decrease in the TG curve.
This reaction is ultrafast and has completed within 200 ms
(Table S2), moreover the accompanying exothermic reaction has an
enthalpy of 292 J/g (Fig. S9). It is noticeable that although the re-
action temperature of the mixture is higher than the decomposi-
tion temperature of pure APS, the typical exothermic peak and
weight loss belong to the decomposition of pure APS cannot be
found, proving some side reaction has taken place at a lower
temperature. In the seal pan, the reaction of allyltriphenyltin with
APS is also quite violent determined by the strong and narrow
exothermic peak at 195 °C (Fig. 8d). Consequently, from the above
results, the extremely fast exothermic energy release with con-
current weight loss is the obvious feature during the oxidation of
the organometallic compound, which is the same as some metal-
locene complexes [24,26,40].

On further discussion, there are three features like most
explosive chemical reactions evolving heat and pressure and can be
regarded as important factors for the formation of core-shell
structure. First, the generation of heat in large quantities

accompanies the oxidation of organometallic compound. Most of
the organometallic compounds as well as the organics will be
oxidized by APS in the temperature range of 100—200 °C. However,
the organic ligand bonded to metal atom will enhance its chemical
activity. For instance, both with benzene ring included, the oxida-
tion temperature of p-cymene is lower than allyltriphenyltin.
Otherwise, the o-bonded allyltriphenyltin seems more stable
concerning the m-bonded Cp,Mg. Therefore, with the increase of
temperature, the organometallic compound will be gradually
oxidized, and its structure becomes unstable, though no thermal
effect is observed during this period. When the oxidation temper-
ature is reached, a violent reaction of organic ligands takes place, in
which hydrogen is transformed to water with heat release. It is just
the second feature that the gaseous products are produced in the
reaction accounting for the rapid decline in weight. Third, the ki-
netics of decomposition is ultrafast and proceeds typically in
100 ms or less traced by TG measurement. These features can be
vividly visualized by heating the mixture of allyltriphenyltin and
APS in an open bottle, which is simultaneously recorded by both
general and infrared camera (Video S1). Like a volcanic eruption,
large amounts of heat and gas are instantaneously formed in the
sudden reaction, rapidly raising the temperature in the bottle. The
liberation of heat with sufficient rapidity is a necessary factor that is
responsible for an explosion. However, the brown-colored powder
collected in the open bottle signifies inadequate carbonization of
the precursor, which is completely different with that in the
autoclave (Fig. S10). It has exemplified by the reaction of ferrocene
with APS that the sealed reactor is vital to the formation of core-
shell structure [24].
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Fig. 8. DSC-TG and DSC of the reactants in different pans: (a, b) sample #5, (c, d) sample #6. (A colour version of this figure can be viewed online.)

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2017.10.081.

When the reaction is transferred into an autoclave, the very
rapid liberation of heat and large quantities of thermally expanding
gases are confined in the space and cannot be dissipated to the
external environment. The exertion of extremely high pressure on
the surrounding medium forms a propagating shock wave with a
high velocity, which can be perceived as a detonation process. The
schematic of the detonation process and the formation mechanism
for core-shell structure are proposed in Fig. 9. The violent reaction

quickly accelerates through the reacted part of the sample toward
the unreacted site. The shock-wave front with a high temperature
and pressure gradient instantaneously initiates an intensive
chemical transformation of the sample in an exceedingly thin layer
adjacent to the wave front (chemical reaction zone) [41]. The
exothermic chemical energy liberated in the chemical reaction
zone by the non-equilibrium chemical processes continuously
maintains a high pressure in the shock wave and self-sustains the
detonation process [42]. In this zone, the organometallic compound
and APS molecules are torn apart and broken down into free

200°C, 1h; Autoclave

Gaseous products

© Sulfur radical
® Oxygen radical
@ Metal atom
@ Carbon cluster

Bottom soft agglomerates

Ammonium hydrogen sulfides
IShock-wave front

Top fluffy powder
Core-shell structure

Core-shell structure

; /Undetouated reactants

Detonation products =

>

Detonation path

Fig. 9. The schematic of the detonation process and the formation mechanism for core-shell structure. (A colour version of this figure can be viewed online.)
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atomic/radical species and reactive intermediates, including sulfur
and oxygen radicals, metal atom, carbon clusters, and different
kinds of gas atmospheres, which are sources for the generation of
core-shell structure [43]. Then, nucleation occurs and growth stage
takes place in a very short time at a high pressure. Nevertheless, the
relatively low temperature is generally not beneficial to grow large
crystals and form a long-range ordered carbon. In addition, the
abundant carbon clusters also serve as a barrier to inhibit the ag-
gregation of the nanocrystals. Therefore, amorphous carbon shell
encapsulated fine metal oxide/sulfide nanocrystals are commonly
obtained. The gaseous products flow in the same direction as that of
the propagation of detonation. Some of the atomic/radical species
and reactive intermediates can be blown to the upper zone of the
autoclave by the steam, and the ammonium hydrogen sulfate salts
from the decomposition of APS are stayed at the bottom, leading to
the macroscopic morphology difference of the last two sample. In
sample #6, aside from the SnS@C, the SnO, nanocrystals without
carbon shell may be formed owing to the stable benzene ligands,
which are not susceptible to oxidation and the complete cleavage of
C—C bond into small carbon radicals is relatively difficult. It is also
suggested that a fast heating rate can decrease the side reaction
before the detonation, thereby reduce the irregular shaped
byproducts.

Actually, APS is a stable and safe oxidizing agent, not capable of
explosion on its own. But the mixture of organometallic compound
and APS is a stable explosive, and its detonation is excited by the
input of heat energy. Then, it supplies its own oxygen for detona-
tion and continues by itself until completion, which does not rely
on the atmosphere. The decomposition enthalpy in sample #5 and
#6 is only about several hundred Joule per gram, which is much
lower than that of gunpowder (2800 ]/g) [44]. Therefore, the
mixture should be classified as a novel low explosive as compared
with the gunpowder and other high explosives such as TNT and
RDX. The brisance of the detonation can be easily dissipated, and
the process is highly controllable and safe.

To sum up, carbon encapsulated nanocrystals with core-shell
structure can be commonly synthesized by a moderate detona-
tion process of organometallic compound and APS in an autoclave.
Thousands of organometallic compounds containing various metal,
metalloid and nonmetal elements bonded to organic ligands can be
used as precursors. A variety of oxides and sulfides can be fabri-
cated as inner cores. On the other hand, the detonation tempera-
ture is less than 200 °C, and there is also no need to worry about the
oxidation of the carbon shell. So no special instrument is required
for the synthesis except a sealed reactor to resist the internal
pressure. Moreover, the process is very efficient, simple and suit-
able for large scale production, which has practical utility in in-
dustry and commerce.

4. Conclusions

Several carbon-based nanomaterials are successfully prepared
via the reaction of organic precursors with APS in the autoclave. The
strongly exothermic reaction below 200 °C is a common feature in
these synthesis, corresponding to the oxidative dehydrogenation of
the precursors, which are cleaved into small carbon species and
further transform to amorphous carbon. It is validated that the low-
temperature oxidation of organics is effective for the synthesis of
carbon nanomaterials. Carbon encapsulated nanocrystals with
core-shell structure can also be commonly formed under a mild
detonation condition of organometallic compound and APS. The
rapid release of a large amount of heat and gas is crucial for the
formation of core-shell structure. The method is suitable for large
scale of production of various carbon encapsulated metal oxide/
sulfide nanocrystals for the potential applications in batteries and

environmental cleaning in terms of the simple process, low energy
consumption and high efficiency.
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