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ABSTRACT: This review covers the production of solid carbonaceous materials at high temperatures (above 500 °C) and high
pressures. The review orders the high temperature/high pressure (HTHP) studies by their final product categories, namely
carbon spheres, prolate spheroids (also known as ellipsoids and olivaries), nanotubes, and others such as diamonds, fullerenes,
composites, and nanostars. The mechanisms as well as the properties of the products are discussed. In particular, the literature
pertaining to the production of carbon ellipsoids has been collected for the first time. On one hand, the review concludes that,
due to the existence of other conventional and more practical methods, the production of nanotubes and spheres via HTHP does
not appear to be industrially feasible. On the other hand, using the HTHP method to produce olivary carbons and other new and
exotic products seems attractive due to the absence of conventional methods for their production.

1. INTRODUCTION

Carbon is one of the most versatile elements in the Mendeleev
table of elements. In previous decades, much research has been
conducted on producing various carbon products, and today
carbon-based materials have wide-ranging applications. Numer-
ous researchers have worked on developing innovative carbon-
based products including carbon nanotubes, nanorods,
spheroids, spherules, glassy carbons, onions, fullerenes, and
carbon composites among various others.1,2

Among the research pertaining to the production of useful
materials through the thermal decomposition of carbonaceous
feeds, there has been a wide array of scrutinized parameters
which affect the final product. These parameters include−but
are not limited tothe heating rate, the holding time, the
structure of the reactor, the use of catalysts, the use of solvents,
and the pressure of the system.
The subject of carbonization under pressure is more than a

century old. As an example, J. B. Hannay attempted to produce
diamonds by heating a mixture of hydrocarbons, bone oil, and
lithium at red heat in sealed wrought-iron tubes in 1880. The
experimental conditions were so extreme that only three of the
eight iron tubes survived without explosion.3 An example of
carbonization in the 1950s is the gastight thermolysis of
anthracene at 600 °C.4 The topic of mesophase pitch
carbonization has also been under wide examination for
decades.5−16 Much of the research in the area is concerned
with coal and/or coke.17−27 Other studies also exist which do
not closely consider the solid products of pressurized
thermolysis, but rather the gases.28−31 The subject area of
carbonization under pressure is not new. Nonetheless, there are
still many gaps in the field, new discoveries are made, and a lot
of work remains to be done.
Inagaki and co-workers have provided a review of carbon-

ization under pressure.32 Therein, a limited number of articles
regarding the decomposition behavior and resulting products at
pressures higher than atmospheric are reviewed. Inagaki has
been one of the influential researchers in this regard, publishing

articles on the subject from as early as 30 years ago.33−39 More
recently Chemii has written a very short review which includes
some articles regarding pressurized carbonization of systems
containing carbon dioxide. Unfortunately, the review is in the
Polish language and hence is not easily understood by the
majority of readers.40 Pol and co-workers have also provided a
review on the subject but have only focused on the numerous
papers regarding their own method of carbonization under
pressure, i.e. a dry autoclaving process without the use of a
solvent or catalyst.41 Thus, the previously published reviews on
the thermal treatment of carbonaceous feeds under pressure are
discrete, far from exhaustive, and exclude many relevant
references.
In order to better organize the literature in this regard, the

current review paper has been prepared so that only the
publications pertaining to the simultaneous existence of high
pressure and high temperature (higher than 500 °C) are
considered. This is a crucial identifier because countless studies
exist which consider only one of the two parameters: i.e. studies
which consider carbonization under high temperatures (but not
high pressures),42−44 and those which consider carbonization
under high pressures (but not high temperatures).45−50

However, studies which consider the carbonization of
precursors under both high temperatures and high pressures
are more scarce. The reason for setting 500 °C as the cutoff
temperature for the review is that the highest temperature at
which traditional pressurized stainless steel reactors operate is
500 °C. Above this operating temperature, pressurized systems
require specialized alloys and expensive equipment, and hence,
the existing literature is a lot less frequent. It should also be
noted that the term “high pressure” must be understood in a
relative manner. In fact, the pressures discussed herein would
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be considered moderate or even low when compared to the
extreme processes at pressures above 1 GPa and the “diamond
stable” region.51 Selected examples of studies which did not fit
the scope52 defined for the review can be seen in Table S1 of
the Supporting Information.

2. VARIOUS CARBON PRODUCTS FROM HIGH
TEMPERATURE/HIGH PRESSURE CARBONIZATION

There are a variety of carbonaceous products which can be
produced from a pressurized thermal degradation system.
Herein, the studies are ordered on the basis of the final as-
prepared product and are divided into the general categories of
carbon spheres, prolate spheroids, nanotubes, and others.
2.1. Spheres. One of the most common particles seen in

high temperature/high pressure (HTHP) systems are carbon
spheres. In the late 1970s and beyond, Inagaki et al.33−39

pyrolyzed polymeric materials such as polyethylene (PE),
polyvinylchloride (PVC), polypropylene (PP), polyvinylidene
chlorine (PVDC), and others inside a sealed gold tube under
gas pressures of 10−30 MPa. The researchers sealed PE in thin-
walled collapsible gold tubes so that by collapsing the tube, the
volume of the gas inside could be reduced. The tube was placed
in a Stellite bomb, and the temperature was then increased by
the use of an external furnace to 300−650 °C at a rate of 3 °C/
min. The nitrogen gas within the bomb was controlled and
leaked throughout the experiment so that isobaric conditions
could be maintained. Under 30 MPa no carbonization was seen
up to 500 °C, and white solids were found. An abrupt pressure
increase was observed at about 530 °C, and as the temperature
was raised between 540 and 600 °C, viscous pitchlike material
was formed. This material contained a large volatile fraction
discerned by the fact that, after the experiment had finished, it
lost weight with time in air. If a specialized autoclave was used
instead of the gold tubes, the yields fell to about 30% from
about 43%. The volatile matter within the solid product was
examined with liquid chromatography and was found to consist
of parafins, olefins, and aromatics with a small number of rings.
The increase of the residence time within the reactor resulted in
an increase of solid yield. When only 10 MPa of pressure was
exerted, the temperatures at which the phenomena were
observed shifted to lower amounts by about 40 °C. Five MPa of
pressure proved to be inadequate, as the pressure increase
inside the gold tube due to polymer decomposition surpassed
the external pressure and resulted in the rupture of the tube.
Different types of carbon products were seen, including carbon
spheres and flakes. The addition of even small amounts of PVC
favored the production of carbon spheres and hindered the
production of flakes. If larger amounts of PVC were added, the
spheres tended to link together. More than 70% PVC
completely eliminated the production of separate spheres.
Results indicated that PVC and PE decomposed independently.
However, after their independent decomposition and formation
of pitchlike liquid, they cocarbonized. In order to see if chlorine
in the gas phase had an effect on sphere formation, the
emerging gas during decomposition was replaced with argon
before the samples were carbonized under pressure. It was seen
that the presence of chlorine gas is not necessary for sphere
production. The polymerization degree of the precursors did
not affect the product either. If PVDC was added, the size of
the spheres decreased, while the addition of PP made them
bigger. Polystyrene (PS) hindered sphere production. Generally
the size of the spherules produced from PE ranged from 1 to 3
μm. At 600 °C aggregated particles coexisted with spheres, but

at 650 °C the aggregated particles faded away, and only
separate spheres were seen. It should be noted that, although
the pressures in the studies of Inagaki et al. were high, they
were lower than the 125 MPa exerted by Hiarno, Naka, et al.
for the production of carbon spheres from divinylbenzene.53

The researchers postulated that the flaky carbon which
deposited on the walls of the tube came from the gas phase,
while the spherules found at the bottom were formed by liquid-
phase carbonization. Longer residence times did not change the
yield but helped to separate the spheres. If the residence time
was extended to 20 h, connections between spherules seemed
to reemerge, and a slight decrease in yields was seen. The
researchers concluded that two general conditions exist for
sphere production from polymers: (1) the formation of active
carbon chains and (2) the formation of intermediary low-
molecular weight residues.
Upon examining the nanotexture of the spheres, it was

concluded that aromatic layer planes have aligned preferentially
on circular conical surfaces. As can be seen in Figure 1, these

cones which have a common vertex in the center of the sphere
have an axis of symmetry connecting the two poles of the
sphere. Extreme heat treatment of the spheres at 3000 °C
somewhat deformed them into flattened spherules and thick
disks, forming cracks along the aromatic layers. The graph-
itizability of the carbon spheres was low. This may have been
due to the size effect of their primary particles. The
nongraphitizing carbons were composed of small spherical
shells with a mean size of 7−10 nm. These shells were not
independent of their neighbors and restrained one another,
thus hindering crystallite growth.38

Inagaki et al. went on to assess the pressure pyrolysis of
various precursors for microsphere production. Trends
regarding the carbon atom ratios of the precursors for sphere
production were observed.39 Some years later Inagaki was
involved in the authorship of a pair of articles which extensively
addressed the mechanism of carbonization under pressure
including the influence of aromaticity and impurities.54,55

More recently Q. Chen’s research group has published
numerous papers on pyrolysis under pressure, usually in the
presence of alkali metals as catalysts. In one study which used
metallic lithium as the reducing agent alongside carbon dioxide
in a closed stainless steel system, at 280 °C no solid products
were seen.56 With the increase of temperature to 550 °C carbon
nanotubes become the major product. The researchers
observed that at a temperature of 650 °C (held for 10 h at
1000 atm) supercritical carbon dioxide molecules were
absorbed and reduced by liquid Li, while the nanodroplets of

Figure 1. Nanotexture of the HTHP spheres.32
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the metal also acted as templates for growth of spheres.
Nanospheres with diameters predominantly in the range of
360−600 nm accounted for about 30% of the solid product,
while carbon nanotubes, graphite, and amorphous carbon
composed the rest. The surface of the spheres crystallized due
to the high temperatures, but as the outer graphical shells
develop, the crystallization process did not continue inward.
This was because the graphical layers inhibited thermal
conduction to the interior layers which therefore remained
amorphous. Most of the nanospheres were full, while some
hollow spheres were also found.
Metallic calcium has also been used for reducing supercritical

carbon dioxide for the production of smooth 1−2 μm carbon
spheres. Temperatures lower than 450 °C did not initiate the
reaction, while at 500 °C the products were predominantly
nanorods and graphite. At 550−600 °C and beyond, carbon
spheres became the major products (80%) with larger sizes and
more defects and disorders. The mechanism was thought to be
as follows: first, the metallic Ca atom bonds with the oxygen
present in the carbon dioxide to form CaO and CO. Then the
calcium reacts with CO to form nanogranular carbon. The
possibility of the decomposition of CO to form CO2 and C is
not entirely ruled out. However, it is less prevalent due to the
presence of excess amounts of carbon dioxide. At high
temperatures the nanogranules will move fiercely and roll on
the surface of the metallic calcium, incorporating new carbon
atoms to form perfectly round spheres due to the statistical rule
of thermal movement.57

Polyethylene terephthalate (PET) along with carbon dioxide
has also been used under autogenic pressures at 500−700 °C
for 3 h for carbon sphere production.58 This method is
particularly attractive because the precursor can be waste
plastic. With the increase of temperature the PET breaks down
into aromatic hydrocarbons (such as benzene, toluene,
biphenyl, etc.), and small gaseous molecules such as CO2 and
H2O. In the temperature range of 400−500 °C the aromatic
molecules in turn dissolve in the supercritical carbon dioxide to
form a homogeneous mixture. As temperatures increase and
time passes, clusters begin to condense and produce highly
aromatic carbon microspheres 1−5 μm in diameter. A two-
dimensional disorder exists in the basal plane. Although
prolonged heating times at 650 °C do not affect the size
significantly, higher temperatures result in higher graphitization,
a narrow size distribution, a higher yield, and more spherical
products. At lower temperatures and with lower holding times,
polynuclear aromatic hydrocarbons with a low degree of alkyl
substitution and aromatic condensation or conjugation are
seen. Altering the size of the initial PET feed affects the
morphology of the product. If less amounts of carbon dioxide
are used, more amorphous carbon and irregular particles
appear.
Various hydrocarbons with 5−14 carbon atoms in their chain

such as pentane, cyclohexane, camphorquinone, xylene,
mesitylene, camphene, decahydronaphthalene, diphenylme-
thane, and anthracene were treated in a closed autoclave held
at 700 °C for 3 h (Figure 2).59 It was theorized that clusters
composed of aromatic rings and aliphatic chains will form in
the midst of the supercritical fluid conditions within the
autoclave. In order to minimize the interfacial energy inside the
highly reducing atmosphere, these clusters will arrange
themselves so that the aliphatic tails are exposed to the fluid,
while the rings remain separated from the fluid inside the
colloid similar to a core. These cores in turn solidify and form

carbon spheres. The faster the nucleation is, the more
numerous the small carbon spheres may be. Since the spheres
are nonagglomerated as opposed to a monolithic product, the
researchers postulated that a gas-to-particle or gas-to-droplet
conversion has taken place. The spheres were more than 99%
carbon, and further heat treatment under an inert atmosphere
at 950 °C increased the purity to above 99.9%. Along with the
spheres, flakes and carbon sheets were also obtained. Evidently
the C:H ratio plays an important role in flake production. So
long as the C:H ratio of the initial feedstock is lower than 1:1
(for example 5:12 for pentane) enough hydrogen will exist in
the system which caps the edge sites during carbonization. If
enough hydrogen is not present, polymerization takes place,
fluidity is decreased, and flakes are formed instead of spheres.
The solid yield is about 90% of the maximum theoretical yield.
The remaining 10% of the carbon is thought to form light CxHy
gases as seen in previous experiments. The researchers went on
to compare their results with those of Kroto et al. who used a
continuous CVD system for carbon sphere production in which
longer feed times formed larger particles.60 These results seem
to concur with the static closed autoclave, because such a
system can be equated with a CVD unit having a very long
feeding time which leads to larger spherical products.59

In a hydrothermal study for producing spheres, water was
used as a solvent and soluble starch as the carbon source.61 At
lower temperatures the starch broke down to glucose and
levulose due to hydrolysis. Further dehydration took place, and
colloidal carbon nanospheres with uniform size were formed
due to polymerization (see Figure 3). As the temperature
increased to 300−400 °C, the colloids moved at an accelerated
pace and self-assembled to form spherical aggregates. As the
temperature increased even further to 600 °C, the number of
functional groups in the colloidal carbon spheres decreased and

Figure 2. Scanning electron micrographs of (a) pentane, (b)
cyclohexane, (c) camphorquinone, (d) xylene, (e) mesitylene, and
(f) camphene treated in a closed cell at 700 °C for 3 h.59
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the colloids fused to form solid carbon microspheres. The
resulting product was soft, light, cottonlike, smooth, and
functionalized with hydroxyl and carboxyl groups with a yield of
about 95% (considering the 40% carbon weight percent of
starch). Almost 100% of the solid product was in the form of
monodispersed carbon microspheres with a diameter of about
1.8−2 μm. Trace amounts of nanospheres were also found. It
was postulated that these spheres could be used in
biochemistry, drug delivery, as catalyst supports, and as
templates for fabricating other structures. The size of the final
product could be controlled as it was found to be a function of
the concentration of the feed as well as the reaction
temperatures. As the initial concentration is increased, the
size of the spheres increases, while their dispersibility
diminishes. If other variables are kept constant, the size of
the resulting spheres is less under lower temperatures.
Strangely, if temperatures decrease to as low as 450 °C, an
abnormal increase in size and diameter distribution is
witnessed. In addition, the high heating rate of 10 °C min−1

plays a key role in the small size and narrow size distribution.
Under lower heating rates, larger carbon spheres are obtained
with a wide size distribution.
In one of the earliest works of Pol, Gedanken, and co-

workers, mesitylene is used as a carbon source in an autoclave
which is heated up to 700 °C at 5 °C per minute and held for 3
h.62 Surprisingly although the article claims to have discovered
a “novel” method, this is not entirely accurate as similar dry
autoclaving methods had been used decades earlier.4 Instead of
using an expensive reactor, the researchers used a stainless steel
reaction cell comprising a standard union piece capped off at
both ends. Figure 4 shows the cell which the researchers also
refer to as an “autoclave”. Nongraphitic, perfectly spherical,

monodispersed carbon spheres are produced (2.5 ± 0.05 μm).
It is concluded that, although the solid spheres are smooth and
hard, they do have minor hills and valleys that slightly increase
the surface area compared to the calculated surface of a
perfectly smooth spherule with the same diameter. The
researchers also noticed that, if the vessel is quickly cooled
from 700 °C rather than set to cool naturally in the ambient
environment, sausagelike structures are formed instead of
spheres. The size of the spheres is not dependent on the
reaction temperature, the amount of the precursor, the
surrounding inert gas type, or the heating holding time.
Interestingly, it was also concluded that the change of enthalpy
from the mesitylene precursor to the 2.5 μm spherical product
is close to zero.
In another experiment, Pol et al. tried using a silicon source

(TEOS) within their setup.64 The temperature of the closed
autogenic system was raised to 700 °C at 5 °C min−1 and held
for one hour. Monodisperesed carbon spheres were once again
obtained, but this time covered with silicon. The carbon cores
had a diameter range of 0.3−1 μm, while the silicon
nanocoating had a thickness of 8−15 nm. The product yield
was approximately 38%.
Various types of waste plastics (low density polyethylene

(LDPE), high density polyethylene (HDPE), polyethylene
terephthalate (PET), polystyrene (PS), or their mixtures) were
also decomposed using the cell method at 700 °C with
autogenic pressures at approximately 1000 psi. PET and HDPE
produced completely spherical carbons with diameters of 3−5
μm. LDPE yielded 2−8 μm egglike or semispherical carbon
particles alongside some spheres. Polydispersed carbon micro-
spheres (4−10 μm) with a soft surface were produced from PS.
The mixture of various plastics with different ratios also yielded
similar spherical products. The products were more than 99%
carbon. The solid yield of the product was 30−55% with 40%
being characteristic. Prolonged reaction times did not affect the
size and shape of the products but slightly improved the
graphitic order. The benefit of such a process would be not
only the production of the final carbon product but also the
treatment of plastic wastes which are currently a global
environmental burden. Furthermore, the carbon spheres
produced through another similar experiment were tested as
anodes in lithium ion batteries.65 A steady reversible capacity of
approximately 240 mA h g−1 for hundreds of cycles was
achieved. If high temperature heat treatment was exerted on the
carbon prior to anode testing, it not only increased the graphitic
order of the products but also radically decreased the first-cycle
irreversible capacity loss of the cells from 60 to 20%.
The possibilities of the various materials which could be

treated inside such an autoclave cell are endless. Various core−
shell particles with metals such as superconducting tin core−
shells and ZnO@C have been produced.66,67 As another
example, a nickel-based organic compound (nickel acetylacet-
onate: Ni(C5H7O2)2) was also treated in the autogenic
system.68 As the temperatures increased, metallic nickel
particles were formed by vapor nucleation and condensation.
In zones with higher temperatures, the dissolution of the
released carbon in the nickel particles took place. During
cooling, the solubility of supersaturated particles decreased, and
thus, the carbon was segregated by this “segregation flux”. This
segregation flux initiated carbon nanotube growth because of
the lack of time to create an equilibrium structure. Meanwhile
the carbon atoms diffused on the surface of the particles in
order to reach the lowest energy state. If the cooling rate is

Figure 3. Formation of carbon microspheres from the aggregation of
smaller spherical colloids. [printed with permission from Zheng, M.;
Liu, Y.; Xiao, Y.; Zhu, Y.; Guan, Q.; Yuan, D. An Easy Catalyst-Free
Hydrothermal Method to Prepare Monodisperse Carbon Micro-
spheres on a Large Scale. J. Phys. Chem. C 2009, 113(19), 8455−
8459.]61

Figure 4. (a) Overview of the union piece used and (b) cross section
of the system showing the caps and union; D: cap, E: union.63
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extremely slow, the most thermodynamically stable equilibrium
structure, that is a sphere, will be formed. The resulting product
had a Ni core surrounded by graphitic carbon which showed
typical ferromagnetic curves with a saturation magnetization of
23.5 emu g−1. The elemental measurement of the Ni−C core−
shell (NCCS) particle showed 42% carbon and 1% hydrogen.
The core sizes were 30−180 nm and covered by a 15 nm
carbon layer. The BET surface area of the shell−core structure
was 75.6 m2 g−1.
More recently, spherical carbons were produced in the range

of 500−800 °C (mostly at 600 °C) and a pressure of 20 MPa
from cyclic hydrocarbons such as toluene, benzene, xylene, and
naphthalene.69 The resulting diameters ranged from 1 to 12
μm. The concentric carbon layers of the spheres were not
entirely graphitized. Some spheres had docked into one another
in the course of their growth to build necklacelike structures. It
was postulated that the spheres were in solid state before they
became linked and that the growth process resulting in the
linkage continued due to the deposition of additional gases after
the contact. Spheres synthesized from different starting feeds
had different sizes, but were similar in their formation and
properties. In another article the same team of researchers
reported that the necklace formation is not always mechanically
strong and can be broken to separate the spheres.70 There are
numerous graphitized layer edges on the spheres where
peripheral atoms have unsaturated bonds. Elsewhere a
polytetrafluoroethylene (PTFE), carbon dioxide, and magne-
sium metal autoclave system at 650 °C has been shown to yield
microspheres in chains.71

2.2. Prolate spheroids. A prolate spheroid also known as
an ellipsoid, olivary, or rugby-ball is a shape obtained by the
rotation of an ellipse about its longer principal axis. There are a
limited number of studies which have recently observed the
emergence of such carbon products in HTHP systems.
In one study, discarded oil alongside supercritical carbon

dioxide was evaluated in a HTHP system.72 When oil was
heated in a supercritical carbon dioxide environment, small
molecules and free radicals were formed which then combined
to form other molecules such as pentagonal and hexagonal
rings (see Figure 5). The increase of temperature and duration
led to the condensation of molecules and the formation of

graphene clusters with low levels of graphitization. At 500 °C
most of the formed solids had random geometries. At slightly
higher temperatures non uniform prolate spheroids were seen
alongside spheres. When more dry ice was initially used in the
closed cell, the autogenic pressures increased, and more spheres
were seen (as opposed to other structures). With a fixed
amount of precursors, the increase of temperatures not only
increased the overall solid yield, but also increased the carbon
sphere fraction. Under the treatment conditions of 550−650 °C
and a duration of 3 h, carbon microspheres with diameters of
1−10 μm were formed. Waste oil or salad oil provided
comparable results. Spheres with low BET surface areas and a
multilayer structure could be obtained with subsequent vacuum
annealing. With the increase of annealing temperature more
small molecules evaporated and interlayer distances increased.
Elsewhere, when refined corn oil was heated in a closed

autoclave system, the resulting solid was in the form of smooth,
monodisperesd prolate spheroids with polar and equatorial
diameters of 3 and 1.5 μm, respectively.73 The majority of corn
oil is composed of triglycerides with a chemical formula of
RCOO−CH2CH(−OOCR′)CH2−OOCR″, where R, R′, and
R″ are long alkyl chains. It was proposed that discotic
nanocrystalline graphite units consisting of 6−7 stacked
grapheme sheets form the initial nuclei which led to the
formation of the American-football-shaped solids with time. It
was found through solid-state 13C NMR that the solid was
mostly aromatic (<1% aliphatic) carbon with =114 carbons/
cluster. About 11% of the material within the autoclave was
oxygen evolving out of the liquid, and therefore, the researchers
proposed that the existence of oxygen had a direct relation with
the formation of the spheroids. Mass spectroscopy (MS)
measurements showed that, while heating up to 170 °C, the
ester bonds broke. At T < 270 °C molecules and radicals with 5
or less carbons were seen, while at 300 °C thermolysis of the oil
resulted in compounds such as acrolein. Beyond this, up to 660
°C, the mass spectra remained rather unchanged. At higher
temperatures large species were no longer detected and
molecules with one to three carbons remained. The internal
pressure of the system gradually increased and reached the final
value of 4.2 MPa. In another research paper using olive oil in a
closed reaction cell at 700 °C for 20 min, the team of
researchers explained that the fluid/fluid interface during the
reaction is of importance.74 The two liquid phases are those of
the carbonaceous mesophase and the noncondensed phases of
the dissociated products at the autogenerated pressure inside
the autoclave. The rugby ball shape is thought to be the shape
which minimizes the energy of the C−H−O system. This is
thought to be the case due to the hydrophiles which produce
the anisotropy to the surface energy. Thus the sphere
morphology is altered to the spheroid. The CO and CO2
gases which are formed during the experiment due to the
existence of oxygen are thought to interfere and/or cross link
the formed discotic graphitic nanocrystallites due to their
divalency. Compared to round spheres produced by the same
research team in other experiments, the olivary (rugby shaped)
spheroids had smaller sp2-type clusters, a preferential ordering
inside the clusters along the plane perpendicular to the
graphitic plane, and more disorders. More recently, Gedanken’s
research team has added to previous information on the
production of olivary products from carbon sources under
pressure.75 In their experiments a range of organics was used as
the feedstock. Mesitylene, stearic acid, oleic acid, linoleic acid,
methyl-3-butenoate, methyl butyrate, octadecane, octadecene,

Figure 5. Evolution of products from the treatment of 6 mL of
discarded oil and 14 g of dry ice in a closed 22.9 mL autoclave at (a)
500 °C, (b) 530 °C, (c) 550 °C, and (d) 650 °C.72
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octane, octene, and acrolein were heated to 700 °C at a heating
rate of 40 °C min−1 and kept under their autogenic pressures
for 10 min. In the early stages of carbonization, a crude
sheetlike structure was first formed. The carbon atoms had
delocalized electrons and were organized preferentially in
aromatic rings. The biggest disklike structure was thought to
first form the center, followed by smaller disks which stick to it
along its growth. Rodlike structures present in the system
introduce a directional preference along the quatorial axis. The
polar and equatorial diameters of the final spheroidal product
obtained from octadecene, octene, and methyl-3-butenoate
were 2−4 μm and 4−6 μm, respectively. More than 98% of the
product was composed of carbon, as shown in the C, H, N, S,
O chemical analysis. Changes in the heating rate and heating
time were found to cause no alteration in the morphology of
the product. In contrast to the claims of Pol et al., the
researchers observed that oxygen was not essential for the
growth of the prolate spheroid structure. Rather, one double
bond is the prerequisite for their production. If there was no
double bond in the precursor, i.e. the precursor was saturated,
prolate spheroid shapes were not observed regardless of oxygen
content, heating rate, and heating time.
When using carbohydrates including glucose, sucrose, and

starch as the precursor, Zheng et al. realized that alcoholic
solvents act as a structure-directing agent which provokes the
carbon spheres to reform as spheroids.76 Their proposed
mechanism stated that at temperatures below 200 °C the
carbohydrates hydrolyze and polymerize to form colloidal
nanospheres with functional surfaces. With the increase of
temperature, the speed of the sphere formation will increase
and they will self-assemble into aggregates due to surface
tension. The alcohol then polymerizes and absorbs some
exposed surfaces of the colloidal spheres. These sections are
hindered in growth while the rest of the colloid continues to
grow. In the higher range of the temperature, the alcohols or
oligomers are carbonized and cover the aggregating colloids.
These aggregates finally fuse to form spheroidal materials. At
550 °C the fusion is complete. Holding times of 6−12 h were
more specifically tested, whereas prolonging the holding time
to 48 h tended to increase the size of the product. In the
presence of different alcohols, different spheroidal aggregates
were produced, while in the absence of alcohol, spheres were
formed. No clear difference was seen among the processing of
glucose, sucrose, or starch. The resulting products had hydroxyl
and carboxyl groups, and their polar and equatorial diameters
were 5−8 μm and 2−3 μm, respectively. The researchers
concluded that carbohydrates, alcohols, and H2O are essential
factors for the fabrication of carbon spheroids. The
carbohydrates and alcohols control the shape and aspect ratio
of the spheroidal product. For example, at a given amount of
carbohydrates, the increase of the alcohol concentration within
a range yields spheroids with larger diameters.
Elsewhere, manganese acetate tetrahydrate and absolute

ethanol were treated in a closed autoclave system at 600 °C (10
°C min−1temperate rise) for 12 h to produce olivary carbons.77

No spheroids were seen below 500 °C. At the optimum
temperature of 600 °C, 2 h is not enough to form the olivaries,
while 24 h is too long to maintain the desired morphology. The
evolution of the spheroid product with time can be seen in
Figure 6. The researchers proposed that the Mn(CH3COO)2·
OO2O initially decomposes into MnCO3, water and carbon
fragments, while the ethanol is transformed into various sized
carbon spheres at higher temperatures. As the pressure builds

up, two smaller sized spheres, adhere to the opposite poles of a
big one with the assistance of the previously mentioned carbon
fragments, fuse, and grow into an olivary spheroid. Figure 7

shows the proposed mechanism. An augmentation in the
manganese acetate content increased the amount of carbon
fragments and number of spheroids while further unifying the
morphology. The products had an estimated carbon content of
above 90% and were 4−6 μm wide and 8−12 μm long. The
olivary carbons were amorphous, had a large number of
hydroxyl groups on the surface, had a low graphitic degree, and
were predominantly smooth.
Copper foil has been shown to assist the growth of ellipsoidal

carbon microparticles as well.78 Acetone was used as the
precursor, and the temperature was kept at 500 °C for 12 h. As
a result olivaries 1.5−2 μm wide and 3−4.5 μm long were
produced. It was observed that the Cu substrate, reaction
temperature, and time were critical parameters which affected
the appearance of the product. In such a system, temperatures
under 550 °C did not lead to the full carbonization of acetone.
In addition, if reaction times were less than 12 h, the products
were classified as “imperfect” ellipsoidal carbon microparticles.
Interestingly if instead of Cu other metallic foils such as Al or
Cr were used, microspheres are obtained instead of ellipsoids.
This was also the case if no foil was used. Another study by the
same group observed that Ni metallic substrates also led to the
production of microspheres, whereas if Zn foil was used,
uneven ellipsoidal carbon particles were obtained.79

Figure 6. The evolution of spheroid particles formed from the
pyrolysis of ethanol maintained at 600 °C for different reaction times:
(a) 2 h, (b) 5 h, (c) 12 h (optimum), and (d) 24 h.77

Figure 7. Possible formation process of the olivary particle.77
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Another experiment which used a metallic catalyst and
acetone as the carbon source resulted in olivary particles ∼1.5−
2 μm wide and ∼3−4 μm long.80 The synthesis of olivary
particles was suggested to be a self-assembly process which is
indirectly catalytic. This means that the catalyst does not
operate on the formation of the spheroid itself, but rather,
operates on the polyreaction to form the intermediate products
which then self-assemble into ellipsoids. Prior to the closed-
system pyrolysis at 600 °C for 12 h, a 30 min ultrasonication
was carried out in order to increase the 2-allyl alcohol ratio.
This was done so that the desired intermediate product which
was a kind of polyhydroxyl alcohol with a carbon chain became
more frequent. The ultrasonication was shown to affect the final
product considerably. With increase of ultrasonication times so
did the size of the ellipsoids. Under optimum conditions more
than 90% of the product was in the olivary form, homogeneous
in shape, and highly disordered. As for the temperature, below
500 °C no spheroids were seen, while at above 700 °C, the
spheroid particles combined to form carbon fibers. Butanone
was also tested in place of acetone successfully. Various
catalysts, namely Mg, Ni, Fe, Cu, Zn, and Cd powder, were also
examined. From these, Zn had the best performance, followed
by Fe and Cd, while Mg, Ni, and Cu did not have any
noticeable catalytic roles.
2.3. Nanotubes. Since their discovery in the early 1990s

carbon nanotubes have become one of the most popular areas
of research regarding carbon products.81−89 Today several
different methods have been established for their production.
Nonetheless, HTHP systems have also been shown to produce
CNTs.
Calderon Moreno et al observed that in a pressurized system

of amorphous carbon and double distilled water, carbon atoms
rearrange to form curved graphitic layers during hydrothermal
treatment at 600−800 °C and 100 MPa.90 The reordering of
carbon bonds and rapid growth of carbon clusters and patches
are induced by the reactivity and mobility of the hydrothermal
fluid. These patches have a rather stable lattice and are rich in
graphitic sp2-bonds. The higher the temperature, the faster the
kinetics and the formation will be. At 600 °C, the multiwalls
curl and overlap to produce carbon nanocells. These cells have
outer and inner diameters of 15−100 nm and 10−80 nm
respectively. Interconnecting branches which are shared by
several cells hold together the walls of the cells which are made
of 4−20 concentric layers with interlayer spacing of 3.3Ao.
Small amounts of amorphous carbon still remain after the
process. Some nanotube-like structures with disordered lattices
could also be observed near the edge of the amorphous
particles. At a temperature of 800 °C, multiwalled carbon
nanotubes with no defects are produced. These carbon
nanotubes with 8−20 layers have outer diameters in the
range of tens and lengths in the range of hundreds of
nanometers. Their crystallinity is similar to, or higher than,
nanotubes grown using evaporation methods. Calderon
Moreno et al went on to state that the hydrothermal conditions
provide a sort of catalytic effect due to the reactivity of the
supercritical water.91 Compared to the vapor phase in inert
atmospheres, the hot pressurized water allows the graphitic
sheets to grow, move, curl and reorganize bonds at lesser
temperatures. This is because of the physical tendency to
minimize the energy level and reduce the number of dangling
bonds to reach a more stable structure.
Elsewhere, carbon dioxide was used as the carbon source and

metallic Li as a reductant to synthesize CNTs at 500 °C and

700 atm for 10 h.92 A typical experimental run used 8.0 g CO2
and 0.5 g metallic Li so that excess CO2 existed for lithium
oxidation. Being above the critical point improved the electron
transfer from CO2 to Li due to the enhanced absorption of
carbon dioxide on the surface of the lithium. The following
reactions were thought to occur:

+ → +CO 4Li C(graphite) 2Li O2 2 (1)

+ →CO Li O Li CO2 2 2 3 (2)

Free energy calculations showed that the reaction 3CO2 + 4Li
→ C (graphite) + 2Li2CO3 is spontaneous (ΔG°=-1.09 × 10̂3
KJ/mol) making the production of CNTs possible. The total
solid yield relative to the initial CO2 was about 92.5%, from
which CNTs accounted for 80% of the product while the rest
were amorphous carbon and graphite. The interlayer spacing of
the multiwalled CNTs was more than that of graphite: 3.40 Å
as opposed to 3.35 Å. The nanotubes were hollow with
diameter of about 55 nm and lengths longer than 1.5 μm.
Higher temperatures such as 700 °C resulted in a better quality
(higher crystallinity and longer lengths as much as 12 μm) at
the expense of a reduction in yields. The interior surface of the
cell did not have a significant catalytic effect on the products, as
repeating the process within a copper cell also produced the
same products. The replacement of Li with K or Na resulted in
the production of large amounts of graphite and the absence of
nanotubes. Autogenic cells with only dry ice (no metals)
produced no solid products. However in another study, the use
of acetone as the carbon source and sodium azide as the
reductant interestingly showed that the capacity of the
autoclave strongly influences the final morphology of the
products.93

Another study to observe that alkali metals (Li or Na) act as
the reductants to synthesize CNTs was performed at 600−750
°C under autogenic pressures for 10 h.94 Lithium has a low
mass and a relatively weak metallic bond which allow it to form
nanodroplets more easily, inducing CNT growth. These
droplets first absorb CO2 gas and act as reductants, followed
by the formation of nanotubes on the droplets. If two CNTs
grow near each other, they wrap and form a double helical
CNT in order to reduce the surface dangling bonds. This
accounts for about 70% of the product. Some nanotubes have
suffered corrosion and have become porous, while in others the
corrosion process has resulted in a complete breakup of the
CNT into smaller fragments. Although the use of lithium
results in no bamboolike structures, all the nanotubes grown by
using sodium as a reductant in the temperature range of 650−
750 °C are bamboolike and have no metals encapsulated within
them. With an increase of temperature, the diameters decrease
and lengths increase.
The same group of researchers also tried using NaBH4 as the

reductant in a supercritical carbon dioxide cell.95 As temper-
ature rose to above 400 °C, NaBH4 began to decompose and
release hydrogen gas. The existence of CO, CO2, and H2 within
the autoclave alongside the iron and nickel components of the
stainless steel interior wall were thought to benefit the Fischer−
Tropsch synthesis. The Fischer−Tropsch process generates
liquid hydrocarbons through a collection of chemical reactions
from a mixture of gases.96−99 Initially the main products were
amorphous carbon, and conventional CNTs started to emerge
at temperatures of about 600 °C. As the temperature was
further increased to 700 °C, Y-junction nanotubes with a
bamboo-shaped, hexagonal graphite structure became the
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prevalent product. Y-junction CNTs, which were not seen in
systems using alkali metals as the reductant, consist of a longer
stem and shorter branch which connect in the form of the letter
Y. The nanotubes have closed tips not encapsulating any solid
particles. Nearly parallel graphite atomic planes were seen
which were well crystallized and aligned to the tube axis at the
wall with a small angle of about 15°. The diameter and length
of the CNTs were about 100 nm and >10 μm, respectively.
In a study by Qian’s group, helically coiled carbon nanotubes

with diameters of 50−100 nm were produced from ethyl ether
precursors and metallic zinc particles at 700 °C and 12 h.100

When the temperature of the system went beyond 550 °C, the
ethyl ether vaporized, and a highly exothermic reaction on the
surface of the metallic zinc powder caused the vaporization of
the zinc itself. The zinc droplets which were formed reacted
with ethyl ether to produce zinc oxide which then acted as a
catalyst for the helically coiled CNTs. An intermediate carbon
dimer was also produced simultaneously through thermal
dehydrogenation and the deoxidization of ethyl ether by zinc.
The carbon dimer C2 was thought to be effective in the CNT

formation by adsorption onto the metallic particles and
formation of carbon rings. About 80% of the product was
helically coiled with many defects, while the rest were
multiwalled carbon nanotubes. If temperatures were elevated
to above 700 °C, the products transformed to carbon
microspheres.
Ethanol has also been used with Mg in a closed autoclave

system at 600 °C for 10 h for the production of CNTs.101 The
reaction within the cell was:

+ → + +CH CH OH Mg 2C MgO 3H3 2 2 (3)

Bamboo-shaped multiwall carbon nanotubes with a high yield
of 80% were synthesized. The length of the CNTs varied from
hundreds of nanometers to several micrometers, while the
diameters were 30−100 nm. Y-junction nanotubes were also
seen. Some compartmented layers existed between the walls,
and many CNTs had open ends.
In another study aimed at CNT production, carbon dioxide

was reacted with Mg in a closed autoclave and kept under its
autogenic pressures at 1000 °C for 3 h.102 The chemical
reactions which take place within the cell are thought to be:103

+ → +Mg(g) CO2(g) MgO(s) CO(gas) (4)

+ → +Mg(l) CO(g) MgO(s) C(graphite) (5)

First, the reaction takes place in the homogeneous gas phase.
As the temperature rises above the melting point of Mg (650
°C), a heterogeneous reaction on the surface of liquid
magnesium ensues. The boiling point of Mg is 1090 °C, and
the vapor pressure of magnesium at 1000 °C is 350 mmHg.
The pressure of the cell was not measured directly but
calculated to be approximately 10,000 bar at 1000 °C. The
carbon dioxide within the cell is supercritical. In the initial
stages, the temperature of the oven is 100 °C less than the
temperatures within the cell, showing the exothermic nature of
the process. The mass balance shows that due to the extreme
temperature and pressure nearly 60% of the gases leak out
during the experiment. The cell is removed from the oven and
opened without any apparent pressure release. The resulting
solid is treated with HCl in order to remove the MgO. The
total yield of carbonaceous material relative to the initial CO2
content is a bit more than 15%. About 10% of this material
consists of carbon nanotubes with diameters and lengths of

30−40 nm and 500−600 nm, respectively, while 1−2% are
nested fullerenes. Some noncrystalline, impure, elongated, and
aggregated carbon rods can also be observed. The CNTs are
highly crystalline with closed-end multiwalls. When Mg is not
used within the system, no products are produced. The
researchers stated that there is no evidence to show that the
transition metals of the stainless steel cell catalyze or effect the
formation of CNTs and nested fullerenes. There is other
research which claims the opposite. The difference between the
two claims may be in the different experimental setups
(including the different precursors). For example, elsewhere
ethanol has been employed inside a cylindrical stainless tube
which acts as both a reactor and catalyst for the production of
multiwall carbon nanotubes.104 About 5 mL of ethanol with
high purity was loaded inside the stainless steel tube, followed
by a purge of inert argon gas, pressurization (typically between
5 and 10 atm), and subsequent sealing and heating. As the
temperature was raised to 600−900 °C, the pressure within the
chamber was kept constant by controlling the argon. The
reaction was sustained for 0.5−2 h before the reactor was left to
cool to room temperature. During the process ethanol breaks
up, and carbon atoms are produced on the interior metallic
surface via catalytic decomposition. Carbon atoms are thought
to solvate and diffuse in the molten solvent to ultimately
precipitate to form CNTs. The multiwall nanotube products
are varied (bamboo-shaped, spiral, Y-shaped, W-shaped) and
highly graphitized. If the pressure is kept lower, the quantity
and the graphitization degree of the products are reduced.
In general it has been claimed that carbonates or oxalates

(such as magnesium carbonate) which can decompose to give
off CO2 gas at relatively low temperatures can be used
alongside lithium in an autogenic system for the production of
carbon nanotubes.105 The magnesium carbonate system at 600
°C for 10 h produced CNTs (∼75%) with an average length of
13 μm and diameter of 60 nm, graphite, and amorphous
carbon. The structure of the CNTs is different from
conventional carbon nanotubes. They are formed from short
coaxial conical cylinder tubular graphite sheets which are
aligned along the axisand not parallel to it. Due to the length
difference of the graphite sheets, the internal surface of the
CNTs is coarse.
Composite nanotubes can also be obtained in HTHP

systems. For example, highly crystalline and defect-free WC
nanotubes were produced by heating of W(CO)6 in the
presence of Mg powder in an autogenic system at 900 °C for 3
h.106 The products, which are straight, coiled, or zigzag in
shape, have diameters of 30−70 nm and lengths of several
micrometers. If sodium is used instead of magnesium, totally
different morphological and crystallographic products are seen.
The existence of Na resulted in the formation of Na2WO4. If
W(CO)6 is used without magnesium or sodium powder, a
mixture of nanometric wirelike products composed of mainly
WO2, alongside WC, W2C, and C are produced. The use of Mg
is thus for the reason of its reactivity with oxygen and avoidance
of WO2. The researchers also concluded that the small reaction
cell consisting of Fe, Co, Ni, or Cr had no catalytic effect. The
next section of the review provides further examples of exotic
materials which can be produced with the HTHP system.

2.4. Others. Aside from the above-mentioned carbon
structures which are more frequently seen in the literature,
there exists a wide spectrum of other carbonaceous materials
which can be produced from different precursors.107 In the late
1980s and early 1990s a variety of carbons with dispersed
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molecules such as nickel, boron, iron, among others were
produced by Naka, Hirano, and co-workers at temperatures and
pressures no higher than 700 °C and 125 MPa, respec-
tively.108−114 Table S2 of the Supporting Information provides
a summary of more recent studies with products which do not
fit in the previous categories. Figures 8, 9, and 10 show some

example images of the exotic products. Other mentionable
examples of various HTHP studies are those which aim to
modify the nanostructures of materials such as the hydro-
genation of fullerenes. Fullerenes have been shown to react
with hydrogen gas at high temperatures (400−600 °C) and
pressures of 50−150 bar, forming hydrofullerides C60Hx and
other compounds such as C60H36 and C60H18.

115−121

3. DISCUSSION
As carbonization occurs, various gases such as hydrocarbons,
carbon oxides, and hydrogen evolve from the decomposing

solid. As gases emerge from the precursor, carbon atoms are
lost from the solid phase. It is seen that under high pressures
residues are obtained from precursors which would otherwise
not provide any solid residue under atmospheric conditions.
Generally, solid yields under pressure are higher than
atmospheric yields. Additionally HTHP conditions alter the
solubility, viscosity, density, and phase separation of molecules
within the reactor. This in turn influences the graphitization
behavior of the resulting carbons. Inagaki et al.’s general
classification of carbonization under pressure still holds.32 The
only modification to the above classification that is required is
the replacement of the word “hydrothermal” with “solvother-
mal”. That is because hydrothermal processes are those which
employ water as a solvent, whereas many HTHP studies exist
which use other solvents such as alcohols. So the general
categorization of studies pertaining to HTHP systems is
expressed as follows:

(i) carbonization of precursors in the atmosphere of their
decomposition gases under pressure

(ii) carbonization under solvothermal conditions
(iii) reduction of CO2 under pressure

The biggest hindrance of implementing the use of HTHP
systems on a large scale is the high price of the equipment
needed for such systems. Currently the price for a small high-
pressure reactor unit 50−200 mL is much higher than those
operating at more moderate temperatures or pressures. Many
companies do not even undertake the production of HTHP
systems due to stringent safety requirements, technical
feasibility, and other excessive costs such as the need for
specialized alloys. Hence, with the consideration of the extreme
prices for pressurized thermolysis systems, highly valuable
products are needed in order to render the process economical.
To date, none of the reviewed articles have shown enough
economic potential to be tested at pilot-plant scale. Nonethe-

Figure 8. Flowerlike carbon materials.122

Figure 9. Starlike and other exotic materials from autogenic decomposition of ferrocene and water in different ratios.123

Figure 10. Octahedral diamond synthesized in the CO2−Li system at
600 °C.124
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less, years of research and scrutiny are needed. For now, the
HTHP method can be primarily seen as a research tool for the
exploration of unknown frontiers in material synthesis which
can aid the pursuit of new and exotic forms of solid carbon-
based materials. Once promising new materials have been
identified, new and less expensive avenues for their industrial
production can be sought. Figure 11 shows the future potential
of producing carbonaceous materials with HTHP systems
based on current knowledge. It should also be noted that
systems operating under autogenic pressures will be less
expensive than those requiring the provision of large pressures
via external force or compressed gas.
Carbon nanotubes are currently produced in large amounts

across the globe with a variety of different methods. From
among the methods the CVD method125,126 has been shown to
be the best-suited for industrial large-scale production. By
taking a look at various CNT production methods, we can see
that the HTHP method currently falls short in various aspects
such as the quality of the products and continuity of the
process.127

Carbon spheres have also been produced by using various
methods,128,129 and studies have gone as far as pilot-plant scale
analysis.130 The research regarding carbon spheres shows many
possible methods for obtaining such products, many of which
operate at more desirable temperatures and pressure
conditions. Thus, although the HTHP method can produce
good spherical products, there are other methods which look
more promising and less expensive. Unless the spheres
prepared under pressure exhibit properties which other carbon
spheres do not have, the pressurized, high-temperature
production of carbon spheres does not seem to be
economically attractive.
Unlike carbon spheres, carbon ellipsoids (spheroids) have

not been widely produced with other conventional methods.
The studies pertaining to this type of product are very few and
far between. In fact, in the past decade the number of studies
concerned with the production of solid carbon prolate
ellipsoids does not go beyond a single digit. One reason may
be due to the lack of applications shown for such products.
Nonetheless, nonspherical particles such as olivaries may be
more attractive in the future than their spherical counterparts
due to a lower symmetry. Since HTHP systems are the leading
method for synthesizing olivaries so far, they have been placed
higher up the hierarchy as shown in Figure 11.
Exotic carbonaceous materials seem to be the most

promising area of research for pressurized high temperature
systems. This is due to the opportunities brought about by the
seemingly endless possibilities of precursors and produced
nanostructures. The HTHP method allows for the synthesis of
products which have rarely been seen beforeboth carbona-

ceous131 and non-carbonaceous.132 The growth of other
valuable products such as large-size diamonds are also of
interest.124 If any of these exotic materials show high added
value, then there is a possibility that the large capital costs for a
HTHP system could be overcome.

4. CONCLUSION
Reactions under high temperatures and pressures have been
investigated for more than 5 decades. In recent years they have
been investigated once more, with the objective of obtaining
higher yields of unique solid products. Thus far, research has
shown the possibility of producing various products under
pressure including carbons spheres, prolate spheroids, nano-
tubes, and other exotics. A summary of the literature is
provided. In particular the literature pertaining to the
production of carbon ellipsoids has been collected for the
first time. From among the various products of HTHP, the
exotic carbon materials seem to have the most promising
future, followed by the carbon spheroids. However, due to the
existence of more feasible methods, the industrial production of
carbon spheres and nanotubes via the HTHP method does not
seem viable for the time being.
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