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Editorial

Editorial for the Special Issue: “Hydrothermal Synthesis of
Nanoparticles”
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1 Center for Research and Advanced Studies of the National Polytechnic Institute, Mexico City 25900, Mexico
2 Department of Environmental and Energy Engineering, The University of Suwon, 17, Wauan-Gil,

Hwaseong-si 18323, Gyeonggi-do, Republic of Korea
3 New Industry Creation Hatchery Center, Tohoku University, 6-6-10 Aoba, Aramaki, Aoba-Ku,

Sendai 980-8579, Japan
* Correspondence: jcarlos.rendon@cinvestav.edu.mx (J.C.R.-A.); soppua4@suwon.ac.kr (G.S.)

Research and development in materials science has improved tremendously over
the past few decades, resulting in benefits to the quality of life of people worldwide. In
parallel, nanoparticle synthesis has emerged as a rapidly growing field of nanotechnology
research. Nanoparticles (NPs), including organic and inorganic materials (such as metals,
metal oxides, polymers, etc.), are tiny finite solids with at least one geometrical dimension
below 100 nm. According to their size, NPs possess specific physical, chemical, optical,
catalytic, and electronic properties compared to their large-sized parent bulk materials.
Therefore, nanoparticles have various applications in catalysis, medicine, pharmaceutical,
agriculture, and electronics, among other specific research fields. These applications are
microstructurally dependent on nanoparticles’ large surface-to-volume ratio, which allows
them to interact rapidly with other particles of larger size.

Since natural NPs were discovered, the synthesis of NPs has become a primary research
subject. Hitherto, the techniques proposed for the preparation of NPs are based on physical
and chemical principles. Physical methods are founded on a top-down methodology,
grinding being the most representative among these. It involves the dimensional reduction
of solid matter to a nanoscale level. Other advanced techniques based on the same principle
involve sputtering, laser ablation, electrospraying, and electron beam evaporation. On
the contrary, the chemical methods developed for NP preparation differ in the technical
philosophy applied; these methods are established on a bottom-up methodology that
comprises the controlled manoeuvre of the atoms or molecules employed to form the NPs.
Chemical processing techniques provide suitable reaction conditions for the production
of NPs with specific microstructural aspects (e.g., size and morphology), compositions,
and crystalline structures, which are the significant technological advantages of these
processing methods. Nowadays, solution-based techniques such as coprecipitation, sol–gel,
membrane-based, sonochemical, pyrolysis, vapour deposition, microwave-assisted, ion
exchange, and combustion techniques have been widely employed to produce a wide
variety of NPs.

Hydrothermal synthesis is a well-known technique used by various research groups
worldwide to prepare NPs under subcritical or supercritical water conditions. This tech-
nique follows the bottom-up approach and has recently been used as a potential route for
preparing a broad type of inorganic NPs. In particular, the heterogeneous chemical reac-
tions that trigger the manipulation of hydrolysed atomic species in water can be achieved
in a temperature range of 100–500 ◦C and high pressures varying from 0.1 to 22.5 MPa or
more. However, some researchers also correlate the “hydrothermal” term with aqueous
systems under reaction below 100 ◦C. In the last two decades, particular efforts have been
made to provide faster nucleation kinetics and limited particle growth, resulting in the
preparation of particles with specific morphologies and nanosized dimensions.

Nanomaterials 2023, 13, 1463. https://doi.org/10.3390/nano13091463 https://www.mdpi.com/journal/nanomaterials
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Additionally, the excellent properties of water have made it the research subject of new
research groups for use in the production of nanoparticles and microparticles in a wide
area of investigation encompassing various production scenarios, from laboratory-scale
(basic chemical reaction studies) to pilot plant-scale production. Furthermore, the prepared
nanomaterials’ chemical compositions are controlled in the hydrothermal reaction media
through a liquid phase or multiphase chemical reactions. Hence, these advantages provide
an efficient processing technology to produce metal, oxide, and hybrid NPs.

This Special Issue, titled “Hydrothermal Synthesis of Nanoparticles”, compiles the
efforts of various groups of researchers worldwide and aims to communicate the recent
advances in this research field. Nine original research papers focusing on synthesising
different inorganic materials for heat transfer, biomedical, photocatalysis, scintillator, and
photoluminescence applications are included. Furthermore, one review presents the state-
of-the-art on SiC oxidation under dry and hydrothermal conditions. The following para-
graphs give an overview highlighting the contributions of each published article.

The effort to control heat transfer is essential in the industry because of the high cost
implied with the waste of heating energy. Hence, heat management has become a subject
of concern in the equipment used in the industry, such as heat exchangers, automobiles,
high-voltage transformers, refrigerators, electronic circuits, nuclear systems, solar energy
harvesting plants, and desalinisation machines. Alam et al. [1] studied an innovative
methodology for preparing nanofluids with thermal insulating properties. Zinc oxide
nanorods particles were proposed as an insulating material, and the preparation of ZnO
nanorods was successfully achieved at a low temperature of 170 ◦C for 6 h. A surfactant
agent (polyvinylpyrrolidone, PVP) controlled the particle morphology and size. Heat
transfer coefficient measurements were conducted to determine the nanofluid’s efficiency.
The results revealed that the laminar nanofluids constituted by 0.3 vol% of ZnO nanorods
and ethylene glycol had a good heat transfer coefficient. These results open a new possibility
for expanding this technology for heat management applications at the industrial level.

Various studies have been carried out in the last two decades to prepare biomate-
rials with similar chemical properties to biological calcium hydroxyapatite (HAp). The
incorporation of silicon in the hexagonal structure of HAp has become a research sub-
ject, in which the veracity of the Si4+ substitution is under discussion to some extent.
Matamoros-Veloza et al. [2] investigated the preparation of substituted silicon hydrox-
yapatite (Si-HAp) nanoparticles via the microwave-assisted hydrothermal process and
employing C4H13NO5Si2 (TMAS) as a Si4+ precursor. Si4+ uptake improved by saturating
the hydrothermal media with TMAS. The highest content of Si4+ obtained at 150 ◦C for
1 h was 12.16 mol%. Excess Si4+ also triggered the formation of Si-HAp agglomerates,
constituted by fine nanorod particles of 32 nm.

Furthermore, the fine particles exhibited a 3D hierarchical self-assembly process
favoured by the Si4+ ions in aqueous media coupled with rapid kinetic reaction conditions
assisted by microwave heating. Additionally, the functionality of HAp NPs as potential
catalyser agents was proposed by Nakagiri et al. [3]. The catalytic properties of calcium hy-
droxyapatite NPs were investigated as a function of the Ca/P molar ratio of the HAp. HAp
NPs with various Ca/P ratios, between 1.54 and 1.72, were prepared under hydrothermal
conditions at 110 ◦C for 16 h. The catalyst containing nonstoichiometric HAp NPs and a
mixture of SiO2/P2O5 exhibited remarkable catalytic behaviour for converting 1,6 hexane-
diol. The dependence on the Ca/P molar ratio in preparing unsaturated and cycloalkane
alcohols was demonstrated for the first time. The particle size and the compositional
variation inherited from the HAp NPs resulted in higher yields and sufficient selectivity
than that reported in previous studies related to the catalytic behaviour of stoichiometric
HAp particles.

Perovskite materials have been prepared under a wide range of hydrothermal con-
ditions; thermodynamically, oxides are highly stable under alkaline hydrothermal media.
In this research field, Burnett et al. [4] have presented an exciting study to optimise the
chemical reactivity of the raw materials Ta2O5 and IrCl3 to establish chemical equilibrium
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to produce iridium containing NaTaO3 in a single step. A non-common alkaline medium
constituted by 10 M NaOH in 40 vol% H2O2 heated at 240 ◦C was used. This aqueous
medium is highly reactive to produce cube-shaped NaTa1-xIrxO3 crystallites around 100 nm
in size. Interestingly, the perovskite nanoparticles underwent a heat treatment that caused
the reduction of Ir4+, partially substituting Ta5+ in the perovskite structure.

Consequently, the oxide particles were covered by the Ir0. A ten-fold capability on
hydrogen production, determined using a water–methanol solution, was observed on the
NaTa1-xIrxO3 crystallites rather than the parent NaTaO3. A significant proportion of H2
was ascribed to visible light absorption; therefore, these materials have the potential to be
employed in the water-splitting catalyst medium for H2 generation.

Nanoparticle dispersibility is an essential property for preparing organic solvent scin-
tillators that can be improved via the morphological modification of the particles. In this
regard, the subcritical and supercritical hydrothermal conditions provide an adequate reac-
tion environment to maximise the crystallisation of highly monodispersed nanoparticles.
The study conducted by Watanabe et al. [5] aimed to improve the dispersibility of ZrO2
NPs in toluene because it is well-known that the double-beta decay of 96Zr has a high Q
value of 3350 keV; therefore, this oxide can play the role of an isotope for 0νββ detection via
radioluminescence spectroscopy. According to the research results, the organic 6-phenyl
hexanoic acid part controlled the NP’s growth via surface modification and was established
as a function of the temperature. At a ZrO2 NPs content of 0.33 wt%, prepared under
subcritical conditions (300 ◦C for 10 min) and dispersed in toluene with 1,4-bis(5-phenyl-
2-oxazolyl) benzene and 2,5-diphenyl oxazole, the as-prepared liquid scintillator had the
maximum X-ray-induced radioluminescence response. It was concluded that only a small
amount (0.0092 wt%) of 96Zr isotope is required to prepare a liquid scintillator for potential
usage in radiotherapy.

Fundamental studies based on parametric optimisation analyses correlating hydrother-
mal media selection, solvent pH, the chemical stability of the target crystalline phase, and
precursor reactivity, among other things, are essential to determine the feasible morpho-
logical tuning of NPs to be prepared under hydrothermal conditions. Zheng et al. [6]
applied this methodology for synthesising Eu(OH)3 submicron particles and nanoparti-
cles. Eu(OH)3 was chemically stable in the pH range of 7.26–12; in acidic conditions, the
dominating phase was Eu2(OH)5NO3•2H2O in the Eu2O3-NO3-NH4OH-H2O system. A
remarkable difference in the particle morphologies occurred in the experiments conducted
between 80 and 240 ◦C for 24 h. Eu(OH)3 produced at pH values over 9 exhibited nanorods,
nanotubes, and euhedral shapes. The differences in the solute’s saturation level, which
is temperature-dependent, trigger the formation of a large molar volume of the nucleus
that limits the growth of Eu(OH)3 crystals at temperatures over 200 ◦C. Likewise, the
low solubility of Eu(OH)3 also hinders the dissolution–recrystallisation mechanism that
commonly triggers NP agglomeration, particle coarsening, and faceted growth.

An analogous investigation was carried out by Rendon-Angeles et al. [7], which
focused on the one-step synthesis of Uvarovite NPs (Ca3Cr2Si3O12), in which the single-
phase stability depends on the alkaline concentration of the hydrothermal media. The
single-step chemical reaction associated with the Ca3Cr2Si3O12 formation proceeded in
a 5 M KOH solution under hydrothermal conditions at 200 ◦C for 12 h, resulting in the
preparation of fine agglomerates with a popcorn-like shape and sizes varying between 66
and 156 nm. A peculiar self-assembly process involving primary irregular anhedral crystals
(8.05–12.25 nm) led to the formation of the Ca3Cr2Si3O12 agglomerates. The Ca(OH)z

n+ and
Cr(OH)m

n+ formed in the reaction media due to a deficient Si4+ nominal content, resulting
in a size decrease in the 3D popcorn-shaped agglomerates. The particle size variation led to
a variation in the colour hue. At the same time, the faceted surface texture inherited from
the tiny primary NPs achieved a high-reflectance near-infrared spectrum, which is vital in
designing cold pigments for industrial insulating applications.

Differences in the shapes and growth mechanisms of NPs likely depend on the chem-
ical reaction pathway between the solid precursor and the aqueous media, which was
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demonstrated by the study conducted by Luo and Taleb [8]. Their analysis considers the
usage of TiO2 aggregates constituted by NPs and aims to elucidate the mechanism that
controls the morphology of TiO2 under hydrothermal conditions in a highly concentrated
NaOH medium (10 M). An increase in the reaction temperature from 100 to 200 ◦C caused
the consumption of aggregated particles of nano-urchin-shaped TiO2 anatase to produce
TiO2 nanotubes and nanobelts. The preparation of the ultimate TiO2 nanobelts occurred by
a particular assembly mechanism promoted by the Na+ ions in the hydrothermal media;
these ions caused the exfoliation of TiO2 rolled nanosheets self-assembled to produce the
TiO2 nanotubes, and with the increase in both the temperature and reaction interval, the
production of TiO2 nanobelts. According to their morphological features, TiO2 nanobelts
can be used to prepare anodes for Li-ion batteries.

In addition, the characterisation of microstructural NPs is essential for the morphologi-
cal study of their features (particle size, surface area, geometry, and chemical compositional
analysis). The details of the NPs’ microstructures are currently revealed by transmission
electron microscopy (TEM). However, additional information, such as overlapping particles,
faceted particle growth, and 3D hierarchical self-assembly architectures, are complicated to
analyse using TEM observations. Hence, Asano et al. [9] proposed an innovative technolog-
ical approach based on scanning electron microscopy (SEM) to overcome the deficiencies of
TEM observation. A peculiar holder constituted by an ultrathin Si3N4 window allowed
the authors to observe CeO2 NPs in water in the SEM machine. This tool makes it possible
to directly observe the architectural features of CeO2 nanoclusters synthesised under hy-
drothermal conditions. Improvements in new SEM devices boost their performance and
versatility, allowing them to obtain high-resolution images of hydrothermally synthesised
nanoparticles. Various examples, including details of particle preparation and SEM operat-
ing conditions, are discussed in detail in this paper. The methodologies derived from this
work will increase the motivation of researchers to characterise NPs using this technique.

Finally, a review of the fundamentals of the oxidation process of SiC materials is
published by the research group of Biscay et al. [10]. The review provides a detailed
overview of the state-of-the-art in this specific research field. SiC ceramics have excellent
thermomechanical and corrosion resistance and are thus suitable for high-performance
applications in the aerospace and nuclear industries. Therefore, the conscientious study of
the corrosion behaviour of SiC in dry and aqueous environments is required. The review
presents a critical analysis of the oxidation pathways for each case, which are correlated
to thermodynamic and chemical kinetics. A detailed evaluation of the models proposed
for SiC oxidation under hydrothermal conditions is discussed. The last section of the
review provides a comprehensive examination from an application point of view of the
hydrothermal corrosion process of SiC materials. This methodology can be applied to
designing SiC devices for aerospace applications; however, a dangerous scenario can arise
for some critical applications, such as employing SiC to generate new nuclear reactors.

Nanotechnology is developing quickly, and significant progress is expected in devel-
oping efficient, clean, and sustainable materials. This Special Issue presents high-quality
original research works and a review of advanced nanomaterials obtained via “hydrother-
mal synthesis” for various applications. We hope these articles will provide valuable
information that motivates a generation of young scientists to continue the growth of this
research field. The research in this field is booming, and significant advances in developing
efficient, clean, and sustainable materials and technologies are expected.

Funding: No funding was received to accomplish the Editorial corresponding to the Special Issue
“Hydrothermal Synthesis of Nanoparticles”; individual research funding information is provided in
each published paper in the Funding section.
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Forced Convective Heat Transfer Coefficient Measurement of
Low Concentration Nanorods ZnO–Ethylene Glycol Nanofluids
in Laminar Flow
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Abstract: This paper presents the experimental forced convective heat transfer coefficient (HTC) of
nanorods (NRs) zinc oxide–ethylene glycol nanofluids (ZnO–EG NFs) in laminar flow. First, ZnO NRs
were synthesized using a hydrothermal method that uses zinc acetate dihydrate [Zn(CH3COO)2·2H2O]
as a precursor, sodium hydroxide as a reducing agent, and polyvinylpyrrolidone (PVP) as a surfactant.
The hydrothermal reaction was performed at 170 ◦C for 6 h in a Teflon-lined stainless-steel tube
autoclave. The sample’s X-ray diffraction (XRD) pattern confirmed the formation of the hexagonal
wurtzite phase of ZnO, and transmission electron microscopy (TEM) analysis revealed the NRs of
the products with an average aspect ratio (length/diameter) of 2.25. Then, 0.1, 0.2, and 0.3 vol% of
ZnO–EG NFs were prepared by adding the required ZnO NRs to 100 mL of EG. After that, time-lapse
sedimentation observation, zeta potential (ζ), and ultraviolet-visible (UV–vis) spectroscopy was used
to assess the stability of the NFs. Furthermore, the viscosity (μ) and density (ρ) of NFs were measured
experimentally as a function of vol% from ambient temperature to 60 ◦C. Finally, the HTC of NFs
was evaluated utilizing a vertical shell and tube heat transfer apparatus and a computer-based data
recorder to quantify the forced convective HTC of NFs in laminar flow at Reynolds numbers (Re) of
400, 500, and 600. The obtained results indicate that adding only small amounts of ZnO NRs to EG
can significantly increase the HTC, encouraging industrial and other heat management applications.

Keywords: hydrothermal; zinc oxide nanorods; zinc oxide–ethylene glycol NF; zeta potential;
ultraviolet-visible spectroscopy; shell and tube heat exchanger; convective HTC; laminar flow

1. Introduction

Heat transfer enhancement is a significant aspect of engineering research since it
is associated with heat management in industries: heat exchangers, automobiles, high-
voltage transformers, refrigerators, electronics, nuclear systems, solar energy harvesters,
and desalinization [1]. Water, EG, engine oil, silicone oil, gear oil, kerosene, and other
conventional fluids have been used for heat transfer purposes for a long time. The poor
heat transfer of conventional heat transfer fluids (e.g., the thermal conductivity of liquids
lies between that of the insulators and non-metallic solids (0.1 < kL < 10 W/mK)) has been
causing problems in many sectors, including industries [2]. That heat transfer needs to
be increased. Increased heat transfer can intensify some cooling processes, saving time,
energy, and the amount of heat transfer equipment. Generally, adding a small number of
solid particles to conventional fluids can increase heat transmission capacity remarkably [3].
However, the rapid sedimentation of bulk solids in conventional fluids is a problem in this
case [4].
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Nanomaterials (NMs—at least one of the dimensions is between 1 and 100 nm) are
being considered to solve or mitigate the rapid sedimentation problem. NFs, the disper-
sion of NMs in base fluids (BFs), is one of the alternatives to conventional heat transfer
fluids [5]. NFs are more stable than micron-sized materials dispersed fluids since NMs
remain dispersed in a BF for a longer time [6]. Usually, metals, metal oxides, carbon
nanotubes, graphene, and other NMs are used to prepare NFs to enhance the thermal
conductivity by increasing the conduction and convection coefficient [7]. Especially, nano
ZnO can be used to prepare NFs in conventional fluids such as EG because the thermal
conductivity of ZnO (29 WmK−1) is more than a hundred times higher than that of ethylene
glycol (0.26 WmK−1) [2]. Additionally, experimental results revealed that ZnO-based NFs
exhibited enhanced thermal conductivity compared to other NFs [8–10].

BF is a key issue to consider for NFs preparation, and HCT results of NFs often depend
on BFs. The literature survey provides information on using water-based [11] and oil-
based NFs [12], their thermophysical properties, and their advantages and disadvantages.
For instance, inside a vertical circular enclosure heated from above, the influence of an
alumina-water NF on natural convection heat transfer reported that the Nusselt number
of the alumina–water NF is lower than that of the BF. This suggests that, as compared to
pure water, utilizing alumina–water NFs harms the HTC [13]. Therefore, choosing either
an aqueous or non-aqueous BF may be worthy.

Many efforts have been made to improve the thermal conductivity of ZnO-based NFs
further. Experiments were done considering the affecting factors related to the convection
heat transfer of NFs. For instance, ZnO–water NFs were used in an experiment to improve
convective heat transfer in a car radiator at a higher Reynolds number [14]. Heat transfer
was evaluated at the laminar flow condition, and the results revealed that the heat transfer
behavior of ZnO–EG-based NFs depends on the flow condition [15]. The geometric shape
effect coupled with the heat exchanger of NFs in heat transfer applications was investigated
and evaluated [16]. Shell and tube heat exchangers were used to experiment with the
convective heat transfer enhancement of graphene NFs and the results revealed that the
HTC of graphene NFs rose by 23.9% at 38 ◦C when the graphene concentration was
increased from 0.025 to 0.1 wt% [17]. The literature review paper reveals that employing
NF to improve natural convection heat transfer is still controversial, and there is an ongoing
discussion about the role of NPs in heat transfer enhancement [18]. Few studies focused on
the factors that affect the thermal conductivity of NFs and summarized that the dispersion
stability of NFs [19], NMs’ volume%, NF preparation method, sonication time, and the
morphology (size and shape) of NMs are the essential factors that affect the heat transfer
properties of NFs [19,20].

The morphology, i.e., size and shape of NMs [21,22], and preparation method signifi-
cantly influence the heat transfer properties of NFs. The result of a thermal conductivity
dependence on ZnO-based NFs shows that the thermal conductivity increases linearly
with increasing particle size [23]. An experimental investigation of the ZnO particle shape-
dependent thermal conductivity of ZnO–EG NFs showed a 23% enhancement in the thermal
conductivity of 0.1 mg/1 mL of ZnO NF compared to the BF (water). Again, the NF with
non-spherical NPs exhibits greater thermal diffusivity than an NF with spherical NPs [24].
Moreover, instability in NFs results in a decrease in thermophysical properties as well as
a reduction in heat transfer efficiency [25]. The thermal conductivity of NFs is demon-
strated to be strongly influenced by the suspension stability of boehmite alumina in various
shapes [26]. According to a molecular dynamic simulation, the heat transfer following the
collision of cylindrical NPs with a heat source under the most favorable conditions can be
substantially higher than that of spherical NPs of equal volume. As evidenced by experi-
mental data, this can potentially result in a more significant enhancement in the thermal
conductivity of an NF, including elongated particles, compared to one having spherical
NPs [27]. In addition, the thermal conductivity of ZnO NFs with roughly rectangular and
sphere NP morphologies was also examined experimentally at varied NP volume concen-
trations ranging from 0.05 to 5.0 vol% in a different study. Compared to the BF (water), the
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thermal conductivity of the ZnO NFs rose by 12% and 18% at 5.0 vol% for the spherical
and almost rectangular forms of NPs, respectively. The shape of the particles is found
to impact the increases in thermal conductivity substantially [28]. Molecular dynamics
simulations were also done to investigate the effect of NPs’ aggregation morphology on the
thermal conductivity of NF [29]. Moreover, the effect of the friction factor of NFs containing
cylindrical nanoparticles in laminar flow was evaluated by simulation work, and the results
concluded that the friction factor decreases with the increase in Reynolds numbers [30,31].
However, these papers do not include ZnO NPs. Additionally, the layering phenomenon at
the liquid-solid interface in Cu- and CuO-based NFs [32], thermal conductivity based on
the phonon theory of liquid [33], and clustering phenomenon in Al2O3 NFs were investi-
gated. Results revealed that clustering reduces the thermal conductivity of NFs; however,
the sedimentation phenomenon, which increases with cluster size, can cause results to
alter [34]. The findings of heat transfer coefficient measurement inside Al2O3–water-filled
square cuboid enclosures reveal that inclination angle is only a significant component in
natural convection for enclosures with a large aspect ratio [35].

In another research, thermal conductivity measurement as a function of temperatures
(10–70 ◦C) and ZnO NPs’ concentration (0.5–3.75 vol%) reported that, at 30 ◦C, a maximum
thermal conductivity improvement of 40% (3.75 vol% ZnO) is found [36]. Various shapes
of ZnO NMs have been used to test the thermal conductivity of ZnO–EG NFs so far. A few
reports are found on the effect of NPs’ shape on the heat transfer of a shell and tube heat
exchanger, and that does not include ZnO NRs [37]. According to our survey, no report
is available for the study of ZnO–EG NFs with rod-shaped ZnO NPs in the laminar flow
condition at low volume concentrations.

The shape of NMs has a significant impact on heat transfer performance in many
applications because the specific surface area of NMs changes with the change in sizes
and shapes. Moreover, NMs of the same diameter with various shapes may have different
surface areas. As a result, synthesizing NMs with the desired shape is significant for
improving heat transfer performance. Therefore, this study aimed to synthesize ZnO NRs
and forced the convective HTC measurement of low concentration ZnO–EG NFs at laminar
flow. Hence, the first task of this research is the preparation of ZnO–EG NFs.

The NF preparation procedure is significant, because it involves something beyond
simply mixing the NPs with the BF. NFs can be prepared either by a two-step or a one-step
method [12,38]. In the one-step method, the synthesis of NMs and the preparation of NFs
are performed in a single step. In the two-step method, however, NMs are synthesized, and
then the NFs are prepared by dispersing the required amount of NMs in BFs. Due to its
simplicity, the two-step approach is frequently used to prepare the desired concentration.
Surfactants or capping agents are often used to prepare stable NFs, and PVP surfactant has
the highest degree of stability over other surfactants [39]. ZnO-based dispersion stability
and thermophysical properties were assessed to evaluate the heat transfer earlier [40]. How-
ever, some limitations of water-based NFs for HTC measurement have been reported [35].
Once the NFs are prepared, stability can be assessed by observing the sedimentation and
UV–vis analysis [41]. Before ZnO NRs-based NFs’ preparations and stability assessment,
ZnO NRs need to be synthesized.

Therefore, synthesizing ZnO NRs by a simple and cost-effective method is essential.
Physical [42], chemical [43], biological [44], and green [45] approaches are used to produce
ZnO NMs. Chemical synthesis is popular because it converts a large percentage of pre-
cursors to products in a short period. Chemical precipitation, chemical vapor deposition,
sol-gel, spray pyrolysis, sputtering, microwave-assisted, hydrothermal, and other synthesis
methods include examples [46]. Hydrothermal synthesis has several advantages over other
synthetic methods, including inexpensive water as the solvent, one-pot synthesis, low
aggregation, high purity, and great control of particle size and morphology. ZnO may be
synthesized at the nanoscale in a variety of shapes, including spheres [47], needles [47],
flowers [48], flakes [49], tablets [50], pencils [50], and rods [51].
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As the convective HTC of rod-shaped, ZnO-based NFs is not reported earlier, in this
study, firstly, ZnO NRs were synthesized using a hydrothermal route for HTC measurement.
Next, using ultrasonication, 0.1, 0.2, and 0.3 vol% rod-shaped ZnO–EG NFs are formulated
by dispersing the required amount of ZnO NRs in EG, and their dispersion stability was
assessed by time-lapse sedimentation observation, zeta potential measurement, and UV–vis
analysis. Finally, employing a vertical shell and tube heat exchanger, the forced convective
HTC of ZnO–EG NFs at 0.1, 0.2, and 0.3 vol% was investigated under a constant heat flux
at different temperatures and laminar flow conditions of Re between 400 and 600.

2. Experimental Section

2.1. Materials

Zinc acetate dihydrate [Zn(CH3COO)2·2H2O] was supplied by Scharlau, Barcelona,
Spain. Sodium hydroxide (NaOH), polyvinylpyrrolidone (PVP) as a surfactant, and ethy-
lene glycol as a base fluid were supplied by Merck, India. All the materials were analytical
grade and used without further purification. Distilled water supplied by Active Fine
Chemicals. Dhaka, Bangladesh was used in all experiments.

2.2. Synthesis of ZnO NRs

ZnO NRs were synthesized using a slightly modified hydrothermal procedure described
previously [51]. A 50 mL aqueous solution of zinc acetate dihydrate [Zn(CH3COO)2·2H2O] was
prepared in a beaker. A 50 mL aqueous NaOH solution was prepared in another beaker
by dissolving the requisite amounts of NaOH pellets into the distilled water. The 50 mL
aqueous solution of NaOH was then slowly added dropwise into the precursor solution
while stirring continuously. Zn(CH3COO)2·2H2O and NaOH had a molar ratio of 1:2. Next,
0.25 g of PVP was added to the solution mixture. After 2 h of stirring at room temperature,
the mixture became milky. The solution mixtures were then transferred to a stainless-steel
autoclave with a volume of 120 mL and heated in an oven at 170 ◦C for 6 h. The autoclave
was then allowed to cool. The product was collected and rinsed three times with distilled
water through centrifugation (10,100 rpm at an ambient temperature) and decantation.
Finally, the product is dried in the oven at 120 ◦C for 3 h.

2.3. Characterization of ZnO NRs

An X-ray diffractometer (Phillips X’Pert PRO PW 3040, The Netherlands) using CuK
radiation in a 2θ-configuration was used to analyze the crystal structure of the produced
products. At a scanning rate of 0.02◦/0.6 s, the scanned value of 2θ angles was between 30◦
and 70◦. Data from the Joint Committee for Powder Diffraction Studies (JCPDS) file for
ZnO were compared to the measured data (Card No. 01-070-8072). The particle size and
shape of the produced ZnO NRs were examined using a transmission electron microscope
(TEM, TALOS F200X, 200 KeV, The Netherlands) with an acceleration voltage of 200 kV.

2.4. ZnO–EG NFs Preparation

A two-step approach was used to make ZnO–EG NFs [1]. ZnO NRs were synthesized
and then dispersed in EG. The loaded amount of ZnO NRs was 0.1, 0.2, and 0.3 vol% in EG.
Afterward, the ZnO–EG NFs were sonicated at ambient conditions for 1 h at a frequency of
40 kHz using an ultrasonic cleaner (Model: VGT-1860QTD, China).

2.5. Stability Assessment of ZnO–EG NFs

The stability of the prepared 0.1, 0.2, and 0.3 vol% of ZnO–EG NFs was assessed
using sedimentation observation with time interval image capturing using a digital camera,
zeta potential measurement (Zeta sizer, Nano ZS, Malvern, UK), and UV–vis spectroscopy
with quartz cuvettes and a path length of 10 mm using a spectrophotometer (UV-1800,
Shimadzu, Japan). The measurement was performed in the wavelength range from 200 to
800 nm. Absorbance was taken at 1, 2, 3, and 4 h for 0.1, 0.2, and 0.3 vol% ZnO–EG NFs and
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plotted as a function of wavelength. UV–vis spectrums were compared with the stability
change of the NFs with time.

2.6. Viscosity Measurements of ZnO–EG NFs

Viscosity (μ) of the BF, i.e., 0% and 0.1, 0.2, and 0.3 vol% ZnO–EG NFs, was measured
using a DV-II + Pro EXTRA, BROOKFIELD VISCOMETER, the USA, at ambient tempera-
ture and 40, 50, and 60 ◦C, and 100 rpm following the user’s manual. A total of 250 mL NFs
was needed for viscosity measurement using a spindle. The uncertainty of the temperature
control is ±5 ◦C.

2.7. Density Measurements of ZnO–EG NFs

The density (ρ) of the BF and 0.1, 0.2, and 0.3 vol% ZnO–EG NFs were measured using
a Pycnometer. The 50 mL samples were used for measurements. The weight of the blank
Pycnometer was taken at ambient temperature, 40, 50, and 60 ◦C. Similarly, the weights
of the pycnometer with BF, 0.1, 0.2, and 0.3 vol% ZnO–EG NFs were taken at ambient
temperature, 40, 50 and 60 ◦C. Next, the density was calculated by subtracting the weight
and dividing it by mass. The uncertainty of the balancing is 0.001 g.

2.8. HTC Measurement of ZnO–EG NFs

An experimental setup was established to determine the convective HTC of the NFs.
Figure 1 schematically depicts the experimental setup. Previously, this kind of setup was
used for HTC measurements using CuO−PVA NFs [52]. The experimental setup consisted
of a 350 mL reservoir shell in which hot water was kept at a constant temperature of 100 ◦C.
Moreover, hot water was kept at a constant temperature of 40, 50, and 60 ◦C for some
measurements. The water is heated by 2 kW immiscible heaters (Watlow ref. L14JX8B)
installed in the shell. The heat flux was maintained at a constant rate. Incorporated inside
the shell was a spiral tube constructed of smooth copper tubing with a 0.44 × 10−3 m outer
diameter, 0.15 × 10−3 m thickness, 0.29 × 10−3 m inner diameter, and a heat exchange
length of 0.6858 m. The NFs and BF were picked up into a reservoir using a centrifugal
pump (Espa Ref. XVM8 03F15T). The Reynolds number of the flow was between 400 and
600. Then, the NFs and BFs were passed through the test area. Laminar flow was confirmed
by trialing the flow of ZnO–EG NFs. Some pigments were added in the ZnO–EG, and
the flow was observed. No vertical flow of pigments was observed or no layer change
of pigments was observed. In this way, it was characterized that the flow was laminar.
The fluids absorbed the heat from the hot water and then exited the tube. Hot fluids were
collected in a beaker as they traveled through the tube. The test area was appropriately
insulated with glass wool to reduce heat loss from the system. The temperature of the shell
and outflow side tube is measured using K-type thermocouples.

 
Figure 1. Experimental setup for the measurement of forced convective HTC of ZnO–EG NFs.
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The heat flux determines the HTC via a single wall surface and heat conductivity
across the boundary layer over the wall surface is required to complete heat transfer. With a
change in wall temperature, the HTC is proportionality constant between the heat supplied
and the thermodynamic driving force of heat flow through the per unit area. The spatial
molecular diffusion of heat throughout the fluid is related to the thermal conductivity of the
fluid [52]. The NFs were used within the stable period of 2 h from their preparation. The
experiments were repeated at least three times and the average value was taken as the HTC
coefficient. Standard deviation was included by adding an error bar in the column graph.

3. Results and Discussion

3.1. Characterization of Synthesized ZnO NRs

Analysis of the XRD peak pattern of the product can reveal the crystalline nature and
phase structure of the product. Figure 2 depicts the XRD pattern of powder-type ZnO.
The corresponding diffractogram in the 2-theta range of 30–70◦ indicated ZnO’s hexagonal
wurtzite phase (b), corresponding to the standard card [Card No. 01-070-8072] (a). No other
peaks due to contamination were observed. Thus, the single-phase structure of ZnO has
successfully synthesized with a {100} plane and the results were similar to other previous
reports [15,16].

Figure 2. XRD peak pattern of the products: (a) JCPDS and (b) Synthesized ZnO NRs.

The morphology of ZnO was examined using TEM analysis. Figure 3 shows the
TEM image of the synthesized ZnO, which shows the rod-shaped particles. As shown in
Figure 3a, different sizes of ZnO rods were created with different diameters and lengths.
The smallest diameter of a single ZnO NR is estimated at 50 nm, indicating the production of
nanoscale ZnO NRs. Figure 3b shows the absence of rod branching, indicating that the ZnO
NRs were developed from spontaneous nucleation with excellent crystal perfection [53].
Of course, their wide size distribution is seen in the images. The ZnO NR’s aspect ratio was
calculated by dividing the length by the diameter of the ZnO NR. In many applications,
the aspect ratio of rod-shaped particles is significant, as the NRs with a higher aspect ratio
provide larger specific surface areas than the NRs with a smaller aspect ratio. The NRs’
average length and diameter are 270 and 120 nm, respectively, and the mean aspect ratio of
ZnO NRs was found to be 2.25.

3.2. Stability Assessment of ZnO–EG NFs

First, the sedimentation observation method was performed for the stability test of
NFs [54]. All the prepared NFs appeared to be white or whitish initially, and a slight
color change occurred as sedimentation increased with increasing time intervals. Figure 4
shows the time-lapse observation during the sedimentation procedure of NFs. As seen in
Figure 4a,b, no sedimentation is observed for all three samples. As the time increased, how-
ever, ZnO NRs tended to settle down to the bottom of the container due to sedimentation.
Figure 4c,d shows that some sedimentation was deposited at the bottom of the bottles at 3
and 4 h, especially for the 0.2 vol% and 0.3 vol% NF samples. In the case of 4 h (Figure 4d),
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the upper dispersion phase becomes slightly transparent, showing more sedimentation at
the bottom of the bottles. Therefore, it is considered that the prepared NFs are stable for at
least 2 h. Considering the instability and sedimentation, HTC experiments were conducted
within the stability period of NFs.

 

Figure 3. TEM images of the synthesized ZnO NRs using the hydrothermal method: (a) images at
2 μm scale with the magnification of 7000 times and (b) images at 500 nm scale with the magnification
of 17,500 times.

 

Figure 4. Time-dependence sedimentation photo images of ZnO–EG NFs (0.1, 0.2, 0.3 vol%) after the
NFs preparation: (a) 1 h; (b) 2 h; (c) 3 h; (d) 4 h.
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Agglomeration and settlement of NPs in BFs greatly contribute to channel clogging
and affect thermal conductivity. Thus, stability is one of the most important factors affecting
NF quality. Zeta potential is an important tool to assess the stability of NFs. In NF stability,
the zeta potential of (+60 mV) to (−60 mV) is generally used as a border value. NFs
having zeta potential values of more than +60 mV or less than −60 mV are often stable [55].
However, zeta potentials of between +10 mV and −10 mV or close to zero indicate the
instability of NFs [56]. Table 1 shows the zeta potential of prepared NFs. The zeta potentials
of 0.1, 0.2, and 0.3 vol% ZnO–EG NFs at 2 h of their preparation were −26.3 mV, 13.5 mV,
and 4.1 mV, respectively. According to zeta potential measurements, the stability of the
prepared NFs decreases with the increase in concentration. Moreover, 0.1 and 0.2 vol%
ZnO–EG NFs are within the stability range, indicating a homogenous dispersion and good
stability. However, 0.3 vol% ZnO–EG NF is out of the stability range.

Table 1. Zeta potential of 0.1, 0.2, and 0.3 vol% ZnO–EG NFs at 2 h of their preparation.

Concentration (vol%) Zeta Potential, ζ (mV)

0.1 −26.3
0.2 13.5
0.3 4.1

Next, UV–vis analysis was performed on the NFs samples to assess the stability further.
This is because the state and stability of the NFs can be evaluated by the difference in UV–
vis absorption wavelength [57]. Here, the UV–vis spectra of ZnO–EG NFs were measured
at 1, 2, 3, and 4 h of their preparation. Figure 5 shows the UV–vis spectrum of ZnO–EG NFs
at 0.1 vol% (a), 0.2 vol% (b), and 0.3 vol% (c) at different times between 1 and 4 h. Figure 5a
shows that the absorbance of NFs at a wavelength of 800 nm decreases harmonically with
the increase in time. The spectrum pattern for 1, 2, and 3 h is similar, except for that of 4 h.
The absorbance at 4 h significantly decreased from the initial state (1 h), which indicates
that the 0.1 vol% ZnO–EG NFs is stable up to 3 h after their preparation. The drastic change
in the absorbance pattern indicates that agglomeration and sedimentation occurred rapidly
after 3 h of its preparation.

Figure 5b shows the UV–vis spectra of 0.2 vol% ZnO–EG NFs. The absorbance of
0.2 vol% ZnO–EG NFs at the wavelength of 800 nm decreases with the increase in time.
Generally, absorbance values of 0.2 vol% ZnO–EG NFs at 800 nm are lower than that of
0.1 vol% ZnO–EG NFs, indicating a relatively low concentration of the dispersed phase.
Although this phenomenon could not be accurately confirmed with a photograph, it can be
considered reasonable because it coincides with the change in the zeta-potential value. It
can be seen that absorbance after 2 h becomes lower fast; this is probably because unstable
particles were removed by precipitation due to the time-lapse of 0.2% ZnO–EG NFs. Thus,
Figure 5b indicates that the 0.2% ZnO–EG NFs are stable until 2 h of its preparation.

Figure 5c shows the UV–vis spectrum of 0.3 vol% ZnO–EG NFs. Similar to Figure 5b,
the initial absorbance value decreased with an increase in time. Here, the absorbance at
800 nm decreased quickly when the 2 h time had passed. Finally, it can be said that 0.1 vol%
ZnO–EG NF is stable for up to 3 h, and 0.2 and 0.3 vol% ZnO–EG NFs are stable for at least
2 h.

3.3. Viscosity of ZnO–EG NFs

Average viscosity of BF (EG) and 0.1, 0.2, and 0.3 vol% ZnO–EG NFs at ambient
temperature and 40, 50, and 60 ◦C at 100 rpm were found to be 7.40, 7.60, 7.85, and 8.46 cP,
respectively, as shown in Table 2. Relative viscosity was also calculated, which indicates
no significant differences at different concentrations of NFs. It was found that adding
NPs to NFs increased their viscosity by a tiny amount, making them suitable for heat
transfer applications with minimal pressure drop in the flow channels. Viscosity values
are important to understand the stability of NFs. Moreover, viscosity data are needed to
calculate the Reynolds number of the flow of NFs.
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Figure 5. UV–vis spectra of ZnO–EG NFs according to the different time span between 1 and 4 h at
different volume percent: (a) 0.1 vol%, (b) 0.2 vol%, and (c) 0.3 vol% of ZnO.

Table 2. The viscosity of BF (EG) and 0.1, 0.2, and 0.3 vol% ZnO–EG NFs at ambient temperature and
100 rpm.

Concentration (vol%) Viscosity, μ (cP) Relative Viscosity, μr

0 (EG) 7.40 -
0.1 7.60 1.02
0.2 7.85 1.06
0.3 8.46 1.14
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3.4. Density of ZnO–EG NFs

The density of ZnO–EG NFs was calculated using the procedure described in the
experimental section. Density is another significant parameter of NFs that is needed to
know the Reynolds number of flowing NFs. Table 3 shows the calculation of the density of
NFs. Data shows that the minimal density occurs due to adding a small amount of ZnO
NRs to EG.

Table 3. Density of BF (EG) and 0.1, 0.2, and 0.3 vol% ZnO–EG NFs at ambient temperature, 40, 50,
60 ◦C.

Sample
Conc.

(vol%)

Ave. Weight of BF and NFs at
Different Temperatures, W2 Ave. wt. of Blank

Pycnometer (50 mL),
W1

Density, ρ (g/m3)
= (W2 − W1)/50Ambient

Temperature
40 ◦C 50 ◦C 60 ◦C

0 (EG) 73.30 72.99 72.77 72.76 26.67 0.932
0.1 73.57 73.31 73.03 72.51 26.67 0.933
0.2 73.25 73.24 73.25 73.28 26.67 0.938
0.3 73.85 73.52 73.27 72.83 26.67 0.944

3.5. HTC of ZnO–EG NFs

Convective heat transfer between a moving fluid and a solid surface can be defined by
the following relationship [58]:

Q = hA
(

Ts − Tf

)
= hAΔT (1)

where Q is the rate of forced convection heat transfer (W), Ts is the solid surface temperature
(K), Tf is the fluid temperature (K), A is the area of the surface that is in contact with the
fluid (m2), h is the convective HTC (W/m2·K).

Q = mSΔθ (2)

where m is the mass of hot water, kg, S is the specific heat of water, J/kg·K, Δθ is the
difference in water temperature before and after releasing temperature, K.

These relationships can be summarized as follows:

h = (Q/A)/(ΔT) = mSΔT/(A·ΔT) (3)

Let the HTC of the 0 (BF), 0.1, 0.2, 0.3 vol% ZnO–EG NFs be h0, h1, h2, h3, respectively.
The temperature difference before and after release temperature was set as Δθ0, Δθ1, Δθ2,
and Δθ3 for the 0 (BF), 0.1, 0.2, and 0.3 vol% ZnO–EG NFs, respectively. After absorbing
heat, the temperature difference between H2O and each NFs is ΔT0, ΔT1, ΔT2, and ΔT3,
corresponding to 0 (BF), 0.1, 0.2, and 0.3 vol% ZnO–EG NFs, respectively. All the parameters
for the calculation are summarized in Table 4.

Forced convective HTC of BF and ZnO–EG NFs at 0 (BF), 0.1, 0.2, and 0.3 vol% were
measured three times under laminar flow conditions. Obtained data is summarized and
presented in Table 5.

Average values of forced convective HTC of 0 (BF), 0.1, 0.2, and 0.3 vol% of ZnO–EG
NFs were calculated as 219, 1284, 2156, and 2536 Wm2/K, respectively. Results were plotted
in Figure 6 with a standard error bar from standard deviations. As seen from the column
graph, the HCT values were increased as the concentration of NRs was increased. The HTC
of 0.1, 0.2, and 0.3 vol% NFs were 6, 10, and 12 times higher than that of BF, respectively,
indicating the non-linearity of HTC increment. The results indicated that small amounts of
ZnO NRs could greatly enhance their HTC values. Notably, 0.1 vol% showed that the best
HTC and 0.3 vol% have the lowest HTC compared to BF.
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Table 4. Summary of the parameter for HTC of ZnO–EG NFs.

Parameter Value

Mass of water 0.35 kg
Specific heat of water, S 4178 J/kg·K

The outer diameter of the Cu-tube, d 4.4 × 10−4 m
Heat exchange length of Cu-tube, l 68.58 × 10−2 m

Δθ0 0.01 K
Δθ1 1.3 K
Δθ2 1.3 K
Δθ3 1.2 K
ΔT0 13.49 K
ΔT1 4.5 K
ΔT2 5.9 K
ΔT3 4.1 K

Table 5. Forced convective HTC of BF and ZnO–EG NFs at 0.1, 0.2, and 0.3 vol% at Re = 400.

Concentration
(vol%)

Forced Convective HTC (Wm2/K)

1st Measurement 2nd Measurement 3rd Measurement

0 (BF) 144 292 220
0.1 1341 1212 1299
0.2 2195 2449 1823
0.3 2656 2452 2500

Figure 6. Forced convective HTC of BF and ZnO–EG NFs at different vol% of NRs at room temperature.

The sharp increase in HTC due to the input of the nanorods is apparent, and it can be
seen that it is related to the concentration of the NRs in BFs. However, HTC did not increase
linearly to the increments of the NRs’ concentration. This phenomenon strongly depends on
the stability of NFs. The previous section shows that relatively high concentrated NFs (e.g.,
0.3%) showed unstable conditions. Thus, local aggregation or agglomeration of ZnO NRs
may occur during the HTC measurements. The tendency of the HTC results is consistent
with the results of UV–vis shown in Figure 5.

Again, forced convective HTC was measured by varying the temperature of hot water.
Figure 7 shows the HTC of 0.1, 0.2, and 0.3 vol% ZnO−EG NFs at different temperatures
with standard deviations. If the source of heat (hot water) is kept at higher temperatures,
the heat transfer is higher as seen in Figure 7. Average HTC of 2563, 3390, and 3686 were
calculated for the hot water temperature of 40 ◦C, 50 ◦C, and 60 ◦C. Therefore, it seems
significant to maintain the temperature of heat source fluid at an optimum higher degree.
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Figure 7. Forced convective HTC of 0.1, 0.2, and 0.3 vol% ZnO–EG NFs at different temperatures.

Another important factor for heat transfer fluid flow is Reynolds numbers (Re), which
need to be considered during NF flow. Figure 8 presents the forced convective HTCs of 0.1,
0.2, and 0.3 vol% ZnO−EG NFs at different Re. Experiments were performed Re at 400,
500, and 600. Data indicate that the HTC of the same concentration of NFs increases with
the increase in Reynolds numbers.

Figure 8. Forced convective HTCs of 0.1, 0.2, and 0.3 vol% ZnO–EG NFs at different Reynolds numbers.

4. Conclusions

The forced convective HTCs of BF (EG) and 0.1, 0.2, and 0.3 vol% ZnO–EG NFs were
investigated in this study. For this purpose, ZnO NRS was successfully synthesized by
the hydrothermal method. The prepared ZnO was hexagonal wurtzite and had a nano-
sized rod shape with an average aspect ratio (length/diameter) of 2.25. ZnO–EG NFs at
0.1, 0.2, and 0.3 vol% were prepared by dispersing ZnO NRs to EG with the aid of 1 h
ultrasonication. Time-lapse sedimentation observation, zeta potential measurement, and
UV–vis analysis indicated that all the prepared NFs were stable at least for 2 h. Among
the NFs, 0.1 vol% ZnO–EG NFs showed the best stability within 3 h. The HTC of ZnO–EG
NFs was significantly increased with low loading concentration of ZnO NRs, and those
HTCs of 0.1, 0.2, and 0.3 vol% NFs increased for 6, 10, and 12 times compared to BF (EG).
At a high ZnO concentration, the HTC was not increased linearly with the increments of
NRs’ concentration, probably due to the local agglomeration during the measurements.
Again, a higher Reynolds number leads to the higher HTC of an NF compared to that of a
lower Reynolds number. Therefore, we expect that the well-dispersed ZnO concentration
in NFs will significantly increase the HTC in NFs; this will facilitate ZnO–EG NFs in
many industrial and other thermal management applications. By selecting a stabilizer
under optimal ultrasonication time for enhanced stability, the current study scheme can
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be explored further to manufacture similar types of aqueous/non-aqueous metal oxide
NFs. Moreover, at higher Reynolds, the HTC of current NF systems may need to be
investigated further.
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Nomenclature

List of symbols

WmK−1 Thermal conductivity
m Length of the heat exchanger, l
mV Zeta potential
J/kg·K Specific heat of water, S
m Diameter of Cu-tube
m Length
K Δθ

K ΔT
cP Viscosity, μ

Re Reynolds number
ζ zeta potential
μ Viscosity
T Temperature
Q the rate of forced convection heat transfer (W)
Ts the solid surface temperature (K)
Tf the fluid temperature (K)
A the area of the surface that is in contact with the fluid (m2)
h the convective HTC (W/m2·K)
m the mass of hot water, kg,
S the specific heat of water, J/kg·K
Δθ the difference in water temperature before and after releasing temperature, K.
Abbreviations

ZnO Zinc oxide
NR Nanorod
BF Base fluid
NF Nanofluid
XRD X-ray diffraction
TEM Transmission electron microscopy
UV–vis Ultraviolet-visible
HTC Heat transfer coefficient
EG Ethylene glycol
NM Nanomaterial
NaOH Sodium hydroxide
PVP Polyvinylpyrrolidone
JCPDS Joint committee for powder diffraction studies
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Abstract: The synthesis of partially substituted silicon hydroxyapatite (Si-HAp) nanopowders was
systematically investigated via the microwave-assisted hydrothermal process. The experiments
were conducted at 150 ◦C for 1 h using TMAS (C4H13NO5Si2) as a Si4+ precursor. To improve
the Si4+ uptake in the hexagonal structure, the Si precursor was supplied above the stoichiometric
molar ratio (0.2 M). The concentration of the TMAS aqueous solutions used varied between 0.3 and
1.8 M, corresponding to saturation levels of 1.5–9.0-fold. Rietveld refinement analyses indicated that
Si incorporation occurred in the HAp lattice by replacing phosphate groups (PO4

3−) with the silicate
(SiO4

−) group. FT-IR and XPS analyses also confirmed the gradual uptake of SiO4
− units in the

HAp, as the saturation of Si4+ reached 1.8 M. TEM observations confirmed that Si-HAp agglomerates
had a high crystallinity and are constituted by tiny rod-shaped particles with single-crystal habit.
Furthermore, a reduction in the particle growth process took place by increasing the Si4+ excess
content up to 1.8 M, and the excess of Si4+ triggered the fine rod-shaped particles self-assembly to
form agglomerates. The agglomerate size that occurred with intermediate (0.99 mol%) and large
(12.16 mol%) Si contents varied between 233.1 and 315.1 nm, respectively. The excess of Si in the
hydrothermal medium might trigger the formation of the Si-HAp agglomerates prepared under fast
kinetic reaction conditions assisted by the microwave heating. Consequently, the use of microwave
heating-assisted hydrothermal conditions has delivered high processing efficiency to crystallize
Si-HAp with a broad content of Si4+.

Keywords: hydrothermal microwave assisted synthesis; silicon-hydroxyapatite; nano powders

1. Introduction

The preparation of biomaterials with similar chemical and physical properties to bio-
logical hydroxyapatite (HAp), in terms of their chemical and physical properties, involves
the uptake of cations and anions in the hexagonal HAp structure. The incorporation of
Si4+ ions into the PO4

3− unit network of the HAp stimulates both bone formation and
resorption processes, which are relevant to both tissue restauration and bone growth [1].
Furthermore, the incorporation of Si4+ has been incorporated simultaneously with calcium
during the early stage of calcination [2]. Additionally, silicon is also essential for other bio-
logical soft tissue functionality, such as cartilage growth, and synthetic calcium-phosphate
bioceramics containing low Si4+ contents in their structures, which had marked biological
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properties for bone restauration [3,4]. Hitherto, Si-HAp bioceramics were prepared with
a conventional solid-state reaction at 1000 ◦C for 6 h, employing β-tricalcium phosphate
(β-Ca3(PO4)2), silicon dioxide (SiO2), and calcium carbonate (CaCO3). These partially
silicon-substituted powders exhibit a good biological dissolution capability in comparison
with pure HAp [5].

Moreover, chemical solution methods, such as coprecipitation, neutralization, and sol-
gel, are alternative synthetic procedures for producing both HAp and Si-HAp nanoparticles.
The increase of silicon incorporation in the HAp structure provokes a marked decrease
in the crystallite size [6–11]. Likewise, silicon affects the particle morphology during the
embryo precipitation and particle growth processes. Recently, extensive attention has been
paid to the appropriated process with a Si4+ precursor reagent to overcome the difficulties
in handling associated with its reactivity under wet chemical processing [4–15].

Hitherto, tetraethyl orthosilicate (Si (OCH2CH3)4, TEOS) in polyethylene glycol/water
and silicon tetra-acetate in water (Si (CH3CO2)4) have been better reagents for incorpo-
rating Si4+ in the hexagonal structure [13]. The maximum efficiency of the Si4+ incorpora-
tion in the apatite structure was 90% according to the nominal stoichiometric content of
8.0 mol%. Wet chemical quantitative analyses revealed the presence of silicon ions hy-
drolyzed in the remaining mother liquor after precipitation of SiHAp. In contrast, the
challenge of producing synthetic Si-HAp has been carried out by various methods, includ-
ing soft chemistry processes [5–13].

The slow reaction kinetic of the ions species to produce pure HAP and other solid
solutions required prolonged processing time in specific systems [14–18].

The hydrothermal process has brought further advantages in terms of chemical re-
activity: Higher yield for crystalline products with nanometric size and reaction kinetics
enhancement even at relatively low temperatures (100–250 ◦C) [18,19].

Likewise, a few pioneering research works have reported the synthesis of partially
substituted Si-HAp under hydrothermal conditions [12,14]. The synthesis was conducted
by two pathways. The first experiments were conducted using the chemical reagents
(NH4)3PO4 and TEOS as precursor of PO4

3− and SiO4
4− ions. However, the synthesis

conducted at 200 ◦C for 8 h limited the incorporation to only 8.0 mol% Si4+, regardless
of the nominal stochiometric amount intended (9.0 mol%) [13,14]. In other experiments,
the uptake of Si4+ was further limited by using (NH4)2HPO4 to 7.65 mol%. The partially
substituted Si-HAp particles also incorporate CO3

2− ions, and the presence of these ions
is reported to hinder the incorporation of SiO4

4− during the crystallization and particle
coarsening steps [13,20,21].

Similar experiments were recently conducted to attempted the synthesis of Si-HAp
under hydrothermal conditions at 150 ◦C for 10 h by employing tetramethyl ammonium
silicate ((C4H13NO5Si2), TMAS) [1–3,13–16,18–20]. The low silicon reactivity in the hy-
drothermal alkaline medium at a pH of 10 caused a limited Si4+ content in the HAp
structure of 30 mol% regarding the stoichiometric amount selected (1–20 mol% Si). In this
case, the incorporation of CO3

2− ions was not the cause of the significant Si uptake. The
high solubility of the TMAS in the alkaline solution is likely to produce Si complex ions
that are highly stable in the hydrothermal medium, giving rise to the decrease in the Si
concentration in the embryo and growth steps [22,23].

A similar trend was found in the preparation of Zn-substituted HAp, where the
isomorphous incorporation of Zn at the Ca site in the HAp structure was affected by the
formation of Zn (OH)x

n+ species, which were also stable in alkaline hydrothermal fluids at
the standard pH conditions required to crystallize the HAp [20].

Although the detailed effect of the complex ion formation associated with the dopant
ions in HAp has not been evaluated yet, it is important from the chemical processing point
of view to enhance the control of the stoichiometry of Ca10(PO4)6−x(SiO4)x(OH)2−x solid
solutions and the particle growth at nanometer order [21,22]. In the present research work,
different approaches for the synthesis of the Ca10(PO4)6−x(SiO4)x(OH)2−x particle were
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investigated, devoted to investigating the chemical reaction pathway in Si4+-saturated
solutions under hydrothermal conditions assisted by microwave heating.

The fast reaction kinetics triggered by the microwave heating in conjunction with
the saturation level of Si4+ would achieve a broad compositional control to produce
Ca10(PO4)6−x(SiO4)x(OH)2−x compounds. The feasibility of controlling the particle size at
nanometric order is likely to proceed due to Si complex ions in the hydrothermal medium,
which would operate as templates in the particle crystallization process.

2. Materials and Methods

2.1. Materials

Preparation of the reagents for the synthesis of the stoichiometric pure hydroxyap-
atite (HAp) and silicon-substituted hydroxyapatite (Si-HAp) powders was carried out as
follows; all the chemicals of reagent grade (Sigma Aldrich, St. Louis, MO, USA, 99.99%
purity) were used without further purification. The 1 M Ca2+ and 0.2M P5+ stock solutions
were prepared by dissolving calcium nitrate tetrahydrate (Ca(NO3)24H2O) and sodium
tripolyphosphate (Na5P3O10) in distilled water, respectively. The Si4+ stock solutions of
three different concentrations of 0.3, 0.9, and 1.8 M were prepared by dissolving was
tetramethylammonium silicate solution [(C4H13NO5Si2) (TMAS)]. Furthermore, all aque-
ous TMAS solutions were adjusted to pH = 10 with 7M NH3 solution before making up the
final volume of the TMAS stocks. The 7M of NH3 stock solution was prepared by mixing
82.6 mL of conc. NH3 solution with 17.35 mL of water. 2-Propanol was added as a buffer
to prevent the formation of another phosphorous species during the reaction [23–25].

2.2. Microwave-Assisted Hydrothermal Synthesis

A mother solution constituted by 17.5 mL of the 1 M Ca2+ solution and 15 mL of
2-propanol was magnetically stirred for 5 min. The added 2-propanol is used as a pH
buffer to prevent the hydrolysis of calcium tripolyphosphate gel to orthophosphate ions.
In parallel, a solution mixture (17.5 mL) containing P5+ and Si4+ ions was prepared ac-
cording to the molar mixing Ca/(P + Si) ratio of 1.67. Therefore, the mixture volumes
calculated by the molar ratio Ca:P:Si were 17.5:0, 16.45:1.05, 15.75:1.75, and 14.0:3.5, where
the molar volumes correspond to the pure HAp and the selected silicon compositions
of 6, 10, and 20 mol%, respectively. To investigate the effect of the Si saturation in the
mother liquor, the molar volumes calculated were provided with the silicon solutions
of 0.3, 0.9, and 1.8 M to investigate the effect of the Si saturation in the mother liquor,
respectively. On mixing both solutions instantaneously, a white milky colloid formed,
and the colloidal suspension was stirred constantly for 15 min. Them, pH of the colloidal
suspension was adjusted to a value of 10.00 ± 0.1 by adding a 7.0 M NH3 aqueous solution
dropwisely [1,14,20]. The suspension (50 mL) was then transferred to a double-walled,
Teflon, high-pressure vessel, hermetically closed, and placed in the rotatory device of
the microwave oven (MARS-5X, CEM Corp., Manasquan, NJ, USA), and was heated at
150 ◦C for 1 h. After the reaction, the powders were washed several times with deion-
ized water until a neutral pH was achieved. The powder was dried using a freeze-drier
(−47 ◦C, 3 MPa) to avoid aggregation of the particles. The chemical reaction occurs as
Equation (1) to crystallize Ca10(PO4

3−)6−x(SiO4
4−)x(OH)2−x nanoparticle crystallization

under the proposed hydrothermal reaction assisted by microwave heating. In Equation (1),
the ultimate content of (Si-O-Si)3O− in the reaction products is equivalent to the subtraction
of the Si4+ incorporated in the HAp and the nominal content supplied. Furthermore, OH−
deficiency in Ca10(PO4

3−)6−x(SiO4
4−)x(OH)2−x results from the charge balance required to

compensate the total negative valence of SiO4
4− groups incorporated in the HAp structure.

10Ca(NO3)2(aq) + 2(Na5P3O10)(aq)+ y(C4H13NO5Si2)(aq) + xNH4OH(aq)+ x(CH3)2CHOH →
Ca10(PO4

3−)6−x(SiO4
4−)y(OH)2−x(s) + 10Na+ + xOH−

(aq) + xNH4
δ+NO3

δ −
(aq) + xH2O +yCH4

δ+ + (y−x)[(Si-O-Si)3O−)](aq)

(1)
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2.3. Characterization

The crystalline phases of the obtained powders were determined by X-ray powder
diffraction (XRD) analyses. Diffraction patterns were collected in a range 2θ from 10 to
80◦ at a scanning speed of 4◦/min and a step size of 0.02◦ in a 2θ/θ scanning mode using
an X-ray diffractometer Rigaku Ultima IV equipped with Cu Kα radiation (α = 1.54056 Å)
operated at 40 kV and 20 mA. Furthermore, Rietveld refinement analyses of selected
samples were carried out to determine the crystallite size and lattice parameters using the
TOPAS 4.2 (Bruker AXS: Karlsruhe, Germany) software [19–21].

Fourier transform infrared (FT-IR) spectra were obtained at a wavelength range or
400–4000 cm−1 in the transmittance mode by FT-IR JASCO 4000 Hachioji (Tokyo, Japan)
spectrometer, using palletized samples prepared with 5 mg of powder sample and
200 mg of KBr. In addition, Raman spectra analyses were observed in the range
200–4000 cm−1 by laze excitation at 514 nm using a Jobin Yvon Labram HR800 Raman
Spectrometer (Horiba, Japan).

The content of Ca, Si, and P in the residual powders was quantitatively calculated
from the inductively coupled spectrometry analyses data (ICP, ICPE-9000; Shimadzu Co.,
Kyoto, Japan). XPS spectra were recorded on a Kratos spectrometer (Manchester, UK)
operated using an Al Ka (1486.6 eV) monochromatic X-ray source. The XPS analysis was
carried out in ESCA Lab 220i-XL equipment (Shimadzu, Kyoto, Japan), at a vacuum of
2 × 10−8 mTorr, and a monochromatic X-ray source with aluminum anode operated
at 1486.6 eV was used. The general spectra (survey) were obtained with a step energy
of 117.4eV, and the analysis region was 0–1400 (eV) in link energy. Subsequently, high-
resolution spectra of the C 1s, Ca 2p, P 2p, and O 1s signals were obtained for each sample.
The high-resolution spectra were acquired with a step energy of 11.75 eV. Deconvolution of
these spectra was performed by adjusting Gaussian curves, leaving their position and area
without restriction. The FWHM value, however, remained fixed in each curve adjusted.

Morphology and particle size distribution were analyzed from the micrographs ob-
tained by field emission scanning electron microscopy (FE-SEM JEOL 6500F JSM-7100F,
Akishima, Tokyo, Japan) at 15 kV and 69 μA filament operating conditions. The image
analysis was carried out using an Image-Pro® Plus software (Rockville, MD, USA). In
addition, crystalline features were investigated by using the high-resolution observations
conducted in the transmission electron microscopy (HR-TEM, FEI-TITAN 300, Phillips,
Eugene, OR, USA) operated at 300 kV.

3. Results and Discussion

3.1. Effect of Si4+ Saturation on the Hydrothermal Synthesis of Si-HAp

Typical XRD patterns of the residual products prepared under microwave-assisted
hydrothermal conditions at 150 ◦C for 1 h are shown in Figure 1. This experimental
set was aimed to prepare Ca10(PO4)6−x(SiO4)x(OH)2−x solid solutions with nominal Si4+

content above the stoichiometric concentration of 0.2 M. Three levels of Si4+ saturation
of 1.5, 4.5, and 9-fold were added to the hydrothermal medium employing the TMAS
solutions of 0.3, 0.9, and 1.8 M, respectively. The Si4+ excess aimed to improve the efficiency
in the incorporation of Si4+ ions substituting P5+ in the apatite hexagonal structure. In
general, the diffraction patterns of the HAp and Si-HAp powders were indexed with that
of the hexagonal apatite structure with space group P63/m (176) (card JCPD 09-0432). The
crystallization of the HAp and Si-HAp proceeded via a single-step reaction; this assumption
is inferred due to the formation of secondary phases of calcium phosphate or calcium
silicate; it did not take place during the hydrothermal treatment. Generally, when the
lowest saturation level of Si4+ (1.5) was used, the Si-HAp samples intended to incorporate
6 and 10 mol% of Si did not have marked differences of peak intensity and sharpness from
those of the pure HAp powders. The sample prepared with the 0.3 M TMAS solution
with the volume to supply 0.33 mol% Si exhibited a slight shifting of the peak to a lower
diffraction angle (Figure 1a). In contrast, at 4.5 and 9-fold saturation levels, a progressive
displacement of the XRD pattern proceeded at small 2θ angles, and also a remarkable
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peak broadening occurred on the diffraction patterns, as shown in Figure 1b,c. This
behavior was markedly evident in the Si-HAp samples prepared with amounts of 5.0 and
12.16 mol% Si with TMAS solutions of 0.9 and 1.8 M. Hence, the Si4+ excess in the aqueous
phase plays an important role in promoting the uptake of Si during the crystallization of
the single-phase Si-HAp powders. These crystalline aspects were not clearly analyzed
for the Si-HAp prepared even in hydrothermal conditions elsewhere [14,22,26], which do
not bear crystalline structural evidence, indicating that the Si content reported is bulkily
incorporated inside the particle rather than near the particle surface.

  
Figure 1. Si-HAp XRD patterns of samples synthesized under microwave-assisted hydrothermal conditions at 150 ◦C for
1 h, pH = 10, using 0.2 M Na5P3O10 with different Si4+ mol% using (TMAS), which was mixed with a molar excess of
(a) 1.5 (0.3 M), (b) 4.5 (0.9 M), and (c) 9 (1.8 M) folds, above the stoichiometric concentration of 0.2 M as shown.

3.2. Crystalline Structural and Chemical Compositional Analyses of Si-HAp Powders

The Rietveld refinement of Si-HA powders conducted with the refinement algorithm
includes the Si4+ and P5+ molar contents determined by wet chemical analyses (Table 1,
ICP results), together with the atom occupation, as suggested elsewhere (Figure 2) [1,2,5,8].
Various crystalline structural features were included as the refinement parameters, such
as background, lattice parameters, scale factor, profile half width, crystallite size, local
strain, thermal isotropic vectors, and spatial coordinates. The parameters selected provided
high accuracy for calculating the structural features of the Si-HAp powders. The Rietveld
refinement approach provided the lowest values of the goodness-of-fit factor (GOF/χ2),
averaging 1.23 ± 0.6, and low Rwp 7.32 ± 1.0 values were obtained (Table 1), which confirm
the fine structure of all Si-HAp with excellent accuracy. The calculated diffraction profiles
are in good agreement with the experimental ones due to the small residual difference
between the observed and calculated patterns depicted by the residual straight line, and
the vertical lines correspond to the calculated Bragg peaks positions (Figure 2) [8]. The
calculated lattice parameters for pure HAp and Si-HAp are given in Table 1. Both the ao and
co axes increase slightly with the Si4+ incorporation into the pure HAp powders; whilst the
length of both the ao axis (9.4450 to 9.4365 Å) and the co axis (6.8882 to 6.8824 Å) decreased
as the Si4+ incorporation ratio increased in Si-HAp powders, leading to the decrease in
cell volume, specially shown in the Si-HAp powders prepared at a high Si4+ saturation
level. It should be mentioned that in the case of Si-HAp powders at the maximum Si4+

incorporation of 12.16 mol%, the least “a0” and “c0” lattice parameters were obtained in
comparison with those powders containing below 10 mol% Si contents. These were caused
by proportional release of OH− ions, which compensate the negative charges provided by
SiO4

4− ions substituting PO4
3− in tetrahedral positions, located parallel to the c-axis along

the tunnels located at the HAp structure honeycomb edges. This phenomenon provokes
a bulk shrinkage of the hexagonal unit cell volume (530.75 Å3) in the HAp structure,
which would support the inference that Si is bulkily incorporated in the Si-HAp during
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the crystallization process, achieved by fast reaction kinetics triggered by the microwave
heating under hydrothermal conditions. The maximum content of Si4+ (12.16 mol%)
incorporated in HAp in the current experiment is above that reached under conventional
hydrothermal [22] and coprecipitation [4] conditions.

Figure 2. Rietveld refinement plot of Si-HAp powders prepared with different content of Si4+: (a) 6 mol% and (b) 20 mol%
using (TMAS) [(CH3)4N(OH).2SiO2] with a molar ratio of 1:3.0 (1.8 M), precursor, under microwave-assisted hydrothermal
conditions at 150 ◦C for 1h, pH = 10.

FT-IR spectra of the HAp and Si-HAp powders revealed hydroxyl (OH−) groups
stretching (3571 cm−1) and vibration (631 cm−1) bands (Figure 3). Furthermore, the
strong bands at 1086, 1014, and 960 cm−1 wavenumbers are associated with the stretching
vibration modes of PO4

3− tetrahedral group. The doublet band between 593 and 572 cm−1

corresponds to O-P-O bond bending mode and these results agree with the data reported
elsewhere [14]. The shoulder peaked at 897 cm−1, and this band is assigned to the Si-O-Si
vibration mode for tetrahedral SiO4

4− groups. A marked distortion of the shoulder peak
together with the signals v1 and v3 of the P-O-P and PO4

3− major bands was found with
progressive increases in the SiO4

4− molar content in the Si-HAp powders, as reported
previously [24,26]. Furthermore, v1 and v3 bending modes of the P-O-P band gradually
decreased in their absorbance by increasing the uptake of Si in the HAp structure, and a
slight displacement to lower wavenumbers was revealed on the Si-HAp samples (Figure 3).
In comparison with the FT-IR spectrum of pure HAP, the peak at 1086 cm−1 (PO4

3−) in
Si-HAp samples decreased as the silicon content uptake increased, due to the structural
change in the HAp lattice [24–27]. Additionally, the intensity of the OH− group band on
the 0.16 and 0.90 mol% Si samples was similar irrespective of the saturation contents of
Si4+. On the contrary, the OH− stretching symmetrical band at 3571 cm−1 and bending
OH− 631cm−1 markedly deceased in its absorbance in Si-HAp powders prepared with the
highest concentration 1.8 M of TMAS (Figure 3c). XRD signals and FT-IT spectra confirm
that the bulk Si should be incorporated in the apatite structure rather than partially existing
at the particles’ surface [26].
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Figure 3. Fourier transform infrared (FT-IR) spectrum analysis of the Si-HAp powders obtained by microwave-assisted
hydrothermal process at 150 ◦C for 1 h using different concentrations of [(C4H13NO5Si2) (TMAS)]: (a) 0.3 M; (b) 0.9 M, and
(c) 1.8 M.

These structural results are consistent with the substitution mechanism proposed,
where PO4

3− ions are replaced by SiO4
4− ions, causing a stoichiometric release of OH−

ions, which maintains the total charge balance in the HAp structure (Equation (1)). Under
hydrothermal conditions, the saturation of Si4+ probably induced a reduction in the amount
of hydroxyl groups to compensate for an extra negative electric charge produced by the
incorporation of the silicate groups, and the formation of OH− vacancies (V) might have
taken place to maintain the charge balance neutrality, as is described by the following
equation: PO4

3− + OH− → SiO4
4− + V(OH)−. Indeed, this behavior is consistent with

previous research work [13].
Raman analyses were carried out to determine detailed crystalline differences in the

bonds. Raman spectra of the SiHAp constituents in Figure 4a show that the v1 symmet-
ric stretching PO4 mode at around 996 cm−1 corresponds to the HAp structure of the
prepared Si-HAp powders samples with both concentrations (0.9 and 1.8 M). Other typ-
ical PO4 peak modes of the bending v2, asymmetric stretching v3, and bending v4 (PO4)
were also observed at around 400, 1100, and 600 cm−1, respectively. The progressive
decrease in the peak intensity and their broadening for all PO4 v2–v4 bands confirmed the
SiO4

4−substitution by PO4
3− group. The OH− peak intensity decreased with broadening

of the band [20]; these results are in line with those of FT-IR and XRD. Under hydrothermal
conditions assisted by microwave heating, the molar percentage of Si4+ substitution was
larger than 10 mol% by providing a 9-fold saturated Si4+ precursor in comparison with the
stoichiometric limit of acceptance to keep the stability of the HAp structure. This explains
the low variation of the lattice parameter and very small variation in the crystallite size,
because only 0.33 mol% of Si4+ was incorporated in the HAp structure for samples prepared
with a low concentration of TMAS (0.3 M). However, Si-HAp samples synthesized with
a greater content of Si4+ (12.16 mol%) did not show the presence of the characteristic Si
signal, and only small changes were detected in the vibration OH− signal at 3570 cm−1,
which were slightly decreased and broadened under the high Si4+ saturation of TMAS
(1.8 M) during the hydrothermal reaction.
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Figure 4. Raman spectra of the Si-HAp powders obtained by microwave assisted hydrothermal process at 150 ◦C for 1 h
using different molar concentrations of the TMAS solutions: (a) 0.9 and (b) 1.8 M.

Figure 5a–d shows the XPS spectra for HAp and Si-HAp powders prepared with
a 0.9 M solution for samples with ultimate contents of 5 and 12.16 mol% Si. The XPS
spectra corresponding to the photoelectron core levels of Ca 2p, P 2p, Si 2p, and O 1s
without any additional core level of other elements were detected by the XPS analyses
in the survey spectrum. Generally, the Ca 2p spectrum recorded in the binding energy
(BE) range of 344.0–355.0 eV revealed the doublet associated with Ca-O bonds in the HAp
and Si-HAp samples, which are constituted by the core level Ca 2p3/2 at 347.21 eV and Ca
2p1/3 at 350.55 eV BE. Furthermore, the P 2p peak is symmetric and its average BE is at
132.9 eV both for HAp and Si-HAp (Figure 5b). Moreover, the O 1s core level peak was
deconvoluted into two peaks, and a small peak, which fits the shoulder between 532 and
534 eV, was detected. The deconvolution indicates that the peak average BE energy was of
532.45 eV, and this peak is associated with the SiO4 units in the prepared powder samples,
where the gradual increase in peak intensity in the samples synthesized with different Si4+

contents supports our inference (Figure 5c). The second large peak, deconvoluted at an
average BE of 530.8 eV, corresponded to the O 1s core level of PO4

3− tetrahedral units.
However, the presence of silicon was very clear in powders prepared with 0.41 mol% Si,
as shown in Figure 5d. In contrast, a symmetric peak corresponding to the core level Si
2p at BE of 103.3 eV was revealed in the Si-HAp samples obtained with the molar volume
corresponding to 5.0 mol% Si using the TMAS solution of 0.9 M.
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Figure 5. The XPS analysis for HAp and Si-HAp powders obtained by microwave assisted hydrothermal process at 150 ◦C
for 1 h using 0.9 M of TMAS and different mol% of Si: (a) Ca 2p; (b) P 2p; (c) O 1s; (d) Si 2p.

The XPS spectra in Figure 6 indicated that HAp and Si-HAp powders prepared in the
presence of the highest Si4+ saturated TMAS solution (1.8 M) exhibited a gradual uptake of
Si. All the samples are constituted by the chemical elements that form the HAp structure.
Figure 6a shows the typical doublet peak associated with the core level Ca 2p3/2 XPS BE
at 347.1 eV and Ca 2p1/3 at 350.07 eV. The doublet peaks increased slightly as the silicon
incorporation content increased in the synthesized samples obtained with 1.61 mol% of Si
in the Si-HAp powders. Likewise, the symmetric signals of P 2p increased slightly with the
increase of Si4+ content, achieving a binding energy of 132.92 eV. Furthermore, the binding
energy signals for O 2p peaks were nearly symmetric (Figure 6c). The main component at
530.9 eV corresponding to the O2− is linked only to a phosphorus atom as in PO4

3− ions of
the HAp structure. With the increase of the mol% of SiO4

4− in the prepared powders, the
BE signal shifted slightly into 530.79 eV and a shoulder peak at an average BE of 532. 53 eV
increased [11]. Therefore, this shoulder peak is attributed to the O2− ions associated with
the SiO4

4− tetrahedral units.
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Figure 6. The XPS analysis for HAp and Si-HAp powders obtained by microwave assisted hydrothermal process at 150 ◦C
for 1 h using 1.8 M of the TMAS solutions with different mol% Si: (a) Ca 2p; (b) P 2p; (c) O 1s; (d) Si 2p.

In addition, the presence of Si was confirmed in the HAp structure of the powders
prepared using the highest saturation of Si (9-fold, Figure 6d). The XPS core level Si
2p corresponded to the symmetric peak at BE of 103.18 eV for the 1.61 mol% Si. The
Si 2p peak intensity increased as a result of the improved SiO4

4− incorporation in the
HAp structure. The largest peak at a BE of 103.31 eV occurred in the sample containing
12.16 mol% Si, and this SiHAp powder exhibited similar BE behavior as was reported
elsewhere [20,21]. The lack of Si uptake in the HAp structure would be caused by the
highly soluble species produced by the TMAS precursor, such as (Si-O-Si)3O−. This anionic
specie is preferentially formed in methanolic solutions due to the high solubility property
of TMAS [22–27]. Therefore, these species should reduce the solute concentration of
SiO4

4− ions at the supersaturation stage reached under microwave-assisted hydrothermal
conditions. This behavior is attributed to the fact that the TMAS might dissolve in 2-
propanol under the hydrothermal fluid forming silicate ions in the medium. The highly
soluble silicate ions themselves promote polymerization of silicate ions, limiting the amount
of OH− ions in the SiHAp powders, because the related vibration OH− signal in FT-IR
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spectra decreased slightly under the high Si4+ saturation of TMAS (1.8 M) during the
hydrothermal reaction.

3.3. Morphological Aspects of the Partially Substituted Si-HAp Particles Prepared Hydrothermally

The morphology of HAp and Si-HAp powders was analyzed by FE-SEM micrographs
(Figure 7). Pure HAp was determined to be monodispersed particles with a regular rod-like
morphology with an average size of 62 nm. In contrast, the Si-HAP powders were mostly
monodispersed Si-HAp agglomerates with a quasi-oval shape. The agglomerates average
size of the Si-HAp samples incorporating 0.9 mol% of 5.0 mol% Si contents was between
235.5 ± 29.7and 297.4 ± 19.4 nm. Whilst, when the 9-fold Si4+ sutured TMAS solution
(1.8 M) was used, the agglomerated average size of the samples with 6.11 mol% and
12.16 mol% Si contents was between 243.9 ± 22.2 and 315.1 ± 22.5 nm. The excess of Si in
the hydrothermal medium should trigger the formation of Si-HAp agglomerates prepared
under fast kinetic reaction conditions assisted by the microwave heating. These results
are supported by variation in the crystallite size, as calculated in the Rietveld refinement
results (Table 1).

  

  

 

Figure 7. FE-SEM microphotographs of HAp and Si-HAp powder prepared by microwave-assisted
hydrothermal process at 150 ◦C for 1 h, (a) 0 mol%; and using Si saturated [(C4H13NO5Si2) (TMAS)]
with different nominal concentrations of TMAS 0.9 M and (b,c) and 1.8 M (d,e) and different mol% of
Si: (b,c)10 mol% and (d,e) 20 mol%, respectively.

In addition, the detailed crystalline structure features of the quasi-oval agglomerates
of Si-HAp powders containing 1.62 mol% Si and 12.16 mol% Si, prepared in the presence
of the 1.8 M TMAS solution, were investigated by HR-TEM observations (Figure 8a,d).
These images revealed that the bulk morphology of the quasi-oval shaped agglomerates is
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irrespective of the Si4+ saturation in the reaction fluid medium. Generally, the agglomerates
are formed by nanosized euhedral rod-shaped crystals with varied sizes. The rod-shaped
crystals containing 1.62 mol% Si exhibited a broad monomodal length distribution, and
the average length was 32 ± 8.0 nm (Figure 8a,b). On the contrary, a slight reduction in
the crystal length occurred in the Si-HAp sample incorporating 12.15 mol% Si, which was
shorter than in the sample incorporating 1.62 mol Si, and the length size distribution curve
revealed it to be in a vast proportion (27.0 ± 8.0 nm) (Figure 8d,e). The Si- HAp particle
size gradually decreased with the increase of Si content. In addition, HR-TEM and SAED
provide a high crystallinity of the euhedral rod-shaped SiHAp particles incorporating both
1.62 mol% and 12.15 mol% Si (Figure 8c,f). The SAED pattern (inset) of the squared area in
Figure 8c indicates that the preferential stacking of the 1.62 mol% Si-HAp crystals proceeds
along the hexagonal structure basal plane with a Miller index of (300), although an irregular
atomic stacking occurred in some areas of the agglomerate 12.15 mol% Si. Meanwhile, the
SAED pattern of the crystals indicated that the agglomerates containing less silicon were
associated with the family plane <112> Miller index. The interplanar spacing calculated
for the (112) and (211) planes was 0.32 nm and 0.27 nm, respectively. These values are very
close to the interplanar spacing positions in the single-phase hydroxyapatite structure. The
SAED patterns confirmed that the fine, rod-like Si-HAp crystals are single crystals.

  
 

Figure 8. HRTEM micrographs of the Si-HAp powders prepared under an assisted hydrothermal process at 150 ◦C for 1 h
using [(C4H13NO5Si2) (TMAS)] 1.8 M: (a–c) 1.62 mol% of Si and (d–f) 12.15 mol% of Si.

SEM and HR-TEM observations indicated that the Si4+ excess in the hydrothermal
medium led to a marked variation in the growth and the spontaneous assembly process
of the euhedral rod-like particles. These differences should be generated from a differ-

35



Nanomaterials 2021, 11, 1548

ent dissolution-crystallization mechanism, which achieved rapid reaction kinetics by the
microwave heating of the hydrothermal medium at 150 ◦C. However, the formation of
highly soluble anionic silicate tri-branching units (Si-O-Si)3O− (Q3) could form to become
dominant under the current hydrothermal conditions due to the addition of 2-propanol [28].
The Q3 units, which can act as fine micelles that trap the Si-HAp nutrients, led to a certain
supersaturation state in the hydrothermal reaction conditions, which should be essential
for the crystallization of the irregular oval-shaped Si-HAp agglomerates. When a further
excess of Si4+ was supplied, the molar volume of the Q3 units increased, leading to an
increase in the agglomerate size. The above inference, associated with the reaction pathway,
is supported by the fact that no crystalline SiO2 species were formed as a secondary phase
as a result of the crystallization of the Q3 units. Hence, we surmise that the hydrothermal
microwave-assisted method is efficient to produce Si-HAp powders with larger contents
of silicon rather than those techniques reported recently [12] including the conventional
hydrothermal process [22]. This method coupled with the use of TMAS has the potential
for processing Si-HAp to prepare biomaterials with implant applications in medicine.

4. Conclusions

Si-HAp powders were successfully crystallized under fast microwave-assisted hy-
drothermal synthesis conditions at a low temperature (150 ◦C) for 1 h using saturated Si4+

precursor TMAS solutions.
The maximum amount of Si4+ incorporated in the HAp structure was 12.16 mol%,

using an excess of 1.8 M of TMAS. The addition of highly concentrated Si4+ solutions
(0.3–1.8 M) caused differences on the crystalline unit cell of the apatite and produced
agglomerates constituted by fine euhedral rod-like crystal with an average length of
27.0 ± 8.0 nm and a single crystal habit. The Si4+ excess in the reaction media led to
the rod-like crystal self-assembly to produce irregular oval-shaped Si-HAp agglomerates,
which were prepared under fast kinetic reaction conditions assisted by the microwave
heating and exhibit sizes between 233.5 and 315.1 nm. These agglomerates exhibited a
marked size coarsening, which was triggered by the Si4+ saturation level supplied in the
hydrothermal media. Despite the Si4+ ion high level of saturation used in the hydrothermal
reaction medium, the lack of Si incorporation in the HAp structure is promoted by the Q3
species, namely (Si-O-Si)3O−, which are likely formed in hydrothermal media containing
2-propanol. These highly soluble ions reduced the supersaturation SiO4

4− molar volume in
the medium, almost 50% below the ultimate stoichiometric content selected. Furthermore,
a remarkable decrease in the O− ions content was confirmed by FTIR and XPS analyses,
and the gradual OH− lost was caused to compensate for the partial incorporation of SiO4

4−
at tetrahedral PO4

3− sites in the HAp structure. The present hydrothermal microwave-
assisted method has delivered high processing efficiency to crystallize Si-HAp particles
with a control on the Si4+ content. This method has potential for processing Si-HAp
bioceramic implants in medicine.
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Abstract: Iridium-containing NaTaO3 is produced using a one-step hydrothermal crystallisation
from Ta2O5 and IrCl3 in an aqueous solution of 10 M NaOH in 40 vol% H2O2 heated at 240 ◦C.
Although a nominal replacement of 50% of Ta by Ir was attempted, the amount of Ir included in
the perovskite oxide was only up to 15 mol%. The materials are formed as crystalline powders
comprising cube-shaped crystallites around 100 nm in edge length, as seen by scanning transmission
electron microscopy. Energy dispersive X-ray mapping shows an even dispersion of Ir through the
crystallites. Profile fitting of powder X-ray diffraction (XRD) shows expanded unit cell volumes
(orthorhombic space group Pbnm) compared to the parent NaTaO3, while XANES spectroscopy at
the Ir LIII-edge reveals that the highest Ir-content materials contain Ir4+. The inclusion of Ir4+ into the
perovskite by replacement of Ta5+ implies the presence of charge-balancing defects and upon heat
treatment the iridium is extruded from the perovskite at around 600 ◦C in air, with the presence of
metallic iridium seen by in situ powder XRD. The highest Ir-content material was loaded with Pt
and examined for photocatalytic evolution of H2 from aqueous methanol. Compared to the parent
NaTaO3, the Ir-substituted material shows a more than ten-fold enhancement of hydrogen yield with
a significant proportion ascribed to visible light absorption.

Keywords: perovskite; tantalate; crystallisation; nanocrystals; photocatalysis; water splitting

1. Introduction

The hydrothermal synthesis of ABO3 perovskite oxides has attracted a large amount of
interest in the past decade [1]. This includes families of materials with important properties
such as titanates (B = Ti) with dielectric properties [2], piezoelectric zirconate-titanates
(B = Zr, Ti) [3], multiferroic chromites (B = Cr) [4], and ferrites (B = Fe) with applications in
redox catalysis [5]. The synthesis of this range of compositions work builds on a body of
literature on hydrothermal crystallisation of one of the prototypical perovskites BaTiO3 [6].
The attraction of the hydrothermal synthesis method lies in the use of solution chemistry to
enable crystallisation from solution directly at mild temperatures typically less than 200 ◦C:
this allows adjustment of the crystal morphology, including size and shape of crystallites
on the nanoscale, as well as the possibility of isolating compositions not stable under more
extreme conditions [7–12]. This level of control in the synthesis of oxide materials is lacking
in traditional high temperature routes, and even in co-precipitation or sol–gel approaches,
in which a firing step is needed to induce crystallinity; this means annealing takes place,
with control of crystallite size being difficult to achieve.

Many functional oxide materials have been accessed via hydrothermal synthesis
routes, some with unique properties arising from their nanostructure. A notable example is
the formation of nanowires of Cu2O that have considerably enhanced photoactivity in the
visible region of the spectrum [13]. The hydrothermal method also provides a convenient
method for the formation of composite materials, where the growth of an oxide on a
support in situ provides new functional solids with exceptional properties. Examples
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include the formation of graphene oxide conjugated Cu2O nanowires for gas sensing [14],
ammonia sensing from Cu2O nanoparticles decorated with MoS2 nanosheets [15], and
graphene oxide–MnO2 nanocomposites for supercapacitors [16].

Niobate and tantalate perovskites, ANbO3 and ATaO3 where A = Na or K, have at-
tracted much attention due to their practical applications in two important areas: as poten-
tial lead-free electroceramics, as end-members of the piezoelectric material K0.5Na0.5NbO3,
and as photocatalysts for applications such as water splitting and carbon dioxide conver-
sion. Hydrothermal synthesis of these materials has been extensively investigated and
the pathways during the formation of the perovskite products have been mapped [17–19].
Some control of crystallite morphology has proved possible; for example, it has been
shown that a low concentration of Nb2O5 as a precursor leads to nanorods or nanoplates of
NaNbO3, while a lower concentration of NaOH yields cubes [20]. Crystallite morphology
of NaNbO3 can also be influenced by the choice of niobium oxide precursor [21], the
pH of the solution [22], and the choice of solvent [23]. For electroceramics, fine-grained
ceramics can be produced by annealing the powders from hydrothermal reactions: piezo-
electric ceramics formed from hydrothermally prepared alkali niobates and tantalates have
shown characteristics comparable to ceramics made by conventional methods, but with
the advantage of lower sintering temperatures to achieve densification [24–26]. For pho-
tocatalysis, the high surface areas of the nanostructured crystallites offers high reactivity;
for example, Shi et al. prepared nanocubes and compared them with nanowires, and
found a correlation between crystal shape and photocatalytic activity for hydrogen evolu-
tion from water/methanol [27]. High surface areas are also useful for support materials
for co-catalysts.

In photocatalysis, NaNbO3 and NaTaO3 are typically doped with substituent metals to
tune their band gaps, and then used as supports for precious metals with the particular aim
to permit absorption of visible light [28]. Doping of perovskite oxides with precious metal
cations is of more general interest, but can present a synthetic challenge as there is a strong
tendency for the precious metal substituent to be reduced to the elemental state, even upon
heating in air. LaCr1−xMxO3 (LCMO) (x = 0.01, 0.05, 0.10 with M = Pd, Co, Ir) materials were
prepared using conventional solid-state synthesis from single metal oxide precursors at
1200 ◦C, with a reduction in band gap observed for all substituted materials [29]. Rh-doped
BaTiO3 nanoparticles, with 2% of the substituent, were prepared by a co-precipitation
route using oxalate as solution additive at temperatures between 700 and 900 ◦C [30].
The Rh was found in the +3 oxidation state and on heating to higher temperatures the
rhodium was lost, with phase transformation of the perovskite. 0.5% iridium-doped SrTiO3
was prepared by a solid-state method, and in a second step under reducing conditions,
exsolution of the Ir was found that resulted in supported Ir nanoparticles, embedded in
the oxide support, showing little agglomeration when used in CO oxidation catalysis [31].
Ir-doped SrTiO3 (1–5% Ir) has also been studied for photocatalysis, and the oxidation state
of the Ir was found to dictate the properties towards photocatalytic water splitting, with
Ir4+ giving the most favourable properties [32]. Kudo et al. studied a number of precious-
metal-doped perovskites for photocatalytic water splitting; in the case of NaNbO3 and
NaTaO3, prepared by a solid-state method, doping with Ir or Rh creates band gaps suitable
for visible light absorption when co-doped with alkaline earth or lanthanide cations, Ba
and La, respectively [33,34].

Given the need for convenient synthesis methods for precious-metal-substituted
perovskites, which may also allow control of the substituent oxidation state, we have
investigated the use of hydrothermal reaction conditions. In this paper we consider the
possibility of iridium substitution in NaTaO3 by a direct hydrothermal synthesis and show
that a one-step crystallisation is able to form nanocubes with homogeneous distribution of
iridium, as proven by various experimental techniques. We chose this composition to study
since there is already a body of work on the hydrothermal synthesis of NaTaO3, and the
case of iridium substitution has been reported by other synthesis methods, which provide a
comparison to the milder solution conditions. To our knowledge, the inclusion of precious

40



Nanomaterials 2021, 11, 1537

metal substituents in an oxide perovskite host by hydrothermal synthesis has not yet been
reported. Our aim was to explore the maximum level of inclusion of the precious metal in
the perovskite host structure to test the synthetic strategy. We present an assessment of the
use of the materials as visible light photocatalysts for hydrogen evolution from water.

2. Materials and Methods

2.1. Materials Synthesis

Chemicals used were sourced from chemical companies: Ta2O5 (Alfar Aesar, Heysham,
UK, 99%), hydrated IrCl3 (Johnson Matthey, London, UK, 52.29% Ir), NaOH (Fisher Scien-
tific, Loughborough, UK, Laboratory Grade) and H2O2 (Sigma Aldrich, Gillingham, UK,
30% in water by volume). The substituted tantalates were synthesised by the reaction of
1.1 mmol tantalum (V) oxide in 10 mL of 10 M NaOH in 40 vol% H2O2, with a portion
of the oxide replaced by a chosen amount of iridium (III) chloride. The use of H2O2 as
an oxidant was based on our previous work on hydrothermal synthesis of iridium oxides
to prevent the formation of metallic iridium [35]. After stirring the reagents for one hour
in a 20 mL polytetrafluoroethylene container, the reaction mixture was sealed in a steel
autoclave and heated at 240 ◦C for three days. After cooling naturally to room temperature,
the powders were collected via vacuum filtration, and washed with 20 mL of 3 M HNO3,
followed by 20 mL of acetone, and then dried in air at 70 ◦C before further study.

2.2. Characterisation

Powder X-ray diffraction (XRD) data were recorded using a Panalytical Empyrean
diffractometer (Malvern Panalytical, Malvern, UK) equipped with a Cu target, giving
Cu Kα1/2 radiation. Data were recorded in reflection, Bragg–Brentano geometry from
samples in silicon plates. The powder diffraction patterns were analysed using the GSAS-II
software [36], with Pawley or Rietveld fits performed using published crystal structures of
NaTaO3 as a starting point to refine lattice parameters. Powder X-ray thermodiffractometry
was performed using a Bruker D8 instrument (Bruker AXS Ltd., Coventry, UK) with Cu
Kα1/2 radiation and fitted with an Anton Paar XRK 900 chamber (Anton Paar GmbH,
Graz, Austria) and a VÅNTEC solid-state detector (Bruker AXS Ltd., Coventry, UK); this
allowed heating of a sample from room temperature to 900 ◦C and XRD patterns were
recorded at intervals of 50 ◦C. Before each data collection, the temperature was allowed to
equilibrate for 5 min.

Scanning electron microscopy was performed using a ZEISS SUPRA 55-VP FEGSEM
scanning electron microscope (Oberkochen, Germany) using a field emission gun with
an accelerating voltage between 5 and 20 kV and fitted with an Oxford Instruments
(Abingdon, UK) energy-dispersive X-ray spectroscopy (EDS) spectrometer that allows
elemental composition analysis

Scanning transmission electron microscopy (STEM) was performed using a JEOL
ARM200Fdouble aberration corrected instrument (Welwyn Garden City, UK) operating at
200 kV. Specimens were dispersed by ultrasound in ethanol and dropped onto 3 mm lacey
carbon grids supplied by Agar Scientific (Stansted, UK). Annular dark field STEM (ADF-
STEM) images were obtained using a JEOL annular field detector at a probe current of
~23 pA with a convergence semi-angle of ~25 mrad. Energy-dispersive X-ray spectroscopy
(EDS) measurements were carried out with an Oxford Instruments X-MaxN100TLE win-
dowless silicon drift detector (Abingdon, UK) to determine the elemental composition and
distribution. The program clTEM [37] was utilised to produce simulations of ADF-STEM
images based on the crystal model oriented at (010) zone axis over an area of 1.5 nm by
2.6 nm. Inelastic phonon scattering was applied using the frozen phonon approximation
method via an iterative approach to resemble molecular deviation from its equilibrium
position under the electron probe at room temperature. The following thermal parameters
(<u2>) were used during simulation: 0.0166 A2 Na, 0.0048 A2 Ta, and 0.0080 A2 for O [38].

X-ray absorption near-edge spectroscopy (XANES) spectra at the iridium LIII-edge
were recorded using Beamline B18 of the Diamond Light Source, Harwell, UK [39]. Data
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were collected in transmission mode from samples diluted with appropriate amounts of
polyethylene powder (~20% sample by mass) and pressed into self-supporting discs around
1 mm thick. Incident energies were selected using a water-cooled, fixed-exit, double-crystal
monochromator with Si(111) crystals. The beam was focused horizontally and vertically
using a double toroidal mirror, coated with Pt, 25 m from the source, while a pair of smaller
plane mirrors were used for harmonic rejection. The raw data were normalised using the
software ATHENA (version 0.9.26) [40] to produce XANES spectra.

Diffuse reflectance spectroscopy was performed on powder samples using a Shimadzu
UV-2600i UV-Vis spectrophotometer (Milton Keynes, UK). A barium sulfate standard was
used as a baseline for the measurements.

The photocatalytic hydrogen production was performed in a Pyrex glass vessel with a
top quartz window for vertical illumination in a closed-gas circulation system. In a typical
run, 45 mg of catalyst was suspended in 20 vol% methanol solution in water. Then, 1.0 wt.%
of Pt was loaded on the photocatalyst particles via photodeposition as a cocatalyst, to pro-
vide H2 evolution sites. The glass reactor vessel was then sealed and repeatedly vacuumed
by a rotary pump and purged with argon gas to remove the residual air. Subsequently, the
reactor was irradiated with an 800 W Xe-Hg lamp (Newport, RI, USA) from the top, with
full-spectrum intensity of 200 mW cm−2. Experiments were also performed with visible
light (420 nm cut-off filter) with intensity of 100 mW cm−2. The infrared component in the
radiation was removed by a circulating water filter. The temperature in the reactor was
maintained at 25 ◦C by external water circulation. The amount of generated H2 gas was
quantitatively analysed every 2 h by a gas chromatograph (Shimadzu GC-2014; Molecular
sieve 5A, TCD detector, Ar carrier gas) (Shimadzu, Duisburg, Germany).

3. Results

The iridium-containing samples are all produced as green powders, in contrast to the
white parent NaTaO3. The powder XRD pattern of the unsubstituted NaTaO3 material was
initially fitted using the orthorhombic space group, Pbnm, but a closer examination of the
pattern revealed some mismatched peak intensities, which could be remedied by inclusion
of a second Cmcm polymorph. A two-phase Rietveld analysis with atom coordinates and
temperature factors fixed at the values reported in the literature [41], gave a satisfactory fit
to the data, Figure 1a. The refined lattice parameters are in agreement with the literature
values, Table 1, and the mixed-phase nature of NaTaO3 has been previously seen, with
samples prepared by solid-state synthesis showing ~45% of the Cmcm polymorph [38]. The
smaller amount of the second polymorph that we observe (24.9%) would be consistent with
the different synthesis route that we have used, but it is noteworthy that the hydrothermal
method yields a proportion of the Cmcm polymorph, that has been defined as a high-
temperature phase. The powder XRD patterns of the iridium substituted sodium tantalate
materials can all be fitted using the single Pbnm polymorph, Figure 1b–f. The variation
of lattice parameters with intended Ir content, Table 1 and Figure 2, provides evidence
for the inclusion of Ir into the perovskite structure, in particular since all materials with
the highest Ir content have larger orthorhombic c axes and corresponding larger unit cell
volumes. It can be seen that the material with the smallest intended Ir amount has unit cell
parameters rather similar to the parent NaTaO3. The ionic radius of both Ir4+ (0.625 Å) and
Ir5+ (0.570 Å) in octahedral coordination are similar to Ta5+ (0.640 Å) [42]. Given that it is
most likely that the tantalum is replaced in the perovskite, we can propose that a smaller
Ir content may be associated with the higher oxidation state, while addition of larger
quantities results in inclusion of more Ir4+, with associated charge-balancing oxide-ion
vacancies, and hence modification of the lattice parameters. The iridium oxidation state
will be discussed further below in the light of spectroscopic evidence. If larger amounts
of iridium were added to the synthesis, then no further inclusion of Ir into the perovskite
structure was observed and instead poorly crystalline IrO2 was formed as a byproduct.
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Figure 1. Fitted powder XRD patterns (λ = 1.5418 Å) of Ir-NaTaO3 prepared by hydrothermal synthesis with intended Ir
content of (a) 0% (Rw = 9.787), (b) 10% (Rw = 6.070), (c) 20% (Rw = 4.969), (d) 30% (Rw = 4.767), (e) 40% (Rw = 6.089), (f) 50 %
(Rw = 6.767). The data are the black circles, the red line is the fitted pattern, the blue line isthe difference curve, and the
green tick marks are the positions of allowed Bragg reflections (space group, Pbnm). In (a), the second set of pink tick marks
are due to the minor Cmcm phase, where a Rietveld fit was used. (b–f) are Pawley fits.
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Table 1. Refined lattice parameters of substituted sodium tantalates from analysis of powder XRD
data. The intended level of Ir substitution is indicated.

Material
Lattice Parameters

a/Å b/Å c/Å

NaTaO3 [41] 5.48109(9) 5.52351(9) 7.79483(12)
NaTaO3

a 5.48750(5) 5.52711(6) 7.7993(1)
NaTaO3-10% Ir 5.4934(1) 5.5233(1) 7.7984(2)
NaTaO3-20% Ir 5.49099(4) 5.53154(5) 7.8056(6)
NaTaO3-30% Ir 5.49335(6) 5.53067(9) 7.8053(1)
NaTaO3-40% Ir 5.49212(8) 5.53101(9) 7.8057(1)
NaTaO3-50% Ir 5.4936(1) 5.5295(1) 7.8043(1)

a: The major (75.1%) Pbnm phase is shown, the second Cmcm phase has lattice parameters a = 7.795(2) Å,
b = 7.789(3) Å, c = 7.791(5) Å (cf. literature values [38], a = 7.77927(8) Å, b = 7.7815(2) Å, c = 7.7899(1) Å).

Figure 2. Variation of lattice parameters of Ir-NaTaO3 materials with intended composition. (a) a,
(b) b, (c) c, and (d) unit cell volume. The error bars are smaller than the data points.

44



Nanomaterials 2021, 11, 1537

The iridium-substituted sodium tantalates are formed as nanocubes with edges in the
range of up to a few hundreds of nanometres, and typically ~100 nm, as seen by STEM,
Figure 3. Although the cubes are not monodisperse in size, they have high crystallinity,
as evidenced by high-resolution atomic-scale imaging, Figure 3g. EDS maps measured in
STEM show an even dispersion of iridium in the substituted materials, with no evidence
of clustering of iridium, nor any distinct particles of separate iridium-rich material, such
as iridium oxide, or iridium metal, Figure 4. The cube-shaped particles are similar to
hydrothermally synthesised sodium tantalate reported in literature [43–45], including
those substituted with Bi3+ [46] and Cu2+ [47].

Figure 3. TEM images of Ir-substituted NaTaO3 materials with intended Ir content of (a) 0%, (b) 10%, (c) 20%, (d) 30%,
(e) 40% and (f) 50%. See Supporting Information for further images of the specimens. (g) shows a high-resolution TEM
image of the 40% Ir material, with the simulated image (lower inset) and the corresponding crystal structure (upper inset,
where green atoms are Ta(Ir), yellow are sodium, and red are oxygen.

Quantification of the EDS performed using scanning electron microscopy reveals
that the iridium content of the materials is somewhat lower than the amounts used in
the reactions used to prepare them, Table 2. This is consistent with the strong colour of
the filtrate during washing of the samples, which suggests not all the precious metal was
incorporated into the final material. Nevertheless, the amount of iridium does increase
proportionally with increasing amount used in synthesis.

Three representative samples were studied in more detail to understand the chemical
state of iridium in the samples. XANES spectra recorded at the Ir LIII-edge, Figure 5,
were used to determine the average oxidation state of iridium by comparison to reference
materials. Here, the position of the white line was used as a measure of edge shift, as in our
previous work [48], and the materials IrCl3, IrO2, and BaNa0.5Ir0.5O3−x (x = 0.525) were
used as calibrants for oxidation states +3, +4, and +4.9, respectively. This shows that the
iridium in the materials with higher levels of Ir has an oxidation state of close to +4, as
in IrO2, Figure 6. The sample with the lowest iridium content appears to have a higher
average Ir oxidation state, but still lower than +5. The chemistry of Ir4+ and Ir5+ in oxides
is almost exclusively associated with octahedral coordination [49] and so it is anticipated
that iridium occupies the B-site of the perovskite structure.
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Figure 4. EDS maps performed using TEM of Ir-substituted NaTaO3 materials with intended Ir
content of (a) 10%, (b) 20%, (c) 30%, (d) 40%, and (e) 50%.

Table 2. EDXA of Ir-substituted NaTaO3 materials performed using scanning electron microscopy.

EDS Results
Intended Ir Substitution Tantalum/% Iridium/% Determined Formula

10% 97.6 2.4 NaTa0.98Ir0.02O3
20% 95.3 4.7 NaTa0.95Ir0.05O3
30% 91.6 8.4 NaTa0.92Ir0.08O3
40% 87.8 12.2 NaTa0.88Ir0.12O3
50% 85.1 14.9 NaTa0.85Ir0.15O3
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Figure 5. Ir LIII-edge XANES spectra: (a) reference materials for oxidation state calibration and
(b) Ir-substituted NaTaO3 materials labelled according to the proportion of Ir added in synthesis.

Figure 6. Oxidation states of Ir-substituted NaTaO3 materials labelled according to the proportion
of Ir added in synthesis, plotted with reference materials. The line is the linear regression fit to the
points from the reference materials.

The results of the XANES analysis are consistent with the results from powder XRD,
as described above. The sample with the smallest amount of iridium contains a significant
proportion of Ir5+, which would be consistent with the small changes in lattice parameter,
but the materials with greater Ir content contain Ir4+, which is larger in ionic radius and
would require charge-balancing oxide-ion vacancies, and hence rather different lattice
parameters. The reason for this difference is not apparent from the data we have measured,
and it may be the case that a greater surface accumulation of Ir at the higher amounts
used leads to a change in average oxidation state of iridium, or that the redox chemistry
in solution leads to only small amounts of Ir5+ that are available for inclusion in the
perovskite structure.
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Figure 7 shows diffuse-reflectance UV-vis spectra measured from the same three
samples, along with the spectrum of NaTaO3 for comparison. The parent perovskite
NaTaO3 shows a spectrum very similar to that reported from the literature [50], and a
Tauc plot analysis gives a direct band gap of 4.0 eV, as expected. The iridium-containing
materials show significant absorption in the visible part of the spectrum, which illustrates
the green colour of the powdered samples, with strong absorptions in the 450 nm and
700 nm regions. Interestingly, the sample with smallest iridium content shows different
absorption maxima to the samples with the higher iridium content, suggesting a different
electronic state for the iridium cations in the solid. This is entirely consistent with the
XANES and powder XRD analysis presented above.

Figure 7. Diffuse-reflectance UV-vis spectra of Ir-substituted NaTaO3 materials labelled according to
the proportion of Ir added in synthesis.

We examined the materials use in photocatalysis by studying hydrogen generation
from water using the material with highest iridium content. To optimise the activity, the
powders were heated in air at 500 ◦C to remove any surface-bound water and minimise
any possible hydroxyl defects that may be anticipated in hydrothermally produced oxide
perovskites [51–53]. To verify that this did not result in phase separation, X-ray powder ther-
modiffractometry was carried out with heating from room temperature to 900 ◦C, Figure 8.
This shows that the perovskite structure remains unchanged until above 600 ◦C and only
then are the strongest Bragg peaks of face-centred cubic iridium metal [54] observed.

Photocatalysis results reveal that the parent NaTaO3 when loaded with 1 wt.% Pt
shows a low activity in full-spectrum irradiation, but no detectable activity under visible
light towards hydrogen evolution in aqueous methanol, Figure 9. In contrast, the full-
spectrum irradiation of Na(Ta,Ir)O3 yields approximately 15 times the yield of hydrogen,
and, notably, under visible light shows yields of hydrogen comparable to the un-substituted
material in UV + visible light. These preliminary results demonstrate the effectiveness of
iridium substitution in tuning optical properties of NaTaO3 to provide visible light activity.
We note that the catalytic production of hydrogen is not linear, but this has been reported
previously for Bi-containing NaTaO3 studied under the same conditions [55]. The cause of
this is not known at present, but may be related to a change of the catalyst surface with
time, such as restructuring of surface defects.
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Figure 8. Variable temperature XRD on heating in air showing the stability of Na(Ta,Ir)O3 until above
600 ◦C when iridium metal is seen, with its two strongest Bragg peaks, (111) and (200), indicated by
the arrows.

Figure 9. Photocatalytic hydrogen evolution observed from NaTaO3 and Ir-substituted sample.

4. Discussion

The observation of iridium in oxidation states between +4 and +5 in the perovskite
structure is consistent with other iridium oxides that contain octahedrally coordinated Ir
and that have been prepared under similar hydrothermal conditions in alkali solutions in
the presence of peroxide as oxidant [35,48]. It is noteworthy that for the material with the
lowest iridium concentration a higher oxidation state is observed spectroscopically, while
increasing Ir concentration lowers the average Ir oxidation state (corroborated indirectly
by powder XRD). Interestingly, for other iridium-substituted perovskites reported in the
literature via other synthesis methods, different oxidation states of Ir may be found. For
example, Calì et al. observed Ir3+ using X-ray photoelectron spectroscopy in 5 mol% Ir-
substituted SrTiO3 that had been prepared by solid-state synthesis at 1340 ◦C [31]. On the
other hand, Kawasaki et al. found Ir4+ in samples of Ir-substituted SrTiO3 prepared by
solid-state synthesis at 1100 ◦C [32]. While the valence states of the host perovskite material
might influence the Ir oxidation state, the synthesis method is likely to play an important
role, and hence the hydrothermal method offers an alternative approach to solid-state
synthesis that might allow a more tunable synthesis of Ir-containing perovskites.
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The presence of Ir4+ in NaTaO3 means that charge-balancing defects must be necessary.
In other precious-metal-doped perovskites, surface oxide defects have been inferred, for
example, in Ir-SrTiO3 [32]. In the case of NaTaO3 prepared by hydrothermal synthesis,
inclusion of Bi3+ was accompanied by oxide defects, based on evidence from photolumines-
cence spectra [46]. It is also a possibility that the hydrothermal route allows charge-balance
by inclusion of hydroxide ions in place of oxide: these have been detected in other per-
ovskites prepared by this method, such as Na0.5Bi0.5TiO3 [51,53] and KNbO3 [52]. Defects
such as anion vacancies may be in part responsible for the enhanced light absorption and
photocatalytic activity of the substituted materials [56]. Further in-depth experimental
work is needed to explore the role of defects and how these are modified in the presence of
the co-catalyst, and with heat treatment. Methods such X-ray photoelectron spectroscopy
would be useful to example the nature of oxide defects, such as lattice vacancies [57].

The materials we have prepared show stability on heating in air to only 600 ◦C, which
demonstrates how it would be impossible to prepare the same samples by conventional
solid-state synthesis, or even coprecipitation methods that require an annealing step.
It is interesting to note that Rh3+-containing BaTiO3 prepared by an oxalate-aided co-
precipitation route showed extrusion of rhodium metal when heated above its synthesis
temperature [30]. This illustrates the tendency for the precious metals to be reduced, but
also how this may be aided by embedding in a host lattice by replacement of a cation of
higher charge.

Our photocatalysis results show the beneficial effect of Ir-inclusion in NaTaO3 with
greater than ten-fold enhancement of activity towards hydrogen evolution in UV+visible
radiation, a significant part of which can be ascribed to visible light absorption. The
results obtained are a similar order of magnitude to those produced from Bi3+-NaTaO3,
studied using the same experimental protocol [55], although they do not reach such a high
hydrogen yield. However, there is scope for further optimisation, as the previous work
showed how Pt loading and substitution level of the perovskite should be adjusted to
improve yield, and that the surface area of the materials should be controlled for maximum
catalytic efficiency. In optimising photocatalytic properties for hydrogen evolution of
Ir–SrTiO3 the oxidation state of Ir is important [32], but also loading with surface Ir metal
can optimise properties [58]. Hence, our work provides a convenient synthesis method
that may allow further tuning of properties of materials for visible-light photocatalysis.

5. Conclusions

We have presented a hydrothermal synthesis route to introduce iridium into a pro-
totypical perovskite structure NaTaO3 that uses mild reaction conditions in a single-step
process. A comprehensive set of characterisation data shows that the iridium replaces
tantalum to give small adjustments in lattice parameters. For the samples that contain
the most iridium, the substituent is present in the +4 oxidation state, which implies the
presence of defects for charge balance, but this is in line with other perovskites that contain
precious-metal substituents, and for other oxides that have been prepared by hydrothermal
chemistry. Our preliminary photocatalysis results show promising properties for visible-
light generation of hydrogen from water, but beyond this the materials may prove useful
for other applications in heterogeneous catalysis, either as prepared, or upon reduction to
extrude the iridium as supported nanocrystals. Finally, we note that the redox chemistry
taking place during synthesis as the Ir3+ precursor is oxidised is likely to be complex, and
this is where the origin of the substitutional chemistry occurs. Further work is needed to
understand the mechanisms of hydrothermal crystallisation of oxides, and the evolution of
the solution chemistry as a solid is formed is largely unexplored at present.
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Abstract: The observation of neutrinoless double beta decay is an important issue in nuclear and
particle physics. The development of organic liquid scintillators with high transparency and a
high concentration of the target isotope would be very useful for neutrinoless double beta decay
experiments. Therefore, we propose a liquid scintillator loaded with metal oxide nanoparticles
containing the target isotope. In this work, 6-phenylhexanoic acid-modified ZrO2 nanoparticles,
which contain 96Zr as the target isotope, were synthesized under sub/supercritical hydrothermal
conditions. The effects of the synthesis temperature on the formation and surface modification of
the nanoparticles were investigated. Performing the synthesis at 250 and 300 ◦C resulted in the
formation of nanoparticles with smaller particle sizes and higher surface modification densities
than those prepared at 350 and 400 ◦C. The highest modification density (3.1 ± 0.2 molecules/nm2)
and Zr concentration of (0.33 ± 0.04 wt.%) were obtained at 300 ◦C. The surface-modified ZrO2

nanoparticles were dispersed in a toluene-based liquid scintillator. The liquid scintillator was
transparent to the scintillation wavelength, and a clear scintillation peak was confirmed by X-ray-
induced radioluminescence spectroscopy. In conclusion, 6-phenylhexanoic acid-modified ZrO2

nanoparticles synthesized at 300 ◦C are suitable for loading in liquid scintillators.

Keywords: ZrO2; liquid scintillator; neutrinoless double beta decay; hydrothermal synthesis;
nanoparticles; 6-phenylhexanoic acid

1. Introduction

The identification of neutrinoless double beta decay (0νββ) events has become impor-
tant toward understanding neutrino properties ever since neutrino mass was confirmed
through the observation of neutrino oscillation [1,2]. 0νββ is a radioactive event in which an
even–even nucleus transforms into a lighter isobar containing two more protons with the
emission of only two electrons. The occurrence of 0νββ would confirm that a neutrino has
finite mass and is a Majorana particle, which means that a neutrino is its own antiparticle.
However, the detection of 0νββ is challenging, because the estimated half-lives of the can-
didate isotopes for the decay mode are extremely long, typically more than 1025 years [3].
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The performances of 0νββ detectors are parameterized with the experimental sensitivity,
F0ν

D [4]. The experimental sensitivity is shown below:

F0ν
D = ln 2

ηεNA
A

√
Tm M
BΔ

(1)

where η is the isotopic abundance of the candidate isotope, ε is the detection efficiency, NA
is the Avogadro’s number, A is the mass number, Tm is the measurement time, M is the
total detector mass, B is the background level, and Δ is the energy resolution. Therefore, to
detect 0νββ, which has an extremely low number of events, a large and efficient detector
containing tens or hundreds of kilograms of candidate isotopes is required. Therefore, the
measurement of 0νββ requires a large and efficient detector containing tens or hundreds of
kilograms of the candidate isotopes for detection. 0νββ can be distinguished from ordinary
double beta decay with two neutrino emissions based on the difference in the total energy
of the two beta rays, which requires detectors with high energy resolution. To achieve these
specifications, various types of detector systems, such as bolometers, Ge semiconductor
detectors, and liquid scintillators, have been proposed [3].

Candidate isotope-loaded liquid scintillators are one of the detector systems useful
for 0νββ experiments. A liquid scintillator, which is mainly composed of an organic
solvent and phosphor, is a liquid that converts ionizing radiation into visible photons.
The advantage of liquid scintillators is that large detectors with high uniformity can be
constructed at a low cost; in addition, limited energy resolution can be sufficient. However,
to accumulate adequate detection events to provide sufficient statistics in a reasonable time
period, the liquid scintillator must contain the candidate isotope at concentrations in the
range of 0.1–10 wt.% [5] without severe degradation of the optical properties of the liquid
scintillator. Several research groups have developed metal-loaded liquid scintillators by
dissolving organometallic molecules that contain the candidate isotope [5–8]; however, the
excited state can be quenched by these incorporated molecules, resulting in the reduction
of the scintillation light yield. Moreover, the concentration of candidate isotopes is limited
by the solubility of the metal compound and some of the incorporated molecules may be
degraded via photo-induced oxidation in the presence of oxygen [5].

As an alternative approach, we propose liquid scintillators loaded with metal oxide
nanoparticles that contain the candidate isotopes for 0νββ. In this approach, we expect
that a large amount of the candidate isotope can be loaded into the liquid scintillator,
because a dispersion of nanoparticles in an organic solvent is reportedly stable for a long
period at remarkably high concentrations (up to 77 wt.%) [9,10]. Nanoparticles with
diameters less than one-tenth of the wavelength of light can reduce Rayleigh scattering.
Therefore, liquid scintillators with optical transparency can be fabricated upon the addition
of nanoparticles. Surface modification of the nanoparticles is effective for dispersing
inorganic nanoparticles in hydrophobic solutions used for liquid scintillators. It has been
reported that the aggregation of nanoparticles can be suppressed and that the nanoparticles
can be dispersed in an organic solvent by tuning the affinity of the nanoparticle surface
upon surface modification using a hydrophobic organic solvent [10–13].

Sub/supercritical hydrothermal methods are suitable for the synthesis of such nanopar-
ticles whose surface is modified by organic molecules. These methods provide unique
reaction conditions for nanoparticle formation, allowing in situ modification of their sur-
face. The dielectric constant of water decreases upon increasing the temperature, slowly
approaching that of organic compounds. As the temperature of the aqueous solution
increases, the solubility of the metal oxide decreases causing a high degree of supersatu-
ration and the formation of nanoparticles [14–17]. Organic molecules are miscible with
water at high temperatures under sub/supercritical conditions, which allows the sur-
face modification of nanoparticles [18–20]. To date, many studies have been conducted
toward the sub/supercritical hydrothermal synthesis of surface-modified metal oxide
nanoparticles [20–23].
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The solvents used in liquid scintillators are generally benzene derivatives, particularly
alkyl benzenes, such as toluene, xylene, and cumene. Although many studies have been
reported on long-chain carboxylic acid-modified nanoparticles, which are highly dispersible
in saturated aliphatic organic solvents such as cyclohexane, their dispersibility in toluene
is very low with a stable dispersion concentration of only 0.01 wt.% [9,23]. Therefore,
our group proposed a method of modifying the surface of nanoparticles using aromatic
carboxylic acids in which a benzene ring is introduced at the tip of a linear carboxylic
acid to improve the dispersibility in aromatic organic solvents. Using 3-phenylpropionic
acid or 6-phenylcaproic acid as a modifier, we successfully dispersed the nanoparticles in
toluene [24,25].

In this study, we focused on the synthesis of organically modified ZrO2 nanoparticles,
which contain 96Zr as a candidate isotope for 0νββ. Since the double beta decay of 96Zr has a
high Q value of 3350 keV [8], it is less susceptible to gamma-ray environmental background
and a clear 0νββ peak in the energy spectrum is expected. Since we have previously shown
that the modification of nanoparticles improves their dispersibility in toluene [24], the
sub/supercritical hydrothermal synthesis of ZrO2 nanoparticles was performed using
6-phenylhexanoic acid. The effect of the synthesis temperature on the formation and
surface modification of the nanoparticles is discussed. To develop a scintillator containing
a large amount of the candidate isotope, the dispersion was used as the liquid scintillator. It
has been reported that adding a large number of nanoparticles to organic scintillators results
in increased light scattering and reduces the scintillation light yield [26]. Therefore, X-ray-
induced radioluminescence spectroscopy was used to determine whether the scintillation
peak of the fabricated scintillator was present.

2. Experiment

ZrO2 nanoparticles were synthesized using subcritical/supercritical hydrothermal
methods [14–17] in batch reactors (inner volume, 5 mL; AKICO Corp., Tokyo, Japan) made
of Hastelloy C, which is a nickel-based alloy with high resistance to corrosion at high
temperature. The precursor solution consisting of ZrO2 nanoparticles was prepared by
dissolving ZrOCl2·H2O (99.0%, FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) in
distilled water at a concentration of 0.1 mol/L. The pH was adjusted to 5.8, which is greater
than the pKa of 6-phenylhexanoic acid (=4.78), by adding KOH (FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan), following the procedure in previous studies [24,25]. This
precursor solution (4.12, 3.75, 3.22, or 1.75 mL) was added to the batch reactors for synthesis
at 250, 300, 350, or 400 ◦C, respectively. These volumes correspond to a final pressure of
30 MPa at the specified reaction temperatures. As an organic modifier, 6-phenylhexanoic
acid (PHA; Tokyo Chemical Industry Co., LTD., Tokyo, Japan) was added to the precursor
solution such that the molar ratio of PHA to Zr was 6:1. The reactions were performed
at each temperature for 10 min while shaking and then cooled to room temperature in
water. The reactors were rinsed several times using 3.75 mL of toluene (99.5%; FUJIFILM
Wako Pure Chemical Corp., Osaka, Japan) and water to collect the products. The collected
organic and aqueous phases were separated upon standing overnight. The organic phase
was recovered and used for further experiments.

To obtain the powdered nanoparticles, ethanol (99.5%; FUJIFILM Wako Pure Chem-
ical Corp., Osaka, Japan) was added to the organic phase, the solution was subjected to
centrifugation, and the supernatant was removed to separate the unreacted chemicals. This
procedure was repeated three times. The remaining particles were dried on a petri dish at
room temperature and used for further characterization.

To determine the crystallographic phases of the nanoparticles, the samples were ana-
lyzed using X-ray diffraction (XRD; Ultima IV, Rigaku Corp., Tokyo, Japan) [27] with Cu Kα

radiation in a 2θ–θ set-up; the scan interval and rate were 0.02◦ and 4.0◦/min, respectively.
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The crystallite sizes were estimated using the Halder–Wagner method [28] via Rietveld
fitting with the RIETAN-FP [29] code. The Halder–Wagner equation is shown below:

(
β

tan θ

)2
=

Kλ

D
× β

tan θ sin θ
+ 16ε2 (2)

where β is the full width at half maximum of the diffraction peak (in radians), θ is the Bragg
angle, K is the shape factor for the mean volume-weighted size of spherical crystallites
(4/3) [30], λ is the wavelength of the X-ray (0.154184 nm), D is the crystallite size, and ε is the
microstrain of the crystal. The shapes and sizes of the nanoparticles were observed using
transmission electron microscopy (TEM; HD-2700, Hitachi High-Technologies Corp, Tokyo,
Japan) operated at 200 kV [31]. The nanoparticle diameters were obtained as the average
diameter of 50 particles with error bars representing the standard deviation. Fourier-
transform infrared (FTIR) spectroscopy was carried out on an FTIR spectrometer (Nicolet
6700, Thermo Fisher Scientific K. K., Tokyo, Japan) [32]. Measurements were conducted
in the range of 4000–650 cm−1, which is the measurable wavenumber of the device. The
thermal properties of the nanoparticle powders were measured by thermogravimetric
analysis (TGA; SDT Q600, TA Instruments Japan Inc., Tokyo, Japan) [33] in the temperature
range from room temperature to 600 ◦C at a heating rate of 10 ◦C/min under a flow of air
at 100 mL/min.

Dynamic light scattering (DLS; Nano-ZS, Malvern Panalytical Ltd., Malvern, UK)
measurements [34] were performed to investigate the aggregated state of the nanoparticles
in the toluene dispersion. An inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis [35] was performed (iCAP6500, Thermo Fisher Scientific K. K., Tokyo,
Japan) at an emission wavelength of 339 nm to determine the Zr concentration in the
nanoparticle dispersion. The absorption spectra of the dispersions were measured using a
spectrophotometer (U-3500, Hitachi Ltd., Tokyo, Japan). The measurement was performed
using a quartz cell with a 1-mm optical length.

Nanoparticle dispersions were prepared by concentrating the organic phase containing
dispersed particles. Concentration was carried out using 15 mL of toluene dispersion
obtained by collecting the organic phase. The dispersions were placed in screw vials,
in which the spouts were covered with a perforated aluminum foil and stored at 50 ◦C
to evaporate the solvent until precipitation occurred, which results in the maximum
soluble state of the nanoparticles in toluene [10,36]. After the precipitation occurred, the
supernatants were extracted to obtain nanoparticle dispersions of about 5 mL.

The liquid scintillator was fabricated using a concentrated nanoparticle dispersion.
2,5-Diphenyloxazole (DPO; Dojindo Laboratories, Kumamoto, Japan) and 1,4-bis(5-phenyl-
2-oxazolyl)benzene (POPOP; Dojindo Laboratories, Kumamoto, Japan) were used as phos-
phors in the liquid scintillator. DPO and POPOP were first mixed homogeneously in a
weight ratio of 80:1, and the mixed powder was then added to the toluene dispersion at
a concentration of 100 g/L. The X-ray-induced radioluminescence spectra of the liquid
scintillator loaded with ZrO2 nanoparticles was measured with the same measurement
system as in the previous study [37]. The liquid scintillator was contained in a quartz
cell and irradiated with X-rays from an X-ray generator (D2300-HK, Rigaku Corp., Tokyo,
Japan) equipped with a Cu target operated at 40 kV and 40 mA. A charge-coupled device
(CCD)-based spectrometer (QE Pro Spectrometer, Ocean Insight Inc., Tokyo, Japan) was
used to record the radioluminescence spectra.

3. Results and Discussion

Figure 1 shows the XRD patterns of the ZrO2 nanoparticles synthesized at different
temperatures. The XRD patterns of the nanoparticles synthesized at 250 and 300 ◦C
can be attributed to the tetragonal ZrO2 phase, whereas those synthesized at 350 and
400 ◦C were attributed to both tetragonal and monoclinic phases. The diffraction peaks
of the XRD patterns of the nanoparticles synthesized at 250 and 300 ◦C were broader
than those synthesized at 350 and 400 ◦C. These results indicate that the crystallite size
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decreased when the synthesis was performed at 250 and 300 ◦C. The crystallite diameters
were calculated by fitting using Equation (2). Figure 2 shows Halder-Wanger plots of
ZrO2 nanoparticles synthesized at different temperatures. The crystallite sizes of the
nanoparticles synthesized at 250, 300, 350, and 400 ◦C were 1.5 ± 0.1, 1.8 ± 0.1, 4.4 ± 2.2,
and 5.4 ± 2.4 nm, respectively, suggesting that single-nanometer-sized crystallites were
synthesized under all the temperature conditions studied.

Figure 1. XRD patterns obtained for ZrO2 nanoparticles synthesized at various temperatures:
(a) 250 ◦C, (b) 300 ◦C, (c) 350 ◦C, and (d) 400 ◦C.

Figure 2. Halder–Wanger plot of the ZrO2 nanoparticles synthesized at (a) 250 ◦C, (b) 300 ◦C,
(c) 350 ◦C, and (d) 400 ◦C obtained using Equation (2).

Figure 3 shows the TEM images of the ZrO2 nanoparticles synthesized at different
temperatures. Spherical nanoparticles were formed under all the reaction temperatures
investigated. The diameters of the nanoparticles synthesized at 250, 300, 350, and 400 ◦C
were 4.0 ± 1.3, 3.7 ± 1.2, 6.7 ± 1.8, and 5.6 ± 1.4 nm, respectively. The particle sizes of the
nanoparticles synthesized at 250 and 300 ◦C were smaller than those synthesized at 350
and 400 ◦C. The particle sizes formed at different reaction temperatures showed a similar
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trend as the corresponding crystallite sizes estimated from the XRD patterns. In addition,
the aggregation of nanoparticles was observed in the TEM images of all the samples.

Figure 3. TEM images obtained for ZrO2 nanoparticles synthesized at various temperatures:
(a) 250 ◦C, (b) 300 ◦C, (c) 350 ◦C, and (d) 400 ◦C.

The chemical states of the surface-modifying molecules on the nanoparticles were
evaluated using FTIR spectroscopy, and the results are shown in Figure 4. All the ZrO2
nanoparticles exhibit bands at 650–850 cm−1 assigned to the Zr−O modes of the ZrO2
nanoparticles [38], in addition to weak bands at 2950 and 2820 cm−1 assigned to the
asymmetric and symmetric stretching modes of −CH2− in the alkyl chain of PHA, re-
spectively [39,40]. Two strong peaks at 1540 and 1410 cm−1 were also observed, which
were assigned to the asymmetric and symmetric stretching modes of the carboxylate group
(−COO−) in PHA, respectively [38,41]. The presence of these bands indicates that the
surface-modifying molecules are attached to the surface of the ZrO2 nanoparticles via
coordination bonds to the carboxyl group [39,40,42]. In addition, no peak was detected at
~1708 cm−1, which corresponds to the stretching mode of the −COOH group. These results
indicate that the nanoparticles were almost free from unreacted organic surface modifier
on their surface. The strongest peak in the spectra was observed for the nanoparticles
synthesized at 300 ◦C, which corresponds to the carboxylate group, while the sample
synthesized at 250 ◦C exhibited the next strongest peak. The spectra obtained for the
samples synthesized at 350 and 400 ◦C showed relatively weaker peaks. These results
indicate that the number of organic surface modifier on the surface of the nanoparticles
synthesized at 250 and 300 ◦C is larger than those synthesized at 350 and 400 ◦C.

TGA was performed to quantitatively analyze the number of surface-modified molecules
present on the nanoparticles, and the TGA curves obtained for the nanoparticles are pre-
sented in Figure 5. All the TGA curves showed a significant weight loss at >250 ◦C, which
corresponds to the weight of the surface modifiers attached to the surface of the nanoparti-
cles [39,40]. The weight loss assigned to the desorption of the surface modifiers ended near
500 ◦C for any of the samples. The surface organic modification density of the ZrO2 nanopar-
ticles is estimated from the weight loss observed from 250 to 500 ◦C and presented in Table 1.
These results were consistent with those obtained using FTIR spectroscopy. As the synthesis
temperature increased from 250 to 300 ◦C, the modification density of the nanoparticles
increased from 2.8 ± 0.0 to 3.1 ± 0.2 molecules/nm2. On the other hand, the modifica-
tion densities of the nanoparticles synthesized at 350 and 400 ◦C were <1 molecules/nm2.
Consequently, the modification density decreases as the synthetic conditions approach the
supercritical state, which was similar to the results obtained for HfO2 nanoparticles in a
previous study [43]. The difference in the affinity between the crystalline phase and modifier
molecules appears to be related to the decrease in the modification density. Since the surface
of tetragonal ZrO2 has more than three times the number of basic sites on the surface of
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monoclinic ZrO2 [44], its reactivity with 6-phenylhexanoic acid is considered to be higher.
Therefore, the nanoparticles synthesized at 350 and 400 ◦C, which are rich in monoclinic
phases, may reduce the modification density.

Figure 4. FTIR spectra obtained for PHA-modified ZrO2 nanoparticles synthesized at various temperatures: (a) 250 ◦C,
(b) 300 ◦C, (c) 350 ◦C, and (d) 400 ◦C.

Figure 5. TGA curves obtained for PHA-modified nanoparticles synthesized at 250, 300, 350, and
400 ◦C under an air atmosphere and heating rate of 10 K/min.

Table 1. The surface PHA modification density of the ZrO2 nanoparticles and Zr concentrations of
the nanoparticle dispersions.

Product
Weight Loss (%) from
TGA Measurements

Modification Density
(Molecules/nm2)

Zr Concentration (wt.%)
from ICP-AES

250 ◦C 23.0 ± 0.1 2.8 ± 0.0 1.1 ± 0.1 × 10−1

300 ◦C 24.3 ± 1.3 3.1 ± 0.2 3.3 ± 0.4 × 10−1

350 ◦C 8.63 ± 1.67 0.9 ± 0.2 5.7 ± 0.3 × 10−2

400 ◦C 8.42 ± 0.24 0.9 ± 0.3 9.2 ± 0.1 × 10−3
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Figure 6 shows the photographic images obtained for the concentrated nanoparticle
dispersions prepared using samples synthesized at different temperatures. The dispersions
were stable for at least one month, and no precipitation was observed. The dispersions syn-
thesized at 250–350 ◦C showed pale turbidity, while those synthesized at 400 ◦C were trans-
parent. When the dispersions were irradiated with green laser light to observe the Tyndall
scattering, significant scattering was observed in the dispersions synthesized at 250–350 ◦C
but not at 400 ◦C, which was strongly related to the concentration of ZrO2 nanoparticles.

 

Figure 6. Photographic images of the PHA-modified ZrO2 nanoparticle dispersions in toluene
synthesized at 250, 300, 350, and 400 ◦C.

The number size distributions of the ZrO2 nanoparticles in the toluene dispersions
measured using DLS are shown in Figure 7. The particle sizes of the nanoparticles in
the dispersions synthesized at 250, 300, 350, and 400 ◦C were estimated to be 38.7 ± 6.6,
26.5 ± 5.5, 26.9 ± 5.9, and 31.9 ± 7.7 nm, respectively. When compared with the crystallite

sizes estimated from the XRD patterns and the particle sizes estimated using TEM, DLS in-
dicated the presence of significantly larger particles, which indicates that the nanoparticles
were aggregated in the dispersions. The aggregate size was homogeneous and maintained
a dispersive state without further agglomeration or phase separation.

Figure 7. Number size distributions of the ZrO2 nanoparticles in the toluene dispersions synthesized at (a) 250 ◦C, (b) 300 ◦C,
(c) 350 ◦C, and (d) 400 ◦C obtained using dynamic light scattering.
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The Zr concentrations in the nanoparticle dispersions are summarized in Table 1. The
highest Zr concentration of 0.33 ± 0.04 wt.% was obtained for the nanoparticles synthesized
at 300 ◦C. The Zr concentrations of the dispersions obtained from the particles synthesized
at 250 and 300 ◦C were an order of magnitude higher than those of the particles synthesized
at 350 and 400 ◦C. The dispersibility and solubility of these nanoparticles can be improved
by increasing the surface modification density [9,10,36]. Table 1 shows that the surface
modification densities of nanoparticles synthesized at 250 and 300 ◦C were higher than
those synthesized at 350 and 400 ◦C. These results demonstrate the correlation between the
dispersed ZrO2 concentration and surface modification density.

The liquid scintillators were fabricated using the ZrO2 nanoparticle dispersions.
Figure 8 shows the absorption spectra of the toluene dispersion of ZrO2 nanoparticles.
In all dispersions, the absorbance below 500 nm was enhanced upon loading the ZrO2
nanoparticles in toluene. This increase in the absorbance was attributed to Rayleigh scatter-
ing by the aggregated nanoparticles, which was observed using DLS. The absorbance in
this range was the highest in the dispersion of particles synthesized at 350 ◦C, followed by
those at 250 and 300 ◦C. The bandgap of tetragonal and monoclinic ZrO2 nanoparticles
are 3.6 and 4.5 eV, respectively, according to a previous paper [45], and the wavelengths
corresponding to the bandgap energies are 344 and 276 nm, respectively. Since the ZrO2
nanoparticles synthesized at 350 ◦C contain a monoclinic phase, the absorbance increased
significantly in the range of 300 to 350 nm. In addition, it is considered that the dispersion
of particles synthesized at 400 ◦C has a low absorbance, because the Zr concentration was
small, which also correlates with the results shown in Figure 6. The absorbance was <0.1
for wavelengths >410 nm, which suggests that the ZrO2 nanoparticle dispersions have
high transparency in the region of POPOP emission. The liquid scintillators were prepared
by dissolving the DPO and POPOP phosphors in these dispersions. Figure 9 shows the
X-ray-induced radioluminescence spectra obtained for the liquid scintillators. The energy
of the X-ray is 8.048 keV. In all samples, a dominant band attributed to the emission from
POPOP is observed at 425 nm. No significant decrease in the peak intensity of emission
was observed in any of the samples. This result indicates that the energy transfer from
toluene to POPOP via DPO occurs successfully even in the liquid scintillator, which con-
tains 0.33 ± 0.04 wt.% of Zr. A similar scintillation spectrum is expected for high-energy
β-rays, because the scintillation was caused by high-energy electrons produced via the
photoelectric effect. Considering the absorption spectra shown in Figure 8, the liquid
scintillator is transparent to the scintillation wavelength.

Figure 8. Absorption spectra obtained for the PHA-modified ZrO2 nanoparticle–toluene dispersion
synthesized at 250, 300, 350, and 400 ◦C.
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Figure 9. X-ray-induced radioluminescence spectra obtained for the liquid scintillator incorporating
PHA-modified ZrO2 nanoparticles synthesized at 250, 300, 350, and 400 ◦C.

4. Conclusions and Outlook

6-phenylhexanoic acid-modified ZrO2 nanoparticles were synthesized to assess their
suitability for use in double beta decay experiments. The ZrO2 nanoparticles synthesized at
lower temperatures (250 and 300 ◦C) have smaller particle sizes and larger surface modifica-
tion densities than those synthesized at higher temperatures (350 and 400 ◦C). The highest
modification density of 3.1 ± 0.2 molecules/nm2 was obtained at 300 ◦C, which resulted in
the highest concentration of dispersed nanoparticles in toluene (0.33 ± 0.04 wt.%-Zr). The
ZrO2 nanoparticle-loaded liquid scintillator was transparent to the scintillation wavelength,
and an apparent scintillation peak from the phosphor emission was observed at 425 nm in
the X-ray-induced radioluminescence spectra. As a result, a toluene-based liquid scintillator
with a relatively high concentration of ZrO2 nanoparticles was successfully fabricated.

Currently, the maximum dispersed concentration of Zr was 0.33 wt%. With a natural
isotope ratio of Zr, 9.24 × 10−3 wt.% of 96Zr is present in the liquid scintillator. Even for a
100-ton liquid scintillator, 9.24 kg of 96Zr can be loaded. The dispersion concentration of
nanoparticles needs to be enhanced, because tens or hundreds of kilograms of candidate
isotopes are required for the measurement of 0νββ. In addition, it is necessary to use
raw materials enriched with 96Zr. If enriched raw materials of 90% 96Zris were used, the
Zr dispersion concentration of 1 to 2 wt.% is required for loading the target amount of
candidate isotopes. Therefore, further enhancement in the ZrO2 loading concentration
is necessary.

When observing 0ubb of 96Zr, β-rays generated from the daughter nuclei of 238U
and 232Th are expected to be a source of serious background. According to a previous
report, the precursor ZrOCl2·8H2O contains U and Th at several ppm [46]. Therefore, high-
purity raw materials will be required. From 238U and 232Th, α-rays of 4.27 and 4.80 MeV
are generated. Therefore, it is necessary to consider the influence of these α-rays on the
background. According to a previous paper, the ratio of the scintillation efficiency of α-rays
to β-rays (R(α/β)) of liquid scintillators is about 0.1 [47]. Hence, they would be observed
in the energy spectrum at 0.42 and 0.48 MeVee for α-rays from 238U and 232Th, respectively.
Hence, it is considered that the background of α rays near the Q value is limited. However,
since the influence of β-rays generated from the daughter nuclei of 238U and 232Th cannot
be ignored, it is necessary to purify the Zr raw material.

Furthermore, it is necessary to estimate the energy resolution. To estimate the energy
resolution of these scintillators, it is necessary to measure with gamma rays with energy
close to the Q value of 0νββ. However, since the liquid scintillator used in this study had a
small volume, a gamma-ray photoelectric peak was not observed. Since it is necessary to
increase the amount of liquid scintillator to observe the photoelectric peak, the immediate
challenge is to establish the technology to construct a large-scale scintillator.
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Finally, for double beta decay search, it is necessary to establish a technology for mass
synthesis of nanoparticles. Since nanoparticles were synthesized in a batch process in this
study, it is necessary to establish a flow-type continuous synthesis process in the future.
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Abstract: Metal oxide nanocrystals have garnered significant attention owing to their unique prop-
erties, including luminescence, ferroelectricity, and catalytic activity. Among the various synthetic
methods, hydrothermal synthesis is a promising method for synthesizing metal oxide nanocrystals
and nanoclusters. Because the shape and surface structure of the nanocrystals largely affect their
properties, their analytical methods should be developed. Further, the arrangement of nanocrystals
should be studied because the properties of nanoclusters largely depend on the arrangement of the
primary nanocrystals. However, the analysis of nanocrystals and nanoclusters remains difficult be-
cause of their sizes. Conventionally, transmission electron microscopy (TEM) is widely used to study
materials in nanoscale. However, TEM images are obtained as the projection of three-dimensional
structures, and it is difficult to observe the surface structures and the arrangement of nanocrystals
using TEM. On the other hand, scanning electron microscopy (SEM) relies on the signals from the
surface of the samples. Therefore, SEM can visualize the surface structures of samples. Previously,
the spatial resolution of SEM was not enough to observe nanoparticles and nanomaterials with sizes
of between 10 and 50 nm. However, recent developments, including the low-landing electron-energy
method, improved the spatial resolution of SEM, which allows us to observe fine details of the
nanocluster surface directory. Additionally, improved detectors allow us to visualize the elemental
mapping of materials even at low voltage with high solid angle. Further, the use of a liquid sample
holder even enabled the observation of nanocrystals in water. In this paper, we discuss the devel-
opment of SEM and related observation technologies through the observation of hydrothermally
prepared nanocrystals and nanoclusters.

Keywords: hydrothermal synthesis; scanning electron microscope; nanocluster; in situ observation;
characterization

1. Introduction

In the last 30 years, many synthetic methods have been proposed and developed to
produce nanomaterials with controlled sizes and morphologies [1–3]. The particle size,
surface area, geometry, and chemical properties of the nanocrystals play a significant role in
the interaction of these materials with biological systems, which affects their characteristics
and applications in various disciplines [4–6]. Among the various synthetic methods, hy-
drothermal synthesis has gained attention and been subjected to research and development
due to its capacity to produce small and shape-controlled nanocrystals in water [7,8]. More-
over, in situ surface modification during synthesis controls the surface of the nanocrystals
and makes them easily dispersible in various solvents [8–10]. Generally, transmission
electron microscopy (TEM) has been used to observe the size, shape, and heterogeneity
of the nanocrystals. However, as the TEM images are obtained by projecting the signals
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on a screen, it is difficult to confirm the overlapping of nanoparticles. It is also difficult to
observe the three-dimensional surface structure of nanocrystals from a two-dimensional
projected image. On the other hand, scanning electron microscopy (SEM) uses the electrons
that are emitted from the surface of samples. Therefore, SEM is a suitable method to
visualize surface structures. One of the drawbacks of SEM is the spatial resolution of
images. However, with the development of observation techniques at lower accelerating
voltages and high voltage specimen bias, the resolution of SEM has been dramatically
improved to directly observe the morphology and surface of nanocrystals, together with
improvements in the lens detector [11–16]. In this study, we report the use of low-voltage
high-resolution SEM and ultra-high solid angle energy-dispersive X-ray analyzer (EDS) to
understand the 10–50 nm sized CeO2 nanocrystals and nanoclusters that were synthesized
by a hydrothermal reaction.

2. Materials and Methods

2.1. Synthesis of CeO2 Nanoclusters

We have synthesized CeO2 nanoclusters using a flow-type reactor. The details are
described in [17]. In short, the flow of preheated water was mixed with the flow of
the precursor solution, that is, aqueous solutions of Ce(NO3)3 (0.01 M) with or without
hexanedioic acid (0.05 M) at a junction in the tubular reactor. The reaction temperature was
set to 250 ◦C, and the pressure was maintained at 25 MPa. The typical reaction time was
1.9 s. The product solution was depressurized with a backpressure regulator and collected
at the outlet. The products were washed and dried.

2.2. Synthesis of Organic Ligand-Modified CeO2 Nanocrystals

Surface-modified CeO2 nanocrystals were synthesized in supercritical water, accord-
ing to previous reports [18]. Briefly, cerium hydroxides (2.5 mL of 0.05 M cerium hydrox-
ides) and 0.09 g of decanoic acid were transferred to a pressure-resistant reactor, and the
reaction was performed at 400 ◦C for 10 min. The obtained organic ligand-modified CeO2
nanoparticles were washed with ethanol and toluene. The products were dispersed in
10 mL cyclohexane and were freeze-dried.

Silicon (100) substrates were modified with organic molecules to assemble the modi-
fied CeO2 nanocrystals on them. First, the silicon substrates were treated with ozone for
30 min to produce hydroxylated silicon oxide. Next, the silicon substrate was immersed in
a solution of 1.15 g 3-aminopropyltriethoxysilane (3APTS), 1.26 mL 28% ammonia aqua,
45.6 mL ethanol, and 0.76 mL water to produce amine group termination. To further
attach APTS to the substrate, the substrates were heated at 130 ◦C for 2 h. Then, the
substrate was immersed in 5 mL N,N-dimethylformamide (DMF) containing 0.2 M of
3,4-dihydroxyhydrocinnamic acid (DHCA), 0.2 M of 1-ethy1-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), and 0.02 M of N,N-dimethy1-4-aminopyridine (DMAP)
for 15 h to produce catechol termination on the surface of substrates. Finally, the surface-
modified silicon substrates were immersed in 0.2 mL cyclohexane containing 1 mg of
organic ligand-modified CeO2 nanocrystals and then sonicated for 1 h to immobilize the
CeO2 nanocrystals on the substrates. Subsequently, the substrates were rinsed with fresh
cyclohexane solvent and dried.

2.3. Synthesis of Composite of Mesoporous SBA-15 and CeO2

SBA-15 and mesoporous CeO2 were synthesized using the following procedure [19].
First, 5.14 g of Pluronic P123 was dissolved in a mixture of 30.96 g of aqueous 37% HCl
and water (144 g). Then, 11.12 g of tetraethoxysilane (TEOS) was added to this solution
and stirred for 20 h at 40 ◦C. The mixture was then transferred to a stainless steel reactor
with a Teflon lining and heated for 24 h at 100 ◦C. After cooling, the mixture was filtered,
washed, and air-dried. Finally, mesoporous SBA-15 was obtained by calcining the mixture
at 550 ◦C for 5 h.
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Next, the obtained SBA-15 was used as a solid template to prepare mesoporous CeO2.
SBA-15 (0.50 g) and Ce(NH4)2(NO3)6 (0.5 g) were dispersed in ethanol (5.0 mL). The
mixture was stirred at 50 ◦C until the ethanol was completely removed. The dried mixture
was calcined in air at 450 ◦C for 5 h.

2.4. Low-Voltage SEM

The development of low-voltage (LV) field emission (FE) SEM realized a spatial
resolution of 1 nm or less at an acceleration voltage of 1 kV. Furthermore, by choosing
appropriate observation conditions, different information, such as material topology and
composition, are also selectively obtained. In this report, we focused on the observation of
extremely low impact electron energy to collect information from the surface. The mean
free path of an electron with an energy of 100 eV in a solid sample is below 1 nm [14].
Therefore, the observation of the surface morphology at low electron energies is favorable.
However, this low electron energy resulted in a larger diameter of the probe due to the
chromatic aberration (Cc). The diameter of the electron probe size (dc) is described as
dc = Cc(ΔV/Vacc)α, where ΔV is the energy spread, Vacc is the acceleration voltage, and α

is the angle of the beam(rad) [20]. Therefore, smaller ΔV and Cc values are necessary to
minimize the probe diameter. Currently, we can use combined electrostatic and magnetic
lenses to minimize Cc as well as field emission-type emitters with small ΔV. These so-called
super hybrid lenses (SHL) are equipped on a FE-SEM (JSM-IT800SHL, JEOL, Tokyo, Japan).
In addition, a negative surface potential can be applied to the sample surface to lower the
impact electron energy, which reduces the scattering of electrons in the sample. Therefore,
the lowest impact electron energy to the surface is reduced to 10 eV, while maintaining a
small probe size with high coherency. This low landing voltage technique also suppressed
the charging up and damage of the sample, leading to a clear observation of the shape
and size of the nanocrystals and nanoclusters. Figure 1 shows an SEM image of CeO2
nanoclusters observed at a landing voltage of 1 kV (sample bias: −5 kV, probe current:
8 pA, detector: in-column detector). The shape and size of the CeO2 nanocrystals were
clearly observed at both landing voltages. However, the image at 1 kV landing voltage had
much finer details of the surface steps because of the smaller penetration depth.

Figure 1. SEM images of CeO2 nanoclusters with different electron landing voltages.

2.5. Cross Section Polisher

A novel sample preparation technique for SEM observation of these materials was also
developed. We used a cross section polisher (IB-19520CCP, JEOL, Tokyo, Japan) to irradiate
the sample with an Ar ion beam to display the internal structures without causing serious
artificial effects. The design of this technique is shown in Figure 2. A shield plate was
placed on top of the specimen to determine its position. Only the portions left uncovered
by the shield plate were milled using an Ar ion beam.
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Figure 2. Precise cross sectioning using broad Ar ion beam.

2.6. Multi-Energy Dispersive X-ray Spectroscopy (EDS)

The recent development of a silicon drifted detector (SDD) detector significantly
enlarged the detection area of characteristic X-rays, which enabled a large solid angle
for X-ray detection. The SDD also improved the electronic noise and dynamic range.
Owing to these improvements, more characteristic X-rays can be detected, which allowed
the detection of faint characteristic X-ray signals with improved signal to noise (S/N)
ratio during SEM measurement. Thus, the necessary acquisition time for EDS mapping
is shortened dramatically. In this experiment, we employed a multi-EDS system with a
total detection area of 440 mm2, with a total solid angle of more than 0.15 sr from Oxford
Instruments.

2.7. In Situ Holder

In most cases, SEM observation is performed in vacuo because electrons are scattered
by molecules in air or in water. Therefore, the observation of nanomaterials in water
remains difficult. Recently, we attempted to use an in situ holder (FlowVIEW Tek) with a
30 nm thick Si3N4 window. Figure 3 shows a schematic of the in situ holder. This holder
enables SEM observation of nanomaterials in water by detecting electrons penetrated
through the window [21]. This window has sufficient strength to hold water during the
SEM observation. Si3N4 is composed of lighter elements; thus, electrons are less scattered
by this window.

Figure 3. Schematic draw of in situ holder.
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3. Results and Discussion

Figure 4 shows a high spatial resolution image of hydrothermally produced CeO2
nanocrystals on a Si substrate. The cubic shape of the surface-modified CeO2 nanocrystals
was well resolved, even at several nanometers. This image was taken with a landing energy
of 1 keV, and the sample bias was set to −5 kV. It is clearly confirmed that the low-landing
voltage technique visualizes more details of the samples.

 
Figure 4. Low-voltage high spatial resolution imaging.

This technique is also applicable to mesoporous materials. Figure 5a shows SBA-15
mesoporous silica, where CeO2 was nano-cast. The SEM image was obtained with a landing
voltage of 1 kV and sample bias of −5 kV. Because of the reduced landing voltage, CeO2
nanoclusters on or just below the surface of SBA-15 were selectively visualized as lighter
contracts [16]. Moreover, to observe the CeO2 nanoclusters located deep inside SBA-15,
the sample was processed using an Ar ion beam cross-sectional polisher (Figure 2). Cross-
sectional images are shown in Figure 5b,c. During the observation of the cross section, an
energy filter (2 kV) was used to selectively collect the back-scattered electron signals. The
landing voltage was set to 2.0 kV, and a −0.5 kV bias voltage was added to the sample. The
SEM images showed that the hexagonal mesochannels of SBA-15 were clearly confirmed
from the cross section. At the same time, many CeO2 nanoclusters were confirmed in the
mesopores of SBA-15. The shape and size of the prepared CeO2 nanocrystals were in good
agreement with those of the pores of mesoporous silica used as the template. From the
longitudinal directional cross section image (Figure 5b), the distribution of CeO2 clusters
in SBA-15 and their sizes can be estimated.

Furthermore, the effect of the low-voltage technique was remarkable in the EDS
analyses. Generally, high electron probe currents are required to generate characteristic
X-rays from samples for EDS analyses. SEM images of the CeO2 nanocrystals (Figure 6)
were obtained with a landing voltage of 8 kV. The elemental maps of Ce and O were clearly
visible. However, the elemental map of C was blurred because the incident electrons were
not fully scattered by the CeO2 nanocrystals with sizes less than 50 nm. The penetrated
electrons interacted with the carbon substrate under CeO2 and emitted characteristic X-rays.
As a result, X-ray signals were detected from the entire area of the carbon substrate and
formed an EDS map of C with a slight view of the nanocrystals. On the other hand, the
electrons with a lower landing voltage (1.5 kV) could only interact with the surface of the
sample to emit the characteristic X-rays. Therefore, the EDS map of C did not show any
signals from the substrate under the nanocrystals.
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Figure 5. SEM images of mesoporous silica SBA-15 embedded with nano-casted CeO2. (a) Surface
image of mesoporous silica SBA-15 which has been nano-casted with CeO2. (b) Cross section of
longitudinal direction for CeO2 in meso pores. (c) Cross section of CeO2 in meso pores.

The simulation results of the electron penetration depth in 50 nm CeO2 nanocrystals
are also shown in Figure 7. The penetration depth of electrons with a landing voltage of
1.5 kV is less than 50 nm. This indicates that even for the EDS analysis, the low-voltage
technique can also promote the selective acquisition of surface information.

Figure 8a shows an image of the CeO2 nanocrystals in water. Usually, nanomaterials
which are smaller than 50 nm in water cannot be observed using SEM. However, as shown
in Figure 3, the use of an in situ holder enabled observation. As confirmed in Figure 8a,
the size and dispersive of the CeO2 nanocrystals in water were visualized. By comparing
the SEM images obtained in vacuum (Figure 8b), we noticed that the measurement of
nanomaterials in water well reproduced the size and dispersive of the CeO2 nanocrystals.
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Figure 6. Results of large solid angle Energy Dispersive X-ray Spectroscopy (EDS).
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Figure 7. Calculation of electron penetration depth in 50 nm CeO2. (a) A schematic image of this simulation. (b,c) Results of
simulations in different acceleration voltages, 8.0 kV, 1.5 kV.

Figure 8. BSE image of in situ observation for CeO2 in water. (a) An image of the CeO2 nanocrystals in water. (b) An image
of the dried CeO2 nanocrystals.

4. Conclusions

Various shapes of hydrothermally synthesized CeO2 nanocrystals and nanoclusters
were successfully observed using recent SEM techniques. SEM images are sensitive to
the surface structure of the samples, and thus the detailed morphology that related to
crystal growth at the nanometer scale can be visualized. Furthermore, the cross-sectional
images of mesoporous silica embedded with CeO2 nanoparticles clearly show how the
nanoparticles were produced in the mesopores. In addition, by using an in situ holder
with an ultrathin Si3N4 window, CeO2 nanocrystals in water were directly observed. It
is possible to directly observe the structure that is thought to exhibit the function of the
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nanoclusters of CeO2 synthesized under hydrothermal conditions by using recent SEM
techniques. Most researchers are currently using TEM for the analysis of nanocrystals
and nanoclusters. However, the development of SEM with improved performance and
usability enabled us to obtain the high-resolution images of hydrothermally synthesized
nanoparticles. In addition to the size and morphology, the surface structure can be clearly
confirmed for the samples with the size of 10–100 nm. Moreover, it is possible to perform
high-quality elemental analysis when the particle size is larger than 50 nm. By providing
high-resolution imaging and high-quality analysis, SEM can now deepen the understanding
of the essence of nanotechnology.

5. Patents

The cross section method which was used patented as JP 4922632.

Author Contributions: Conceptualization, S.A. and S.T.; investigation, N.A.; writing—original draft
preparation, S.A.; writing—review and editing, J.L.; visualization, N.A.; supervision, S.T.; All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nunes, D.; Pimentel, A.; Santos, L.; Barquinha, P.; Pereira, L.; Fortunato, E.; Martins, R. Metal Oxide Nanostructures, 1st ed.; Elsevier
Science: Cambridge, MA, USA, 2018; pp. 59–102.

2. Nikam, A.V.; Prasad, B.L.V.; Kulkarni, A.A. Wet Chemical Synthesis of Metal Oxide Nanoparticles: A Review. CrystEngComm
2018, 20, 5091–5107. [CrossRef]

3. Chavali, M.S.; Nikolova, M.P. Metal Oxide Nanoparticles and Their Applications in Nanotechnology. SN Appl. Sci. 2019, 1, 1–30.
[CrossRef]

4. Oskam, G. Metal oxide nanoparticles: Synthesis, characterization and application. J. Sol-Gel Sci. Technol. 2006, 37, 161–164.
[CrossRef]

5. Darr, J.A.; Zhang, J.Y.; Makwana, N.; Weng, X.L. Continuous Hydrothermal Synthesis of Inorganic Nanoparticles: Applications
and Future Directions. Chem. Rev. 2017, 17, 11125–11238. [CrossRef] [PubMed]

6. Liu, H.; Zhang, S.Y.; Liu, Y.; Yang, Z.; Feng, X.; Lu, X.H.; Huo, F.W. Well-Dispersed and Size-Controlled Supported Metal Oxide
Nanoparticles Derived from MOF composites and Further Application in Catalysis. Small 2015, 11, 3130–3134. [CrossRef]
[PubMed]

7. Dhall, A.; Self, W. Cerium Oxide nanoparticles: A Brief Review of Their Synthesis Methods and Biomedical Applications.
Antioxidants 2018, 7, 97. [CrossRef] [PubMed]

8. Shi, W.D.; Song, S.S.; Zhang, H.J. Hydrothermal Synthetic Strategies of Inorganic Semiconducting Nanostructures. Chem. Soc. Rev.
2013, 42, 5714–5743. [CrossRef] [PubMed]

9. Taguhi, M.; Takami, S.; Naka, T.; Adschiri, T. Growth Mechanism and Surface Chemical Characteristics of dicarboxylic Acid-
Modified CeO2 Nanoparticles Produced in Supercritical water: Tailor-Made Water-Soluble CeO2 Nanocrystals. Cryst. Growth Des.
2009, 9, 5297–5303. [CrossRef]

10. Takami, S. Hydrothermal Synthesis of Organic Modified Metal Oxide Nanoparticles. Mater. Jpn. 2020, 59, 199–206. [CrossRef]
11. Modena, M.M.; Ruhle, B.; Burg, T.P.; Wuttke, S. Nanoparticle Characterization: What to Measure? Adv. Mater. 2019, 31, 1970226.

[CrossRef]
12. Mourdikoudis, S.; Pallares, R.M.; Thanh, N.T.K. Characterization Techniques for Nanoparticles: Comparison and Complementar-

ity upon Studying Nanoparticle Properties. Nanoscale 2018, 10, 12871–12934. [CrossRef] [PubMed]
13. Kjellman, T.; Asahina, S.; Schmitt, J.; Imperor-Clerc, M.; Terasaki, O.; Alfredsson, V. Direct Observation of Plugs and Intrawall

Pores in SBA-15 using Low Voltage High Resolution Scanning Electron Microscopy and the Influence of Solvent Properties on
Plug-Formation. Chem. Mater. 2013, 25, 4105–4112. [CrossRef]

14. Kobayashi, M.; Susuki, K.; Otsuji, H.; Sakuda, Y.; Asahina, S.; Kikuchi, N.; Kanazawa, T.; Kuroda, Y.; Wada, H.; Shimojima, A.
Direct Observation of the Outermost Surfaces of Mesoporous Silica Thin Films by High Resolution Ultralow Voltage Scanning
Electron Microscopy. Langmuir 2017, 33, 2148–2156. [CrossRef] [PubMed]

15. Asahina, S.; Uno, S.; Suga, M.; Stevens, S.M.; Klingstedt, M.; Okano, Y.; Kudo, M.; Schuth, F.; Anderson, M.W.; Adschiri, T.; et al.
A New HRSEM Approach to Observe Fine Structures of Novel Nanostructured Materials. Microporous Mesoporous Mater. 2011,
146, 11–17. [CrossRef]

75



Nanomaterials 2021, 11, 908

16. Jahangiri, A.R.; Kakvani, P.R.; Shapouri, S.; Sari, A.; Talu, S.; Jalili, Y.S. Quantitative SEM Characterization of Ceramic Target Prior
and After Magnetron Sputtering: A Case Study of Aluminium Zinc Oxide. J. Microsc. 2021, 281, 190–201. [CrossRef] [PubMed]

17. Asahina, S.; Takami, S.; Otsuka, T.; Adschiri, T.; Terasaki, O. Exploitation of Surface-Sensitive Electrons in Scanning Electron
Microscopy Reveals the Formation Mechanism of New Cubic and Truncated Octahedral CeO2 Nanoparticles. ChemCatChem 2011,
3, 1028–1044. [CrossRef]

18. Hojo, D.; Togashi, T.; Iwasa, D.; Arita, T.; Minami, K.; Takami, S.; Adschiri, T. Fabrication of two-Dimensional Structures of Metal
Oxide Nanocrystals Using Si Substrate Modified with 3,4-Dihydroxyhydrocinnamic Acid. Chem. Mater. 2010, 22, 1862–1869.
[CrossRef]

19. Lu, J.; Asahina, S.; Takami, S.; Yoko, A.; Seong, G.; Tomai, T.; Adschiri, T. Interconnected 3D Framework of CeO2 with High
Oxygen Storage Capacity: High-Resolution Scanning Electron Microscopic Observation. ACS Appl. Nano Mater. 2020, 3, 2346–2353.
[CrossRef]

20. Reimer, L. Scanning Electron Microscopy: Physics of Image Formation and Microanalysis, 2nd ed.; Springer: Heidelberg, Germany,
1998; pp. 30–32.

21. Lee, T.S.; Patil, S.B.; Kao, Y.T.; An, J.Y.; Lee, Y.C.; Lai, Y.H.; Chang, C.K.; Cheng, Y.S.; Chuang, Y.C.; Sheu, H.S.; et al. Real-Time
Observation of Anion Reaction in High-Performance Al Ion Batteries. ACS Appl. Mater. Interfaces 2020, 12, 2572–2580. [CrossRef]
[PubMed]

76



nanomaterials

Article

The Role of the Surface Acid–Base Nature of Nanocrystalline
Hydroxyapatite Catalysts in the 1,6-Hexanediol Conversion

Asato Nakagiri, Kazuya Imamura, Kazumichi Yanagisawa and Ayumu Onda *

Citation: Nakagiri, A.; Imamura, K.;

Yanagisawa, K.; Onda, A. The Role of

the Surface Acid–Base Nature of

Nanocrystalline Hydroxyapatite

Catalysts in the 1,6-Hexanediol

Conversion. Nanomaterials 2021, 11,

659. https://doi.org/10.3390/

nano11030659

Academic Editor: Gimyeong Seong

Received: 4 February 2021

Accepted: 3 March 2021

Published: 8 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Research Laboratory of Hydrothermal Chemistry, Faculty of Science, Kochi University, 2-17-47 Asakurahonmachi,
Kochi 780-8073, Japan; nkgrpon3@gmail.com (A.N.); imamura-kazuya@kochi-u.ac.jp (K.I.);
yanagi@kochi-u.ac.jp (K.Y.)
* Correspondence: aonda@kochi-u.ac.jp; Tel.: +81-88-844-8353

Abstract: Hydroxyapatite is known to have excellent catalytic properties for ethanol conversion and
lactic acid conversion, and their properties are influenced by the elemental composition, such as
Ca/P ratio and sodium content. However, few reports have been examined for the surface acid–base
nature of hydroxyapatites containing sodium ions. We prepared nanocrystalline hydroxyapatite
(Ca-HAP) catalysts with various Ca/P ratios and sodium contents by the hydrothermal method. The
adsorption and desorption experiments using NH3 and CO2 molecules and the catalytic reactions
for 2-propenol conversion revealed that the surface acid–base natures changed continuously with
the bulk Ca/P ratios. Furthermore, the new catalytic properties of hydroxyapatite were exhibited
for 1,6-hexanediol conversion. The non-stoichiometric Ca-HAP(1.54) catalyst with sodium ions of
2.3 wt% and a Ca/P molar ratio of 1.54 gave a high 5-hexen-1-ol yield of 68%. In contrast, the
Ca-HAP(1.72) catalyst, with a Ca/P molar ratio of 1.72, gave a high cyclopentanemethanol yield
of 42%. Both yields were the highest ever reported in the relevant literature. It was shown that
hydroxyapatite also has excellent catalytic properties for alkanediol conversion because the surface
acid–base properties can be continuously controlled by the elemental compositions, such as bulk
Ca/P ratios and sodium contents.

Keywords: hydroxyapatite; acid–base catalyst; hydrothermal synthesis; 1,6-hexanediol; nanocrys-
talline materials; sodium containing hydroxyapatite

1. Introduction

Hydroxyapatite (Ca-HAP) is a major component of bone and tooth enamel. Ca-HAP
has a high thermal stability and biocompatibility. The stoichiometric form of Ca-HAP is
shown as Ca10(PO4)6(OH)2, and its Ca/P molar ratio is 1.67. However, while maintaining
the single phase of apatite crystal structure, it is possible to change the Ca/P ratio ranging
from 1.5 to 1.7 and substitute the constituents of Ca2+, PO4

3−, and OH− with other elements
to some extents [1]. Ca-HAP exhibits various unique properties, depending on changes
in the chemical compositions. In recent years, much research has been conducted on
the synthesis and application of Ca-HAP, and its application is expected in the fields of
adsorbents, catalysts and catalyst supports, composite materials with polymers, biomedical
materials, and nanopapers.

Many research examples have been reported in recent years regarding the catalytic
properties of Ca-HAP [2–9]. Ca-HAP exhibits highly stable against reaction conditions and
no highly acidic and/or base properties, so it is appropriate as a catalyst. These properties
are particularly effective in converting oxygen-containing organic compounds, such as
alcohols and carboxylic acids, at reaction temperatures of around 300–400 ◦C. Previous
studies revealed a high selectivity of 1-butanol production in ethanol conversion [8–10]
and a high selectivity of acrylic acid production in lactic acid conversion [11–14]. Many
studies have been conducted on the effects of element types and Ca/P ratios on these
reactions [8–13,15]. In addition, in lactic acid conversion, the Na-containing HAP catalyst
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showed a particularly high acrylic acid yield [12]. It has been reported to have catalytic
deactivation resistance by the other group [16].

However, although hydroxyapatite is expected to be effective for selective conversion
of many oxygen-containing organic compounds, such as alkanediols, there are few reports
of attractive catalytic properties. Alkanediol is now produced from petroleum and widely
used as a polymer raw material. In recent years, it has been found that alkanediols,
such as ethylene glycol, propylene glycol, and hexanediol, were obtained from biomass-
derived compounds, such as glucose, [17–22] and it is expected as one of basic renewable
raw materials for various bulk and fine chemicals in the future to realizing a sustainable
society [23–26].

For use hydroxyapatite as a catalyst with high catalytic activity and high product
selectivity, high specific surface area and high surface uniformity are important. In addi-
tion, it is expected to change the surface Ca/P ratios of hydroxyapatite nanocrystalline
particles. In general, the hydrothermal method is suitable for synthesizing high crystalline
nanoparticles. However, in the hydrothermal synthesizing methods, nanoparticles grow
from the crystal nucleus vis the repeating of dissolution and precipitation. Therefore, does
the surface structure and catalytic properties continuously change in response to changes
in bulk Ca/P ratios, or does those surface properties not continuously change but maintain
a relatively stable surface? The question about whether to take the structure is not revealed.
In particular, there are few studies on the effect of the Ca/P ratio on Na-containing Ca-HAP
particles which have unique catalytic properties.

In this study, nanocrystalline Na-containing hydroxyapatite catalysts with various
Ca/P ratios were prepared by the hydrothermal method, and the effects of Ca/P ratios
of the nanocrystalline HAPs on the catalytic properties were examined. The relationship
between the acid–base adsorption properties and the catalytic properties of the HAPs with
various bulk Ca/P ratio were investigated to clarify whether the surface structures and
catalytic properties continuously changes with changes in the bulk Ca/P ratio. In addition,
this study first reports the unique catalytic properties of nanocrystalline Ca-HAP in 1,6
hexanediol conversions (Scheme 1). By controlling Ca/P ratios of nanocrystalline Ca-HAP
catalysts, the 1,6 hexanediol conversion provides both useful compounds, unsaturated
alcohols and cycloalkane alcohols, with higher yields and selectivity than the previously
reported catalysts.
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Scheme 1. Probable reaction route of 1,6-hexanediol conversion based on reference [24].

2. Materials and Methods

2.1. Materials

For use in this study, Ca(NO3)2·4H2O, P2O5, NaOH, SiO2, Ca(OH)2 and 2-propanol
were purchased from Fujifilm Wako Pure Chemical Co., Osaka, Japan. The necessary
1,6-hexanediol and ethanol were purchased from Sigma-Aldrich Co., St. Louis, MO, USA.
A commercially available stoichiometric hydroxyapatite (HAP-100) was a supplied by
Taihei Chemical Industrial Co. Ltd., Osaka, Japan. Furthermore, Sc2O3 was purchased
from Kanto Chemical Co. Inc., Tokyo, Japan. In addition, ZrO2 were supplied from
the Catalysis Society of Japan (Tokyo, Japan) as JRC-ZRO-7. All chemicals were used as
received without purification.

2.2. Catalyst Preparations

A calcium-phosphorus hydroxyapatite catalyst (Ca-HAP) was prepared using hy-
drothermal methods [5,8]. First, a solution containing Ca(NO3)2·4H2O (132–238 mmol) in
564 mL of distilled water was added to a solution containing P2O5 (66 mmol) in 490 mL
of distilled water with NaOH (460 mmol). Each preparation of the Ca/P molar ratio in
the mixed solution was between 1.0 and 1.8. The resultant suspension was treated under
hydrothermal conditions at 110 ◦C for 16 h with agitation in a Teflon-lined autoclave.
After hydrothermal treatments, the resultant precipitates were washed repeatedly using
centrifugal separation with distilled water; then they were dried overnight at 100 ◦C.
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Using an impregnation method, SiO2-supported P2O5 catalyst (P2O5/SiO2) was pre-
pared. The 0.9 g of silica-gel was added to 2 mL of 0.5 molL−1 P2O5 aqueous solution.
Then the mixture was stirred on a water bath until dry. The obtained material was dried
further at 60 ◦C overnight. Before catalytic tests and characterizations, the prepared HAP
catalysts were typically pretreated at 500 ◦C under vacuum or inert gas.

2.3. Catalyst Characterizations

Crystalline phases of as-prepared and used catalysts were identified using powder
X-ray diffraction (XRD, Ultima IV; Rigaku Co., Tokyo, Japan) with Cu K radiation (40 kV,
20 mA). The prepared samples were observed using transmission electron microscopy
(TEM, H-7000; Hitachi Ltd., Tokyo, Japan). The elemental compositions of hydroxyapatites
were ascertained using inductively coupled plasma (ICP, ICPE-9000; Shimadzu Co., Kyoto,
Japan). Approximately 4 mg of sample was dissolved in 10 mL of 0.1 M HNO3 solution;
then it was diluted to 100 mL using distilled water. The ICP measurement error for Ca/P
molar ratio was ±0.01. The specific surface areas of as-prepared and used catalysts were
measured using nitrogen physisorption with the Brunauer-Emmett-Teller (BET) method
(Belsorp Max; BEL Japan Inc., Osaka, Japan). The particle sizes of the prepared Ca-
HAP samples were determined by the manual approach and calculated by averaging
the diameters of ~150 particles in the TEM images. In addition, the particle sizes were
also roughly estimated based on BET surface areas by assuming the density of 3.1 g cm−3

and spherical shape particles and also roughly calculated by using Scherrer’s equation
based on X-ray diffraction peak of (002). The temperature-programmed desorption (TPD)
of CO2 were carried out using a glass U-tube reactor equipped with a quadrupole mass
spectrometer (CANON ANELVA M-201QA-TDM, Kawasaki, Japan). Samples (0.1 g) were
preheated in He at 500 ◦C and exposure to a 10% CO2/He (50 kPa) gas at room temperature
until saturation coverages were reached. Weakly adsorbed CO2 was removed by flushing
with He at room temperature for 30 min. The temperature was then increased at a linear
rate of 5 ◦C/min from 20 to 800 ◦C. The TPD spectra were normalized at the specific
surface area of samples. The TPD of NH3 was carried out by almost same method as that
of TPD of CO2, except for using 10% NH3/He gas. The densities of acidic sites and basic
sites were estimated respectively from the amounts of adsorbed NH3 and CO2, which
had been determined by the isotherms at 250 ◦C using Belsorp Max instrument after the
pretreatments of catalysts at 430 ◦C for 3 h under vacuum. The temperature of 430 ◦C was
maximum for a heating oven attached with the instrument.

2.4. Catalytic Reaction

Catalytic conversions of 1,6-hexanediol were typically conducted at 375 ◦C using
0.1 g of catalysts in a fixed-bed continuous-flow glass reactor (8 mm i.d.) under atmo-
spheric pressure. After the sample powders were pelletized and crushed to the desired
size (250–500 μm) to avoid pressure gradients in reactor, they were pretreated at 500
◦C for 3 h in N2 flow before catalytic reactions. Then 1,6-hexanediol was diluted by
ethanol (1,6-hexanediol concentration was 10 mol%). The mixed solution was introduced
into the reactor using a syringe pump with flowing N2 (30 mL min−1). The reaction
products were condensed in a cold ethanol trap at −50 ◦C. The collected liquid samples
and gas samples at the outlet of the trap were analyzed by using a GC-FID (GC-2014;
Shimadzu Co., Kyoto, Japan) With a DB-wax capillary column (30 m, 0.32 mm) and a
GC-MS (6890N/5973N; Agilent Technologies, Inc., Santa Clara, CA, USA) with a DB-1
capillary column (60 m, 0.25 mm). The 1,6-hexanediol conversions, product yields, and
product selectivities were calculated based on the following equations.

1, 6−Hexanediol conversion (C−%) = (1 − C mmol unreacted 1, 6 − hexanediol
C mmol of introduced 1, 6 − hexanediol

) × 100

Product yield (C − %) =
C mmol of product

C mmol of introduced 1, 6 − hexanediol
× 100
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Product selectivity (C − %) =
Product yield

1, 6 − hexanediol conversion
× 100

The mass balance was calculated as the ratio of the weight of collected liquid to the
weight of introduced solution. The mass balance in ethanol conversion over the Ca-HAP
catalysts was 100 ± 1%.

The catalytic conversions of 2-propanol were conducted using a fixed-bed continuous-
flow glass reactor (10 mm i.d.) under atmospheric pressure to estimate the acid–base
catalytic properties. Vapor of 2-propanol was introduced into the reactor with flowing N2.
The total flow rate was 30 mL min−1. The partial pressure of 2-propanol was 960 Pa. The
reaction products were analyzed using GC-FID (GC-2010; Shimadzu Co., Kyoto, Japan)
with a Stabilwax capillary column (30 m, 0.32 mm).

Acetone selectivity (C − %) =
C mmol of acetone

C mmol of acetone + C mmol of propylene

3. Results

3.1. Characterization

Calcium-phosphorus hydroxyapatite catalyst (Ca-HAP) was prepared by the hy-
drothermal method at 110 ◦C using sodium hydroxide as an alkaline source. The initial
Ca/P molar ratios in the mixed solution were between 1.0 and 1.8. The pH of the filtrates
after the preparations was 12.2–12.8. Table 1 shows the chemical compositions and the
specific surface areas of the prepared Ca-HAP catalysts. In the case of initial Ca/P ratios
lower than 1.66, the resulted Ca/P ratios of particles were higher than the initial Ca/P
ratios. This tendency was similar to the cases where ammonia was used as an alkali source
without sodium species [15]. Whereas in the case of initial Ca/P ratios higher than 1.67, the
resulted Ca/P ratios of particles were lower than the initial Ca/P ratios. The Ca/P molar
ratios of particles were 1.54–1.72.

Table 1. Characterizations of prepared hydroxyapatite catalysts.

Initial Solution Resulted Particles Surface Area/m2 g−1 pH

Ca/P Molar
Ratio

Ca/P
Molar
Ratio

Na
Content

wt%

(Ca+Na)/P
Molar Ratio

As-Prepared
Used in

1,6-Hexanediol
Conversion

After
Preparation

Ca-HAP(1.54) 1 1.54 2.3 1.69 79 41 12.9
Ca-HAP(1.58) 1.5 1.58 1.7 1.69 65 46 12.8
Ca-HAP(1.62) 1.55 1.62 0.8 1.67 52 41 12.5
Ca-HAP(1.65) 1.67 1.65 0.4 1.67 52 40 12.2
Ca-HAP(1.69) 1.72 1.69 0.0 1.69 50 38 12.1
Ca-HAP(1.72) 1.8 1.72 0.0 1.72 65 55 11.0

As shown in Table 1, the specific surface areas of the prepared Ca-HAP catalysts were
51–79 m 2 g −1. Figure 1a shows powder XRD patterns of prepared Ca-HAP catalysts. All
XRD patterns were attributable to hydroxyapatite Ca5(PO4)3OH (JCPDS #01-074-0506) with
a single phase. The peak intensities were almost identical, suggesting that the prepared
catalysts had siTmilar crystallinity. In previous reports, Ca(OH)2, which coexists in Ca-HAP,
with Ca/P of 1.7 or more were considered [1,27]. In this study, hydroxyapatite particles
with a Ca/P ratio of 1.7 were obtained to be a single phase by the hydrothermal method.
It was considered that Ca-HAP(1.72) could be a solid solution resulting from the partial
replacement of PO4

3− ions with CO3
2− ions [1,27]. In consequence, according to the XRD

patterns, it was observed that single-phase hydroxyapatite particles were synthesized with
a Ca/P molar ratio of 1.54–1.72.
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Figure 1. Powder X-ray diffraction (XRD) patterns of hydroxyapatites (a) as-prepared and (b) after conversion of
1,6-hexanediol.

Some TEM images of the Ca-HAP catalysts are presented in Figure 2. All prepared
Ca-HAP hydroxyapatites were column particles with average lengths of 24–45 nm. As
shown in Table 2, the average widths were 14–27 nm. The particle sizes increased
concomitantly with increasing Ca/P ratios, except for Ca-HAP(1.72). Table 2 also shows
the particle sizes obtained by a simple calculation assuming the density of 3.1 g cm−3

and spherical shape particles. The particle sizes were 25–39 nm and were closed to the
particle sizes observed by TEM. These results indicated that the particles observed by
TEM were average values reflecting the whole of particles. Table 2 also shows particle
sizes of Ca-HAP catalysts roughly calculated by using Scherrer’s equation based on XRD
patterns presented in Figure 1 The particle sizes were 25–40 nm and were almost equal
to those estimated with TEM, which implied that the particles observed in TEM images
were single crystals. In consequence, the prepared Ca-HAP catalysts with various Ca/P
molar ratios of 1.54–1.72 had almost identical crystallinity of hydroxyapatite structure to
that of single-phase materials, with particle sizes of about 20–40 nm.
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Figure 2. Transmission electron microscopy (TEM) images of the Ca-HAP catalysts. (a) Ca-HAP(1.54), (b) Ca-HAP(1.58),
(c) Ca-HAP(1.62), (d) Ca-HAP(1.65), (e) Ca-HAP(1.69), (f) Ca-HAP(1.72), and (g) commercially available hydroxyapatite
(HAP-100).

Table 2. Average particle sizes of prepared Ca-HAP particles.

-
Average Particle Sizes (TEM) Average Particle Sizes (BET) Average Particle Sizes (XRD)

Length/nm Width/nm nm nm

Ca-HAP(1.54) 24 14 25 25
Ca-HAP(1.58) 29 19 28 30
Ca-HAP(1.62) 37 24 36 37
Ca-HAP(1.65) 39 25 33 37
Ca-HAP(1.69) 45 27 40 39
Ca-HAP(1.72) 34 20 29 30

As shown in Table 1, Na+ ions were detected in the prepared Ca-HAP catalysts with
Ca/P molar ratios less than 1.65. The Na+ contents increased concomitantly with decreasing
Ca/P molar ratios. In addition, the molar ratios of (Ca+Na)/P in the prepared resulted Ca-
HAP particles except for Ca-HAP(1.72) were 1.67–1.69, which were closed to stoichiometric
ratio of 1.67. These results showed agreement with earlier reports, suggesting that Na+

ions might replace the Ca2+ deficiency in the Ca-HAP catalysts with low Ca/P ratios [13].
Because the ion radius of Na+ ion is close to that of Ca2+ ions and there were almost the
same amounts of Na+ ions as those of the deficient Ca2+ ions in the Ca-HAP prepared by the
hydrothermal method using NaOH, Na+ ions might occupy the calcium-deficient vacancy-
sites in the Ca-HAP particles. Matsunaga and Murata reported that the substitution of
Ca2+ ions in Ca-HAP by Na+ ions with charge-compensating interstitial H+ ions was
energetically favorable, and that the H+ ion is attached to the OH group to form an H2O
group [28]. Based on this first principle calculation investigation, the Ca-HAP particles
could be expressed as Ca10−nNan(PO4)6(OH)2−n(H2O)n.

3.2. Characterization

The adsorption amounts of NH3 and CO2 on the Ca-HAP catalysts at 250 ◦C were
measured. Before the adsorption measurements, the catalyst was pretreated at 500 ◦C
which was the same temperature as the pretreatment of catalytic reactions. The XRD
measurement and BET specific surface area were almost the same as the post-reaction
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data shown in Figure 1b and Table 1, and no crystal phase other than hydroxyapatite was
observed, the crystallite size increased slightly, and the specific surface area decreased by
about 20%. As shown in Table 3, the NH3 adsorption amounts increased slightly with the
increase of Ca/P molar ratios. The CO2 adsorption amounts increased greatly with the
increase of Ca/P molar ratios. Figures S1 and S2, respectively, portray NH3-TPD and CO2-
TPD of the Ca-HAP catalysts. The NH3-TPD intensity increased at around 250 ◦C with the
increase of the Ca/P molar ratios. The CO2-TPD intensity at around 250 ◦C also increased
concomitantly with the increase of the Ca/P molar ratios. The results corresponded with
the adsorbed NH3 and CO2 amount data presented in Table 3, indicating that both the
basic site density and acidic site density increased concomitantly with increasing Ca/P
molar ratios of the Ca-HAP catalysts.

Table 3. Adsorption amounts of NH3 and CO2 on Ca-HAP catalysts with various Ca/P molar ratios.

Sample
Adsorption Amount of NH3

(μmol m−2)
Adsorption Amount of CO2

(μmol m−2)

Ca-HAP(1.72) 3.93 1.62
Ca-HAP(1.65) 3.45 1.58
Ca-HAP(1.58) 3.12 0.95
Ca-HAP(1.54) 2.65 0.25

Table 4 shows the 2-propanol conversions over the prepared Ca-HAP catalysts,
P2O5/SiO2, Ca(OH)2 catalysts. The specific surface area of each catalyst is presented
in Table S1. Acetone and propylene were formed as products. Over Ca-HAP catalysts, CO
and CO2 were not detected. The product selectivity was constant with time on stream for
at least 20 h [5]. The selectivity of propylene was 100% over acidic catalysts as P2O5/SiO2.
In contrast, the acetone selectivities of basic catalysts as Ca(OH)2 were, respectively, 90%
and 99%. The acidic catalyst showed almost 100% of the propylene selectivity. The basic
catalyst showed 90% or more of the acetone selectivity. However, the acid–base bifunctional
Ca-HAP catalysts with low Ca/P molar ratio showed high selectivity of propylene. More-
over, the acetone selectivity increased concomitantly with increase of the Ca/P molar ratio.
These results indicate that Ca-HAP catalysts with a low Ca/P molar ratio exhibited high
acidity; the basicity became dominant instead of acidity as the Ca/P molar ratio increased.
According to Figure 2 and Table 4, the morphology effects of Ca-HAP catalyst particles
on the product selectivities were almost negligible. Table 3 shows that the specific ratios
of the basic site density to the acidic site density increased concomitantly with increasing
Ca/P molar ratios. The specific ratios of the basic site density to the acidic site density
showed good agreement with the acetone selectivity in the 2-propanol conversion. The
results suggest that the Ca-HAP catalysts with higher Ca/P molar ratios had higher basic
properties to accelerate the dehydrogenation of hydroxy groups of alcohols into ketones
and aldehydes preferentially over dehydration into unsaturated compounds.
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Table 4. Catalytic conversion of 2-propanol into propylene and acetone.

Catalyst
Selectivity (C-%)

Propylene Acetone

Ca-HAP(1.54) 96 4
Ca-HAP(1.58) 62 38
Ca-HAP(1.62) 45 55
Ca-HAP(1.65) 23 77
Ca-HAP(1.69) 14 86
Ca-HAP(1.72) 4 96

HAP-100 25 75
P2O5/SiO2 100 0
Ca(OH)2 1 99

Sc2O5 40 60
ZrO2 95 5

With a 250 ◦C reaction temperature, 980 kPa; 2-propanol partial pressure, 30 mL min−1; N2 flow, 0.05–0.2 g;
catalyst, 0.3–5.8%; Conversion (100% conversion over P2O5/SiO2).

3.3. Catalytic Conversion of 1,6-Hexanediol over Ca-HAP Catalysts

Catalytic conversions of 1,6-hexanediol over Ca-HAP catalysts with various Ca/P
ratios were carried out using a fixed bed reactor at 375 ◦C (Scheme 1). Before reaction, the
catalysts were pretreated at 500 ◦C under flowing nitrogen. Changes in major product
selectivities against the 1,6-hexanediol conversions over Ca-HAP(1.72), Ca-HAP(1.62), and
Ca-HAP(1.54) catalysts are presented in Figure 3. The major products were cyclopen-
tanemethanol and 5-hexen-1-ol, and the by-products were 6-hydroxy-1-hexanal, C8-C12
alcohols and ketones, and hydrocarbons. In addition, acetaldehyde and 1-butanol were
formed as by-products derived from ethanol. Ethanol was a solvent and a hydrogen source
and was introduced nine times more than 1,6-hexanediol. However, the total yields of by-
products from ethanol, such as acetaldehyde and 1-butanol, were about 2 C-% or less based
on 1,6-hexanediol, even when those from 1,6 hexanediol were over 90%. These results
implied that 1,6-hexanediol was much more reactive than ethanol on Ca-HAP catalysts.

As portrayed in Figure 3a for Ca-HAP(1.72) catalyst, the main product was cyclopen-
tanemethanol. It increased concomitantly with increasing of conversion up to 96%. The
C8-C12 oxygenated compound selectivity also increased. In contrast, the selectivities of
6-hydroxy-1-hexanal and the undetected compounds decreased concomitantly with in-
crease of the conversion. The selectivities of 5-hexen-1-ol and hydrocarbons, respectively,
recorded as 6% and 1%, were almost constant. As portrayed in Figure 3b for Ca-HAP(1.62)
catalyst, the selectivities of the C8-C12 oxygenated compounds, cyclopentanemethanol,
and hydrocarbons increased concomitantly with increase of the 1,6-hexanediol conver-
sion. In contrast, the selectivities of 6-hydroxy-1-hexanal and 5-hexene-1-ol decreased
concomitantly with increasing conversion. Figure 3c shows that the product selectivities
of Ca-HAP(1.54) catalyst were less dependent on the conversion than Ca-HAP(1.72) and
Ca-HAP(1.62) catalysts. The main product over Ca-HAP(1.54) catalyst was 5-hexene-1-ol.
The 5-hexene-1-ol selectivity decreased concomitantly with increase at conversion of more
than 90%. Instead, the hydrocarbon selectivity increased.

Over Ca-HAP(1.72) and Ca-HAP(1.62) catalysts, the selectivity of cyclopentanemethanol
and the C8-C12 oxygenated compounds increased concomitantly with increasing conver-
sion. Instead, the 6-hydroxy-1-hexanal selectivity decreased. Those results indicate that
6-hydroxy-1-hexanal is an intermediate of the formations of cyclopentanemethanol and
the C8-C12 deoxygenated compounds. Cyclopentanemethanol formation was found to
be predominant over Ca-HAP(1.72), whereas the formations of the C8-C12 deoxygenated
compounds were predominant over Ca-HAP(1.62). The selectivity difference was regarded
as attributable to the stronger basic properties of Ca-HAP(1.72) to accelerate the intramolec-
ular aldol reaction. However, over Ca-HAP(1.54) catalyst, the dehydration reaction to
5-hexen-1-ol became dominant. In addition, Table S2 presents results of catalytic conver-
sion of 5-hexen-1-ol over Ca-HAP(1.54) under almost the same reaction conditions. The
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5-hexen-1-ol conversion was 20%. This result indicated that 5-hexen-1-ol conversion was
less reactive than 1,6-hexanediol conversion over Ca-HAP(1.54) catalyst. For that reason,
Ca-HAP(1.54) showed high selectivity of 5-hexen-1-ol.

Figure 3. Relation between products selectivity and 1,6-hexanendiol conversion over Ca-HAP
catalysts with various Ca/P molar ratios: (a) Ca-HAP(1.72), (b) Ca-HAP(1.62), and (c) Ca-HAP(1.54).
Temperature 375 ◦C; 1,6-hexanediol 10 mol% EtOH solution, 1 mL h−1; N2, 30 mL min−1. Conversion
and selectivity were averaged for the initial 3–5 h.

Table 5 presents results of 1,6-hexanediol conversions over the Ca-HAP catalysts and
the other acidic, basic, and acid–base bifunctional catalysts at 375 ◦C. The loading amounts
of catalysts were adjusted so that the conversions were 93–98%, except for P2O5/SiO2
catalysts. The conversion and product selectivity were approximately the same during 5 h
of time on stream over the entire tested catalysts. The catalysts remained almost white after
reactions, except for P2O5/SiO2.
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Among the prepared Ca-HAP catalysts in Table 5, the selectivity of 5-hexen-1-ol was
maximized using Ca-HAP(1.54) catalyst. The selectivity decreased concomitantly with
decrease of the Ca/P molar ratio. By contrast, the highest cyclopentanemethanol selec-
tivity was obtained using Ca-HAP(1.72) catalyst. The selectivity increased concomitantly
with increasing Ca/P molar ratio. Furthermore, the products formed were 6-hydroxy-
1-hexanal, oxepane, and other CPMs, i.e., 2-cyclopentenylmethanol and cyclopentacar-
baldehyde, and CPNs, i.e., cyclopentanone, cyclopentanol, 2-methylcyclopentanone, and
2-methylcyclopentanol, C8-C12 oxygenated compounds, such as cycloheptanemethanol,
2-ethyl-1-hexanol, 6-undecanone, and C4-C6 hydrocarbons. The selectivities of other CPMs
and CPNs increased concomitantly with increase of Ca/P molar ratio. A similar tendency
was apparent: 6-hydroxy-1-hexanal selectivity was the lowest at 0.3% over Ca-HAP(1.54)
and the highest at 8.5% over Ca-HAP(1.72). Conversely, the hydrocarbon selectivity was
the highest at 4.0% over Ca-HAP1.54 and the lowest over Ca-HAP1.72. The selectivities
of the C8-C12 oxygenated compounds were higher over Ca-HAP catalysts with medium
Ca/P molar ratios as Ca-HAP(1.62). The specific catalytic activities per the specific surface
areas among Ca-HAP catalysts were as follows:

Ca-HAP(1.69) > Ca-HAP(1.65), Ca-HAP(1.62), Ca-HAP(1.58) > Ca-HAP(1.54) > Ca-
HAP(1.72)

Ca-HAP(1.69) with almost the stoichiometric Ca/P ratio had the highest catalytic
activity per specific surface area, and the catalytic activity decreased with decreasing the
Ca/P ratio decreases, and the catalytic activity of Ca-HAP(1.72) with a higher Ca/P ratio
than the stoichiometry decreased by about half. The cause of the different catalytic activity
was complicated, but it is considered that it is mainly due to the difference in product
selectivity due to the difference in surface acid–base nature of the Ca-HAP catalysts with
various Ca/P ratios. In addition, the lower the aspect ratios of the morphology and the
smaller the particles, the lower the activity per specific surface area tended to be, suggesting
that the morphology of Ca-HAP catalysts might also have an effect on the catalytic activity.

Table 5 also shows the catalytic properties of phosphoric acid and calcium hydroxide,
which were the constituents of Ca-HAP catalysts. The P2O5/SiO2 catalyst showed about
60% selectivity to 5-hexene-1-ol and 20% selectivity to oxepane. Ca(OH)2 catalysts with
specific surface area of 16 m2 g−1 (see Table S1) had low catalytic activity and required
3.0 g to obtain 90% conversion of 1,6-hexanediol. When the experiment was carried
out even using 3.0 g of catalyst, we checked no pressure drop. Ca(OH)2 catalysts gave
cyclopentanemethanol and 5-hexene-1-ol as products, but their selectivities were as low
as less than 3%. In previous representative studies, Sato et al. reported that 5-hexen-1-ol
selectivities in 1,6-hexanediol conversion over Sc2O5 and ZrO2 were, respectively, 62%
and 33% [24]. Sc2O5 and ZrO2 catalysts also showed acid–base catalytic properties as
shown in Table 4. In our experiments for 1,6 hexanediol conversions over Sc2O5 and ZrO2
catalysts, 5-hexen-1-ol selectivities were, respectively, 61% and 37%, which showed good
agreement with reported results. The results revealed that Ca-HAP(1.54) catalyst have
the both acid–base bifunctionality similar to Sc2O3 and ZrO2 catalysts and the significant
higher catalytic selectivity for unsaturated alcohol productions.

In consequence, over acidic catalysts, C4–C6 hydrocarbons and 5-hexene-1-ol were
obtained as major products. Over base catalysts, many kinds of five-membered and
six-membered cyclic compounds and 6-hydroxy-1-hexanal were obtained. Over Ca-P
hydroxyapatite catalyst, 5-hexen-1-ol and cyclopentanemethanol were mainly obtained.
Remarkably, Ca-HAP(1.72) catalyst showed the highest cyclopentanemethanol yield ever
reported. Furthermore, the Ca-HAP(1.54) catalyst showed the highest 5-hexene-1-ol yield
ever reported. The next section describes details of an investigation of the effects of Ca/P
molar ratios on product selectivities over Ca-HAP catalysts.

3.4. Effects of Acid–Base Properties of Catalysts on the Products Selectivity

Good correlation was found between the acid–base properties and the product selec-
tivity in the 1,6-hexanediol conversion over Ca-HAP catalysts with various Ca/P molar
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ratios. Figure 4 presents the relation between the acid–base properties of Ca-HAP catalysts
and the product selectivity for 5-hexen-1-ol and cyclopentanemethanol. The acid–basic
properties of Ca-HAP catalysts were estimated based on the selectivities of acetone and
propylene in the 2-propanol conversions shown in Table 3. Among Ca-HAP catalysts, the
cyclopentanemethanol selectivity increased along with the increase of the acetone selectiv-
ity. In contrast, the 5-hexen-1-ol selectivity increased concomitantly with the decrease of
acetone selectivity because the higher acidity of Ca-HAP catalyst showed higher selectiv-
ity of dehydration to 5-hexen-1-ol from 1,6-hexanediol. The Ca-HAP catalysts had little
catalytic activity for 5-hexen-1-ol conversion. A good correlation was found between the
product selectivity of acetone and propylene in the 2-propanol conversion and the product
selectivity of 5-hexen-1-ol and cyclopentanemethanol in the 1,6-hexanediol conversion.
The Ca-HAP(1.54) showed high 5-hexene-1-ol yield from 1,6-hexanediol, whose catalytic
properties were affected by the Ca/P ratios and the Na amounts but hardly affected by
the morphology. The Ca-HAP(1.54) catalyst also showed high acrylic acid yields in the
lactic acid conversion. It was probably suitable for the formation of unsaturated oxygen-
containing compounds. Further details will be clarified in future research. In addition,
Ca(OH)2 catalysts with high basicity gave high selectivity to by-products because of insuf-
ficient activity to proceed with the hydrogenation steps of the intermediates. The Ca-HAP
catalysts with middle Ca/P molar ratios as Ca-HAP(1.62), which had moderate acid–base
properties, also gave high selectivity to by-products because of the stronger selectivity to
5-hexen-1-ol and insufficient activity for the hydrogenation steps.

Figure 4. Effects of acid–base property on the products selectivity in the 1,6-hexanediol conversion
over the Ca-HAP catalysts with various Ca/P molar ratios.

4. Conclusions

Nanocrystalline hydroxyapatite catalysts with various Ca/P ratios and sodium con-
tents were formed by the hydrothermal method. According to adsorption and desorption
experiments using NH3 and CO2 molecules and the catalytic reactions for 2-propenol
conversions, the surface acid–base natures changed continuously with the bulk Ca/P
ratios. In 1,6-hexanediol conversion over Ca-P hydroxyapatite catalysts, 5-hexen-1-ol, and
cyclopentanemethanol were mainly obtained. Remarkably, those product selectivities
were changed considerably with changing Ca/P molar ratios of Ca-HAP catalysts. The
selectivity of 5-hexen-1-ol was maximized over Ca-HAP(1.54). The yield was 68%. How-
ever, the highest cyclopentanemethanol selectivity was obtained over Ca-HAP(1.72): the
yield was 42%. Both yields were the highest ever reported in the relevant literature. The
reason was presumably that Ca-HAP(1.72) mainly had basic properties and only slightly
acidic properties.
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Abstract: Eu(OH)3 with various shape-controlled morphologies and size, such as plate, rod, tube,
prism and nanoparticles was successfully synthesized through simple hydrothermal reactions. The
products were characterized by XRD (X-Ray Powder Diffraction), FE-SEM (Field Emission- Scanning
Electron Microscopy) and TG (Thermogravimetry). The influence of the initial pH value of the starting
solution and reaction temperature on the crystalline phase and morphology of the hydrothermal
products was investigated. A possible formation process to control morphologies and size of
europium products by changing the hydrothermal temperature and initial pH value of the starting
solution was proposed.

Keywords: rare earth; europium hydroxides; hydrothermal; morphology control; nanoparticles

1. Introduction

Rare earth (RE) compounds have drawn continuous research attention for many
years because of their unique optical, magnetic, electric, and catalytic properties resulting
from their unique 4f-electron configuration. The several frequently used RE compounds
currently include RE oxides [1–3], hydroxides [4–6], fluorides [7–9], phosphates [10,11], and
so on. Certainly, RE hydroxides are of great importance because RE oxides can be directly
formed through dehydration of their corresponding hydroxides, and RE sulfides can be
directly obtained through sulfuration of the hydroxides. The hydroxyl group may also act
as active sites for grafting other organic or inorganic functional groups [12]. Therefore, RE
hydroxides are an important intermediate to synthesize oxides, sulfides, or other functional
materials.

The properties of RE compounds depend strongly on their morphologies. Many
kinds of morphological RE compounds depending on their inherent anisotropy have been
explored in the recent decades, such as one-dimensional (1D) nanostructures (nanowires,
nanorods, nanotubes), two-dimensional (2D) (nanosheet, nanobelts) and three-dimensional
(3D) architectures (flower-like [13], spindle-like [14], hierarchical architectures [15]). In
order to achieve the specific properties for their further applications, the selection of
well-defined synthetic methods is required.

Among all the RE ions, Eu3+ can be effectively activated by ultraviolet rays or cathode
rays and emits high purity red light because of its unique 4f6 configuration [16]. The major
emission band of Eu3+ is centered near 611 nm (red), which is one of the primary colors [17].
Therefore, Eu3+ is a good activator with sharp and intense luminescence in the red region of
the visible spectrum. Monodisperse hexagonal Eu(OH)3 submicrospindles with a diameter
of 80−200 nm and a length of 500−900 nm have been synthesized in a large scale via a facile
aqueous solution route by Xu et al. [18]. The morphology of Eu2O3 obtained by the calcina-
tion of Eu(OH)3 submicrospindles maintains the same morphology as Eu(OH)3. The similar
method of annealing the Eu(OH)3 precursor to obtain Eu2O3 with the same morphology as
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the former have been reported by others in succession in recent years [19–21]. Xu et al. [22]
obtained the monodisperse and well-defined 1D rare earth fluorides (β-NaREF4) (RE = Y,
Sm, Eu, Gd, Tb, Dy, and Ho) nanowires/nanorods using RE(OH)3 as precursors via a facile
hydrothermal route and characterized their photoluminescence properties. Among them,
the diameter and length of Eu(OH)3 nanowires are about 10−20 nm and 0.1–0.2 μm, and
the final β-NaEuF4 samples inherit their Eu(OH)3

′s morphology by this conversion process.
Zhang et al. [23] synthesized the biocompatible Eu(OH)3 nanoclusters composed of approx-
imately 5 nm nanoparticles with a modified microwave-assisted hydrothermal method and
showed the as-synthesized Eu(OH)3 nanoclusters exhibited excellent physiological stability
and biocompatibility both in vitro and in vivo, and possessed considerable pro-proliferative
activities in human umbilical vein endothelial cells. This study developed the application of
Eu(OH)3 to biofunctional nanomaterials.

Because of the unique nature of RE ions, the assembly of Eu complexes offers great
challenges and opportunities in terms of controlling fascinating frameworks and specific
properties. To date, various approaches have been used to prepare Eu(OH)3 particles, such
as homogeneous precipitation [24], solvothermal [25], microwave [23], and the hydrother-
mal method [21], and so on. The hydrothermal method has drawn tremendous attention
owing to its advantages, such as simplicity, low energy consumption, environmental
friendliness, and well-defined product morphology.

Eu(OH)3 will be continuously studied for development of their various applications.
At this point, it is particularly important to exploit unique products with a variety of
morphologies. In this study, we proposed a simple hydrothermal route for the synthesis
of Eu(OH)3 nanoparticles with various controlled morphologies. The influence of the
pH value of the starting solutions and reaction temperature on the crystallized phase,
particle size, and morphology of europium compounds was systematically investigated.
In addition, the mechanism of morphology evolution under hydrothermal conditions
was proposed.

2. Experimental

2.1. Raw Materials

The starting materials, europium oxide (Eu2O3) (99.9%), nitric acid (HNO3) (60%)
and ammonia (NH3·H2O) (28%), were received from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). All chemicals were used as received without further purification.

2.2. Preparation of Eu(OH)3 Powders

In a typical synthesis process, 0.45 g of Eu2O3 was dissolved in 6ml of 3.0 M HNO3
solution through hydrothermal treatment at 120 ◦C for 2 h. Then, NH3·H2O was added
to adjust the pH of the solution to a designated value for getting the precipitates under
vigorous agitation. When NH3·H2O was added to the Eu solutions, the transparent
solutions were changed to opaque colloidal solutions consisting of amorphous particles.
The range of pH value was between 7 and 12 (the maximum pH value adjusted with a
concentrated ammonia solution is about 12). The final volume of the resulting solution was
adjusted to reach 15 mL. The as-obtained colloidal solution was immediately transferred
into a 25 mL Teflon-lined autoclave (homemade, Kochi, Japan), followed by hydrothermal
treatment at temperatures from 80 to 220 ◦C for 24 h. After cooling, the received white
precipitate was collected by a centrifuge, washed with distilled water several times and
dried at 80 ◦C overnight.

2.3. Characterization

The as-prepared powders were characterized by X-ray powder diffraction (XRD) to
determine the crystal structure under a Rigaku RTP-300RC X-ray diffractometer (Tokyo,
Japan) with Cu Kα radiate on (λ = 1.5418 Å). Specific scan parameters were a tube voltage
of 40 kV and tube current of 20 mA. The patterns were collected in the range of 5 to
70◦ with a 0.02◦ step and scanning speed of 4◦/min. Field emission scanning electron
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microscopic (FE-SEM) observation was carried out on a JEOL JSM-6500F instrument (Tokyo,
Japan) at 15 kV to collect the structure information of the powders. Thermogravimetry-
Differential Thermal Analysis (TG-DTA) study was performed using a TG/DTA System
(Mac Science Co. Tokyo, Japan, TG-DTA2020S) in air. The temperature was raised from
room temperature to 900 ◦C at a heating rate of 10 ◦C/min, and held at 900 ◦C for 10 min.

3. Results and Discussion

3.1. Crystalline Phases

The crystal structure of the hydrothermally synthesized europium products was
characterized by XRD, as shown in Figure 1. First, the lowest reaction temperature was
fixed to 80 ◦C, and the pH value of the starting solution was increased from 7 to 12. The
positions of diffraction peaks of the products obtained with the pH value of 7.34 and
9.24 are the same. The diffraction patterns exhibit a series of strong (001) and sharp (220)
diffractions, suggesting that all the peaks can be well indexed to a layered phase [26],
as shown in Figure 1a,b. These diffraction peaks show exactly the same patterns with
Eu-doped Y2(OH)5NO3·2H2O according to the result reported by Zhang et al. [27] and
Wu et al. [28] Therefore, the products can be temporarily identified as the pure phase of
Eu2(OH)5NO3·2H2O. As the pH value was increased to 10.82, the pure phase of Eu(OH)3
was successfully formed, as shown in Figure 1c. The diffraction peaks matched the standard
data of a hexagonal phase with a P63/m space group, according to the JCPDS Card No.
83-2305. When the pH value was higher than 12, the pure hexagonal phase of Eu(OH)3
was also synthesized, as shown in Figure 1d. It is important to note that the relative
intensity ratio of (110) and (101) diffraction was changed with the increase in pH value of
the starting solution, suggesting that the preferential crystal growth direction of two kinds
of Eu(OH)3 products might be different. In other words, the crystals of these products
might show different morphologies. The intensity of the main diffraction peak (100) of the
product obtained in the solution with the highest pH value was lowest, which indicated
that the crystallinity of Eu(OH)3 was decreased with the increase in pH value of the
starting solution.

Figure 1. XRD patterns of the products obtained at 80 ◦C for 24 h as a function of the pH value of the
starting solution. The pH value used is 7.34 (a), 9.24 (b), 10.82 (c), 12 (d).

Figure 2 shows the TG curve of the product synthesized at 80 ◦C for 24 h in the
solution with a pH value of 7.34. It can be concluded that the weight loss of 17.36% below
450 ◦C corresponds to the evaporation of water and the release of OH species. The weight
loss at temperatures higher than 450 ◦C is 10.14%, which associated with the release of NO
species. The overall weight loss of 27.5% is consistent with the theoretical value of 27.7%
of the transition from Eu2(OH)5NO3·2H2O to Eu2O3. The above analysis is consistent
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with the thermal decomposition of Y2(OH)5.14(NO3)0.86·H2O reported by Li et al. [2]
Therefore, the product obtained in the solution with a pH value of 7.34 was proved to be
Eu2(OH)5NO3·2H2O.

Figure 2. TG curves of the product obtained at 80 ◦C for 24 h in the solution with a pH value of 7.34.

To obtain a further understanding of the effect of the pH valve on the crystal forms
of hydrothermally synthesized europium products, Figure 3 exhibits the XRD patterns
of hydrothermally synthesized europium products at 160 ◦C for 24 h as a function of
the pH value of the initial hydrothermal solution. According to the XRD patterns, when
the pH value was 7.26, the diffraction peaks can be indexed to be the layered phase of
Eu2(OH)5NO3·2H2O, as shown in Figure 3a. When the pH value was higher than 8.99,
the pure hexagonal phase of Eu(OH)3 can be formed, as shown in Figure 3b–d. However,
the crystallinity of Eu(OH)3 was gradually decreased with the increase in pH value of the
starting solution, suggested by the decrease in the intensity of the main diffraction peak
(100) of the product.

Figure 3. XRD patterns of the products obtained at 160 ◦C for 24 h as a function of the pH value of
the starting solution. The pH value used is 7.26 (a), 8.99 (b), 10.48 (c), 12 (d).

Finally, the effect of the pH valve on the crystals form of hydrothermally synthesized
europium products at high temperature of 220 ◦C was further investigated. The crystallized
phases of the synthesized europium products were similar to the products obtained at
160 ◦C, as shown Figure 4. Unlike the Figure 1a,b and Figure 3a, the (220) diffraction of
layered Eu2(OH)5NO3·2H2O crystals prepared at 220 ◦C were disappeared, which suggests
that the crystals tend to grow oriented in the c axis direction. The crystallinity of Eu(OH)3
crystals synthesized in the solution with a pH value of 9.15 (Figure 4b) was obviously

96



Nanomaterials 2021, 11, 529

higher than in the solution with a pH value of 10.90 (Figure 4c) and 12 (Figure 4d) according
to their intensity of diffractions.

Figure 4. XRD patterns of the products obtained at 220 ◦C for 24 h as a function of the pH value of
the starting solution. The pH value used is 7.63 (a), 9.15 (b), 10.90 (c), 12 (d).

3.2. Morphology

In addition to the crystalline phases obtained, the pH value of the initial solutions
and reaction temperature also have an impact on the morphology. The morphology of
the products synthesized at 80 ◦C for 24 h was shown in Figure 5 as a function of the
pH value of the starting solutions. When the pH of the starting solution was 7.34, the
Eu2(OH)5NO3·2H2O crystals comprised flower-like agglomerates, which contained the
ultrathin plate-like crystals with a size of above 1 μm, as shown in Figure 5a. As the pH
was increased to 9.24, Eu2(OH)5NO3·2H2O crystals were composed of nanorods with a
diameter of 100 nm and a length of 400–500 nm, as shown in Figure 5b. Eu(OH)3 crystals
synthesized in the solution with a pH value of about 11 is shown in Figure 5c. Eu(OH)3
crystals consisted of nanotubes with an outer diameter of 200–300 nm, an inner diameter
of 80–100 nm, and a length of 500 nm. Figure 5d reveals that the fine Eu(OH)3 nanorods
with diameter of 30–40 nm and length of 100 nm were formed in the solution with a pH
value of about 12.

Figure 5. SEM images of the products obtained at 80 ◦C for 24 h as a function of the pH value of the
starting solution. The pH value used is 7.34 (a), 9.24 (b), 10.82 (c), 12 (d).
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Figure 6 shows SEM images of the products synthesized obtained at 160 ◦C for 24 h
as a function of pH value of the starting solution. Eu2(OH)5NO3·2H2O crystals obtained
in the starting solution with pH 7.26 were composed of small disk-like crystals with a
diameter of 1.5–2 μm, as shown in Figure 6a. This disk-like morphology was very close
to Y2(OH)5.14(NO3)0.86·H2O in the shape of a sheet that was reported by Li, et al. [2] As
the pH was increased to 8.99, Eu(OH)3 crystals showed micro-cylinders with a diameter
of 1–2 μm and a length up to 6 μm, as shown in Figure 6b. When the pH was changed to
10.48, the synthesized Eu(OH)3 crystals showed the uniform nanorods with a diameter of
100 nm and a length of 400–500 nm, as shown in Figure 6c. Similar nanorod-like Eu(OH)3
crystals with a width of 50–150 nm and a length of 500 nm–2 μm were prepared by adding
ammonia by Kang et al. [21] However, they neither gave the specific pH of the starting
solutions nor the added amount of ammonia. The fine Eu(OH)3 nanoparticles with a
diameter less than 50 nm were obtained in the solution with a pH value of about 12, as
shown in Figure 6d.

Figure 6. SEM images of the products obtained at 160 ◦C for 24 h as a function of the pH value of the
starting solution. The pH value used is 7.26 (a), 8.99 (b), 10.48 (c), 12 (d).

Figure 7 shows SEM images of the products obtained at 220 ◦C for 24 h as a function
of the pH value of the starting solution. When the pH of the starting solution was 7.63,
the plate-like Eu2(OH)5NO3·2H2O crystals were changed to a long board shape with an
average aspect ratio of five, as shown in Figure 7a, which means that the crystals grew along
the c axis direction. These results were consistent with those of their XRD patterns. The
hexagonal prism Eu(OH)3 crystals with a diameter of 8–10 μm and a length of 30–40 μm
(Figure 7b) were obtained when the pH was changed to 9.15. Ji et al. [29] obtained the short
hexagonal nano-prism Eu(OH)3 at 120 ◦C and pH 8.8 by adjusting it with a NaOH aqueous
solution. When the precursor pH was increased from 8.8 to 9.5 at the same temperature,
the hexagonal prisms became more slender and their aspect ratio changed from 1.1 to
2.1 [29]. Thus, smaller and shorter hexagonal prisms could be synthesized at a lower
temperature when ammonia was replaced by NaOH. When the pH was further increased
to 10.90, Eu(OH)3 crystals composed of nanorods with a diameter of 150 nm and a length
of 700 nm were synthesized, as shown in Figure 7c. The fine Eu(OH)3 nanoparticles with
a diameter less than 50 nm were obtained in the solution with a pH value of about 12, as
shown in Figure 7d.
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Figure 7. SEM images of the products obtained at 220 ◦C for 24 h as a function of the pH value of the
starting solution. The pH value used is 7.63 (a), 9.15 (b), 10.90 (c), 12 (d).

In this study, two crystalline phases, Eu(OH)3 and Eu2(OH)5NO3·2H2O, were ob-
tained as a single phase depending on reaction conditions, and they are shown in Figure 8
with their characteristic morphologies. The left and right parts of the dashed line represent
different phases, i.e., Eu(OH)3 (marked with a circle) on the right and Eu2(OH)5NO3·2H2O
(marked with a star) on the left. To a certain degree, the dashed line represents the bound-
ary of the two phases. A proposed formation process seems to be responsible for the
observed development of the morphologies of Eu2(OH)5NO3·2H2O and Eu(OH)3 crystals
synthesized with various pH values and temperatures. The presence of NO3

− and the con-
centration of OH− are the essential factors for the formation of layered Eu2(OH)5NO3·2H2O
compounds. Layered Eu2(OH)5NO3·2H2O crystals were easily formed in the solution with
low pH of 7 and in the solution with a pH of 9 at a low temperature. When the temperature
increased in the solution with pH 9, Eu(OH)3 was formed.

Figure 8. Morphology distribution in a temperature–pH diagram. (Closed circle: Eu(OH)3; star:
Eu2(OH)5NO3·2H2O).

When the reaction temperature increased, Eu2(OH)5NO3·2H2O crystals grew larger
in the solution with a pH value of about 7. This can be attributed to the Ostwald ripening
process under hydrothermal conditions. The reaction temperature plays a key role in the
dissolution of smaller grains and the growth of larger grains [30], as observed in Figures 5a
and 6a. A higher temperature of 220 ◦C not only results in the growth of grains, but also
leads to the directional growth of grains along the c axis direction.

In the solution with pH 9, Eu2(OH)5NO3·2H2O crystallized at 80 ◦C but Eu(OH)3 crys-
tallized at 160 ◦C. Eu(OH)3 is a stable phase at a higher temperature than Eu2(OH)5NO3·
2H2O. The Eu(OH)3 tubes were obtained only by the experiment at 80 ◦C with pH 11.
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Eu2(OH)5NO3·2H2O precursor may be formed in the solution with pH 11 at lower temper-
ature than 80 ◦C and it transforms to Eu(OH)3 quickly while heating to 80 ◦C. Nanotubes of
Eu(OH)3 might be formed by rapid preferential growth along the circumferential edges in
the c axis direction, similar to the formation of Y(OH)3 nanotubes [2]. At 220 ◦C, Eu(OH)3
crystals grew larger than at 160 ◦C. In the solution with pH 9, the temperature is still the
main factor affecting the morphology and size of the grains. A high temperature promoted
more quickly the dissolution of the smaller grains, and the larger grains grew up in order
to reduce the surface energy. [31]

The size of Eu(OH)3 grains obtained in the solution with pH 11 were small. That might
be attributed to the increase in pH value which leads to the decrease in the solubility of
Eu(OH)3 precursors. However, Eu(OH)3 crystals grew larger with the increase in reaction
temperature by the Ostwald ripening process. A large amount of ammonia was added
to the solution to obtain the solution with pH 12. The solubility of hydroxides must be
very low in such a solution with a high pH value. Many Eu(OH)3 crystal nucleus were
rapidly formed when the starting solution was prepared, but they could not grow larger
by the Ostwald ripening process due to the low solubility even at a high temperature.
Thus the size of Eu(OH)3 crystals did not change, even at the highest temperature. Based
on this mechanism discussed above, Eu(OH)3 crystals with more different morphologies,
such as micro-cylinders, hexagonal prisms, nanotubes, nanorods and nanoparticles, are
synthesized by adjusting the pH with ammonia and the temperature, even without the
addition of surfactants [32].

4. Conclusions

The formation conditions of Eu(OH)3 crystals with controlled morphology and size
were systematically investigated through simple hydrothermal reactions by adjusting the
pH value of the starting solution and reaction temperature. When the pH value of the
starting solution was about 7, Eu2(OH)5NO3·2H2O crystals rather than Eu(OH)3, with the
flower-like agglomerates, disk-like plates and long boards, were obtained at the reaction
temperature of 80 ◦C, 160 ◦C and 220 ◦C, respectively. In order to obtain Eu(OH)3, it
is necessary to further increase the reaction temperature and pH value of the starting
solutions. The characteristic morphology of Eu(OH)3 crystals such as micro-cylinders and
hexagonal prisms could be formed in the solution with pH 9 at 160 ◦C and 220 ◦C, respec-
tively. Nanotube and nanorod Eu(OH)3 with different lengths were formed at different
temperatures in the solution with pH 11. Nanoparticles were obtained at above 160 ◦C
in the solution with pH 12, due to the decrease in the solubility of Eu(OH)3 precursors in
high pH solutions. The method utilized in this study to fabricate Eu(OH)3 crystals could
be extended to synthesize the other RE hydroxides with tunable morphologies by simply
adjusting the pH value and reaction temperature.
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Abstract: One-pot hydrothermal preparation of Ca3Cr2Si3O12 uvarovite nanoparticles under alkaline
conditions was investigated for the first time. The experimental parameters selected for the study
considered the concentration of the KOH solvent solution (0.01 to 5.0 M), the agitation of the autoclave
(50 rpm), and the nominal content of Si4+ (2.2–3.0 mole). Fine uvarovite particles were synthesised
at 200 ◦C after a 3 h interval in a highly concentrated 5.0 M KOH solution. The crystallisation of
single-phase Ca3Cr2Si3O12 particles proceeded free of by-products via a one-pot process involving
a single-step reaction. KOH solutions below 2.5 M and water hindered the crystallisation of the
Ca3Cr2Si3O12 particles. The hydrothermal treatments carried out with stirring (50 rpm) and non-
stirring triggered the crystallisation of irregular anhedral particles with average sizes of 8.05 and
12.25 nm, respectively. These particles spontaneously assembled into popcorn-shaped agglomerates
with sizes varying from 66 to 156 nm. All the powders prepared by the present method exhibited CIE-
L*a*b* values that correspond to the Victoria green colour spectral space and have a high near infrared
reflectance property. The particle size and structural crystallinity are factors affecting the Victoria
pigment optical properties, such as CIE-L*a*b* values, green tonality, and near-infrared reflectance.

Keywords: Ca3Cr2Si3O12; Victorian green pigment; hydrothermal synthesis; one-pot reaction; hier-
archical architecture; nanosized dyes

1. Introduction

The traditional garnet structured Ca3Cr2Si3O12, commercially known as Victorian
green, has been used as the source of colour in paintings and decoration, amongst other
applications. This inorganic pigment had been available in the Earth’s crust as a mineral,
as the green garnet uvarovite, but only a limited number of green mineral pigments were
accessible [1–3]. The uvarovite garnet is a member of a broad group of mineral silicates
containing Ca2+ and Cr3+ ions as crystalline structural constituents. The calcic varieties
are formed on the earth crust at lower pressures but also synthetically [3,4]. The mineral
uvarovite has a dark-green tonality, and it belongs to the crystalline cubic structure (space
group Ia-3d, No. 230) with unit cell 11.5–12.5 Å with chemical formula Ca3Cr2Si3O12 [4–8].
The silicate garnet crystalline structure consists of a homogeneous distributed corner-
sharing SiO4 tetrahedral units and CrO6, together with twisted CaO8 cubes allocated in
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between. The Cr3+ ions forming the CrO6 octahedra unit is the chromophore that produces
the dark-green hue. This particular garnet and its solid solutions have been the research
subject due to its optical, magnetic, and electrical properties [3,6].

The pioneering work aiming at the preparation of the uvarovite pigment powders
was conducted in 1885 with the Victorian green pigment powder obtained by solid-state
reaction at high temperature 1000–1370 ◦C using a powder mixture containing K2Cr2O7,
CaCO3, and SiO2 [9]. Various research works have been conducted since the 1950s. Efforts
have been devoted to improving the solid-state reaction synthesis conditions, focusing
on the raw precursor selection and the treatment temperature (855–1490 ◦C) [9–12]. In
addition, the Cr3+ loss caused by Cr2O3 high volatility above 1200 ◦C, coupled with the
electric valence change of chromium (Cr2+, Cr3+, Cr6+, and occasionally Cr4+ and Cr5+)
are other processing disadvantages of this method. These factors are crucial to control
the chemical compositional homogeneity of uvarovite garnets [12,13]. More recently, soft
chemical processing (sol–gel), coupled with a calcination stage, has been under exhaustive
investigation. This process had favoured the preparation of uvarovite and its solid solutions
at even lower temperatures ranging from 700 to 900 ◦C in air atmosphere [13–15].

However, among the soft chemical methods available for inorganic material produc-
tion, hydrothermal processing has delivered high processing efficiency for the preparation
of nano-sized inorganic silicate pigments. In particular, pyroxene silicates, namely XYSi2O6
(where X and Y are both divalent metal cations), were successfully crystallised under
mildly alkaline hydrothermal conditions between 180 and 240 ◦C [16]. The crystallisation
of 3D hierarchical morphologies occurred by transforming the precursor colloidal gel by
a controlled dissolution–crystallisation mechanism. The tuning of the colour tonality of
BaCuSi2O6 violet stain occurred preferentially in alkaline hydrothermal media. The colour
hue control was promoted by the use of NO3

− anions, which controlled the nanometric size
particle assembly process to form the fine nest-like shaped particles [16]. A literature survey
suggests that natural green uvarovite crystals were likely formed under hydrothermal
conditions in the Earth’s crust. On the contrary, the crystallisation of the uvarovite garnet
species has not been yet investigated in alkaline hydrothermal media under controlled
laboratory conditions, which is the main subject in the present study.

In the work reported here, the efforts were devoted to investigating the optimum
hydrothermal reaction conditions for the crystallisation of Victorian green pigment (Ca3Cr2-
Si3O12). In particular, we have systematically investigated the effect of various critical pro-
cessing parameters that might trigger the crystallisation of the single-phase Ca3Cr2Si3O12
and the control of particle growth and morphology. The alkaline hydrothermal media
concentration, stirring of the mother liquor, and the nominal mixed Si4+ molar content were
the main parameters varied. Hypothetically, the use of KOH solutions coupled with the
control of the Si4+ ions content deficiency might lead to promoting controlled hydrothermal
conditions that would hinder the oxidation of Cr3+ to other valences (Cr4+ or Cr6+). This
approach might lead to the fine-tuning of a one-pot hydrothermal process for preparing
nanosized Ca3Cr2Si3O12 particles free of reaction by-products. Likewise, the control of the
Ca3Cr2Si3O12 particle morphology found in the precursor co-precipitated gel containing a
Si4+ deficiency in alkaline solution could result in the tuning of the green tonalities of the
pigment; the effectiveness of these approaches is discussed in detail below.

2. Materials and Methods

2.1. Materials and Ca:Cr:Si Precursor Preparation

Hydrated chemical-grade reagents (Wako, Osaka, Japan, 99.0% purity) calcium ni-
trate (Ca(NO3)2·4H2O), chromium nitrate (Cr(NO3)3·9H2O), and sodium metasilicate
(Na2SiO3·9H2O) were used for the precursor gel preparation. Metal precursor solutions
were prepared with deionised water at a concentration of 0.375 M for Ca(NO3)2 and
Na2SiO3, and 0.25 M for Cr(NO3)3. The concentration of the KOH solutions selected
varied in the range of 0.01–5.0 M. Equivalent volume solution mixing Ca:Cr:Si ratios of
5.5:5.5:5.5 mL (16.5 mL) and 7.5:7.5:7.5 mL (22.5 mL) were selected. Theses solution mixture
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ratios provide the Victorian green pigment stoichiometric Ca:Cr:Si molar ratio of 3:2:3. Ini-
tially, the Ca and Cr solutions were mixed in the Teflon chamber bottom; then, the Na2SiO3
solution was poured, causing spontaneously the precipitation of a milky light green colour
(Gel Ca:Cr:Si) colloid. The colloidal precursor is made up of an amorphous phase and
crystalline SiO2 as shown in the X-ray diffraction plots in the Section 3.1. Subsequently, the
KOH solution volume (12.5 or 18.5 mL) was added, all the experiments were carried at a
total mother liquor solution volume of 35 mL with the autoclave 50% full.

2.2. Hydrothermal Treatments
2.2.1. Treatments Conducted under Stirring Conditions

The selected parameters to investigate the Victorian green pigment synthesis are
as follows: the micro-autoclave agitation speed, the alkaline media concentration, and
the KOH solution volume. The study also includes evaluating the effect of the kinetic
parameters (temperature and reaction time). These experiments aimed to determine
the effect of the alkalinity and the stirring of the hydrothermal medium to produce the
Ca3Cr2Si3O12 phase. After mixing the precursor solutions, a volume of 18.5 mL of KOH
solution with concentrations between 0 and 5.0 M was added. The autoclaves were sealed
and placed in the rotatory device assembled within the convection oven (Figure 1). Then,
the vessels were heated at a constant 5 ◦C speed to reach 220 ◦C, and the treatments were
conducted for 24 h at a constant stirring speed of 50 rpm.

Figure 1. Scheme of the experimental oven used for carrying out the hydrothermal treatments under
stirring and static conditions.

2.2.2. Treatments Conducted under Non-Stirring Conditions

The second experimental set was conducted to evaluate the feasibility for promoting
the one-pot reaction without stirring. The treatments were carried using a 5.0 M KOH
solution with two volumes (12.5 and 18.5 mL) for different reaction intervals (3–72 h) and
temperatures (200–240 ◦C). Additionally, some experiments were conducted with different
Si4+ molar contents (2.2–2.8 mole). According to the nominal 3.0 mole Si4+ (7.5 mL), the
lower contents of 2.2, 2.4, 2.6, and 2.8 Si4+ mole were added proportionally to the volume
ratio Si4+:H2O of 5.5:2.0, 6.0:1.5, 6.5:1.0, and 7.0:0.5, respectively. After the solution mixing,
the autoclave vessel was sealed and heated inside a convection oven to reach the desired
temperature. After each treatment, the reaction products were gravimetrically separated
and then washed vigorously, four times, with hot water (60 ◦C) to clean the remaining
alkaline medium. Then, the resultant powders were dried overnight in an oven at 80 ◦C.

2.3. Characterisation

Powder X-ray diffraction (PXRD). The analyses were conducted in a Rigaku Ultima
IV diffractometer (Akishima, Tokyo, Japan) operated at 40 kV and 20 mA, using Cu-Kα

radiation (λ = 1.54056 Å). XRD analyses were collected in the 2θ range of 5–80◦ at a constant
scanning speed of 20◦/min with a 0.02◦ step. Rietveld refinement analyses were carried out
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on the diffraction patterns collected in the 2θ range of 15–130◦, under standard conditions
at a scanning speed of 0.01◦/min and 0.002◦ step. The refinement calculations were
performed using TOPAS 4.2 (Bruker AXS: Karlsruhe, Germany, 2009) software. The space
group, together with the atomic position (Wyckoff number and coordinates) correspond
to the COD card 96-900-7150. Additional details associated with the Rietveld refinement
analysis are given in the Supplementary Supporting Information File, Section S2.3.

Fourier transform infrared spectroscopy (FT-IR). Additional structural details asso-
ciated with the presence of water molecules were investigated using a FT-IR apparatus
JASCO 4000, Hachioji, Tokyo, Japan. The analyses were conducted using pelletised samples
prepared with 5 mg of pigment and 200 mg KBr. The powder samples were dried overnight
at 60 ◦C previously the pellet preparation.

Morphology and microstructural observations. The microstructural aspects of the
Ca3Cr2Si3O12 particles were observed by (FE-SEM JEOL JSM-7100F, Akishima, Tokyo,
Japan) operated at 10 kV and 69 μA. The particle size distribution was measured from
SEM images of 50 particles. Crystalline structural details of Victoria pigment particles were
revealed by (HR-TEM, Philips Titan 300) operated at 300 kV.

Differential thermal analysis (DTA). Ca3Cr2Si3O12 pigment thermal stability was
evaluated via thermogravimetric and differential thermal analysis (Perkin Elmer Pyris
Diamond TG/DTA, Waltham, MA, USA) from 30 to 1000 ◦C. The analyses were carried at
10 ◦C/min constant heating rate in air atmosphere corresponding to the apparatus furnace
chamber volume.

Optical properties. The Victoria green powders optical properties, colour CIEL*a*b*,
and reflectance spectra were measured in a UV-vis near infrared (NIR) spectrometer
(Perkin-Elmer Lambda 25, 800–2500 nm, Waltham, MA, USA). The BaSO4 fine powder was
used to calibrate the colour space parameters, as suggested by the standard CIE-L*a*b*
colourimetry method.

3. Results and Discussion

A proposed one-pot hydrothermal processing scheme was investigated as a new
and potentially feasible route for preparing synthetic Victorian green pigment particles
(Ca3Cr2Si3O12). Initial effort was directed toward establishing the appropriate alkaline
concentration over the range 0.0–5.0 M that triggers the crystallisation of Ca3Cr2Si3O12,
since this had not yet been found for this pigment in hydrothermal fluids. Table 1 sum-
marises the conditions of the selected experiments conducted in various KOH solutions that
produced Ca3Cr2Si3O12 particles under alkaline hydrothermal conditions with interesting
green tonalities. The major crystalline phases identified are also included together with the
amount of the secondary phases calculated by the Rietveld refinement.

3.1. The Effect of the Alkalinity on the Ca3Cr2Si3O12 Chemical Stability under
Hydrothermal Synthesis

Figure 2 shows the typical XRD patterns of residual powders produced at 240 ◦C
for 24 h under stirring at 50 rpm, employing water and various KOH alkaline solutions
(0–5.0 M). These experiments aimed to determine the potential feasibility to produce
Ca3Cr2Si3O12 uvarovite-structured in alkaline hydrothermal medium for the first time.
Generally, the synthesis of Ca3Cr2Si3O12 particles did not occur when water and low
concentrated KOH (0.01–0.05 M) solutions were used as hydrothermal medium. The
PXRD pattern of the reaction products could not be indexed with analogous inorganic
compounds in the CaO–Cr2O3–SiO2 system. On the other hand, using KOH media with
concentrations of 0.5 and 1.0 M resulted in the formation of secondary phases of SiO2
(Quartz high (•)), Ca2SiO4 (�), and CaCr2O4 (�). The Ca:Cr:Si gel chemical reactivity
was enhanced in a mildly concentrated 2.5 M KOH solution, resulting in the formation
of Ca3Cr2Si3O12 (69.63 ± 2.5 wt %) together with SiO2 (Quartz high (•), Coesite (�)) and
Ca2SiO5 (�) crystalline phases. The Rietveld refinement algorithm calculated the content of
each phase identified, and the schematic results are shown in Figure S1c,d (Supplementary
Supporting Data File).
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Figure 2. XRD patterns of the reaction products produced at 220 ◦C for 24 h with different KOH solvent solution (18.5 mL)
concentrations. The experiments were carried out with stoichiometrically mixed Si4+ content of 3.0 mole (a). Those (b) of
the powders prepared with two different volumes of the 5.0 M KOH solution; these experiments were all conducted at
an autoclave stirring speed of 50 rpm. Indexed crystalline phases: (�) Uvarovite structure Ca3Cr2Si3O12, COD card no.
96-900-7150, crystalline secondary phases: (�) SiO2, (•) SiO2 Quartz high COD card 96-101-1201, (�) Ca2SiO4 COD card no.
96-210-3317, (�) CaCr2O4 COD card no. 96-200-2211 phase, (�) SiO2 Coesite COD card no. 96-900-0805, (�) Ca2SiO5 COD
card 96-200-1356.

The results show that Ca3Cr2Si3O12 single-phase free of reaction by-products occurs
only in highly concentrated KOH media (5.0 M). The X-ray pattern of this sample was
indexed with that of the cubic crystalline phase (COD Card No. 96-900-7150, space group Ia-
3d, No. 230 (�)), as seen in Figure 2. Likewise, the KOH nominal volume did not hinder the
crystallisation of Ca3Cr2Si3O12; this compound solely was obtained either of the 5.0 M KOH
solution of 12.5 mL (Sample ID CCS2) or 18.5 mL (Sample ID CCS1); see Figure 2b. These
results bear evidence indicating that the one-pot hydrothermal reaction occurs in a single-
step chemical reaction and is preferentially triggered under strongly alkaline conditions.
The concentrated alkaline media dissolves the amorphous colloid precursor and the SiO2,
and as a consequence, solute supersaturation is reached in the system and it achieves the
chemical equilibrium associated with Equation (1). The chemical reaction (Equation (1))
is conducive to Victorian green pigment powder crystallisation under the proposed one-
pot hydrothermal reaction. It deserves emphasising that based on the reaction pathway
elucidated by the XRD results, we infer that the KOH media is crucial to mitigate the acidic
capability the anionic species, namely the high oxidant NO3− ions, which might trigger the
valence oxidation of Cr3+ to Cr6+. The reaction trend is similar to that determined on silicate
pigments, BaCuSi2O6 [16] and BaCu2Si2O7 [17], where the reduction of Cu2+ to Cu+ did
not take place under alkaline hydrothermal conditions. Chromium oxidation might hinder
the Ca3Cr2Si3O12 crystallisation due to the formation of more stable crystalline phases
containing chromium (VI). This processing advantage is one of the factors associated to
the one-pot hydrothermal processing efficiency in comparison with the solid-state reaction
method widely used to prepare the Victorian green pigment [9–13]. Additionally, small
crystalline structural differences were determined on the experiments carried at various
temperatures and reaction intervals in 5 M KOH solution under hydrothermal treatments
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conducted without stirring. These results are reported in the Supplementary Supporting
Information Data File, Section S3.

Ca3Cr2Si3−y(OH)24−y(gel) + ySiO2(s) + 5NO3
−

(aq) + 2Na+
(aq)

Ca3Cr2Si3O12(s) + 5NO3
−

(aq) + 2Na+
(aq) + (24 − y)OH−

(aq)
(1)

3.2. Structural Features of the Victorian Green Ca3Cr2Si3O12 Powders Prepared under Alkaline
Hydrothermal Conditions

The crystalline structural features of the cubic uvarovite particles prepared under the
relevant treatment conditions are given in Table 1. Table 1 shows the results calculated by
the Rietveld refinement analyses of parameters such as crystallite size, unit cell parameters,
lattice strain, residual parameter Rwp (%) and goodness-of-fit (GOF) (χ2) fitting refinement
parameters. The refinement parameters are conducive of sufficient accuracy for calculating
the structural features of the Victorian green pigment samples. The values of the Rwp and
goodness-of-fit factor (GOF) (χ2) (Table 1) are consistent with the Ca3Cr2Si3O12 residual
line for the Victorian green pigment in the Rietveld refinement plots (Figure S2); these
results reveal the high accuracy of the refinement approach used, leading to small residual
differences between the experimental and calculated XRD patterns. The plots of selected
pigments are shown in the Supporting Supplementary Information (see Figure S2). The
unit cell lattice parameters of Ca3Cr2Si3O12 calculated are within the broad range of the
“a0” lattice parameter, 11.5–12.5 Å, which is determined in various uvarovite minerals and
its synthetic parents [4–8]. Interestingly, the “a0” lattice parameter varied within the range
12.2429–12.3372 Å (see Table 1) on the Victorian pigment powders. However, this variation
is likely associated with the residual lattice strain induced in the crystallisation process as
shown in Table 1, for the samples treated for short reaction intervals. However, the partial
incorporation of water molecules in the Ca3Cr2Si3O12 under the one-pot hydrothermal
process is another factor that might provoke the large lattice parameter values [4,18,19].
Natural mineral uvarovite is amongst the species formed at the upper mantle and transition
zone. It usually incorporates water molecules that partially substitute the SiO4 tetrahedra
units by OH− in the form of H4O4 [1,18,19]. Hence, the residual lattice strain coupled
with the presence of H4O4 caused the crystalline structural variation in the Victorian green
pigments produced by the new route investigated.

Additionally, Ca3Cr2Si3O12 crystalline features were also studied using FT-IR spec-
troscopic analyses over the wavenumber range of 400–4000 cm−1. These analyses were
conducted to reveal additional features of the chemical bonds in the Ca3Cr2Si3O12 pigment.
The FT-IR spectra of the samples prepared at 240 ◦C in the 5.0 M KOH solution (with a
nominal Si4+ content of 3.0 mole) for various intervals are shown in Figure 3. Generally, the
FT-IR results revealed no further chemical compositional differences between the samples
because the same bands were observed irrespective of the reaction interval. Thus, the sharp
band at 528.7 cm−1 is assigned to the Si-O bond symmetric bending mode (3v4), while two
overlapped peaks at 861.1 and 920.8 cm−1 constituted the broad peak in the wavelength
range of 750–1200 cm−1. These bands correspond to the asymmetric Si-O stretching mode
(3v3) bands of the SiO4 units. The new signals at 1389.6, 1483.4, and 1636.9 cm−1, together
with the broad one between 3000 and 3700 cm−1, are attributed to the presence of O-H
bonding. These bands correspond to water molecules absorbed on the pigment powders.
The present results provide clear confirmatory evidence of hydro-garnet formation in highly
saturated alkaline hydrothermal media, which has not previously been reported [1,18,19].
Based on these results, we argued that the water molecules absorption occurs in the OH−
supersaturated media, due to OH− accelerating the dissolution–crystallisation mecha-
nism that transforms the precursor gel into the Ca3Cr2Si3O12. Water absorption onto the
uvarovite particles surface is likely promoted via a hydro-substitution mechanism [18].
The water (wt %) content determined by thermal gravimetric analyses was 17.0 ± 2.5 wt %;
this content was measured with various uvarovite powders prepared under different con-
ditions as shown in Figure S4 (Supplementary Supporting Data). Furthermore, the water
absorption is likely to provoke the Si-O band displacement in all the samples and induce
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the residual strain calculated by the Rietveld refinement analyses that disturb the lattice
arrangement in the cubic uvarovite structure.

Figure 3. Fourier transform infrared (FT-IR) spectrum of Ca3Cr2Si3O12 pigment samples hydrother-
mally crystallised at 200 ◦C using a 5.0 M KOH solution (12.5 mL), the stoichiometric mixed Si4+

content used was 3.0 mole, and all the treatments were conducted without stirring for various
reaction intervals as shown.

3.3. Tailoring the Synthesis of the Ca3Cr2Si3O12 by Controlling the Nominal Si4+ Content

Figure 4a shows typical PXRD patterns of Victorian green samples prepared at 220 ◦C
for 12 h in the 5.0 M KOH solution without stirring. This experimental set aimed to
investigate the effect of the nominal Si4+ content below the stoichiometric value of 3.0 mole
required to produce the Ca3Cr2Si3O12. Crystallisation of the cubic structured Ca3Cr2Si3O12
occurred under alkaline hydrothermal conditions and was irrespective of the Si4+ deficiency
induced in the reaction system. Thus, the Si4+ deficiency did not affect the equilibrium
associated with the chemical reaction (Equation (2)) proposed for this reaction system that
triggers the Ca3Cr2Si3O12 preparation by a single-step reaction. In addition, the nominal
Si4+ deficiency did not produce any marked differences in the initial gel co-precipitation
reaction. This inference is also supported by the dissolution of the Si-deficient precursor gel
Ca:Cr:Six, which was found to proceed rapidly as in the experiments conducted with the
uvarovite precursor gel containing 3.0 mole of Si4+ described in Section 3.1. No secondary
crystalline phases containing Ca2+ or Cr3+, namely calcium chromate, were produced
during the experiments with the Si4+ molar deficiency (2.2–2.8 mole). Both metal ions were
hydrolysed in the alkaline media as complex ions [16,17] (Equation (2)). The formation
of hydro-garnet uvarovite on the residual powders prepared with various contents of
Si4+ was confirmed by the FT-IR analyses, which are shown in Figure 4b. These results
suggested that water absorption on uvarovite particles took place spontaneously during
the particle crystallisation, even though the chemical equilibrium (Equation (2)) is reached
with the Si4+ molar deficiency within the hydrothermal alkaline reaction media. These
particular controlled set of experiments demonstrated that the Si4+ deficiency does not
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affect the Ca3Cr2Si3O12 synthesis, because the oxidation of Cr3+ to other metastable (Cr4+)
or Cr6+ stable valences was hindered on the hydrothermal alkaline media.

Ca3Cr2Si3−(y+x)(OH)24−(y+x)(gel) + ySiO2(s) + 5NO3
−

(aq) + 2Na+
(aq) → Ca3Cr2Si3O12(s)+

3xCa(OH)z
n+

(aq) + 2xCr(OH)m
n+

(aq) + 5NO3
−

(aq) + 2Na+
(aq) + 24 − (y + x) OH−

(aq)
(2)

 

Figure 4. (a) XRD patterns and (b) FT-IR spectrum of the residual powders produced at 220 ◦C for 12 h without stirring
in the 5.0 M KOH solvent (12.5 mL) using different Si4+ precursor molar contents. Crystalline phases (�) Ca3Cr2Si3O12

uvarovite structure, COD Card No. 96-900-7150.

3.4. Morphology Evolution of Ca3Cr2Si3O12 Particles Prepared under Alkaline
Hydrothermal Conditions

The morphology and particle size of the Ca3Cr2Si3O12 particles synthesised at 220 ◦C
for 24 h in a 5.0 M KOH solution with an Si4+ content of 3.0 mole, under both stirred (at
50 rpm) and static conditions, are shown in Figure 5a,b: respectively. SEM observations
revealed that monodispersed Ca3Cr2Si3O12 agglomerates with a popcorn quasi-spherical
shape were the dominant morphology under the alkaline hydrothermal conditions. These
agglomerates are constituted of tiny anhedral crystals, which self-assembled to produce the
3D hierarchical “popcorn” architecture [20,21]. The anhedral particle size varies from 12 to
34 nm, as suggested by the crystallite sizes calculated from SEM micrographs (Figure 5a,b)
and the results given in Table 1. Solvent convection provoked by the autoclave rotation
limited the agglomerate growth. The popcorn agglomerate size produced with a 50 rpm
rotation speed was 87 ± 17 nm. By way of contrast, coarser agglomerates up to 148 ± 3 nm
were produced by maintaining the autoclave static inside the oven during the hydrothermal
treatment (Figure 5b). Increasing the reaction temperature to 240 ◦C under static treatment
conditions only resulted in a slight increase of the agglomerate size up to 156 ± 3 nm
(Figure 5c). We surmise that a homogeneous colloid dispersion provoked by the autoclave
agitation caused the reduction of the popcorn-shaped agglomerates. Agitation breaks up
the colloid, accelerating its rapid dissolution in the solvent; as a consequence, a greater
quantity of embryos is precipitated compared to that produced without stirring. The large
molar volume of embryos homogeneously dispersed reduces the local solute saturation,
hindering the particle coarsening [16,17]. Increasing the reaction temperature, without agi-
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tation, does not further coarsen the particles. The agglomerate growth was not significantly
affected by increasing the temperature over 200 ◦C.

 

 

 

Figure 5. FE-SEM micrographs of Ca3Cr2Si3O7 powders produced under hydrothermal conditions
at 220 ◦C for 24 h using a 5.0 M KOH solution (12.5 mL) and 3.0 mole Si4+ precursor mixed content;
the experiments were conducted at a stirring speed (a) 50 rpm and (b) 0 rpm. (c) Micrograph of the
powders prepared at 240 ◦C without autoclave stirring under the same experimental conditions.

In addition, detailed crystalline structure features of the popcorn agglomerates were
revealed by TEM observations. The analyses were conducted on residual powders pre-
pared for 72 h at low (200 ◦C) and high (240 ◦C) temperatures; the TEM micrographs are
shown in Figure 6. These images revealed that the bulk morphology of the popcorn-shaped
agglomerates is irrespective of the treatment temperature. However, the size of the con-
stituent anhedral particles was slightly increased from 8.5 ± 1.7 nm (200 ◦C) up to a mean
size of 11.5 ± 2.0 nm by increasing the temperature to 240 ◦C. Details associated with the
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crystallinity and the self-assembly architecture of the fine anhedral Ca3Cr2Si3O12 particles
were revealed by the HR-TEM observations (Figure 6b,d). Interestingly, these observations
suggest that the anhedral particles produced at 200 ◦C exhibit a distorted atomic ordering.
Nevertheless, some particles at the surface revealed that the assembly that took place in
the basal plane with index (400), see Figure 6b. These Miller indexes correspond to an
interplanar distance of 0.305 nm for the cubic garnet structure. On the contrary, at 240 ◦C,
a remarkable atomic stacking occurred on the anhedral so that these particles exhibited
a high crystallinity with the atomic ordering along a preferential direction indicated by
the Miller index (123). This crystallographic plane was indexed with a calculated lattice
fringe spacing of 0.317 nm, as portrayed in Figure 6d. Based on these interpretations, we
argue that the reactivity of OH− ions in the hydrothermal media caused a marked variation
in the growth and the spontaneous self-assembling of the anhedral particles. Therefore,
the dissolution–crystallisation mechanism reaction kinetics proceeded slowly at 200 ◦C,
causing disruptions in the atomic stacking. The faster kinetics achieved at 240 ◦C caused a
rapid solute supersaturation in the alkaline solvent, leading to correspondingly rapid em-
bryo crystallisation and spontaneous epitaxial growth in the preferential crystallographic
direction; this process is analogous to that recently determined for other silicate inorganic
pigments [16,17]. This process, it is argued, controls the 3D hierarchical assembly, resulting
in the formation of the Victorian green popcorn particles.

  

  

Figure 6. TEM (a,c) and HR-TEM (b,d) images of the popcorn shaped Ca3Cr2Si2O12 agglomerates
hydrothermally prepared for 72 h without autoclave stirring and 3.0 mole Si4+ content using 12.5 mL
of 5.0 M KOH as solvent. The one-pot hydrothermal treatment was carried at 200 (a,b) and 240 ◦C
(c,d), respectively.
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3.5. Diffuse Reflectance and Chromatic Properties of Ca3Cr2Si3O12 Victorian Green Powders

Near infrared to UV-vis diffuse reflectance analysis was carried out on the Ca3Cr2Si3O12
powders prepared at 200 and 240 ◦C and various reaction intervals without agitation. These
samples produced with a stoichiometric Si4+ molar content (3.0 mole) exhibited differences
in the particle size, green tonality, and structural crystallinity. The NIR reflectance data
shown in Figure 7 were collected over wavelengths of 600–2500 nm using pelletised disks
(10 mm diameter and 1 mm thickness). Generally, all the Victorian green powders prepared
at 200 and 240 ◦C for both short and long reaction intervals exhibited an absorption peak
at 833.33 nm. Furthermore, a marked increase in the reflectance took place in the NIR
spectrum from 1000 and 2500 nm for all the samples, but all the pigments prepared at
200 ◦C (Figure 7a) had a slight reduction of 6% between 1300 and 1800 nm compared
to those prepared at 240 ◦C. Interestingly, the pigment powders synthesised at 240 ◦C
over a reaction interval of 24 h only had a tiny reflectance decay of approximately 2%
below the maximum reflectance (98%) determined for powders produced over 72 h; see the
inset in Figure 7b. These results, which were taken together with the crystalline structural
differences revealed by HR-TEM, suggest that the uvarovite pigment NIR is maximised by
improvement in the atomic stacking [22–24]. This is suggested to occur due to uvarovite
dissolution–recrystallisation, which is promoted at reaction intervals over 24 h under
hydrothermal conditions at 240 ◦C. It is worth mentioning that these results are especially
relevant in highlighting a potential application for the prepared Victorian green pigments.
In terms of energy, 52% of the sunlight reaches the Earth’s atmosphere falls within the
spectrum of the NIR region (700–2500 nm). The incidence of this radiation on the surface of
dark-coloured objects causes them to heat up. The reflectance behaviour of the uvarovite
Ca3Cr2Si3O12 powders, as suggested by the NIR reflectance analyses of Figure 7, indicates
that a potential application is as a “cold” pigment because it absorbs little NIR radiation.
Such surface coatings could have a remarkable impact on energy-saving applications where
solar radiation causes unwanted heating [24]. In general, bright colour TiO2 pigment has
an 80% NIR radiation, resulting in a low heat up. This pigment is used to reduce the
total solar energy absorbed. Furthermore, the Ca3Cr2Si3O12 powders have similar NIR
reflectance properties to those submicron-sized blue pigments YIn0.8Mn0.2O3 [22] and
YIn0.9Mn0.1O3-ZnO [24], which have a 90% near infrared reflectance property. Similarly,
yellow BiVO4 pigments exhibit a reflectance above 80%, and the reflectance was maximised
due to the BiVO4 polymorph formation provoked by the treatment temperature [25].

Figure 7. Near infrared reflectance spectra of the Victorian green pigments hydrothermally prepared in a 5.0 M KOH
solution (12.5 mL) with 3.0 mole of Si4+ and no autoclave agitation. The powder pigments were synthesised at various
reaction intervals and temperatures of (a) 200 and (b) 240 ◦C.
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Victorian green powders colour characterisation was conducted using the CIE-L*a*b*
colour space. The chroma value was calculated using the mathematical expression

Cab
∗ =

√
(a∗)2 + (b∗)2 (details reported elsewhere [25]). Table 2 summarises the chro-

matic coordinate L*a*b* and the chroma values determined for various pigments prepared
under different conditions. The RGB colour coordinates obtained by transforming the
L*a*b* values, and the pigment colour tonality associated with its RGB coordinates, are also
given in Table 2. Generally, the results revealed that the powder colour is consistent with
the standard CIELab coordinates of the Victorian green pigment. Although there were no
significant variations in the chromatic values of single-phase uvarovite pigments, lighter
bright green tonalities were associated with powders having chroma “Cab*” values within
the range of 12.98–17.75. The pigments with chroma values ranging from 18.94 to 22.44
have a slightly darker green tonality. Based on these results, we surmise that the green
tonality tuning is further enhanced by the microstructural parameters of the Ca3Cr2Si3O12
powders, particularly the popcorn-shaped agglomerate size and the refinement of the
crystalline structure. This inference agrees with the experimental results obtained with
the one-pot hydrothermal processing, because at temperatures over 220 ◦C in the alka-
line medium (5.0 M KOH), well crystalline anhedral particles are produced, which are
responsible for the variation on the Ca3Cr2Si3O12 green pigment hue.

The Si4+ deficiency did not affect the self-assembly process of the anhedral particles.
However, based on the chemical equilibrium (Equation (2)), the hydrolysed metal cations re-
acted with the OH−, giving rise to the formation of complex hydroxide species (Ca(OH)z

n+

and Cr(OH)m
n+). This phenomenon caused a local reduction in the OH− concentration,

which slowed down the coarsening of the hierarchical 3D popcorn-shaped agglomerates,
and this reaction took place using low Si4+ molar contents (2.2 and 2.6 mole). Hence, the
particle size effect is the phenomenon responsible for trigger the bright green hue according
to the natural light scattering mechanism. This mechanism is further enhanced in the
nanometric-sized 3D popcorn-shaped agglomerates consisting of fine anhedral-shaped
crystals (14.4–28.2 nm, see Table 1). Additionally, the dark green tonalities caused by
the light interaction occur due to an increase in the crystallinity of the anhedral particles,
together with the well-formed faceted surfaces (Figure 7a,b). Furthermore, the compact
popcorn-shaped 3D arrangement could physically enhance the dynamic light reflection,
giving the Ca3Cr2Si3O12 powders the properties of cool pigment, consequently reducing
the light absorbance [4,11]. Hence, based on the optical measurements, we argue that
the nano-sized hierarchical 3D popcorn-shaped Ca3Cr2Si3O12 agglomerate powders have
potential application as cold pigments. Other applications include printing ink preparation,
acrylic paints, and decorative purposes.
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4. Conclusions

The synthesis of Victorian green pigment was successfully prepared in a highly con-
centrated KOH solution for the first time by the one-pot hydrothermal method. The
nanosized aggregates crystallisation proceeded via a single-step chemical reaction that was
achieved by the dissolution–crystallisation mechanism. The new processing approach is
highly efficient, because the synthesis occurred even for a short reaction interval (3 h) at
200 ◦C without stirring. These conditions are adequate to synthesise nano-sized anhedral
irregular particles; simultaneously, these particles underwent a spontaneous self-assembly
that produce new nanometric 3D hierarchical popcorn-shaped agglomerates. Additionally,
the colour tuning of the Ca3Cr2Si3O12 pigment was achievable with controlling the Si4+

deficiency (2.2–2.8 mole). The Ca3Cr2Si3O12 optical properties, colour hue, and NIR diffuse
reflectance are affected by slight alterations in the particle size and crystallinity of the an-
hedral irregular particles forming the 3D hierarchical particle agglomerates. Hence, based
on optical properties, the Victorian green powders prepared by the one-pot hydrothermal
process have potential applications as a cold pigment source, and to prepare printing ink,
acrylic paint, and other decorative purposes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11/2/521/s1, Figure S1: XRD diffraction results of treatments conducted at different temperature
without stirring, Figure S2: The Rietveld refinement plots were calculated for the cubic Ca3Cr2Si3O12
and various secondary phases, Figure S3: FE-SEM micrographs of Victorian green pigments prepared
with different Si4+ mole contents, Figure S4: DTA of Ca3Cr2Si3O12 prepared at various experimental
conditions, Table S1: Summary of the chemical composition of the single-phase Ca3Cr2Si3O12,
Tables S2–S7: CIF files of the crystalline phases determined in the XRD patterns of the powders
prepared in hydrothermal conditions.
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Abstract: TiO2 of controlled morphologies have been successfully prepared hydrothermally using
TiO2 aggregates of different sizes. Different techniques were used to characterize the prepared TiO2

powder such as XRD, XPS, FEGSEM, EDS, and HRTEM. It was illustrated that the prepared TiO2

powders are of high crystallinity with different morphologies such as nanobelt, nanourchin, and
nanotube depending on the synthesis conditions of temperature, time, and additives. The mechanism
behind the formation of prepared morphologies is proposed involving nanosheet intermediate
formation. Furthermore, it was found that the nanoparticle properties were governed by those of
TiO2 nanoparticles aggregate used as a precursor. For example, the size of prepared nanobelts was
proven to be influenced by the aggregates size used as a precursor for the synthesis.

Keywords: TiO2 nanoparticles; aggregates; morphologies

1. Introduction

Recently, tremendous efforts have been devoted to developing innovative strategies
to synthesize nanomaterials with the desired morphologies and properties. Particularly
the one-dimensional (1D) structure of TiO2 nanomaterials exhibits interesting properties
compared to other TiO2 nanoparticles: it has lower carrier recombination rate and higher
charge carrier mobility, thanks to the grain boundaries and junctions absence. In fact, the
electron diffusion takes place through the junctions between nanoparticles, inducing slower
charge transfer by several orders of magnitude [1]. In addition, it favors light scattering in
the photoanode, which increases the light harvesting [2]. Among the studied morphologies
and materials, semi conducting nanostructured materials such as nanowires, nanobelts,
and nanotube have received particular attention, due to their use as photoanaode for
potential applications in different areas such as photovoltaic [2], photo catalysis [3], gas
sensing [4], and water photo-splitting [5].

Tuning the size and the morphology of materials is becoming a challenging goal
in materials science. Over the past few years, various synthesis methods and protocols
have been developed to control the semi-conducting nanomaterials morphology, including
vapor–liquid–solid (VLS) [6], solution–liquid–solid (SLS) [7], template-based synthetic
approaches [8,9], arc discharge [10], laser ablation [11], chemical vapor deposition [12],
microwave [13,14], and sol–gel [15]. Among these synthesis methods, which mostly
brought contamination to the synthesis products, the hydrothermal technique has been
proven to be a simple and straightforward method using noncomplex apparatus, scalable
for large production, with high chemical purity, allowing a large rang of nanomaterial sizes
and morphologies [16,17]. Furthermore, the morphology of prepared TiO2 nanomaterials
by using hydrothermal method was demonstrated to depend on the concentration of
alkaline solution, the synthesis temperature and time, the material precursor used [17,18],
additives, Pressure, pH, and the reaction medium [19–25].

Nanomaterials 2021, 11, 365. https://doi.org/10.3390/nano11020365 https://www.mdpi.com/journal/nanomaterials
119



Nanomaterials 2021, 11, 365

Additionally, the hydrothermal method allows the control of the nanoparticles aggre-
gation [26]. The most reported strategy to control the morphology of oxide nanomaterials
is based on using organic surfactant, which adsorbs on a selected crystallographic plan of
growing nucleus, leading to a change of its orientation and growth rate. This results in
controlling the morphology of the obtained nanomaterial at the final growth stage [27,28].
Additionally, strategies based on aggregation/coalescence of nanomaterials were reported
and demonstrated to be efficient in controlling the morphology of the final synthesized
powder [29]. The exfoliation step was also reported to be a crucial step in the formation
mechanism of prepared morphologies [29]. Most of the studies are based on nanomaterials
aggregation/coalescence processes, and to the best of our knowledge, very few are based
on exfoliation/aggregation/coalescence processes to explain synthesized morphologies.
In the case of TiO2 nanomaterials, there is still a misunderstanding of the mechanism
behind the formation of reported morphologies and particularly nanotube, nanobelt, and
nanourchin. Some authors claimed that the Na2Ti3O7 nanosheets exfoliation step is the
crucial step in the mechanism formation of different morphologies, whereas other authors
stated that it is the dissolution of TiO2 nanoparticles into TiO6 octahedra, followed by
Na2Ti3O7 nucleation and growth, forming a nanosheet in a later stage [29]. Furthermore, it
is well accepted that different polymorphs of TiO2 nanomaterials are formed by different
arrangements of TiO6 octahedra. In fact, the growth of anatase tetragonal polymorph pro-
ceeds through face sharing arrangements of TiO6 octahedras, whereas the rutile tetragonal
phase growth takes place through edge-sharing arrangements. Furthermore, the Brookite
phase is obtained by TiO6 octahedra assembly, sharing their edge and corner; whereas in
Ti2O (B) (bronze) phase, Ti4+ ion form two distinct geometries with oxygen: octahedron
in one case and a square pyramidal in the other. In addition, to homogeneous size and
morphology, prepared TiO2 nanomaterials using hydrothermal method exhibit several
characteristics such as high crystallinity, an accurate control of different crystallinity phases
from anatase to rutile depending on the synthesis and annealing temperatures, and high
specific surface [30]. It is well accepted that the anatase polymorph possesses a higher
band gap energy (3.3 eV) than that of the rutile polymorph (3 eV).

In the present work, different morphologies of TiO2 have been successfully prepared
hydrothermally using TiO2 aggregates made of TiO2 nanoparticles as a precursor. The
mechanism behind the morphology control of prepared nanomaterials was discussed. It
was found that the prepared TiO2 nanomaterials properties were governed by those of
TiO2 nanoparticles aggregate. By controlling TiO2 nanoparticles and aggregate sizes, it has
been demonstrated that it is possible to control the TiO2 nanobelt sizes.

2. Materials and Methods

2.1. Synthesis of TiO2 Nanoparticles

For the synthesis of TiO2 nanoparticles, titanium (IV) oxysulfate hydrate (TiOSO4,
Sigma Aldrich, St. Louis, MO, USA) precursor was used. Furthermore, the synthesis
of TiO2 aggregates has been performed using a hydrothermal synthesis technique. The
TiOSO4 precursor solution was prepared by dissolving 6.4 g of TiOSO4 (2.5 M) in 16 mL
of distilled water under constant stirring of 750 r/min and temperature of 45 ◦C for 2 h
to get a clear solution. Then the solution of TiOSO4 was transferred into a Teflon-lined
stainless-steel autoclave of 25 mL capacity. The heating rate was of 2.5 ◦C/min, and during
the synthesis, the temperature was maintained at different temperatures of 100, 200 and
220 ◦C for 6 h depending on the aggregate size required. After this synthesis in autoclave,
a white TiO2 powder was obtained and was washed six times in distilled water and two
times in ethanol. Then the powder was dried overnight in the oven and annealed in air at
temperature of 500 ◦C for 30 min with the heat rate of 5 ◦C/min. For nanourchin, nanotube,
and nanobelt synthesis, 0.5 g powder of TiO2 aggregate was introduced in a Teflon-lined
autoclave of 25 mL capacity. Then, the autoclave was filled with 10 M NaOH solution up
to 80% of the autoclave capacity. During the synthesis, the temperature was maintained at
different temperatures of 100, 150, and 220 ◦C with the heating rate of 2.5 ◦C/min and the
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synthesis time of 360, 180, and 15 min, depending on the required morphology. Afterwards,
synthesis nanobelt particles are subjected to the washing and annealing protocols to obtain
at the end of these processes: sodium titanate. The latter product was washed many times
with diluted HCl solution to attain a pH value of 1. After that, the suspension was washed
with distilled water several times to reach a pH value of 7. Finally, the obtained powder
was dried overnight in the oven, and annealed in air at temperature of 500 ◦C for 30 min,
with the heat rate of 5 ◦C/min.

All the chemicals are of analytical grade and used without further purification. The
water used in all the experiments was purified by Milli Q System (Millipore, electric
resistivity 18.2 MΩ.cm).

2.2. The Characterizations of TiO2 Films

The morphological investigations of the prepared films were achieved with a high-
resolution Ultra 55 Zeiss FEG scanning electron microscope (FEGSEM) operating at an
acceleration voltage of 10 kV and the high-resolution transmission electron microscope
HRTEM using JEOL 2100 Plus microscope.

The crystalline structure of TiO2 was determined by an X-ray diffractometer (Siemens
D5000 XRD unit) in 2θ range from 20◦ to 80◦ by 0.07◦/s−1 increasing steps operating
at 40 KV accelerating voltage and 40 mA current using Cu Kα radiation source with
λ = 1.5406 Å.

The chemical compositions of all the samples were determined by the FEGSEM using
a Princeton Gamme-Tech PGT, USA, spirit energy dispersive spectrometry EDS system, and
by X-ray photoelectron spectroscopy XPS realized with X-ray photoelectron spectroscopy
(XPS), and for the measurements we used a Thermo K Alpha analyzer system equipped
with an AL Kα X-ray source (hυ = 1486.6 eV; spot size 400 μm).

3. Results and Discussion

Various powders were prepared using the alkali hydrothermal synthesis method
and varying synthesis temperatures and reaction times. To prepare these powders, TiO2
aggregates of spherical shape and different sizes were prepared and used as precursors.
The FEG-SEM characterization of precursor powders are shown in Figure 1, and it can be
observed that the sizes of spherical aggregates are ranging from 50 to 200 nm.

The XRD method was used to characterize the crystalline phase of TiO2 aggregate
precursors, and the obtained results are depicted in Figure 2. Several well-resolved peaks
were observed and are all assigned to TiO2 anatase phase (JCPDS No. 21-1272), which is
proof of the high purity of the prepared precursor powders. Additionally, Scherer analysis
was used to calculate the average crystallite sizes at the half-maximum width of the intense
peak corresponding to (101) crystallographic plane, and were found to be 9.8, 24.7, and
30.4 nm, for the synthesis temperatures of 100, 200, and 220 ◦C, respectively.

White powders were obtained using TiO2 aggregate precursors whatever the prepa-
ration conditions, and their corresponding morphologies are depicted in Figure 3. As it
can be observed, at the synthesis temperature of 100 ◦C, the morphology of the prepared
powder is nanourchin-like with a stretched sheet-like network (Figure 3a), whereas at
a temperature of 150 ◦C, the morphology is still nanourchin-like but with a more rolled
nanosheet-like network (Figure 3b). From these experiments, it is clear that the temperature
increase favors the nanosheet scrolling. This could be explained by the fact that the crystal-
lization enhanced by the temperature increase tends to induce the microstructure to change
into rolled nanosheet structure. In fact, to reduce the surface energy of rolled structure,
nanosheets reduce the defects and the distortion energy [31]. At a higher temperature
of about 200 ◦C, the FEGSEM characterization of prepared white powder is depicted in
Figure 3c,d. It can be observed that TiO2 powder is of nanobelt-like and nanotube mor-
phologies, with monodisperse size. The insert of Figure 3d shows a sticking of several
distinguishable nanobelts along their axis direction, forming bundles of nanobelts as a
building unit. It can also be observed that their thickness is homogeneous and it is of
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about 10 nm, their diameter is ranging from 50 to 100 nm with length of around 10 mm. In
addition, the nanobelt surface is smooth at the magnification scale, and no contamination
was observed. As indicated in Figure 3d, some curved nanobelts were observed, which
gives an indication about their high elasticity. From the described experiments, it is clear
that the synthesis temperature is an important parameter in the morphology control of
TiO2 nanomaterials.

Figure 1. FEGSEM images of TiO2 aggregates obtained at different synthesis temperatures: (a) 100,
(b) 200, and (c) 220 ◦C.
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Figure 2. XRD pattern of TiO2 nanoparticle aggregates prepared at different synthesis temperatures
as indicated.

The crystalline structure and phase of prepared TiO2 nanobelt, nanotube, and nanourc-
hin-like powders were studied by the X-ray diffraction method. The obtained XRD patterns
are presented in Figure 4, and they show well-resolved peaks in the case of nanourchin and
nanotube mophologies attributed to (-511) and (020) crystallographic planes of pure TiO2(B)
phase (JCPDS No. 35-0088) (Figure 4a–c). In the case of TiO2 with nanobelt morphology,
the observed XRD peaks indicates that the prepared powder is a mixture of anatase (JCPDS
21-1272) and brookite (JCPDS 29-1360) phases (Figure 4d).
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Figure 3. FEGSEM images of TiO2 nanoparticles with different morphologies obtained at different synthesis times and
temperatures: (a) Nanourchin prepared at conditions of 100 ◦C and 360 min, (b) Nanourchin prepared at conditions of
150 ◦C and 360 min, (c) TEM image of Nanotube prepared at conditions of 200 ◦C and 180 min, and (d) Nanobelts prepared
at conditions of 200 ◦C and 360 min.

Additionally, among all the peaks, the most intense is the one corresponding to (121)
crystallographic plane of brookite. Further details of crystallinity are provided by HRTEM
depicted in Figure 5, clearly well resolved lattice planes are shown, and the insert electron
diffraction shows well resolved spots (Figure 5b). These spots are the signature that the
individual nanobelt is a single crystal. The interplanar distance of about 0.88 nm measured
from HRTEM image is assigned to (100) crystallographic plane of brookite, indicating that
the growth takes place along the (100) crystallographic plane, which is in good agreement
with the result from XRD experiments in terms of brookite formation.

Furthermore, the chemical composition of the powder was provided by XPS analysis,
and the obtained spectra are depicted in Figure 6. The XPS survey spectrum in Figure 6a of
TiO2 aggregates precursor shows intense peaks corresponding to O1s and Ti2p core levels,
and the very weak intensity of the peak corresponding to Na1s. However, the XPS survey
spectrum corresponding to TiO2 nanobelt-like and nanourchin-like powders (Figure 6b)
shows intense and well resolved peak, corresponding to the core level of Na1s, which is a
signature of the formation of sodium titanate (Na2Ti3O7), in addition to those of O1s and
Ti2p. It was reported that Na2Ti3O7 is constituted by corrugated strips of edge-sharing TiO6
octahedra [29]. The width of each strips is about three-octahedra, and they are connected
through their corner to form stepped layers. Within the sticking layers, sodium cations are
located at the positions between the layers.
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Figure 4. XRD pattern of TiO2 nanoparticles with different morphologies prepared at different
synthesis temperatures as indicated, (a) nanoursin 100 ◦C, (b) nanoursin 150 ◦C, (c) nanotube 200 ◦C
and (d) nanobelt 200 ◦C (Br: Brookite; A: Anatase; B: TiO2-B).
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Figure 5. (a) TEM images of TiO2 nanobelt obtained at synthesis temperature of 200 ◦C a synthesis
time of 6 h at different magnifications; (b) the corresponding HRTEM showing inter atomic crystallo-
graphic planes and the insert show the corresponding electron diffraction; (c) another magnification
of TiO2 nanobelt.
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Figure 6. XPS survey spectra of prepared TiO2 (a) aggregate precursor (b) nanobelts after synthesis.

In Figure 7a, it is important to note that nanourchin-like nanoparticles show more
enrolled nanosheet with more dense structure, as a consequence of the annealing process.
The EDS analyses have been performed to determine the chemical composition of TiO2
nanoparticles, after just synthesis, or after washing and annealing processes. In Figure 7
the obtained EDS spectra are depicted; it should be noted that, on the EDS spectrum of
TiO2 nanoparticles, after synthesis shows the presence of Na peak Figure 7b, whereas it
is absent in the spectrum after the washing and annealing processes in Figure 7c. In fact,
during the washing processes of Na2Ti3O7 by HCl, Na+ ions were exchanged by H+ ions.
These results are a clear evidence of the important role played by Na+ ions in the formation
of TiO2 nanobelts, nanotube, and nanourchin morphologies.
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Figure 7. (a) FEGSEM images of TiO2 nanourchin obtained at synthesis temperatures of 150 ◦C, after
washing and annealing; (b,c) the corresponding EDS spectrum obtained just after synthesis and after
washing and annealing processes, respectively.

The details of TiO2 nanobelt and nanotube formation mechanisms are further investi-
gated by using high resolution transmission electron microscopy (HRTEM). The influence of
hydrothermal reaction time on the morphology of prepared TiO2 nanomaterials is studied
at 15, 180, and 360 min. At short reaction time of about 15 min, the morphology of prepared
powder is mainly stretched nanosheet-like, with some minor rolled sheet. Closer analysis
of prepared powder (Figure 8) shows different stages of the same formation mechanism.
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Figure 8. HRTEM images with different magnifications (a–c) of TiO2 nanotube prepared at synthesis
temperature of 200 ◦C and synthesis time of 15 min.
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In fact, the observed nucleation stage can be considered as an integrated growth
process of nanobelt structure, from aggregates made of nanoparticles of about 20 nm
diameter to nanobelt of several micrometers in length. Similar evolution was observed by
other authors [4,29]. Thus, we may assume that the morphologies shown in Figures 8 and 9
represent different stages of the nanobelt growth process.

 

Figure 9. HRTEM images with different magnifications (a–e) of TiO2 nanotube prepared at synthesis
temperature of 200 ◦C and synthesis time of 180 min.

It can be observed that at the earlier stage (reaction time of 15 min) of the nanobelt
growth process, coalesced nanoparticles coexist with nanosheet like particles, indicated
by zones in Figure 8a,c. Nanoparticles were located at the nanotube edges (region 1 and
2 in Figure 8c), and beside this simple attachment, an alignment of coalesced nanoparticles
takes place (region 3 in Figure 8c). In addition, the nanosheet shows both stretched
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and rolled structures. The indicated region 4 in Figure 8c shows the starting process of
nanosheet rolling. However, all these steps are a consequence of different nanobelt growth
stages, which will evolve in a later stage to a nanotube structure observed in Figure 9 and
nanobelt structure shown in Figure 10. However, at closer inspection of the nanosheet
structure at an earlier stage, with a synthesis time of 15 min, we find that it presents an
assembly of nanoparticles, whose sizes range from 5 to 20 nm, as indicated in selected
region of Figure 8a,c. This proves that these nanoparticles and aggregates are the primary
building units for the nanosheet formation process. Furthermore, it is well accepted in the
literature that the key point for the formation of nanobelt-like structure is the formation
of sodium titanate nanobelt intermediate, in which the sodium ion (Na+) is inserted into
space between TiO6 octahedra layers, balancing their negative charges [4,29]. From the
present experiments, it can be inferred that the aggregate of TiO2 nanoparticles split up into
nanosheets as a consequence of Na+ insertion and their rolling in a second stage to form
nanotube in an intermediate stage. Typical TEM and HRTEM patterns of TiO2 nanotube are
depicted in Figure 9, with similar structure of nanotube obtained using TiO2 nanoparticles
in terms of asymmetrical walls. It can be seen that the nanotube exhibits four layers on one
side and two layers on the other (Figure 9e), which indicates that the nanotubes are formed
by the scrolling of several layers of nanosheet, as previously observed by other authors. The
interplane on both sides is of 0.36 nm, which corresponds to the (010) crystallographic plane,
and is the characteristic of monoclinic H2Ti3O7. It was reported for the same materials
that the nanotube growth takes place along the (010) direction. Additionally, the interlayer
distance between rolled nanosheets is about 0.76 nm closer to different reported values [29].

From XPS and EDX analysis in Figures 6 and 7, it is clearly demonstrated that the
sodium ions are incorporated in the TiO2 nanobelt, nanotube, and nanourchin, which
suggest that it plays a role in their formation mechanisms. These observations indicate
that nanobelts are formed by an orderly sticking of nanosheet and their coalescence in later
stage; whereas nanourchins are formed by random assembly of the nanosheets.

The size dependence of the TiO2 nanobelt on the size of TiO2 aggregate precursor
was demonstrated. Different sizes of TiO2 aggregate precursors were used to prepare TiO2
nanobelt, and the obtained results are depicted on Figure 10. It can be observed that the
nanobelt length tends to increase with the increasing of the TiO2 aggregate precursor size.
Additionally, the TiO2 nanobelt width increases from 50 to 200 nm (Figure 10), when the
TiO2 aggregate precursor size increases from 50 to 200 nm (Figure 1). This confirms that
TiO2 nanoparticles play a role in the formation of different observed morphologies. In
fact, if we assume that the formation of observed morphologies goes through the TiO2
dissolution and precipitation, the TiO2 nanoparticles size will not have any effects on the
final nanoparticle size. Additionally, the observation of TiO2 nanoparticles during the
nanotube formation supports the mechanism through which sodium ions (Na+) induce
exfoliation of TiO2 aggregates by insertion into the space between TiO6 octahedra layers and
their coalescence to form nanosheets at later stage. Furthermore, the present results provide
additional arguments to support some reported works in the literature and contradict
others [30,32], in which it was claimed that during the hydrothermal synthesis process,
TiO2 is dissolved through Ti–O–Ti bonds breaking and formation of sodium titanate
nanosheet [29], which is converted to hydrogen titanate during the washing step and at a
later stage to TiO2 nanobelt after the annealing process.

It can be seen from the XRD results that the nanobelt powder, at different synthesis
stages (Figure 11), shows a changing of crystalline structure. The TiO2 aggregates precursor
is of anatase phase, with tetragonal structure, in which TiO6 octahedra are sharing their
face and get stacked in a one-dimensional zigzag chain. During the synthesis of Na2Ti3O7
nanobelts, a crystalline transition takes place, and TiO2 anatase phase is transformed into an
orthorhombic structure. In fact, the formation of sodium titanate nanobelt intermediate is
obtained through the insertion of sodium ion (Na+) into the space between TiO6 octahedra
layers, inducing the distortion of the initial structure.
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Figure 10. FEGSEM images of TiO2 nanobelts prepared at synthesis temperature of 200 ◦C and using
TiO2 aggregate precursors of different sizes prepared at temperatures of (a) 100 ◦C, (b) 200 ◦C, and
(c) 220 ◦C, respectively.
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Figure 11. XRD pattern of TiO2 nanobelt at different synthesis stages as indicated and at the synthesis
temperature of 100 ◦C (A: Anatase; B: TiO2-B).

From these XRD results obtained at the synthesis temperature of 100 ◦C, it can be
inferred that the anatase TiO2 aggregate structure changes are a consequence of Na+ inser-
tion and a strong repulsion between Na+ ions, which induces a distortion of the anatase
crystalline structure. Similar behavior is observed with the insertion of Na+ ion in the case
of Na ion batteries charging/discharging cycles [33]. However, after the washing step with
hydrochloric acid solution, the H2Ti3O7 nanobelts are obtained as a consequence of proton
exchange processes of sodium trititanate. From Figure 11, it can be seen that this exchang-
ing of steps and the resulting orthorhombic structure of H2Ti3O7 (JCPDS Card No. 47-0124)
are accompanied by some XRD peak modifications, in terms of the intensity enhancement
of some peaks, and their decrease for some others [34,35]. These modifications indicate
the distortion of the initial structure after ion exchanges. Additionally, after the annealing
process and the removal of protons, a mixture of anatase (JCPDS 21-1272) and TiO2-B
(JCPDS 35-0088) phases is obtained at the synthesis temperature of 100 ◦C. The obtained
XRD pattern is similar to that obtained for the same mixture by Beuvier et al. [36]. A phase
transition was observed when the morphology changed from nanotube to nanobelt, but
with different compositions than those obtained at the synthesis temperature of 200 ◦C. It
was reported by Zhang et al. that the TiO2 nanoparticle size has a strong impact on the
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phase transformation during the growth of coalesced nanoparticles [37]. In addition, the
temperature also plays an important role in the phase transformation of TiO2 nanoparti-
cles [26]. However, as when the temperature is changed the coalescence and/or growth of
TiO2 nanoparticles take place, both the temperature and the size contribute to the phase
transformation and a formation of different phase mixtures depending on the used synthe-
sis temperature 100 and 200 ◦C. Furthermore, as it can be observed from Figures 4 and 10,
the peaks corresponding to the anatase phase are of lower intensity, which indicates that
both of the latter synthesis temperatures produce a lower proportion of anatase, in agree-
ment with different reported works in the literature [36]. During the synthesis process at a
given temperature, the phase is also changed due to the insertion of different ions, and it is
not necessary to dissolve and precipitate TiO2 octahedra. Furthermore, from these results,
it is worth noting that the synthesis temperature plays a crucial role in the phase control of
prepared nanobelt powders.

4. Conclusions

Different morphologies of TiO2 nanoparticles have been synthesized, in a large scale
using hydrothermal synthesis technique and TiO2 aggregate as a precursor. Both nanotube,
nanourchin-like, and nanobelt-like nanoparticles were obtained at low temperatures and
over short times. Furthermore, it is demonstrated that a morphology control of prepared
TiO2 powders could be achieved through the tuning of the synthesis temperature and
time. The mechanisms formation of TiO2 nanobelt-like, nanourchin-like, and nanotube
nanoparticles are illustrated to involve TiO2 nanoparticles coalescence and nanosheet
intermediate, formed thanks to Na+ ions exfoliation. Furthermore, it was found that the
prepared TiO2 nanomaterials properties were governed by those of TiO2 nanoparticles
aggregate. It has been demonstrated that it is possible to tune the nanobelt size by using
different TiO2 aggregates precursor sizes. Additionally, it was shown that the synthesis
temperature enables the tuning of the phase’s composition of the nanobelt powders. The
investigation of prepared powders performance, as anode material for Li-ion batteries, is
under progress in our group.
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Abstract: Silicon carbide materials are excellent candidates for high-performance applications due to
their outstanding thermomechanical properties and their strong corrosion resistance. SiC materials
can be processed in various forms, from nanomaterials to continuous fibers. Common applications
of SiC materials include the aerospace and nuclear fields, where the material is used in severely
oxidative environments. Therefore, it is important to understand the kinetics of SiC oxidation and the
parameters influencing them. The first part of this review focuses on the oxidation of SiC in dry air
according to the Deal and Grove model showing that the oxidation behavior of SiC depends on the
temperature and the time of oxidation. The oxidation rate can also be accelerated with the presence
of H2O in the system due to its diffusion through the oxide scales. Therefore, wet oxidation is studied
in the second part. The third part details the effect of hydrothermal media on the SiC materials that
has been explained by different models, namely Yoshimura (1986), Hirayama (1989) and Allongue
(1992). The last part of this review focuses on the hydrothermal corrosion of SiC materials from an
application point of view and determine whether it is beneficial (manufacturing of materials) or
detrimental (use of SiC in latest nuclear reactors).

Keywords: silicon carbide; wet oxidation; supercritical fluids; supercritical water oxidation; hydrothermal
corrosion; nanocarbon films

1. Introduction

Ceramics have been used as dielectric, magnetic and optical materials. The oxide
ceramics are chemically stable at high temperature and have good refractory properties
but poor thermal-shock resistance. This is not the case for the non-oxide ceramics. Non-
oxide ceramics show a high thermal conductivity, which leads to excellent thermal-shock
resistance. Non-oxide ceramics are composed essentially of borides, nitrides and carbides,
of which silicon carbide (SiC) is the most widely used. SiC was originally discovered in
1891 by Acheson under the name of “carborundum” [1]. SiC materials have low density,
and they exhibit a high degree of hardness and toughness due to an important degree of
crosslinking of covalent bond. These properties justify their use for not only aerospace and
automotive parts, but also in nuclear applications. In 1975, Yajima et al. elaborated a pro-
cess for producing SiC materials in a fiber shape by pyrolysis of organosilicon polymers [2].
This process allows for continuous fiber production, generating fibers with a small diameter
and with good flexibility to be used for designing composite materials. Carbon-based ma-
terials reinforced with SiC fibers have higher mechanical properties: these then constitute
thermostructural composites for high-performance applications [3].

At high temperatures, silicon carbide undergoes passive and active oxidation, which
contribute to its degradation.

Nanomaterials 2021, 11, 1351. https://doi.org/10.3390/nano11051351 https://www.mdpi.com/journal/nanomaterials
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Passive oxidation is responsible for both the formation of a silica layer on the top of
the surface and for the active oxidation for the release of volatile oxides. The material is
not able to withstand high mechanical properties as the oxidation is occurs, and dramatic
failures can result when exposed to stress. Moreover, in the aerospace field, water and
corrosive gases are released by the propulsion system. This, along with high temperatures,
is expected to enhance the degradation of SiC materials. However, SiC materials need to
operate properly for a defined range of temperatures and various gas compositions. In
that way, the whole oxidation process needs to be characterized, and all the influential
parameters need to be well understood.

What kind of oxidation behavior will the material exhibit when exposed to dry at-
mosphere? Which parameters can influence the oxidation kinetics? For example, what is
the influence of water on the oxidation behavior? What are the effects of hot water and
pressurized atmospheres? How do high temperature and high pressure water modify the
surface properties?

The aim of this paper is to review, firstly, the dry oxidation of SiC materials, as the
literature has already provided a comprehensive background of this phenomena along
with accurate kinetic models.

In the first part, the oxidation of SiC under dry conditions, and the Deal and Grove
model for the passive oxidation of silicon, are explained. The parameters which can
influence the oxidation behavior of SiC are studied. The nature of silica scale and oxidant
species are discussed, as well as the influence of crystal faces and impurities, to lead to the
conclusion of the rate-determining step of the SiC oxidation.

In the second part, the effect of water vapor onto SiC is studied and a mixed oxidation
regime which is in competition with the passive oxidation regime, is expressed. Then, the
parameters which influence the oxidation of SiC are reviewed.

The third part focuses on the importance of understanding the ability of water to
accelerate SiC degradation. Hydrothermal conditions are disastrous for SiC materials and
lead to chemical corrosion through three possible reactions: wet (air) oxidation, supercritical
water oxidation and hydrolysis. Then, three models for the interaction of SiC with water are
proposed, and their validity is assessed by the microstructural study of the corroded surface.
Finally, another SiC corrosion mechanism is discussed which occurs under hydrothermal
conditions—tribochemical corrosion.

The last part deals with supercritical water medium and its interaction with SiC materi-
als. This interaction can be either profitable or detrimental depending on the desired application.

2. Dry Oxidation of Silicon Carbide Materials

In Figure 1, a scheme is provided, detailing the layout of the following part.
As a silicon-based ceramic, silicon carbide is unstable in air. At high temperatures and

under a dry atmosphere, SiC materials undergo passive (1) or active oxidation (2).

SiC (s) + 3/2 O2 (g) → SiO2 (s) + CO (g) (1)

SiC (s) + O2 (s) → SiO (g) + CO (g) (2)

The SiO2 layer formed according to Equation (1) at the surface has a low permeability
to oxygen, so it can act as a protective barrier to prevent further oxidation of the bulk
material. This protective effect tends to be limited at high temperatures, as the layer can
interact with and react with SiC [4–6]:

SiC (s) + 2 SiO2 (s) → 3 SiO (g) + CO (g) (3)

During passive oxidation, the silica film grows, and an increase of mass is observed.
However, during active oxidation of SiC, the oxygen reaches the bulk material through
cracks or due to the failure of the protective layer, and a mass reduction is observed.
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The model for oxidation of SiC shows a relationship of passive oxidation occurring
generally at low temperature and high partial pressure of O2. The contrary is seen for the
active oxidation. Only the passive oxidation is explored in the following sections.

 

Figure 1. Layout of the dry oxidation of SiC part.

2.1. The Passive Oxidation Regime

During passive oxidation, the mobile species diffuse through the lattice via cracks or
pores. Then, these species react with silicon at the SiO2/Si interface or SiO2/SiC interface,
leading to the growth of the oxide scale [4]:

Jacobson concluded that five mechanisms were involved in the oxidation process of
SiC [7]:

1. Transport of molecular oxygen gas to the oxide surface,
2. Diffusion of oxygen through the oxide film (Figure 2),
3. Reaction at the oxide/ceramic interface (Figure 3).
4. Transport of product gases (CO, CO2) (Figure 4)
5. Transport of product gases away from the surface.

Figure 2. Scheme of diffusion of oxygen.
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Figure 3. Scheme of the chemical reaction at the interface.

Figure 4. Scheme of the chemical reaction at the interface.

Between 500 and 800 ◦C, the oxidation of SiC fibers generates voids and releases
gaseous compounds which create a porous silica scale at the SiO2/SiC interface. These two
facts are probably responsible for the loss of its mechanical properties [8].

Between 1200 and 1400 ◦C, the silica layer forms rapidly and seals off the surface
porosity. The layer tends to delay the inward diffusion of oxygen.

The kinetics of the silica growth depend on the thickness of the oxide layer, which
directly relates to the time of oxidation. For thick layers, or a long period of oxidation,
the diffusion of oxygen limits the growth of silica, and the kinetics follow a parabolic law.
For example, Zheng et al. showed that the parabolic regime of single crystal SiC occurred
between 1200 and 1500 ◦C under pressures from 10−3 up to 1 Bar [9]. For thin layers, or a
short period of oxidation, the reaction at the interface is the limiting step, and the kinetics
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follows a linear law. For silica growth which does not follow neither the parabolic nor the
linear law, Deal and Grove formulated a linear parabolic law.

Recently, Park et al. used XPS to precisely characterize the chemical nature of the silica
layer [10] and discovered that it consists of several oxidation states corresponding to SiO,
Si2O3 and SiO2 chemical environments.

2.2. Kinetic Models for Si and SiC Oxidation
2.2.1. The Deal and Grove Model

In 1965, Deal and Grove developed the kinetic law for the thermal oxidation of silicon
(Figure 5) [11] and established a general equation:

Ax0 = B(t + τ) (4)

where t is referring to the oxidation time, and the quantity, τ, corresponds to a shift in time).

Figure 5. Model for the oxidation of silicon at the two boundaries of the oxide layer. Reprinted with
permission from Reference [11]. Copyright 1965 AIP.

In this model, both a diffusion process and a model of oxidation are related in Figure 6.
The reactions occur at the two boundaries of the oxide layer (x0).

The diffusion of oxidant species through the oxide layer is expressed according to
Fick’s first law. Moreover, the model considers the gas phase transport to the oxide and
Henry’s law for the interface reaction. The subsequent relations are as follows:

B = 2De f f C∗/N (5)

C∗ = KP (6)

A = 2De f f (1/k + 1/h) (7)

where B is the parabolic rate constant in units of (oxide thickness)2/time, De f f is the
effective coefficient diffusion of the oxidant species (oxide thickness)2/time, C∗ is the
equilibrium concentration of the oxidant in the oxide, N is the number of oxidant species
into a volume unit of oxide layer, K is the Henry’s law constant and P the partial pressure
of the oxidant. The A parameter is linked to k (reaction rate at the interface) and to the
coefficient h (flux of oxidant species entering the oxide).

The Equation (6) can be written as follows:

x0 =
A
2

[(
1 + (t + τ)/

(
A2/4B

))1/2 − 1
]

(8)
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At long oxidation times (t + τ 	 A2/4B), a thick oxide layer is created:

x2
0 = B(t + τ) (9)

This yields the parabolic law of oxidation growth. As B is proportional to De f f , the
oxide growth is limited by the diffusion of O2 through the oxide.

At shorter times (t + τ 
 A2/4B), the Equation (8) can be written as follows:

x0 =
B
A
(t + τ) (10)

where B/A is proportional to the chemical–surface reaction rate constant. Therefore, a
linear regime is obtained for the thin oxide formation because the limiting step is controlled
by the interface reaction [12].

Thus, Harris et al. were able to correlate this relationship to experimental data obtained
over a temperature range of 700–1300 ◦C, with a partial pressure of 0.1 to 1.0 bar, and for
an oxide thickness between 30 and 2000 nm, for both oxygen and water oxidant species.

This model illustrates the passive oxidation of silicon, but multiple studies demon-
strated that this oxidation kinetics model fits well with the data obtained for silicon carbide
materials as well.

2.2.2. Massoud Empirical Relation

Despite fitting well with most experimental results, the Deal–Grove model is not
adapted to the early stages of oxidation (nanometer scale). Indeed, for thickness lower than
1 nm, the oxidation rates are very high and cannot be fitted by linear-parabolic kinetics
predicted by the Deal–Grove model. Therefore, Massoud et al. [13] experimentally studied
the kinetics of oxidation for very low thicknesses (50 nm). Their hypothesis was that
the high oxidation rate can be modeled by adding an exponential term that decays with
increasing thickness in the Deal–Grove model.

The modified model is then given by Equation (11):

dX
dt

=
B

2Xox + A
+ C2e−( Xox

L2
) (11)

This model fits well with data obtained for low thicknesses of oxide, but it is important
to emphasize that it is an empirical solution that does not precisely take into account the
physical mechanisms occurring during the early stages of oxidation [14].

Until very recently, no model could unify the Deal–Grove model with a model that
takes into account both the early stages of oxidation and the physical mechanisms associ-
ated with them.

2.2.3. Si and C Emission Model

Goto et al. [15] developed a model based on the emission of Si and C atoms during
the oxidation. It is a model based on the Si atoms emission model that had been previously
developed [16]. The main difference between this model with the Deal–Grove model is
that additional mechanisms for oxide growth surface are considered. Contrary to the
D–G model that only considers the formation of oxide at the Si-oxide interface, this model
considers the emission of Si atoms that can form oxide by two different ways:

• If the oxide layer is thin enough, the Si atoms can diffuse through it and instantly react
with the oxidant atmosphere,

• The Si atoms can also encounter oxidant molecules in the oxide layer itself, and react
with it.

The growth rate is then obtained by summing the 3 contributions to oxide formation:

N0
dX
dt

= kC1
O(1 − νSi) +

∫ X

0
κ(CO)

2CSidx + η
(

CS
O

)2
CS

Si (12)

142



Nanomaterials 2021, 11, 1351

With ν the emission ratio, κ the oxidation rate of Si inside SiO2, η is the oxidation rate
of Si on the oxide surface, and superscript S is related to the position of the atom in the
oxide layer.

Goto et al. thus modified the Si atom emission model to apply it to SiC materials. A
schematic view of the model is given in Figure 6.

Figure 6. Schematic view of the Si and C emission model. Reprinted with permission from [17].

Using the work of Kageshima et al. the interfacial reaction rate is defined by the following:

k = k0(1 −
CI

Si
C0

Si
)(1 − CI

C
C0

C
) (13)

where CI
x and C0

x are the concentration of the species at the interface and the solubility limit
of the species, respectively.

By modifying the diffusion equations of the Si emission model, diffusions for the
reactive species are given as follows:

∂CSi
∂t

=
∂

∂x

(
DSi

∂CSi
∂x

)
− R1 − R2 (14)

with
R1 = ηCS

OCS
Si and R2 = κ1CSiCO + κ2CSi(CO)

2 (15)

∂CC
∂t

=
∂

∂x

(
DC

∂CC
∂x

)
− R′

1 − R′
2 (16)

with
R′

1 = η′CS
OCS

C and R′
2 = κ′1CCCO + κ′2CC(CO)

2 (17)

∂CO
∂t

=
∂

∂x

(
DO

∂CO
∂x

)
− R1 − R2 − R′

1 − R′
2 − R3 (18)

with
R3 = h

(
CS

O − C0
O

)
(19)

By numerically solving these equations and using experimental obtained values, it is
possible to use Equation (14) to determine the oxide growth rate.

As an example, results are given on Figure 7 for a fixed temperature and different
partial pressures of oxygen for the C-face and the Si-face [18].
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Figure 7. Comparison between experimental results and Si/C emission model for 1100 ◦C oxidation:
(a) Si-face and (b) C-face. Reprinted with permission from Reference [18]. Copyright 2019 Elsevier.

The results given here show notable similarity between the model and the experimen-
tal results. This validates the model even for very small thicknesses of silicon oxide.

In the next section, the parameters influencing the oxidation of SiC materials are
discussed. It is important to point out that the discussion is based on studies using the
Deal–Grove model, as it is still the most used model to describe SiC oxidation. Recent
studies on the parameters influencing SiC oxidation and using the Si and C emission model
include several references [19–24].

2.3. Parameters Which Can Influence the Oxidation of SiC Materials

Numerous authors calculated the activation energy EA of the parabolic oxidation of
SiC thanks to Arrhénius Equation (9):

Xn = Cte−
EA
RT (20)

where C is a constant, X is the oxide thickness, t is the oxidation time and T is the tempera-
ture. The activation energy corresponds to the minimum energy required for a chemical
reaction to occur. The data for the activation energy for linear oxidation and for parabolic
oxidation are shown below, in Tables 1 and 2:

* Please note that linear parabolic refers to the case when both linear and parabolic
regimes are observed.

144



Nanomaterials 2021, 11, 1351

Table 1. Activation energies for linear oxidation of SiC in dry atmosphere.

Types of SiC T (◦C) Kinetics
Activation Energy for Linear

Oxidation (kJ/mol)

Powder SiC (green) short
heating and cooling cycles 1100 Linear law No data [25]

Si slices (111) 900–1200 Linear parabolic 193 [11]

Single crystals SiC
(thin oxide face) 970–1245 Linear parabolic 355 [12]

RF-Sputtered thin α-SiC films
(C-face) 950–1100 Linear law 155–200 [26]

Single crystal Si 800–1100 Linear parabolic 155 [27]

Single crystal SiC
(fast oxidation face) 800–1100 Linear parabolic 159 [27]

Single crystal SiC
(slow oxidation face) 800–1100 Linear parabolic 330 [27]

CVD-SiC thick films
(fast oxidation face) 800–1100 Linear parabolic 170 [27]

CVD-SiC thick films
(slow oxidation face) 800–1100 Linear parabolic 334 [27]

Table 2. Activation energies for parabolic oxidation of SiC in dry atmosphere.

Single crystals SiC (thick
oxide face) 970–1245 Linear parabolic 196 [12]

HfB2 + 20 v/o SiC composite 1350–1550 Parabolic law 452 [6]

Hot-pressed SiC 1200–1400 Parabolic law 481 [28]

Hot-pressed SiC 1200–1500 Parabolic law 134–389 [29]

Sintered α-SiC 1200–1500 Parabolic law 155–498 [29]

Single-crystals Si 1200–1400 Linear parabolic 120 [30]

Single-crystal SiC (green)
(fast-grow face) 1200–1400 Linear parabolic 121–297 [30]

Single-crystal SiC (green)
(slow-grow face) 1200–1400 Linear parabolic 339 [30]

Controlled nucleation
thermally deposited SiC 1200–1400 Linear parabolic 142–293 [30]

Sintered α-SiC 1200–1400 Linear parabolic 217–289 [30]

Hot-pressed SiC 1200–1400 Linear parabolic 221 [30]

CVD-SiC 1550–1675 Linear parabolic 345 (amorphous silica) and
387 (cristobalite) [31]

Single crystal SiC (green)
(C face) 1200–1350 Parabolic law 120 [9]

Single crystal SiC (green)
(C face) 1350–1500 Parabolic law 260 [9]

Single crystal SiC (green)
(Si face) 1350–1500 Parabolic law 223–298 [9]

CVD-SiC 1200–1400 Linear parabolic 142 [32]
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Table 2. Cont.

Single crystal Si 800–1100 Linear parabolic 96 [27]

Single crystal SiC
(fast oxidation face) 800–1100 Linear parabolic 99 [27]

Single crystal SiC
(slow oxidation face) 800–1100 Linear parabolic 292 [27]

CVD-SiC thick films
(fast oxidation face) 800–1100 Linear parabolic 94 [27]

CVD-SiC thick films
(slow oxidation face) 800–1100 Linear parabolic 285 [27]

CVD-SiC 1200–1500 Linear parabolic 118 [33]

CVD-SiC 1397–1737 Linear parabolic 210 [34]

Types of SiC T (◦C) Kinetics
Activation energy for

parabolic oxidation (kJ/mol)

Powder SiC (black) 1000–1200 Parabolic law 209 [35]

Powder SiC (green)
Oxidation time <30 min 1000–1200 Parabolic law 117 [35]

Powder SiC (green)
Oxidation time >60 min 1000–1200 Parabolic law 263 [35]

Powder SiC (green) short time
oxidation 1100–1300 Parabolic law 209 [25]

Single-crystals SiC (green) 1200–1500 Parabolic law 276 [36]

High purity SiC 900–1200 Parabolic law 85 (amorphous silica) and 65
(cristobalite) [37]

High purity SiC 1380–1556 Parabolic law 190 [38]

Si slices (111) 900–1200 Linear parabolic 119 [11]

Si slices (111) 1000–1200 Parabolic law 125 [39]

Powder SiC 1200–1500 Parabolic law 632 [40]

Polycrystalline CVD SiC 1477–1627 Linear parabolic 1130 [41]

Self-bonded SiC (50/50 α/β) 1000–1300 Parabolic law No data [42]

2.3.1. Interpretation of the Activation Energy Values

The first data on the oxidation of SiC powders are all in the same order of magnitude,
lying between 85 and 209 kJ/mol [11,35–38]. According to the authors, four remarks can
be made:

1. Their data differ depending on the fitting of experimental values and the nature of
SiC samples,

2. Their data differ due to the presence of impurities from either the sample or the
apparatus, or the gas phases present. Thus, the oxidation rate is determined by the
nature and concentration of impurities as well as other physicochemical parameters,

3. The oxidation period seems to affect the oxidation kinetics:

� For short oxidation times, a thin amorphous oxide film is created, and the
kinetics of the oxide growth follow a linear regime, which implies that this
mechanism is surface-controlled,

� For long oxidation times, the oxidation rates decrease as the oxide layer grows.
The kinetics follow a parabolic regime, meaning that the mechanism proceeds
by gas diffusion through the oxide layer [25,28],

� An initial period of sixty minutes is observed between 1100 and 1300 ◦C for
which the parabolic law fits the data well. Then, at short oxidation times,
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the silica growth follows a linear regime with an increase of oxidation rates,
meaning that the silica scale loses its protective effect [25,35].

4. Finally, the rate determining step of the oxidation is thought to be either the inward
diffusion of oxygen or the outward diffusion of CO (i.e., product gases).

First, Deal and Grove established a kinetic model for oxidation of silicon under
wet and dry atmospheres [11]. They defined a parabolic constant, which expresses a
diffusion-controlled mechanism, and a linear constant, which expresses a surface-controlled
mechanism. As the parabolic activation energy of the silicon oxidation is close to the value
of oxygen permeation through fused silica (113 kJ/mol)—given by Norton [43] from the
literature data—Motzfeldt concluded that oxidation rates of silicon and silicon carbides
were similar [44]. It can be concluded that, in both cases, the diffusion of oxygen controls
the oxidation kinetics. However, the initial period of SiC oxidation was not implemented
into the Deal and Grove model.

Secondly, Jorgensen et al. proposed that the oxidation rate decrease could be due to
the crystallization of the scale over long oxidation times [37]. Amorphous silica is produced
by the oxidation reaction and can be transformed into cristobalite above 1200 ◦C, that slows
down the diffusion of oxygen slows down.

Finally, the next section deals with the effect of impurities on SiC oxidation and the
oxidation time dependence of silica growth.

2.3.2. Nature of the Silica Layer

Jorgensen et al. [37,45] claimed that, for low temperatures, the silica layer was mainly
consisted of amorphous silica, but at higher temperatures and/or after long periods of
time, crystallization occurred. Costello et al. confirmed that the activation energy increases
with the temperature and/or with the oxidation time. The low activation energy values
(134 and 155 kJ/mol) could be attributed to the diffusion of molecular oxygen through an
amorphous scale, whereas crystallization of silica could occur at high temperature. This is
likely why the highest values (398 and 498 kJ/mol) are recorded [29]. Thus, the transport
of oxygen through crystalline scales is thought to be slower than through amorphous [31],
as the oxidation rates decreased by a factor of thirty when the scale crystallization was
completed [33]. A representation of the phase transitions of amorphous silica layer with
time during the SiC oxidation are related on the scheme below (Figure 8):

Figure 8. Representation of the kinetics of silica growth and the transition phases of amorphous silica versus time of
oxidation in the temperature range of 1000–1300 ◦C.
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The purpose of this scheme is to show that the devitrification of silica is in competition
with the growth of the oxide layer during the nucleation period and the crystallite growth.
However, when the scale is fully crystalline, silica growth is the only mechanism driving
the kinetics.

As it can be seen, there is an initial period which seems to correspond with the
nucleation of the cristobalite crystals within the amorphous scale. Deal and Grove did not
consider this initial period in their model because it was not possible to measure such low
thicknesses. However, they suggested the existence of another oxidation regime when the
oxide thickness was below 30 nm. At very short oxidation times, silica growth follows a
parabolic regime controlled by oxygen diffusion. Then it follows a linear regime controlled
by a surface reaction. Finally, it returns to a parabolic regime at long oxidation times. It
seems that two processes compete, one increasing the protective property of the oxide scale
and the other one degrading it.

At the end of the crystal nucleation, the protective property of the scale is not main-
tained anymore, as the cristobalite growth generates numerous defects through which
speed up oxygen diffusion [46]. Thus, in this second stage, the oxidation mechanism
follows linear kinetics both because the silica layer does not limit the diffusion of oxygen
anymore and because the crystallization rate is linear under dry atmospheres [47].

For the first stage, devitrification of silica has already occurred, but the layer is still
protective. The hypothesis could be that the impurities, which act as crystallization starting
point, induce a local decrease of the oxide viscosity. The consequence is a decrease of inter-
facial stress, which limits the crystallite growth and, therefore, retards the devitrification
process. This hypothesis is supported by the work of Wei and Halloran who demonstrated
that the devitrification of silica into cristobalite can be avoided by adding mullite grains
(i.e., impurities) into vitreous silica [48]. In this first stage, the scale is still protective as
the oxygen diffusion proceeds through the amorphous scale; however, it proceeds via
cracks and pores as the crystal grows. At this point, defects allow a fast diffusion of oxygen
through the scale, and the kinetics follow a linear regime.

Finally, a second hypothesis can be proposed: the impurities can affect the oxidation
behavior of polycrystalline material by forming either high or low protective films, de-
pending on the impurity’s concentration. For low concentrations, the silica growth will
show an initial oxidation period, and at the end of the second stage, a crystalline layer is
formed with low permeability. However, for high concentrations, a rapid initial growth
rate is observed, which decreases with the crystal sizes [47]. In this case, the crystal growth
is limited, and a partially crystalline layer is obtained. The consequence is that the silica
scale shows a high level of microporosity, allowing fast diffusion of oxygen.

This second hypothesis is supported by the work of Costello et al. who demonstrated
that a high level of impurities and nucleation sites in SiC materials led to a greater suscep-
tibility to crystallization of the scale and complicated the oxidation behavior [30]. It was
found that the presence of cations, impurities and additives (such as aluminum or carbon
atoms) led to the formation of a viscous layer with high permeability to oxygen, which was
responsible for the increase of the oxidation rates. The crystallization of the scale can lead
either to low oxidation rates—when a continuous layer of spherulitic crystals (cristobalite)
is formed—or to high oxidation rates—when these crystals are randomly dispersed in the
amorphous matrix and locally increase grain boundaries [46].

2.3.3. Crystal Faces Effects

In the silicon carbide structure, one carbon atom is linked to 4 atoms of silicon,
forming CSi4 at their vertices. Double layers of atom are formed exhibiting one carbon face
(0001̄/1̄1̄1̄) and one silicon face (0001)/(111) referenced as C-face and Si-face (Figure 9) [27].
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Figure 9. Schematic showing different terminations of the (0001̄)/(1̄1̄1̄) and (0001)/(111) faces of SiC.
Stacking in this case is for cubic SiC. A representative Csi4 tetrahedron is also shown. Reprinted with
permission from Reference [27]. Copyright 1996 The American Ceramic Society/Wiley.

The network is predominantly covalent and exhibits two general crystalline forms:
the cubic β-SiC and the α-SiC. These networks have different crystallographic polytypes
depending on the stacking of the tetrahedral bilayers. The main polytypes are the cubic
3C (ABC) with a Zincblende crystal structure and the hexagonal (4H for ABCB or 6H for
ABCACB), with a Wurtzite crystal structure (Figure 10).

Figure 10. Tetrahedral representation of close-packed planes in cubic and hexagonal SiC. Top schematic shows Zincblende
(cubic) structure with CSi4 tetrahedra stacking in ABC periodicity; bottom schematic shows Wurtzite (hexagonal) structure
with tetrahedral stacking in AB periodicity. Reprinted with permission from Reference [27]. Copyright 1996 The American
Ceramic Society/Wiley.

Furthermore, it is interesting to note that single crystals of SiC are often hexagonal (α)
and that CVD-SiC samples generally crystallize in the cubic (β) crystalline. The different
crystal structures and the different atomic natures of the C- and Si-faces lead to different
oxidation behaviors which is not the case for silicon crystals [49].

The oxidation behavior of the (110, 111, 311, 511 and 100) faces of silicon single crystals
Lewis and Irene obtained different oxidation rates for the thermal oxidation of single

crystal Si depending on the crystal faces (110, 111, 311, 511 and 100). It appears that, for
thin oxide film, the growth of silica depends on the density of atoms, which is specific
to each orientation. Although the oxidation rates increase with the silicon atom density,
the development of intrinsic oxide stress becomes dominant for thick oxide films. This
affects the transport of oxidant species to the interface and leads to a decrease of oxidation
rates below 1100 ◦C [49]. The influence of the C- and Si-face on the oxidation rates is
discussed below.

The oxidation behavior of the slow and fast oxidation faces.
Harris first demonstrated that the oxidation of the two crystal faces of SiC platelets

followed different kinetic laws in accordance with the Deal and Grove model [12]. Between
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1000 and 1300 ◦C, the C-face showed faster oxidation than the Si-face. The oxidation of the
C-face follows parabolic law and leads to the formation of a thick oxide layer whereas the
oxidation of the Si-face follows linear kinetics and a thin oxide layer is created, as seen in
Figure 11 below.

A 

B 

Figure 11. Oxide thickness vs. oxidation time on (A) thick oxide side and (B) thin oxide side.
Reprinted with permission from Reference [12]. Copyright 1974 The American Ceramic Soci-
ety/Wiley.

Many authors confirmed that the oxidation behavior of the fast oxidation face (C-
face) of CVD-SiC and single-crystal SiC is similar to that of single-crystal silicon over the
temperature range of 1200–1400 ◦C [9,12,25,27,30,50]. The slow oxidation faces (Si-face)
of CVD-SiC and single-crystal SiC also exhibit similar oxidation behavior and activation
energy. Firstly, the activation energy is identical for silicon and C-faces of silicon carbide
materials, and the crystalline structure of SiC does not seem to have any on its value.
Secondly, a change in the chemical composition of the oxide scale is noted [27] which
gives evidence for different diffusional processes. An inner layer of unknown composition
was found at the SiC/SiO2 interface of the Si-slow oxidation face. This layer had higher
refractive index and may have had lower permeability, which could explain the change in
activation energy. Later, XPS analysis revealed a C-rich region in the oxide scale in the form
of silicon oxycarbides that had been formed by the reaction of silica with the carbonaceous
species released via Equations (1–3) [51]. The presence of C-rich regions was revealed, as
well, by EELS, and these C-rich regions took the form of carbon clusters with a thickness of
10–15 Å [52].
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Harris demonstrated that the oxidation rate of the C-face was increasing when tem-
peratures and oxidation time periods were decreasing.

The oxidation behavior of the C-face depending on temperature:
The same observations were made by Zheng et al. [9]: two different activation energies

for the oxidation of the C-face were recorded between 1200 and 1500 ◦C, but only one was
recorded for the Si-face of single crystal SiC. The explanation could be that two oxidation
kinetics are competing—one dominant at high temperatures and for long oxidation periods,
and the other one being dominant at low temperatures. In fact, if the temperature and
the oxidation time periods increase, the linear oxidation rate of the material will become
dominant over the parabolic law, and the oxidation rate will increase [12]. This implies that
the growth of the oxide is surface-reaction controlled and not oxide-diffusion controlled.

Another explanation is a change in the diffusion mechanism of the oxidant species.
Costello et al. submitted the idea that if lattice diffusion occurs [30], high activation energy
(400 kJ/mol) will be recorded in comparison to a classic oxygen permeation, which is
associated to a low activation energy (of 120 kJ/mol).

Zengh et al. agreed and demonstrated that the activation energy was influenced
by the chemical change of the diffusing species. Below 1350 ◦C, a low activation energy
value is obtained, and the major diffusing species are molecular oxygen. However, above
1350 ◦C, a high activation energy occurs, which seems to be the consequence of ionic
diffusion [9]. Nevertheless, Ogbuji et al. recorded only one activation energy during
parabolic oxidation over the range 1200–1500 ◦C, which was equal to the value obtained
by Deal and Grove [33]. The experiments were performed under highly dry oxygen with
clean samples and apparatus, so the conclusion was that only the permeation of oxygen
through the scale was limiting the oxidation of SiC, up to 1500 ◦C. A review on the growth
of silica during the oxidation of SiC details these observations [53].

2.3.4. Oxidation Rate-Determining Step

Initially, Pultz and Singhal [28], recorded high activation energies and assumed that
the oxygen transport was not the rate controlling step of the oxidation. Singhal concluded
that it might be the desorption of volatile carbonaceous products released at the SiC/SiO2
interface. However, Antill et al. [42] revealed that the pressure of CO2 had no influence
on the kinetics over the range 0.2–1 bar, so the pressure was not controlling the reaction.
Moreover, he assumed that the diffusion of carbonaceous species through the silica layer
did not affect the layer’s protective property, as silicon and silicon carbide demonstrated
similar reactivity between 1200 and 1300 ◦C.

Nevertheless, the discovery of some C-rich clusters at the SiC/SiO2 interface may
suggest that the trapping of carbonaceous species (CO or CO2) could limit the diffusion
out into the gas phase, and, thus, limit the whole oxidation process. However, Zheng
et al. established the profile concentration of C18O molecules and demonstrated that the
concentration was constant through the silica scale [9]. This confirms fast carbon transport
out of the silica scale. The carbon diffusion was also not dependent on the oxygen partial
pressure, whereas the oxidation rates of SiC increased with the oxygen pressure. Thus, the
transport of carbonaceous species could not be the rate-controlling step of the oxidation.
As suggested by Narushima et al., it is possible that the diffusion of oxygen ions into
the silica network is why high activation energy values are observed [31] Gavrikov et al.
investigated the defect generation and passivation of the Si-face of SiC dry oxidation [54].
An abrupt model which describes the transition between crystalline SiC and amorphous
SiO2 was used to perform calculations of SiC oxidation reactions. Thus, the mechanism
kinetic was designed for a rigid silica scale (i.e., at temperatures above 1300 ◦C and without
water hydration), as described below (Figure 12):
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Figure 12. The scheme of the kinetic mechanism of the (0001) SiC surface oxidation process. Reprinted
with permission from Reference [54]. Copyright 2008 AIP Publishing.

The mechanism described above can be explained within four steps:

1. The penetration of oxygen into the silica scale:

First, the transport of oxygen at the Si-face is considered (R1, on Figure 12). The
calculated activation energy is 250 kJ/mol for molecular diffusion of oxygen through the
oxide layer.

However, the oxygen diffusion can proceed through lattice oxygen atoms with higher
calculated activation energies. The value is about 390 kJ/mol, and therefore the lattice
diffusion of oxygen is not considered to contribute to the SiC oxidation.

2. Reaction of oxygen with SiC:

The oxidized bonds Si-O-C are created at the SiC/SiO2 interface and three chemical
reaction paths are observed:

The first one consists of the formation of a carbonyl defect: Si2 = CO (R2, on Figure 12),
which is followed by CO desorption (R4, on the Figure 12). DFT calculations predict a high
activation energy of 350 kJ/mol, but this path proceeds faster at high temperatures. Then,
further oxidation creates new silica units (R6, on the Figure 12) with an activation energy
of 190 kJ/mol.

The second path consists of the formation of C2 dimer intermediates: Si2 = C = C = Si2
(R3, on Figure 12), which evolve into larger aggregates (R8, on the Figure 12). This creates
carbon defects near the interface.

The last path consists of further oxidation of the Si-O-C bonds (R9, on the Figure 12)
followed by CO desorption (R10, on the Figure 12). DFT calculations show that three oxi-
dized bonds are necessary for CO desorption, and that the activation energy is 190 kJ/mol.

3. Passivation reactions of carbon defect by O2:

Calculations show that the carbon defect could react with an oxygen molecule in
singlet state to give new silica entities: Si2 = C = C = Si2 + O2 → Si2 = C = C = O + O = Si2
(R5, on Figure 12). The activation energy for this is 190 kJ/mol.

For temperatures above 900 ◦C, the calculations shown that the reaction rate of carbon
with an oxygen in a triplet state is higher. An activation energy of 60 kJ/mol is calculated for
the dissociation of the oxygen molecule: Si2 = C = C = Si2 + O2 → Si2 = C = C(Si)-O-Si + O.
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4. Density relaxation process:

The new silica units undergo structure relaxation (R7, on Figure 12) in order to decrease
the bond density at the interface and thus lower the stress energy. The activation energy is
190 kJ/mol.

The interest of this model is to underline the complexity of the oxidation mechanism of
SiC. As it is described, ten reactions are involved in the oxidation process, but only one can
control the silica growth kinetics. Gavrikov et al. used an abrupt model for the SiC/SiO2
interface, in which a high activation energy was predicted for the oxygen penetration. Thus,
they assumed that oxygen diffusion (R1) was the rate-determining step of the oxidation
process, whereas CO desorption was competing with carbon defect generation.

2.4. Conclusions

The oxidation of SiC materials can be either passive or active, leading to the formation
of a silica layer in the passive case, and leading to oxide gaseous compounds in the active
case. From a general point of view, the oxidation of these materials leads to the degradation
of SiC and to the loss of its mechanical properties. For high-performance applications,
it is necessary to better understand this phenomenon, which is why kinetics model for
the passivation of silicon are studied example, Deal and Grove elected a linear parabolic
regime for the oxidation of silicon under dry and wet atmospheres.

Different parameters can influence the oxidation behavior of SiC materials, and, thus
the kinetics:

• At short oxidation times, a gas diffusion mechanism is dominant (parabolic regime)
whereas at long times, a surface-reaction mechanism is dominant (linear regime),

• For the gas diffusion mechanism, the temperature plays an important role: at low
temperatures, the oxygen diffusion is molecular, whereas above 1350 ◦C, the diffusing
species is ionic oxygen. Therefore, a C-rich inner oxide layer is created on the Si-faces,

• The oxidation behavior becomes complicated when the crystallization of amorphous
silica takes part in the oxidation process. This reduces the oxidant transport and leads
to the decrease of oxidation rates.

• Finally, the presence of impurities is not negligible and may have an impact in all
these studies. A high degree of impurities will enhance both the crystallization of the
scale and the formation of defects, which allows for faster oxygen diffusion.

From these points, researchers started to investigate the oxidation mechanism of SiC
to explain the differences in activation energy values.

A large amount of research has been performed on the isothermal, passive oxidation of
silicon-based ceramics. Jacobson [7] highlighted that the combination of various secondary
effects (on the outer circle below) and the complexity of the combustion environments
makes the oxidation process difficult to understand. This directed fundamental studies to
focus on the center of the circle—pure materials and pure oxygen environments (Figure 13).

As shown, the SiC oxidation is influenced by both numerous operating parameters
and by intrinsic material properties. In the following part, the effect of water molecules on
the oxidation of SiC materials is reviewed.
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Figure 13. Complications to isothermal oxidation due to additive-containing ceramics and combus-
tion environments. Reprinted with permission from Reference [7]. Copyright 1993 The American
Ceramic Society/Wiley.

3. Wet Oxidation of Silicon Carbide Materials

Figure 14 gives a scheme describing the layout of the next section.

 

Figure 14. Layout of the wet oxidation part of the review.

Nakatogawa [35], Suzuki [55] and later Jorgensen et al. [38,46] studied the effects of
water vapor on the oxidation of silicon carbide powders. Jorgensen et al. found out that
the presence of water vapor in O2 accelerated the oxidation rate of SiC and the nucleation
rate of cristobalite.

The interaction of water with the SiC material produces a silica layer which can be
described by the following hydrothermal oxidation reaction 21:

SiC (s) + 3 H2O (g) → SiO2 (s) + CO(g) + 3H2 (g) (21)
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However, some authors have proposed that Equation (22) competes with (21) [56]:

SiC (s) + 4H2O (g) → SiO2 (s) + CO2 (g) + 4H2 (g) (22)

Chaudhry used Auger Electron Spectroscopy to assess the chemical composition of
silica films grown on SiC materials under dry and wet oxygen. The content of carbon
atoms within the film was higher for wet oxidation (14 at%) than for dry oxidation (2 at%).
Following the (19) equation, CO2 molecules are produced at the interface. As the diameter
of CO2 (3.0 Å) is bigger than the ring width of SiO2 (2.5 Å) [57], the molecule is easily
trapped within the growing scale.

Furthermore, the high content of carbon can result from the high reaction rates of
water with SiC, which then releases a large amount of carbonaceous species at the SiC/SiO2
interface. Due to this, the silica layer catches more volatile species. The higher permeation
of water, as opposed to the permeation of oxygen, through the oxide scale explains the
high oxidation rates [46,58]. A new oxidation regime is described in the next section in
order to explain the fast kinetics of SiC wet oxidation.

3.1. The Two Competitive Oxidation Regimes

Two regimes of oxidation compete depending on the operating parameters.
The passive oxidation regime is described by Deal and Grove using linear parabolic

kinetics for the wet and dry oxidation of silicon [11]. From this model, the calculated
permeation of oxygen through silica was one thousand times less than that of water.
In other words, a water content in oxygen gas of less than 25 ppm will affect both the
surface kinetics during linear oxidation and the diffusional kinetics during the parabolic
oxidation [59].

The mixed oxidation regime is described by Rosner et al. and Opila using Tedmon’s
treatment of paralinear kinetics for Cr and Fe-Cr alloys [59]. In this model, both diffusive
and gas/oxide interface processes occur simultaneously, and the oxide scale grows to a
limiting thickness.

During the oxidation of CVD-SiC in a 50% H2O/O2 gas mixture, between 1200 and
1400 ◦C, the two oxidation reactions are (23) and (24) [42,60–64]:

SiC (s) + 3H2O (g) → SiO2 (s) + 3H2 (g) + CO (g) (23)

SiC (s) + 2H2O (g) → Si(OH)4 (g) (24)

The rate of reaction (22) is described by the parabolic rate constant for oxide forma-
tion kp, whereas that of reaction (24) is described by the linear rate constant for oxide
volatilization k1. The evolution of the oxide thickness x with the time t is described by the
following relation:

dx
dt

=
kp

2x
− k1 (25)

Over long periods of time or high volatility rates, the rate for oxide formation equals
the rate for oxide volatilization, and a steady state is reached. At that moment, SiC
undergoes a linear recession given by the rate yL which is proportional to the volatility rate
of the oxide, k1. The oxide thickness is reaching a maximum, xL:

xL =
kp

2k1
(26)

This relation can be expressed in terms of weight change from the integrated form
of Equation (25) and the figure below shows the evolution of dimensional change for SiC
with the oxidation time (Figure 15):
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Figure 15. Dimensional change for SiC due to paralinear oxidation and volatilization. Ox-
ide thickness and SiC recession curves calculated for kp = 0.25 mil2/h and k1 = 0.21 mil/h
(1 mil = 1 × 10−3 in. = 25.4 μm). Reprinted with permission from Reference [64]. Copyright 2003
The American Ceramic Society/Wiley.

The kinetics of Equation (22) are described by the parabolic rate constant for mod-
erately thick scales, in which the rate constant kp is dependent of the partial pressure of
water vapor, Pn

H2O but not of gas velocity (24):

kp ∝ Pn
H2O (27)

where n is the power-law exponent. A n value of 1 is used, as other studies demonstrated
that the oxidation mechanism was controlled by molecular water diffusion through the
silica scale [11,65,66]. A reference temperature of 1316 ◦C was set to establish the oxidation
rates under water vapor (25):

kp, 1316◦C = 0.44P1
H2O (28)

One can see that the oxidation rate increases with the partial pressure of water. From
reaction (22) it leads to an increase of gaseous compounds at the SiC/SiO2 interface
responsible for the high porosity of the oxide. This can be seen on the cross-section images
of the oxide layer on a CVD-SiC substrate below (Figure 16):

 
Figure 16. Representative oxide cross-section formed on SiO2-formers for the CVD-SiC sample
oxidized in a high pressure furnace at 1200 ◦C and under 10 bar of 15% H2O, during 500 h, with
a gas velocity of 0.05 cm/s. Reprinted with permission from Reference [64]. Copyright 2003 The
American Ceramic Society/Wiley.
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As the oxide layer decreases in density (i.e., increasing in porosity), the gas-phase
transport is occurring through the pores. The increase of the distance from the surface to
the SiC/SiO2 interface does not follow the parabolic law anymore. Thus, the solid-state
transport of water is considered to be rate-determining through the dense part of the
silica scale.

To summarize, Opila et al. demonstrated that below 1100 ◦C, the wet oxidation of
SiC follows linear–parabolic kinetics and, above 1100 ◦C, the oxidation follows simple
parabolic kinetics. In the first case, the oxidation is surface-controlled whereas, in the other
case, it is diffusion-controlled [64].

Finally, Tortorelli et al. observed the oxide scale after the wet oxidation of pure
silicon and CVD-SiC materials [67]. In contradiction with Opila, all the oxide scales
were crystalline after a 1200 ◦C exposure under wet atmosphere [66]. For these samples,
a two-layer oxide scale is observed for which the layer at the interface is dense and
amorphous, whereas the upper one is thick and crystalline for silicon samples, as shown
below on Figure 17.

 

Figure 17. Cross-sectional TEM image of the thin underlying dense layer on pure silicon exposed for
500 h in air + 15 vol% H2O at 1200 ◦C and 10 bar. Reprinted with permission from Reference [67].
Copyright 2003 The American Ceramic Society/Wiley.

For CVD-SiC samples, carbonaceous species are released by the oxidation under water
pressure (1.5 bar). At low speed flow, the volatile species are trapped in the layer, leading
to pore formation, whereas at high speed flow, the volatilization of the scale is dominant
and no layer remains (Figure 18):

 
Figure 18. CVD-SiC seal coats after exposures in 1.5 atm H2O at the high gas velocity (~30 m/s) of (a) Solar Turbines
combustor at ~1200 ◦C for 5016 h and (b) low gas velocity (~3 cm/min) of a laboratory furnace (ORNL rig) at 1200 ◦C after
500 h. Reprinted with permission from Reference [67]. Copyright 2003 The American Ceramic Society/Wiley.

157



Nanomaterials 2021, 11, 1351

As was observed by Opila [63], the thickness of the thin film was constant with time,
whereas the crystalline oxide layer was continually increasing. Therefore, the volatilization
of the cristobalite layer is considered not to contribute to the SiC recession. In addition, the
high rate of the cristobalite growth could be predicted neither by the paralinear model nor
by the presence of impurities. However, the fact that the dense layer does not thicken with
time could be the expression of another paralinear regime. In this new model, the thickness
of the dense layer becomes constant as the rate of its formation is equal to the rate of its
transformation into a porous scale [66]. In the model of Haycock, two density conversion
factors are used for relating the thickness of reacted material to the thickness of the dense
and the porous scales. Agreement of the parabolic rate constant with the experimental data
shows that the paralinear model is valid at high water pressure and low gas-flow velocities.

To conclude, the paralinear model is used depending on the experimental conditions
as temperature, pressure, gas velocities and oxidation time. Moreover, Tortorelli et al.
demonstrate that the transformation from a dense to a porous layer leads to the formation
of a non-protective scale. As a consequence, this formation has a great influence on kinetics.
The study of the activation energy, nature of the silica scale, and the diffusion of species
leads to better understand of the wet oxidation mechanism of SiC.

3.2. Main Characteristics of Wet Oxidation of SiC Materials

Numerous authors calculated the activation energy of the oxidation of SiC, for
which the values lie between 46 and 428 kJ/mol. However, there are two exceptions
of 531/656 and 527 kJ/mol, which were reported by Palmour et al. and Singhal et al.,
respectively [58,68,69]. The data for linear and parabolic oxidation are reported in the two
tables below (Tables 3 and 4):

Table 3. Activation energies for linear oxidation of SiC in wet atmosphere.

Types of SiC Oxidant Species T (◦C) Kinetics
Activation Energy for

Linear Oxidation
(kJ/mol)

Si slices (111) Wet O2 900–1200 Linear parabolic 190 [11]

Powder SiC Wet air 1200–1400 Linear law 146 [57]

Powder SiC Wet O2, Ar, N2 1500 Linear law No data [70]

Single-crystal α-SiC
(Si + C faces) 84% vol H2O 850–1050 Linear parabolic 109 [51]

Single-crystal α-SiC
(C face) 84% vol H2O 850–1050 Linear parabolic 200 [51]

Single-crystal β-SiC
(C face) 98 ◦C water + O2 1000–1200 Linear parabolic 251 [69]

Single-crystal β-SiC
(C face) 98 ◦C water + Ar 1000–1200 Linear parabolic 280 [69]

CVD-SiC 84% vol H2O 1000–1250 Linear parabolic 309 [71]

RF-Sputtered thin
α-SiC films 84% vol H2O 950–1100 Linear law 205–218 [25]

CVD-SiC 10% H2O in O2 1550–1650 Linear parabolic 428 [72]

Powder-SiC 50%H2O/50%O2 1200–1400 Parabolic law No data [61]

Sintered α-SiC 12.3% H2O, 2.1% O2, 11.0% CO2,
71.8% N2 50% H2O/50% O2

1316 Paralinear No data [63]

CVD-SiC 1100–1400 Paralinear No data [65]

Sintered α-SiC 50%H2O/50%O2 1100–1400 Paralinear No data [65]

Fused quartz 50%H2O/50%O2 1100–1400 Paralinear No data [65]
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Table 4. Activation energies for parabolic oxidation of SiC in wet atmosphere.

Types of SiC Oxidants T (◦C) Kinetics
Activation Energy for
Parabolic Oxidation

(kJ/mol)

High purity SiC H2O/Ar 1218–1514 Parabolic law 102 [46]

Si slices (111) Wet O2 900–1200 Linear parabolic 68 [11]

Si slices (111) 90 ◦C water + O2 1000–1200 Parabolic law 85 [40]

Si slices (111) Steam 1000–1200 Parabolic law 102 [40]

SiC (50/50 of α/β) Wet O2 1000–1300 Parabolic law No data [43]

Hot pressed SiC 3% H2O in O2 1200–1400 Parabolic law 527 [58]

Single crystals Si (100) H2O/O2 (1 to 2000
ppm) 780–980 Linear parabolic No data [62]

Single crystals Si (100) H2O/N2 (1 to 2000
ppm) 780–980 Linear parabolic No data [62]

Single-crystal β-SiC
(C face) 98 ◦C water + O2 1000–1200 Linear parabolic 531 [69]

Single-crystal β-SiC
(C face) 98 ◦C water + Ar 1000–1200 Linear parabolic 656 [69]

CVD-SiC 84% vol H2O 1000–1250 Linear parabolic 209 [71]

Pressureless-sintered
α-SiC

H2O in Air (10 to 40%
vol) 1300 Parabolic law No data [73]

CVD-SiC 10% H2O in O2 1550–1650 Linear parabolic 397 [74]

CVD-SiC in fused
quartz tubes 10% H2O in O2 1200–1400 Linear parabolic 41 [32]

CVD-SiC in high purity
Al2O3 tubes 10% H2O in O2 1200–1400 Linear parabolic 249 [32]

CVD-SiC H2O/O2 (10 to 90%
vol) 1200–1400 Parabolic 28-156 [66]

CVD-SiC H2O/Ar 1200–1400 Parabolic No data [66]

Si,
Sintered α-SiC,

CVD-SiC
Air + 15% vol H2O 1200

Paralinear (adapted
from the model of

Haycock)
No data [67]

3.2.1. Activation Energy of SiC Wet Oxidation

According to the Deal and Grove model, the parabolic rate expresses a diffusion-
controlled mechanism whereas the linear rate expresses a surface-controlled mechanism.

For the linear rate, most of the values are between 109 and 218 kJ/mol, but the
authors do not give any explanation for the oxidation mechanism [26,50,57]. High values
(around 300 kJ/mol) [71] suggested that the breaking of Si-C bonds (290 kJ/mol) is the
rate-controlling step of the linear growth of silica.

Most of the parabolic values are between 100 and 300 kJ/mol, which is comparable
with the data obtained for the dry oxidation of SiC. In accordance with Jorgensen et al.,
Deal and Grove and Singhal et al. [11,46,62] the activation energy of SiC was affected
when water vapor was added to oxygen due to particular dissolution of water through the
silica layer.

However, low parabolic activation energy of 41 and 68 kJ/mol were recorded by Opila
and Deal and Grove [11,32]. The first explanation for such low values is that the experi-
ments were performed under highly controlled-atmosphere with low levels of impurities,
and the second is that Opila showed agreement with the Deal and Grove model. However,
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Opila et al. suggested that only water vapor diffusion could be the rate-determining step
of the parabolic growth of silica.

In opposition, Singhal et al. obtained high activation energy (526 kJ/mol), which
was close to the activation energy for dry oxygen (481 kJ/mol), and concluded that the
impurities could lead to the devitrification of the oxide scale. According to Ainger, water
has the capacity to enhance the crystallization of cristobalite [40], leading to cracks and
defect formation into the amorphous layer. Therefore, the cracks would allow water,
oxygen and impurities to diffuse faster, enhancing the oxidation rates.

3.2.2. Impurities Effect

First, Opila calculated the rate of oxidation under water vapor (10 wt% H2O) according
to Deal and Grove model of silicon oxidation [32]. The rate of oxidation was one order of
magnitude higher when using sapphire tubes, and the activation energy increased from 41
to 249 kJ/mol. This could be a consequence of the transport of alkali ions to the interface
induced by the combination of water vapor and impurities. The first hypothesis is that
an amorphous sodium aluminosilicate layer is produced. This layer could demonstrate
higher permeability to water which could raise the oxidation rate. The second hypothesis
is that the presence of alkali ions (aluminum and sodium) allows the nucleation of the silica
scale and enhances the transformation of cristobalite to tridymite [75]. Although there are
limited data on the permeability of water through cristobalite, due to the conversion to the
phase change of silica with temperature, the work of Jorgensen et al. [38], Antill et al. [43]
and Lu et al. [25] showed that when tridymite and quartz formed, the oxide layer acted as a
protective film to oxidant species. As a consequence, a tridymite layer should have a lower
permeability to water than a cristobalite layer, and this shows that the second hypothesis
does not seems to be valid.

Nevertheless, the α- and β-tridymite demonstrate the most open crystalline structure
in comparison with quartz and cristobalite phases. Indeed, tridymite has more than
50% voids in the unit cell, according to the review paper of Lamkin et al. [76]. The
conclusion is that the diffusion of oxygen and water species might be faster through
tridymite than through the cristobalite network, and therefore the second hypothesis of
Opila appears valid.

To conclude, one can see that the presence of impurities can modify either the perme-
ability of the scale or the diffusion mechanism of oxidant species, leading to a change in the
oxidation behavior of SiC materials. The following section deals with the determination of
the primary oxidant species during wet oxidation of SiC.

3.2.3. Nature of the Oxidant Species

Jorgensen et al. carried out one experiment to determine the role of the silica nature in
the oxidation behavior of SiC under dry and wet atmospheres [46]. First, the wet oxidation
of SiC is performed to obtain a tridymite scale at the surface. Then, a second oxidation
is performed under oxygen atmosphere. The two oxidation rates are similar; thus, it was
concluded that the diffusing species were the same under the partial pressure of water and
of oxygen.

In opposition, Opila [66] showed that the presence of oxygen with water vapor plays
an important role in the SiC oxidation kinetics. Indeed, the activation energy is found to
be inversely dependent on the partial pressure of oxygen [69]. Moreover, Irene and Ghez
deduced that the oxidation rate of H2O/O2 mixtures was greater than the one calculated
for simultaneous and isolated oxidation by water and oxygen as primary oxidants [60].
Thus, a kind of synergy is occurring when water is added to oxygen for SiC oxidation. In
the next section, the high oxidation rates obtained with water could be related to the nature
of the silica scale.
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3.2.4. Nature of the Silica Layer

Opila et al. observed an amorphous silica scale after 100 h of oxidation [66] and
concluded that water vapor had little effect on the crystallization rate of silica. The analysis
of XRD pattern intensity of the oxide growth versus the content of water vapor confirmed
this observation [74]. According to Figure 19, the water vapor content does not level up the
relative intensity of cristobalite, thus, it does not enhance the crystallization of silica.

Figure 19. Relative intensities of X-ray diffraction peaks (a) against water vapor content (1300 ◦C, 100 h) and (b) against
oxidation time (1300 ◦C, 20 vol% H2O), (•) corundum, (o) cristobalite and ( ) mullite. Reprinted with permission from
Reference [74]. Copyright 1988 Springer Nature.

As corundum is present in the sintered materials, its peak intensity also appears in
the XRD patterns. It was stated in the dry oxidation part that the oxide layer becomes
more and more crystalline as the temperature and the oxidation time increase. For wet
oxidation, Opila et al. concluded the same by showing that the crystallization is enhanced
up to 1400 ◦C, at which the scale is fully crystalline (i.e., cristobalite) [64]. In addition,
Maeda et al. demonstrated that the increase of the cristobalite content in the oxide layer
with the oxidation time was faster when 20 vol% of H2O was added to air [74]. Therefore,
water vapor contributes to the devitrification of amorphous silica but does not increase its
protective properties, as high oxidation rates are recorded under wet conditions [33,46,58].

In fact, Opila examined the oxidation kinetics of SiC in terms of Deal and Grove
model under water/oxygen mixtures [66]. The oxidation rates increased with the water
content, but the improvement was not as important as for the lowest contents—therefore
the increase of oxidation rate is not linear with the increase of water content, as is shown
on Figure 20.

For these experiments, the mix oxidation regime is not considered for temperatures
above 1200 ◦C, as for long times and thick scales, the volatilization is negligible. So,
the passive oxidation regime is applied, and, for high water contents, it is shown that
the crystallization of the silica scale increases [40] which limits the water diffusion. The
Arrhenius plots do not show temperature dependence, which seems to be correlated to a
change in either the nature of the oxide scale or in the oxidation mechanism.

Finally, the crystallization rate of silica on silicon was found to follow parabolic kinetics
in steam, whereas it obeys a linear regime under dry oxygen [48]. The contradiction is that
water species engender higher oxidation rates in comparison with oxygen, but at the same
time, the crystallization of the scale is catalyzed. It is known that the solubility of water in
oxide is one thousand times higher than that one of oxygen, so high interaction of water
with the oxide layer could be the reason for such oxidation behavior.
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Figure 20. (Left)—Determination of parabolic rate constants for CVD SiC in H2O/O2 mixtures at a total pressure of 1 atm
and a temperature of 1200 ◦C. (Right)—Temperature dependence of the parabolic oxidation rate constant for CVD SiC
in the temperature range of 1100–1400 ◦C in various H2O/O2 mixtures. Reprinted with permission from Reference [66].
Copyright 1999 The American Ceramic Society/Wiley.

3.2.5. Particular Reaction of Water with the Oxide Layer

The high reactivity of water is noticed and a new mechanism of water diffusion could
be linked to this reactivity [43]. Indeed, Cappelen attributed the high oxidation rates to
the high permeation of H2O molecules, by incorporation of (HO-) into SiO2 [70]. Deal and
Grove [11] obtained solubility values of water in silica, close to the one of Norton [44],
which were one thousand times higher than the solubility of oxygen. The water in contact
with silica could react through Equation (29):

Si-O + H2O → 2HO− (29)

Based on the Wagner lattice defect model [77], the oxidant diffusion can occur via
vacancies in the oxide lattice. If hydroxyl ions are produced, the parabolic rate constant
will be proportional to the square root of pressure, as can be seen in the table below, with
H2Ox

i for a water molecule at interstitial site, with HO′
i and H.

i , respectively for hydroxyl
ions and protons at interstitial sites, with O”

i for O2+ cations at interstitial sites and, finally,
with 2h.

i for an interstitial site hole. Details of results are given on Table 5.

Table 5. Water partial pressure dependence for several water vapor defect species using standard Kroger–Vink notation
(from Reference [64]).

Water Vapor
Defect
Species

Defect Formation
Reaction

Mass Action Expression
Electro-Neutrality

Expression

Water Vapor
Partial Pressure

Dependence

Power Low
Exponent
for Water

H2Ox
i H2O(g) = H2Ox

i K1 =
[
H2Ox

i
]
/PH2O none

[
H2Ox

i
]

∝ P1
H2O 1

no H2O(g) = H2 +
1
2 O2 K2 = [O2]

1/2PH2/PH2O none [O2] ∝ P2
H2O

P2
H2

2

HO′
i H2O(g) = HO′

i + H.
i K3 =

[
HO′

i
][

H.
i
]
/PH2O

[
HO′

i
]
=

[
H.

i
] [

HO′
i
]

∝ P1/2
H2O 1/2

O”
i H2O(g) = 2H.

i + O”
i K4 = [O”

i ]
[
H.

i
]2/PH2O

[
O”

i
]
=

[
H.

i
] [

O”
i
]

∝ P1/3
H2O 1/3

O”
i H2O(g) = 2h.

i + O”
i + H2 K5 =

[
h.

i
]2
[O”

i ]PH2/PH2O
[
O”

i
]
=

[
h.

i
] [

O”
i
]

∝ P1/3
H2O

P1/3
H2

1/3

The fact that n is not exactly equal to 1 could arise from the carrier gases used and
from the nature (i.e., chemical composition, porosity) of the scale. For exponents close
to 0.5, it seems that the diffusion mechanism involves molecular water and charged species.
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The fact that the value of the power law exponent is not equal to 0.5 could come from
two possibilities:

(1) The dissolution of water produces hydroxyl ions, but not all participate to the growth
of the scale [43],

(2) The dissolution of water is not complete, and the diffusive species through silica are
molecular water and hydroxyl ions [66].

Irene and Ghez investigated the second hypothesis [60] and underlined the particular
role of water during wet oxidation of single-crystal Si. First, water is the primary oxidant
species which allows the conversion of Si to SiO2. Secondly, it has the capacity to loosen the
SiO2 network and thereby increase the diffusion of other oxidant species. The dissolution
occurs by reaction to hydroxyl and the breaking of an oxygen bridge, as proposed by
Moulson and Roberts [78] and confirmed by Wagstaff [48] (Figure 21):

Figure 21. Dissolution of silica during wet oxidation. Reprinted with permission from Reference [68].
Copyright 1981 Acta Chemica Scandinavica, 1947–1999.

It was shown that the formation of silanol bonds is reversible, meaning that when
the atmosphere is changing from wet to dry, the oxidation rates rapidly regress to that
obtained under dry O2 [68,71]. Hence, it is necessary to determine the rate-controlling step
of the oxidation.

3.2.6. Oxidation Rate-Determining Step

Cappelen [70] showed that the quantity of CO (g) produced during wet oxidation
(Equation (22)) is equal to the one produced during dry oxidation. Meanwhile, the oxidation
rate under wet atmosphere is ten times higher than that of under dry conditions. As a result,
the desorption of carbonaceous species at the SiC/SiO2 interface is not the rate-controlling
step of silica growth. Later, Narushima et al. [72] obtained a high activation energy value
(around 200 kJ/mol) for the parabolic rate constant of wet oxidation. The same value was
obtained for the dry oxidation of SiC when a crystalline layer of silica was obtained. This
suggests that the rate-controlling step of both diffusion is identical, i.e., the diffusion of
O2− ions into the cristobalite film. In the case of wet oxidation, a high number of defects
in the layer will be consistent with the O2− fast diffusion through the layer and higher
oxidation rates.

To conclude, the last phenomenon to take into account is the crystal orientation effect.

3.2.7. Crystal Orientation Effect

Lu et al. performed dry and wet oxidation on the C-face of SiC in order to create thin
oxide film on SiC substrates [25]. It has been stated that the fast-oxidation face (C-face)
of CVD-SiC and single-crystal SiC is similar to the one of single-crystal silicon over the
temperature range of 1200–1400 ◦C [9,12,27,30,51]. Though, the oxidation rate of C- and Si-
faces was determined to be slower than that of the single-crystal Si (100), depending on the
temperature and time of oxidation. Indeed, the C-face rate of oxidation was about 2–4 times
slower than the Si (001) material under dry oxygen and about 2–11 times slower under wet
oxygen. For both conditions, by increasing the time of oxidation and the temperature, the
oxidation rates of the C-face SiC and Si (001) tends to be equal. However, the crystallinity
of the scale was not discussed and should be the reason why the oxidation rate of the two
faces is not similar.

The most important remark is that similar linear activation energy (about 200 kJ/mol)
is obtained for wet and dry oxidations of the C-face. Thus, the oxidation behavior of the
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C-face of SiC thin films is the same under oxygen or water atmosphere, except that water
allows higher reaction rate. To conclude, the rate-controlling step of the linear regime is the
same for wet and dry oxidations of SiC materials.

3.3. Conclusions

From the parameters which can influence the wet oxidation behavior of SiC materials,
the remarks made for the dry oxidation are still valid:

− At short oxidation time, a gas diffusion mechanism is dominant (parabolic regime)
whereas at long times, a surface-reaction mechanism is dominant (linear regime),

− For the gas diffusion mechanism, temperature plays an important role: at low temper-
atures, the oxygen diffusion is molecular whereas above 1350 ◦C, the diffusing species
are ionic oxygen,

− The oxidation behavior is complicated when the crystallization of amorphous silica
takes part in the oxidation process. This reduces the oxidant transport and leads to
the decrease of the oxidation rates,

− Finally, the presence of impurities is not negligible and could be involved in all these
studies. On one hand, it enhances the crystallization of the scale which leads to an
increase of defects and, on the other hand, it creates high-permeable and viscous
oxides. Both mechanisms result in a faster oxygen diffusion.

Notably, the high reactivity of water has been highlighted, as it has the capacity to
enhance the silica devitrification for which high crystallization rates are obtained. Water is
able to improve the impurities’ mobility through the network, which leads to the formation
of highly permeable oxides.

Finally, the oxidation behavior of SiC is shown to be complex and ambiguous due to
its dependence on two parameters: time and temperature. The dissolution and reaction
of water with the silica scale seems to be the key to understand the whole oxidation
process. When Si-OH groups form, the network relaxes; as a consequence, the SiO2
viscosity, density, acoustic velocity and refractive index decrease, whereas the thermal
expansion coefficient increases [79,80]. The introduction of water into oxide networks has
been modeled by Doremus.

3.4. Dissolution-Reaction Model for Water through Oxide Scales

The dissolution models are necessary to understand the interaction mechanism of
water with silicon-containing materials. First, Doremus established a model for water
diffusion and reaction through glassy oxides with one hypothesis concerning the species
mobility. For this model, a protective layer is considered to be formed during SiC wet
oxidation [81,82] and a two-step mechanism is assumed when water is in contact with the
oxide layer.

First, the solution of water molecule is possible by breaking Si-O-Si bridges (30):

H2O + Si-O-Si = 2 Si-OH (30)

Then, Doremus assumed that the mobility of dissolved water is higher than that of
one of the OH groups which belongs to the network. He suggested that dissolved water
molecules jump from one cavity to another without any reaction with Si-O-Si bridges. In
silica, the diffusion process proceeds via an interstitial mechanism [83]. However, another
mechanism is possible in which water molecules react with Si-O-Si bridges on one site
and are regenerated on another site. This is denoted as the interconversion–diffusion
model [84].

When Equation (30) reaches equilibrium, the equilibrium constant, K2, is defined by
the following equation:

K2 =
S2

C
(31)
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where S is the concentration of hydroxyl groups and C the concentration of dissolved
molecular water. This reaction is bimolecular and this expression assumes that hydroxyl
groups can interact with their neighbor to regenerate a water molecule.

The diffusion of water through the oxide scale then needs to be expressed. Fick’s
law describes the diffusion of water as a movement of molecules along the x axis due to a
gradient of concentration. Here, we consider Fick’s second law (32):

∂C(x, t)
∂t

= D
(

∂2C(x, t)
∂x2

)
(32)

where x and t represent the distance and time of diffusion and D the water diffusion
coefficient (cm2/s). The water diffusion coefficient can be calculated empirically through
the Arrhénius relation, as diffusion is a thermally activated process (33):

D = D0Tn exp
(
− EA

RT

)
(33)

where D0 is the pre-exponential constant, R is the gas constant, EA is the activation energy, T
is the temperature and n is a temperature-dependence exponent. Usually, n = 0 for
simplicity as the activation energy depends on the temperature, so the pre-exponential
term has little influence on the diffusion coefficient of water [76].

Secondly, we need to consider the influence of the removal and generation of water
molecules on the diffusion of water. Thus, a term ( ∂S(x, t)

∂t ) is subtracted from Equation (32):

∂C(x, t)
∂t

= D
(

∂2C(x, t)
∂x2

)
− ∂S(x, t)

∂t
(34)

where S is linked to C by a simple linear dependence in order to solve Equation (33):

K1 =
S
C

(35)

This relation assumes that OH groups are immobile which implies that the generation
of water molecule is of first order.

Thus, Equation (34) is expressed as follows:

∂C(x, t)
∂t

=
D

(1 + K1)

(
∂2C(x, t)

∂x2

)
(36)

Now, it is clear that the diffusion coefficient of water D has changed and this model
defines the effective diffusion coefficient, De, by the following expression (37):

De =
D

1 + K1
(37)

where De is independent of the concentration of molecular water but depends on the initial
concentration of hydroxyl group in the network:

When C >> S, the diffusion process is not influenced by the reaction, so K1 ≈ 0 and
De ≈ D
When S >> C, the effective diffusion coefficient decreases, as the reaction of molec-
ular water occurs in the oxide layer, as described by the equilibrium Equation (31).
Therefore, the effective diffusion coefficient takes the following form:

De =
2SD
K2

(38)
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where De becomes dependent of the concentration of molecular water when the generation
of water molecule is of second order.

In the literature, some studies reported the temperature and time-dependence of this
model, as shown in the left graph on Figure 22.

For temperatures above 600 ◦C, it was found that the reaction (jump of water) is
dominant over its diffusion. Therefore, the concentration of water is low, and hydroxyl
groups are the main species. They diffuse in the oxide layer and the reaction is bimolecular.
However, below 600 ◦C, the concentration of exchanged OH groups at the oxide surface is
time dependent if the local equilibrium is not reached. Over a short time, OH groups are
diffusing in the whole layer due to the presence of defects, and the reaction is bimolecular.
However, over a long time, OH groups cannot diffuse far and tend to react with their
neighbor, so the reaction is almost unimolecular. For bimolecular reactions, expressions
(31) and (38) are applied and for unimolecular reactions, expressions (35) and (37) are valid.

Figure 22. (Left) Arrhenius plot of the effective diffusion coefficient of water into silica glass.
Reprinted with permission from Reference [85]. Copyright 1989 The American Ceramic Society/Wiley.
(Right) Arrhenius plot of the diffusion coefficient of water into silica glass. Reprinted with permission
from Reference [82]. Copyright 1999 Materials Research Society.

Furthermore, Doremus calculated D, the coefficient of water, from De, the effective
coefficient of water, extracted from the data of Wakabayashi and Tomozawa, on the right
graph seen in Figure 21 [86–88]. Equation (38) is used, and the linear regression shows
agreement with the model. The activation energy for water permeation through silica is
found to be equal to 70 kJ/mol. Another remark is that the D value is independent of time
whereas the De value depends on the water solubility, diffusion time, water concentration
or pressure, and type of diffusion experiment. However, it should not influence the
activation energy.

Finally, Fortier and Giletti were able to correlate De with the measure of ionic porosity,
Z, between 500 and 700 ◦C and under a water pressure of 100 MPa, calculated by the
following [86]:

Z = 1 − V
Vc

(39)

where V is the total volume of atoms in the unit cell and Vc, the volume of the unit cell. The
ionic porosity represents the openness of the oxide network and shows agreement with the
activation energy EA (kJ/mol). It can then be concluded that water is the diffusing species.
The linear regression found for water permeation through eighteen glassy and seventeen
crystalline oxides is:

EA = 484 − 821Z (40)
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As a result, the higher the activation energy, the lower the ionic porosity, the lower the
capacity of the oxide structure to open, and, therefore, the diffusion of water is slower.

To conclude on this model, the diffusion of water and oxygen species through amor-
phous and crystalline silica proceeds via two routes, according to Lamkin et al. [76]:

− The open porosity of the network allows the permeation of molecular species and,
− The Si-O-Si bridges network provides defects (as lattice vacancies) through which

structural self-diffusion occurs with breaking and reforming of the bonds.

For the two diffusion processes, similar activation energies for dry oxidation were
determined (with a value of 113 kJ/mol for molecular permeation of oxygen [44] and values
between 85 and 121 kJ/mol for oxygen self-diffusion through amorphous scale). Likely, the
oxygen transport mechanism is similar in both cases, and this conclusion can be applied for
diffusion of water through silica. In fact, activation energies for water permeation are lower
than the ones for oxygen, as it is reported in the table below. Doremus showed that this
was due to high diffusivity of water in the network which is linked to its high solubility
and high reactivity with silanol bonds.

For the parabolic regime, the activation energy is related to the energy needed for
oxidant diffusion. As high activation energy was recorded, Doremus stated that, because
the diffusion mechanism could proceed via the breaking of Si-O or Si-OH bonds, the
diffusion mechanism is defect-based. Contrarily to other authors, he proposed that O2
dissociates into atomic oxygen, which implies the diffusion of charged species into the
silica scale [82]. According to Narushima et al., O2

- could be the diffusing species, whereas
Singhal hypothesized that hydroxyl ions are the reason for high parabolic activation energy
recorded under water vapor. However, for lower values, molecular permeation is the most
probable diffusion mechanism [76].

Regarding the linear regime of SiC oxidation, the surface-reaction mechanism is
thought to proceed via bond breaking at the SiC/SiO2 interface. Some authors proposed
two possible pathways: one via the breaking of Si-C bonds, which required an energy of
290 kJ/mol [70]; or the other via the Si-Si bonds breaking, which required an energy of
177 kJ/mol, according to Pauling [73] (see Table 6 above).

Table 6. Activation energy for water and oxygen molecules through silica and silicon-containing bond energies.

Material/Silicon
Bonding

Activation Energy in the Parabolic Regime Which Is Limited by Diffusion of
Oxidant Species through Silica

Linear Regime
Limited by the

Interface Reaction

Conditions (◦C)
Oxygen

Permeation
(kJ/mol)

Conditions (◦C)
Water Permeation

(kJ/mol)
Breaking Energy

(kJ/mol)

Fused silica 950–1100 113 [44] 300–1100 70 [81]

Cristobalite 1000–1400 on SiC
substrate 430 [87] /

Tridymite 1070–1280 195 [88] /

β-Quartz 870–1180 195 [88] 600–800 + 100 MPA
H2O 142 (//to c) [89]

Si-Si 177 [73]

Si-C 290 [73]

Si-O or Si-OH 377 [81]

3.5. Conclusions

The wet (air) oxidation process was expressed, and different parameters were identi-
fied as highly influent on the oxidation kinetics of SiC and Si materials. A new model for
wet oxidation kinetics is described as the paralinear model, which takes into account the
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volatilization of the silica scale at high pressures and high gas velocities. Finally, the main
conclusions (i.e., effect of impurities and temperature) made for dry oxidation appear to be
valid for the wet oxidation. However, the water dramatically increases the oxidation rate
of SiC materials, even for small percentages of H2O. In fact, water is the primary oxidant in
wet oxidation and has the capacity to enhance the oxidation rates by loosening the silica
network. As a consequence, impurities and oxygen can diffuse faster in the silica network
and enhance the oxidation rates. In fact, the impurities have the capacity to increase the
local viscosity of the amorphous layer (i.e., decrease the stress) and limit the growth of
cristobalite crystals. In opposition to that, water accelerates the silica devitrification (i.e.,
the crystallization rate), and the oxidation rates decrease as the layer becomes crystalline.
The competition between these two antagonist phenomena could explain the instability of
the oxide layer grown during wet oxidation.

Finally, Doremus proposed a diffusion–reaction model to show that diffusion coeffi-
cient of water through oxide scales is modified as reaction with the network occurs [80,82].
This model agrees well with the data from the literature, and it shows a time dependence
when local equilibrium has not been established. It also shows that diffusion coefficients
depend on a variety of factors, but it does not depend on the activation energy of water dif-
fusion. Fortier and Gilletti [86] were able to correlate the ionic porosity with the activation
energy of water permeation. A linear relation was obtained, showing that water diffusion
increases with the openness of the oxide structure. In this model, water reacts with silanol
groups to diffuse until it reaches the SiC interface, which gives rise to hydrothermal oxida-
tion. Therefore, the degradation of SiC materials is caused by water reaction and belongs
to the “Hydrothermal Corrosion” classification.

4. Hydrothermal Corrosion of Silicon Carbides Materials

Under wet atmosphere, the SiC material is highly damaged, and its mechanical
properties decrease. Since the hydrothermal oxidation reaction leads to the degradation of
the material, it is classified as a chemical corrosion. In Figure 23, the corrosion behavior
classification is given.

First, electrochemical corrosion is more developed for metals, as ceramics can be
insulators or semiconductors and do not give up electrons easily. Then, mechanochemical
corrosion occurs mostly for structural ceramics under thermal or mechanical loading,
whereas tribochemical interactions can happen between ceramics and water [90].

Finally, chemical corrosion is the most studied case of corrosion in aqueous environ-
ments. In fact, the lack of corrosion resistance in water and water vapor of SiC is due to the
formation of stable silicon hydroxides. As the oxides cannot act as a protective barrier, the
chemical corrosion leads to rapid consumption of the material by a typical grain dissolution
mechanism.

According to Kim et al., silicon carbides contain grain boundary layers, which drives
their corrosion resistance [91]. Thus, the corrosion behavior of ceramics depends not
only on composition but on microstructure as well. Under hydrothermal conditions, the
chemical corrosion occurs as follows (Figure 24):

1. Reaction of grain-boundary phases,
2. Water transport along grain boundaries into the bulk of ceramics,
3. Reaction of ceramic grains.
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Figure 23. Ordering of the corrosion behavior of ceramic oxide materials. W(A)O stands for wet (air)
oxidation and SCWO for supercritical water oxidation.

Figure 24. Schematic sketch showing dissolution of grains and grain-boundary phases (mostly
silicates) and water transport along grain boundaries into the bulk of ceramics. Reprinted with
permission from Reference [90]. Copyright 1994 Materials Research Society.

In order to better understand this corrosion mechanism, several reaction models were
proposed to explain the SiC/water interaction.

4.1. Reaction Model for Chemical Corrosion
4.1.1. Yoshimura’s Model for Hydrothermal Oxidation of SiC in Supercritical Water

From previous studies [35–37], the hydrothermal oxidation of SiC was thought to
release CO2 species, as follows (41):

SiC + 4H2O → SiO2 + CO2 + 4H2 (41)
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However, Yoshimura et al. discovered the formation of a large amount of CH4 in
comparison to CO2 [92] and concluded that the oxidation reaction was (42) [58]:

SiC + 2H2O → SiO2 + CH4 (42)

In this model, no reactions occurred below 500 ◦C even at 100 MPa H2O, whereas
above, a weight gain was observed. Thus, SiC material is transformed into amorphous
silica, which crystallizes to form cristobalite and tridymite above 700 ◦C.

The following reaction model is proposed for SiC oxidation in H2O, as it is represented
on Figure 25 below. After the amorphous silica layer is formed on the surface of SiC
particles, H2O and CH4 diffuse, respectively, inward and outward.

 
Figure 25. Reaction model of the hydrothermal oxidation of SiC powder. Reprinted with permission
from Reference [92]. Copyright 1986 Materials Research Society.

It is probable that non-polar species encounter difficulties to diffuse through the
amorphous silica. Thus, the oxidation rate of SiC in H2O seems to be controlled by the
outward diffusion of CH4, or by the separate diffusion of carbon and hydrogen, if CH4 has
dissociated in the amorphous silica. The hydrothermal oxidation of SiC could proceed by
two simultaneous reactions (43) and (44):

SiC + 2H2O → SiO2 + CH4 (43)

CH4 + 2O2 → CO2 + 2H2O (44)

At a high temperature, reaction (22) is more stable than the reaction (45), and water
could oxidize H2 (46):

SiC + 4H2O → SiO2 + CO2 + 4H2 (45)

4H2 + 2O2 → 4H2O (46)

Thus, the oxidation of SiC in hydrothermal medium proceeds via a two-step mecha-
nism instead of a one-step reaction (47):

SiC + 2O2 → SiO2 + CO2 (47)

Yoshimura et al. noticed that the activation energy under 10 MPa (194 kJ/mol) was
higher than the one calculated at 100 MPa (167 kJ/mol). Indeed, the oxidation rates were
accelerated when high water pressure is used, and these two values were slightly smaller
than for dry oxidation (above 200 kJ/mol). Therefore, it was concluded that, firstly, the
water pressure did not affect the oxidation mechanism and, secondly, that the diffusing
species might differ under dry oxygen and pressurized water.
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The reason for this is that H2O diffuses faster than oxygen in the silica layer, so the
kinetics of reactions (43) plus (44) or (45) plus (46) would be higher than for the reaction (47).
This could be the key element for higher oxidation of SiC under hydrothermal conditions.
However, Hirayama et al. proposed that it might be due to the formation of hydrosoluble
silica scale.

4.1.2. Hirayama’s Model for SiC Corrosion in Water Vapor

In 1989, Hirayama et al. [93] investigated the corrosion behavior of silicon carbide
ceramics after immersion in 290 ◦C water solutions with different pH. After a 72-h exposure,
the exposed α-SiC materials demonstrate a higher dependency on pH for weight loss in
oxygenated water than in deoxygenated water. Figure 26 relates their results:

Figure 26. Weight change–time diagram for SiC ceramics immersed in an oxygenated solution
(dissolved [O2] is 32 ppm) at 290 ◦C. Reprinted with permission from Reference [93]. Copyright 1989
The American Ceramic Society/Wiley.

From the model of SiC dissolution presented by Yoshimura et al., the following
reaction is expected to occur [92]:

SiC + 2H2O → SiO2 + CH4 (48)

This reaction contributes to the weight gain because solid SiC changes into solid SiO2.
However, Hirayama et al. found out that the weight of the materials decreased with the
exposure time, as silica easily dissolves in alkaline water, following the below-mentioned
reaction (46):

SiO2 + H2O = H2SiO3 = HSiO3
− + H+ = SIO3

2− + 2H+ (49)

Thus, two protons are generated, so the reaction is pH-dependent. The higher the pH
values, the more the reaction can be accelerated, and the larger the weight loss. Indeed,
a high dissolution rate of SiO2 films is recorded for high pH values. Moreover, when
oxygen is dissolved in the solution, reactions (50), (51 and (52) seem to participate in the
SiC oxidation:

SiC + 2O2 → SiO2 + CO2 (50)

CH4 + 2O2 → CO2 + 2H2O (51)

CH4 + 2O2 → 2H+ + CO3
2− + H2O (52)
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The reaction (50) and (48) contribute to weight gain. The reaction (52) can shift the
equilibrium of reaction (48) to the right and then contributes to weight gain rather than
losses. However, the authors are not able to explain the important weight loss generated by
oxygenated water in comparison with deoxygenated water. As SiO2 is not identified on the
surface (SEM, X-ray or AES), no production of SiO2 is assumed, and another dissolution
model is proposed, in which a poorly adherent layer, such as Si (OH)4, is produced on
the surface:

SiC + 4H2O → Si(OH)4 + CH4 (53)

with the dissolution reaction (53) as follows:

Si(OH)4 → H3SiO4
− + H+ → H2SiO4

2− + 2H+ (54)

In the case of oxygenated solution, the oxidation of SiC is as follows:

SiC + 2O2 + 2H2O → Si(OH)4 + CO2 (55)

Again, the CO2 produced dissolves in water as follows:

Si(OH)4 + CO2 + H2O → H3SiO4
− + HCO3

− + 2H+ → H3SiO4
− + CO3

2− + 4H (56)

This model demonstrates that reaction (53) is linked to the equilibrium of reaction (54)
in deaerated solution, and the reaction (56) dominates the equilibrium of reaction (55), in
aerated solution. Therefore, the reactions (54) and (56) contribute to weight loss because
of the dissolution of the substrate. As the pH increases, the equilibrium of reactions
(53) and (55) shifts to the right, so more proton ions (H+) are released. In the case of
oxygenated water, the oxidation reaction (56) produces four H+, whereas for deoxygenated
water, only two are released by the reaction (54). This results in higher weight loss for
oxygenated solution.

The new model is illustrated in Figure 27:

 

Figure 27. Dissolution model, assuming that a hydro–silica–sol is produced. Reprinted with permis-
sion from Reference [93]. Copyright 1989 The American Ceramic Society/Wiley.

The overall hydrothermal oxidation reactions with SiC materials in alkaline medium
are as follows:

− For a deoxygenated solution:

SiC + 4H2O = H2SiO4
2− + 2H+ + CH4 (57)

− For an oxygenated solution:

SiC + 2O2 + 2H2O = H3SiO4
− + CO3

2− + 4H+ (58)
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This model shows that the hydrothermal oxidation of SiC materials is not able to
produce a protective silica layer to prevent further oxidation. Furthermore, multiple
oxidation reactions occur with oxygen as the primary oxidant species.

The conclusion is that the production of a non-protective hydrosoluble silica layer is
the key element which allows for the understanding of the high oxidation rate of SiC in
water. Furthermore, the multiple roles of oxygen are proof of high synergy between water
and oxygen, which leads to higher oxidation rates. Finally, as these hydrothermal reactions
are pH-dependent, they are not considered as oxidation reactions but instead related to
hydrolysis. This point is discussed in the following section on Allongue’s model.

4.1.3. Allongue’s Model for Dissolution of Silicon in Liquid Water

An in situ scanning tunneling microscopy (STM) is used to investigate the etching
of Si (111) in alkaline solutions [94]. During the dissolution process, the silicon surface is
covered with Si-H bonds followed by the formation of etch pits. The etch rates are deduced
from the weight loss of the material and a model of chemical dissolution of Si-crystals is
designed [95].

In this model (Figure 28), the dissolution occurs at a kink site, (structure A on Figure 28).
A kink site is a defect in the crystal where one Si atom cannot be involved within four
bonds with other Si atoms. As this site is located at the edge, the kink Si atom has only two
bonds linked to the crystal lattice while the two other bonds are involved in Si-H bonds.
The structure A evolves into C, and then D and A’ by successive hydrolysis. At the end,
the last product is decomposed to give Si(OH)4.

 

Figure 28. Main reaction path for the chemical dissolution of Si. Reprinted with permission from Reference [94] Copyright
1993 IOP.

These successive steps are described in detail:
First, the direct Si-Si backbones hydrolysis occurs (59):

Si-Si + H2O → Si-H + Si-OH (59)

The first step of Si-H bonds hydrolysis released H2 as follows (60):

Si-H + H2O → Si-OH + H2 (60)

The third step of hydrolysis produces Si(OH)2 (61):

Si-OH + H2O → Si(OH)2 (61)
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Then, the secondary product HSi(OH)3 is obtained (62):

Si(OH)2 + H2O → HSi(OH)3 (62)

A second H2 molecule is produced by the decomposition of the primary product
HSi(OH)3 in solution (63):

HSi(OH)3 + H2O → Si(OH)4 + H2 (63)

The final product entering the solution is silicic acid, Si(OH)4, or its equivalent disso-
lution product in alkaline solution (64):

Si(OH)4 + H2O → [SiO4H2]2− (64)

So, the overall reaction produces the silicate oxyanions and releases hydrogen (62):

Si + 2HO− + 2H2O → [SiO4H2]2− + 2H2 (65)

Regarding the kinetics of dissolution, the limiting step could be the A→C or A→D
chemical paths.

The key element for all these reactions to occur is that the surface is exhibiting H
terminations (see Figure 29). Therefore, a positive charge is induced by the polarization of
the Si bond with OH or H ligands. This leads to the attachment of the OH ligand on the
kink atom site, and the H ligand on the Si atom is underneath when the Si-Si backbone
is hydrolyzed.

 

Figure 29. Three-dimensional model for the chemical dissolution of a kink Si atom (black), from the structure A to A’.
Reprinted with permission from Reference [95]. Copyright 1993 IOP.

During the consecutive hydrolysis steps of silicon, the addition of OH ligand induces
the polarization of the Si-OH bond, which dislocates the kink site atoms. Due to this, is the
O-H ligand quickly removed from the lattice.

Finally, the OH- ions catalyze the hydrolysis of Si-Si and Si-H bonds (59) and (60) and
allow for the dissolution of hydrolysis products. Hydroxyl ions then tend to enhance the
hydrolysis of Si.
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This model demonstrates good agreement with the Hirayama’s model of SiC dissolu-
tion. Indeed, if silicon is substituted by SiC in Equation (65), the hydrolysis reactions will
lead to the release of methane gas instead of hydrogen (66):

SiC + 2HO− + 2H2O → [SiO4H2]2− + CH4 (66)

If only water molecules participate to the hydrolysis, Equation (67) is obtained:

SiC + 4H2O = [SiO4H2]2− + 2H+ + CH4 (67)

Now, one can see that this equation is equivalent to the hydrothermal oxidation expressed
by Hirayama’s model for deoxygenated solutions. Therefore, its validity is confirmed.

4.1.4. Conclusions

According to the Yoshimura’s model, a silica scale is formed during SiC corrosion
through which oxidant species and volatile by-products diffuse. He concluded that water
diffused faster than oxygen due its diffusion reaction into oxide scales, according to the
Doremus model.

In opposition to that, Hirayama’s model does not consider the formation of a silica
scale on the SiC surface. Several reactions were expressed for which hydrosoluble silica is
produced but neither protective nor non-protective silica were identified.

Allongue’s model suits Hirayama’s model well. Indeed, water is found to hydrolyze
silicon by a five-step mechanism with the production of silicic acid. Still, what can be
considered about a hydrolysis mechanism that is valid for SiC interface?

Indeed, a microstructure study can reveal if the corrosion mechanism is the same for
silicon and silicon-containing materials. In the next section, the corroded surface of such
materials is compared.

4.2. Hydrothermal Corrosion of the Surface

Allongue et al. conducted in situ STM etching of Si (111) face in alkaline solution [94]
and reported the etching mechanism of the Si double layer steps. In fact, the Si (111) face
consists of smooth terraces separated by a single double layer of 3.14 Å height, at the edge
of which kink sites are found.

The first observation is that silicon can be hydrolyzed by water and this reaction is
catalyzed by hydroxyl ions. At high pH values, the hydrolysis becomes dominant over the
electrochemical mechanism responsible for the Si corrosion.

The second observation is that at negative bias, the Si etching proceeds by shrinkage of
the terraces and an increase of the surface roughness. This so-called “step-flow” mechanism
competes with the nucleation of etch pits at cathodic bias. The corrosion evolution of the Si
surfaces is reported on the Figures below, as in Figure 30. The picture on the left side shows
the smooth terraces of the starting Si materials. As the corrosion occurs, pit formation and
growth are observed on the terraces, as it is seen in the center image. After the coalescence
of the etch pits, the corroded surface reveals sharp edges. The surface topography on the
rightmost image is consistent with corrosion etching via a step-flow mechanism and etch
pit formation.

Corrosion pitting is also highly dependent on the chemical environment, along with
the homogeneity and morphology of materials. Smialek et al. showed that the hot corrosion
of α-SiC proceeded via preferential attack at structural discontinuities, whereas excessive
corrosion of pressures sintered β-SiC produced bubbles and resulted in high-roughness
surfaces due to high carbon content [96]. Indeed, Henager et al. claimed that the preferential
formation of bubbles or localized corrosion along grain boundaries or aligned with grains
is due to higher dissolution rates at boundaries [97].
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Figure 30. In situ STM observation of the surface of n-Si(111) in 2 M NaOH solution under relatively strong hydro-
gen evolution of 200 μA/cm2 (a) Image (380 × 380 Å2) of the starting material. The following tunneling conditions:
US = −0.63 V/Pd-H; IS = −150 μa/cm2; tip: UT = +300 mV/Pd; IT = 0.2 nA (b) Image (1076 × 1193 Å2) of the growth
of triangular etch pits which is followed by their coalescence. The following tunneling conditions: US = −0.63 V/Pd-H;
IS = −150 μa/cm2; tip: UT = +300 mV/Pd; IT = 0.2 nA (c) Image (1280 × 1470 Å2) at the end of corrosion under the same
tunneling conditions as (b) and terraces go upwards from the bottom left to the upper right. Reprinted with permission
from Reference [94]. Copyright 1992 Elsevier.

After exposure of CVD-SiC materials to deoxygenated water at 300 ◦C and 10 MPa,
the surfaces revealed both embryonic and large pits, after initial exposure for 4000 h. The
small pits could have been produced by the formation of volatile carbon species, such as
CO, CO2 or CH4 that act to disrupt the surface silica layer. Locally, the CO and CO2 would
increase the acidity and accelerate the corrosion process, resulting in the formation of local
pits due to the agglomeration of small pits on the surface.

Therefore, pitting degradation affects the mechanical properties of SiC materials, and
there is a need to identify which combustion conditions lead to the highest strength reductions.

Hirayama et al. carried out the first microstructural studies of SiC materials revealing
that corrosion occurred at grain boundaries and suggested a preferential intergranular
attack [93]. Kim et al. confirmed this observation by performing corrosion experiments on
sintered SiC (SSiC) and chemically deposited SiC (CVD-SiC) ceramics, in distilled water at
360 ◦C and over 10 days [90]. As the CVD-SiC has higher purity than SSiC and clean grain
boundaries, the sample showed a stronger corrosion resistance.

In fact, in SiC samples, boron and carbon atoms are known to be segregated at grain
boundaries, and during corrosion, these impurities are rapidly attacked. As a result, the
disintegration of grains into water occurred due to the weakening of grain boundaries at
extended corrosion times. On the contrary, the CVD-SiC specimen underwent low weight
loss and the corroded surface showed feature like the columnar growth pattern of the SiC
deposits, it can be seen on Figure 31, below:

No SiO2 or Si(OH)4 amorphous layer was observed because of the very thin thickness
of the film or due to its instability. According to Hirayama, Kim et al. suggested that the
oxidation of SiC material produces a poorly adherent film: Si(OH)4 instead of SiO2, in
high-temperature water. However, Barringer et al. [98] recorded lower linear mass loss
for CVD-SiC exposure to deoxygenated water at 360 ◦C and assumed that the control of
oxygen helped to reduce corrosion rates. Finally, the corrosion behavior of reaction-bonded
silicon carbide (RBSC) in pure water at 360 ◦C showed an increase of the weight loss with
the amount of free Si atoms in the material [99].
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Figure 31. Surface microstructures of the (Left)—(a) as-polished and corroded SSiC specimens after corrosion testing for
(b) 1, (c) 5 and (d) 7 days in water at 360 ◦C and (Right)—(e) as-polished and corroded CVD SiC specimens after corrosion
testing for (f) 3, (g) 7 and (h) 10 days in water at 360 ◦C. Reprinted with permission from Reference [91]. Copyright 2003
Springer Nature.

In Figure 32 below the light and dark gray phases represent the Si phase and SiC
particles, respectively. During corrosion, the Si-free phase was preferentially corroded in
high-temperature water, which led to the formation of large voids in the material.

 

Figure 32. Optical micrograph of the RBSC specimen before corrosion test (a) and SEM micrographs of the surface (b) and
the cross-section (c) of the same specimen after corrosion at 360 ◦C for 7 days. Reprinted with permission from Reference [99].
Copyright 2002 Springer Nature.

Recently, Park et al. [100] carried out long-term corrosion tests on high-purity CVD-SiC
specimens in water and steam up to 400 ◦C. They showed that the dissolved oxygen content
was the most dominant factor controlling the corrosion of SiC in water. The grain boundary
dissolves preferentially during the early stage of corrosion. The grains detach from the
surface when the grain boundaries become thinner, thereby leading to an acceleration of
the weight loss.

In Figure 33, above, the top view shows significant dissolution of the SiC through-
out the surface. In the side view, the shapes of many grains are exposed because of the
preferential dissolution at the grain boundary during the corrosion process. These observa-
tions were confirmed by Tan et al. [101] who exposed CVD-SiC materials to 500 ◦C water
under 25 MPa (Figure 34). The image of strain distribution and Image Quality revealed
that corrosion primarily occurred at regions with high intensity of strains associated with
small grains.
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Figure 33. Scanning electron micrographs of the surface morphology of the CVD Si corroded in the
360 ◦C static water autoclave for 90 days. Reprinted with permission from Reference [100]. Copyright
2013 Elsevier.

 
Figure 34. Electron Back-Scatter Diffraction (EBSD) analysis of the cross-section surface (28 × 28 μm)
of the sample exposed to the SCW with 10 ppb oxygen for 333 h. GBs denote grain boundaries with
blue, green and gray lines denoting three different network, and general boundaries. Reprinted with
permission from Reference [101]. Copyright 2009 Elsevier.

It was concluded that the pre-oxide was not able to protect the SiC material from
dissolving into the water, but it helped to mitigate the dissolution of the SiC.

To conclude on the microstructure study of SiC corrosion, Barringer et al. [96] believed
that corrosion occurs via hydrolysis to hydrated silica species at the surface, which are
then rapidly dissolved into the water. This conclusion is based on no analytical methods
revealing the presence of a measurable oxide scale. In addition to that, a reduction of the
amount of oxygen present at the surface was recorded as the exposure time increased.
This may be consistent with the removal of Si atoms to form Si(OH)4 via water hydrolysis,
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which allows the Allongue’s model to be extended to SiC materials. Finally, Henager et al.
showed that pits resulted from the formation of a local galvanic cell, which was due to
hydrolysis reactions involving the dissolution of silica and the formation of carbon [97].
However, tribocorrosion process can lead to such observations—the next section details
the tribochemical corrosion of SiC surfaces.

4.3. Reaction Model for Tribochemical Corrosion

Under dynamic conditions, the exposure of non-oxide ceramics to oxidizing atmo-
sphere leads to the formation of an oxide film and it is referenced as “tribo-oxidation”
whereas the formation of a chemical layer under hydrothermal conditions is referenced
as “tribochemistry”. Tribo-oxidation leads to the modification of SiC physical properties,
and, according to the wear oxidation model of Quinn, tribo-oxidation is a consequence of a
local temperature rise when the sample undergoes friction [102,103].

Both action of friction and temperature (because of fast kinetics) influence the tribo-
chemical SiC degradation. Some studies reveal that the higher the humidity, the lower the
coefficient of friction and wear rates [104,105] and Zum et al. demonstrated that when SiC
is submitted to water, tribochemical polishing of its surface is expected due to boundary
lubrication [106].

Therefore, water seems to affect the tribochemical behavior of SiC. However, the
effect of water, including its temperature and pressure, is not clear. Hence, Presser et al.
studied the hydrothermal behavior of SiC materials and its wear properties evolution [107]
by conducting degradation experiments under static (at 500 ◦C up to 700 MPa) and dy-
namic (tribological) conditions in water. They showed that the smoothing process of SiC
was responsible for the decrease of the surface roughness and the increase of the sliding
behavior, which resulted in the decrease of the friction coefficient. As well, silicon leach-
ing and amorphization of the surface occurs under tribological tests in water medium
(without pressure).

However, the hydrothermal degradation leads to pitting formation and an increase
of the roughness with bubbles and silica precipitates which agrees with the observations
of Barringer et al. [98]. Finally, a tribochemical wear model is designed into three steps
(see Figure 35):

1. Interaction between SiC and water: The bulk reaction leads to the formation of OH
groups and to the saturation of dangling bonds. Moreover, weak hydrogen bridges
are created.

2. Amorphization: Initially, mechanical stress causes the superficial amorphization of
SiC. Therefore, disordered layers and strained Si-C bonds might form with higher
susceptibility to be attacked by water. However, neither silica nor oxycarbidic phases
were identified knowing that the detection limit of XRD and Raman spectroscopy is
about 100 nm.

3. Tribochemical corrosion: Simultaneously, silica dissolves in water, and, for low water-
to-SiC ratios, it precipitates. Likewise, a cavitation-like wear phenomenon created by
the release of gaseous compounds can cause the delamination of the layer.

In conclusion, this is another corrosion mechanism can lead to the degradation of SiC
materials under hydrothermal conditions. This corrosion, tribocorrosion, is enhanced by
water, as the dissolution of amorphous SiC is possible by the formation of hydrosoluble
silica and by the release of volatile carbonaceous species. Simultaneous hydrothermal
corrosion also occurs at grain boundaries.
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Figure 35. Three-step tribomodel of SiC corrosion. Reprinted with permission from Reference [107]. Copyright 2009 Elsevier.

4.4. Conclusions

From the microstructural studies, the etching of Si materials seems similar to that of SiC
materials. Indeed, the degradation of silicon-containing materials occurs via pit formation
and growth on the surface, which results in high weight losses. The corroded surface shows
a high degree of pitting corrosion via preferential attack at the grain boundary, which highly
depends on the chemical environment and the morphology of SiC samples. For CVD-SiC,
typical columnar corrosion shape is observed, and for SSiC, the etching of carbon and
boron atoms occurs locally on its surface. Finally, the degradation process depends on the
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sample purity: CVD-SiC samples show high corrosion resistance, whereas the presence of
Si-free atoms in the RBSC sample leads to a high degradation rate. Moreover, the etching
of Si-free atoms is thermodynamically favored, as the corrosion products are stable (silica
easily dissolves in water); however, several authors were not able to detect the dissolved
silica [98–100]. Nevertheless, these authors agreed with the Hirayama’s model of SiC
dissolution by water [93] but not with the one of Yoshimura which suggests the formation
of a silica scale. These findings also agree with the Allongue’s model for the dissolution of
silicon crystals. Indeed, it appears that successive hydrolysis of the Si-Si, or Si-C bonds in
the case of SiC materials, causes the formation of OH groups and leads to the etching of
Si atoms.

In conclusion, the corrosion behavior of SiC materials seems complex, as several
chemical reactions compete, and different mechanisms are taking part in the degradation
of the materials, as is suggested by the tribochemical corrosion model.

In the final part of the review paper, the water corrosion of these materials under
sub- and supercritical conditions is examined. Several chemical reactions are in compe-
tition depending on the temperature and pressure conditions along with the molar ratio
of H2O:SiC. Indeed, hydrothermal oxidation leads to a silica layer formation whereas
hydrolysis reaction leads to a carbon film formation on top of SiC substrates (powders,
fibers and substrates).

5. Supercritical Water Corrosion of Silicon Carbide Materials

5.1. Supercritical Water Characteristics

High temperature and high-pressure medium needs to be defined to have an insight
of the interesting properties that a fluid can demonstrate under these particular conditions.
Critical coordinates are defined for all pure components and represent the beginning of
the supercritical domain. By increasing the temperature and the pressure, the equilibrium
state of water evolves as it is shown on the diagram below:

As seen on Figure 36, the three states of water are in equilibrium at the triple point
defined for TTP = 0.01 ◦C and PPT = 612 Pa.

Figure 36. Pressure–temperature phase diagram of pure water. TP is the triple point (TTP = 0.01 ◦C, PPT = 612 Pa) and
CP is the critical point (TCP = 374.1 ◦C, PCP = 22.1 MPa). Water molecules are draw schematically (planar view) for each
state—solid, liquid and gas—and in the case of the supercritical conditions. Reprinted with permission from Reference [108].
Copyright 2010 Wiley.
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At high temperature and high pressure, the liquid-vapor equilibrium curve ends when
the supercritical point of water is reached (TCP = 374 ◦C and PCP = 22.1 MPa). From there,
the matter is called fluid as it demonstrates physicochemical properties in between those
of liquid and gas phases.

Indeed, the main characteristics of supercritical fluids (SCF) are low viscosity and
no surface tension, which gives rise to high diffusion properties. The SCF region shows
discontinuities, as some micro-domains demonstrating liquid-like properties coexist with
others which exhibit gas-like properties. Finally, the fluid density evolves linearly with the
increase of temperature and pressure.

Under high pressure and high temperature conditions, the dielectric constant and the
density of water sharply decrease. This can be seen with the increase of temperature at a
constant pressure of 24 MPa in Figure 37. However, the ionic product reaches a maximum
at 300 ◦C before falling, similar to other parameters.

Figure 37. Course of ionic product, density, and dielectric constant of water versus temperature at a
pressure of 24 MPa. Reprinted with permission from Reference [109]. Copyright 1999 Elsevier.

In other terms, salt dissolution ability of water decreases with the density due to the
increase of temperature. The distance between water molecules increases, which weakens
the hydrogen bonds and dipole electrostatic interactions. Therefore, low-density water acts
as a non-polar solvent, in which salts precipitate, in the supercritical region [110]. However,
for a constant temperature of 400 ◦C, the density, ionic and dielectric constants increase with
the pressure. High-density water demonstrates high solvency for inorganic compounds
but keeps its solvent-like properties [108]. These observations evidence the high tunability
of water properties by playing with the temperature and/or pressure parameters.

Table 7 highlights the existence of another region called the sub- or near critical region
which defines water in the liquid state for a temperature range of 250 ◦C < T < 450 ◦C and
P < Pc [111].
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Table 7. Physicochemical properties of water as a function of temperature and pressure. Reprinted with permission from
Reference [111]. Copyright 1999 Wiley.

“Normal Water” “Subcritical Water” “Supercritical Water” Superheated Steam

T [◦C] 25 250 400 400 400

P[MPa] 0.1 5 25 50 0.1
ρ[g·cm−3] 0.997 0.80 0.17 0.58 0.0003

ε 78.5 27.1 5.9 10.5 1
pKw 14.0 11.2 19.4 11.9 /

Cp[kJ.kg−1·K−1]
η[mPa.s]

4.22
0.89

4.86
0.11

13
0.03

6.8
0.07

2.1
0.02

λ[mW·m−1·K−1] 608 620 160 438 55

In the subcritical region, water has infinite compressibility, and, near 250–300 ◦C, the
ionic constant reaches its maximum. Consequently, water acts as an acid or base catalyst
and ionic reactions are favored over radical ones. Thus, the electrochemical corrosion is
enhanced. Moreover, high-density water and high temperature allows fast reaction kinetics
which makes the sub- and supercritical region a high corrosive medium. Kritzer illustrated
the corrosion-determining factors and their interdependences below (Figure 38) [109]:

Figure 38. Interdependences of the corrosion-determining factors in high-temperature aqueous
solutions. Reprinted with permission from Reference [109]. Copyright 1999 Elsevier.

The most used supercritical fluids are water, alcohol and carbon dioxide but the inter-
est for supercritical ammonia and halogenated gases is increasing [112]. Supercritical fluids
fill applications to address environmental challenges for wastewater treatment [113] chem-
ical recycling [114] and extraction process [115]. SCFs are involved in organic reactions,
for example, in catalyst [116,117], and polymer processing [118]. Finally, SCFs take part in
material engineering for synthesis [119,120], surface treatment [121], microfluidics [122]
and recently, in nanotechnology [123] and nanomedicine [124].

To conclude, the chemical versatility of sub- and supercritical medium is nearly infinite,
as the water properties can be tuned by varying the temperature and pressure conditions.
Hence, water can demonstrate high solvent power for organic, salts and gases, along
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with varying properties from liquid-like to gas-like. This section aims to highlight the
different roles of water and its interaction with the matter when using high temperature
and high-pressure conditions. More particularly, the interaction between silicon carbide
and high pressure/high temperature water is discussed.

5.2. Reaction Model of the SiC Hydrothermal Oxidation

The work of Gogotsi and Yoshimura consists of the application of hydrothermal
technology to SiC fibers from the studies of Hirano et al. [125] and Yoshimura et al. [92].

Hirano shown that the hydrothermal treatment of SiC at 900 ◦C and 1000 MPa water
pressure enhanced graphitization of carbonaceous materials by the formation of intermedi-
ates and gaseous compounds.

Yoshimura et al. studied the interaction of SiC materials with H2O under hydrothermal
conditions between 400 and 800 ◦C, at pressures up to 100 MPa and for 72 h and found that
the effects of water vapor on the oxidation of SiC powders was of interest, but no model
was hypothesized on the reaction of H2O and SiC [92].

Surprisingly, Gogotsi and Yoshimura demonstrated that the corrosion of SiC materials
(α-SiC single crystals, α-SiC platelets, α and β-SiC powders and β-SiC whiskers) leads to
the formation of carbon film above 500 ◦C through the following relation (68) [126,127]:

SiC + 2H2O → SiO2 + C + 2H2 (68)

Gogotsi and Yoshimura worked on the oxidation and hydrothermal corrosion of SiC
by first investigating the hydrothermal corrosion of SiC-based fibers at high temperature
and high-pressure water [127]. The experiments were performed on Tyranno fibers under
100 MPa in distilled water at 300–600 ◦C for 25 h. It was observed that above 300–450 ◦C, a
smooth and uniform carbon film was grown via the following reaction (69):

SiCxOy + nH2O → SiO2 + xC + nH2 (69)

In this reaction, the free carbon is likely responsible for the formation of carbon films.
CVD is traditionally used to prepare carbon films and resulted in a decrease of strength.
However, this new and inexpensive method allows for the transformation of the surface
layer of carbides into carbon instead of depositing a film from a solution. The two major
advantages of this technique is that the carbon films can be grown on top of different
kind of SiC materials (powders, platelets, fibers and single-crystals) and its thickness can
vary from 10–20 nm up to 1–2 μm, depending on the experimental conditions. In fact, the
following parameters strongly influence the hydrothermal treatment of SiC:

− The temperature and time of treatment can affect the composition of the carbon film
from amorphous to graphitic carbon,

− Above a certain temperature and reaction time, the yield of carbon reaches a maximum
value,

− Above a certain temperature, the carbon film is oxidized,
− The influence of H2O:SiC is not well understood.

Indeed, thermodynamic calculations showed that the formation of a carbon deposit
on the surface of SiC follows three regimes depending on the H2O:SiC molar ratio [128]:

1. At low H2O:SiC molar ratios (1:10), both carbon and silica were deposited,
2. At intermediate H2O:SiC molar ratios (2:1), both carbon and silica were produced, but

silica is dissolved in the water as follows (70):

SiO2 + H2O = H2SiO3 = HSiO3
− + H+ = SIO3

2− + 2H+ (70)

A dissolution rate of approximately 0.8 μm was recorded for glassy silica in distilled
water at 285 ◦C under 100 MPa pressure [129], meaning that the equilibrium of reactions (68)
and (69) can be shifted to the right. Thus, a carbon-rich layer is created on top of the
SiC materials.
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3. At higher H2O:SiC molar ratios (10:1), neither carbon nor silica was identified on the
surface of SiC (for a nanoscale detection limit) as the carbon reacts with water to form
CO/CO2 and silica dissolves in water.

Indeed, due to corrosion under supercritical conditions, water is able to oxidize the
carbon coating according to the following reactions:

C + H2O → CO + H2 (water-gas reaction) (71)

2C + 2H2O → CO2 + CH4 (72)

C + 2H2 → CO2 + 2H2 (73)

3C + 2H2O → 2CO + CH4 (74)

Generally, for long corrosion times and intermediate H2O:SiC molar ratios, the carbon
film at the surface is oxidized, and the oxidation is followed by silica deposition [130].

Gogotsi and Yoshimura investigated the behavior of SiC materials under dry and wet
conditions. First, low-temperature oxidation (850 ◦C) was performed on SiC (Tyranno)
fibers for up to 300 h [131]. The Tyranno fiber consisted of amorphous Si-Ti-C-O material
with different oxygen contents (12 or 18 wt%), diameters (8.5 or 11 μm) and mechanical
properties. This fiber contained silicon carbide crystals embedded in an amorphous matrix
(Si-C-O-Ti). The oxidation started above 500 ◦C and led to a mass gain and an increase of
the fiber diameter. Above 1200 ◦C, the mass gain increased sharply due to high diffusion
rates of oxygen and carbon oxides through the silica layer.

In Figure 39 the SEM micrographs of S fibers oxidized in air for 300 h at 800 ◦C
are represented.

 
Figure 39. SEM micrographs of the surface (a) and fracture surface (b) of the S fibers oxidized for 300 h in air at 800 ◦C. The
arrow shows the fracture origin. Reprinted with permission from Reference [131]. Copyright 1994 Springer Nature.

The thin, uniform (Figure 38a), glassy oxide layer formed (Figure 40b, in dark) was
not dense and/or thick enough to limit the flaws on the surface. Moreover, the layer had
low mechanical strength and showed cracking after mechanical tests (Figure 40b). As a
result, the strength of the fibers decreased with increasing oxidation temperature/thickness
of the oxide layer. This could be due to the decrease of the effective fiber diameter, which
resulted from the oxide formation, and/or due to internal stress in the oxide layer.

As the oxide film on the surface was microscopically uniform, the oxidation is thought
to be simultaneous for all constituents of the fiber [132]. Indeed, AES demonstrated the
presence of a transition region at the SiC/SiO2 interphase, where silicon oxycarbide and
free carbon could be produced, in accordance with other research [133].

Secondly, Gogotsi and Yoshimura observed the degradation of SiC (Tyranno) fibers
in high-temperature and high-pressure water [134] for which amorphous or microcrys-
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talline carbon constituted the carbon rich layer. The reaction leading to the formation of
carbon (75):

SiC + 2H2O → SiO2 + C + 2H2 (75)

dominates over the reactions which produces silica (76), (77) and (78).

SiC + 2H2O → SiO2 + CH4 (76)

SiC + 4H2O → SiO2 + CO2 + 4H2 (77)

SiC + 3H2O → SiO2 + CO + 3H2 (78)

The interaction of SiC fiber with water was studied by Kraft et al. [135], between 400
and 700 ◦C, under 200 MPa water. However, the experiments were conducted at very
low H2O: SiC molar ratio (1:10) and the formation of silica dominates in accordance with
Yoshimura et al. [92]. However, at higher molar ratios, hydrosoluble silica is formed and the
experiments agree well with the Hirayama’s model [92]. Finally, Gogotsi and Yoshimura
demonstrated that oxidation and hydrothermal corrosion competition depends mostly on
the temperature.

At 300 ◦C, the dissolution of the SiCxOy and silica phases start, as AES depth profiles
revealed no oxygen atoms at the surface of the fiber. The low consumption of SiC materials
does not affect its strength properties [132].

Then, at 400 ◦C, poor low protective carbon film is produced by the following
reaction (79):

SiCxOy + nH2O → SiO2 + xC + nH2 (79)

Thus, the oxycarbidic phase of the Tyranno fibers starts to corrode, so the tensile
strength and Young’s modulus decrease with the effective diameter of the fiber.

At 500 ◦C, the hydrothermal corrosion of crystalline SiC grains leads to the formation
of thick carbon coatings (80):

SiC + 2H2O → SiO2 + C + 2H2 (80)

The layer demonstrates high protective and good adhesion properties. Above 800 ◦C,
silica starts to crystallize into cristobalite and quartz, which have lower solubility in
water. Therefore, the carbon film growth is limited, and hydrothermal treatment at high
temperature and longer times engender the full consumption of the fiber.

Futatsuki et al. [136] studied the oxidation of SiC surface at low temperature and
high-pressure water. They explored SCW (400 ◦C, 25 MPa) and SubCW (350 ◦C, 16.5 MPa)
conditions to set up a high–efficiency method of oxidation.

The density of high-pressure and high-temperature water is in the range of 100–600 kg/m3,
which is greater than the oxygen density under typical thermal oxidation conditions of
1200 ◦C, at atmospheric pressure, which is 0.003 kg/m3. The SC medium has a high oxygen
solubility, and, due to its low viscosity and surface tension, its high diffusivity contributes
to a strong oxidation potential.

They found out that the oxide thickness increases with the oxidation time, according
to the following reactions:

SiC + 3/2 O2 → SiO2 + CO (81)

SiC + 2O2 → SiO2 + CO2 (82)

SiC + H2O → SiO2 + 3H2 + CO (83)

SiC + H2O → SiO2 + 4H2 + CO2 (84)

However, the oxidation of SiC was not possible without adding oxygen to water, so
reactions (83) and (84) did not happen. When oxygen was added, they remarked that, for
the NCW oxidation, the oxide film was very thin. Thus, the temperature might be too low
to promote SiC oxidation. For SCW, oxidation occurs according to reactions (81) and (82).

186



Nanomaterials 2021, 11, 1351

Finally, the conclusions on this matter are as follows:

SCW can facilitate the transfer of carbon by-products (CO and CO2) because of its
high diffusivity. Therefore, the transfer of carbon by-products is one of the key factors
promoting SiC oxidation.
For NCW, the temperature is too low for the release of carbon by-products, so no SiC
oxidation occurs.

However, NCW demonstrates high ionic constant which promotes hydrolysis reaction
via Si atom etching. Recently, Yoko et al. [136] recycled silicon from silicon sludge by
using SCW in a semi-batch reactor (400 ◦C, 25 MPa). It was noticed that silicon undergoes
oxidation and/or degradation via Si dissolution into water. Indeed, between 260 and
380 ◦C, the amount of dissolved silicon increased with the temperature, whereas between
400 ◦C and 500 ◦C, it decreased. For temperatures higher than 1000 ◦C, the oxidation rate
of silicon dominates. This behavior may be due to the low ion product of water between
400 and 500 ◦C under a pressure of 25 MPa.

According to Yoko et al. [137] and Futatsuki et al. [136], it seems how oxidation and
hydrolysis compete depends not only on the temperature, but also on the ionic product.
Indeed, NCW between 250 and 350 ◦C allows the etching of Si atoms, which dominates
over oxidation.

 
Figure 40. Texture model of the Nicalon NLM-202 fibers. Reprinted with permission from
Reference [138]. Copyright 1999 Elsevier.

5.3. Nanoporous Carbon Film Formation

As SiC materials are available in a continuous-fiber shape, they are promising to
integrate into ceramic matrices for thermomechanical reinforcement properties. Therefore,
it is necessary not only to improve the SiC corrosion resistance, but also to tune it in order
for SiC surface to demonstrate new properties.

Two different fibers made of SiC are commercially available. The Nicalon fiber is
obtained by polymerization of organosilane monomers followed by pyrolysis via the
Yajima’s method [2]. At the end of the process, a microcomposite material is obtained
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which is made of a crystalline β-SiC phase (55 wt%), an intergranular oxycarbidic phase
(40 wt%) and free carbon (5 wt%) [138] (Figure 40):

The other commercially available fiber is the Tyranno fiber which is made by pyrolysis
of an organometallic polymer precursor synthetized from polycarbosilane and titanium
tetrabutoxide [139]. At the end of the process, the continuous fiber consists of SiC crystals
separated by an amorphous Si-Ti-C-O phase. Then, the Nicalon and Tyranno share the
same texture model, which is described in Figure 40.

To have good reinforcement properties, the fiber should demonstrate good compatibil-
ity with the matrix. For that, a carbon coating at the fiber/matrix interface is suitable in or-
der for the composite to have a non-fragile behavior when submitted to stress. Gogotsi et al.
have studied the hydrothermal treatment of carbon-based surfaces to form such a nanos-
tructure carbon coating, as schematized below [140]. Under supercritical conditions, the
selective etching of metals from carbides leads to the formation of a carbon-rich layer
with tribological properties. This allows the fiber-reinforced materials to maintain high
thermomechanical properties and therefore have the potential to be used in the aerospace
field. The principle is represented in Figure 41.

Figure 41. Carbon coating via vapor deposition (a) and selective leaching of carbides (b). Reprinted
with permission from Reference [140]. Copyright 2000 Springer Nature.

Similar to the chemical or physical vapor deposition method, the carbon coating is
grown on the surface, thus avoiding any adhesion issues.

Gogotsi et al. showed that sp3-bonded carbon could be produced on the surface of
SiC materials under hydrothermal conditions [141,142]. Various allotropes of carbon were
obtained, including diamond, in the temperature range of 300–800 ◦C and at pressures
below 500 MPa. Raman, infrared (IR), electron diffraction (EDS) and Auger Electron
Spectroscopy (AES) were performed in addition to X-Ray Diffraction (XRD) to characterize
treated and untreated materials. Depending on the shifting or the splitting of the G and
D bands, their width and position, the Raman spectroscopy suggests the presence of
disordered diamond and other non-graphitic carbon phases. The Raman spectra of SiC
fibers before and after the hydrothermal treatment are given in Figure 42 [126]:

Graphite exhibits one Raman peak at 1580 cm−1 referred to as G mode, which is
characteristic of the C=C stretching vibrations, whereas another peak appears at 1350 cm−1,
which is referred to as D mode, when defects are present. This mode also appears for
nanocrystalline graphite, and its intensity increases with the hydrothermal treatment
temperature. The bands can broaden if strained bonds and defects are present in the
materials. For the D band down-shift, Gogotsi at al. concluded that bond angle disorder
came from strained sp3 carbon atoms. The up-shift of the G band towards the high-
frequency edge, however, arose from small size crystallites, which are dominated by
sp2-hydridized carbon rather than sp3 [143].
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Figure 42. Raman spectra of the LoxM-garde Tyranno fibers before and after hydrothermal treatments
at various temperatures. Ar laser radiation at a wavelength of 488 nm was used. Vertical dashed lines
show the predicted positions of the nanocrystalline graphite line (G) at ~1580 cm−1 and its disorder-
induced line (D) at ~1355 cm−1. The shift of the observed lines indicates the presence of bond-angle
disorder. Reprinted with permission from Reference [126]. Copyright 1994 Springer Nature.

The IR spectroscopy assumes that H-bonded and free sp3-hybridized carbons were
produced. The reflections at 2.06 Å was assigned to diamond on XRD patterns, whereas the
narrow diamond Raman peak was missing, and the authors could not claim the presence
of well-ordered cubic diamond. Indeed, the diamond sharp peak at 1332 cm−1 [144] is
difficult to determine by conventional visible wavelength Raman spectroscopy when it is
mixed with graphite. To have better sensitivity, UV excitation Raman spectroscopy could
be used [145].

Finally, several key points could explain the formation of sp3-bonded carbons instead
of simple amorphous or graphitic carbon network [142]:

(1) The presence of a good substrate: by acting as a template, the cubic structure of β-SiC
could allow the diamond growth,

(2) The formation of hydrogen during hydrothermal treatment of SiC suggests that diamond
was produced as hydrogen plays a role in the nucleation during diamond growth,

(3) Tetrahedral carbon in SiC is believed to be transformed into diamond and not into
graphite for energetical reason,

(4) Preferential oxidation of sp2-bonded carbon by water seems to lead to the formation
of carbon nuclei if the reaction (82) is replaced by the two following ones (85) and (86):

SiC + 2H2O → SiO2 + C + 2H2 (85)

SiC + 2H2O → SiO2 + C(Si) + 4H• (86)

C(Si) + 4H• → C(diamond) + 2H2 (87)

where C(Si) is a carbon atom that has at least one bond with a Si atom which could act as a
nucleus for diamond growth following the mechanism below, on Figure 43.
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Figure 43. Two-dimensional sketch of the reaction mechanism for producing diamond. Reprinted with permission from
Reference [142]. Copyright 1996 Elsevier.

By comparison with the model of the SiC etching via chlorine gas, suggested by
Peng et al. [146], it seems that both mechanisms are similar. However, under high pressure
conditions, it seems that the carbon-rich layer has a higher chance to evolve into sp3-
hybridized structure, which is diamond [142] whereas at ambient pressure, it gives rise to
few layers of graphene.

Moreover, carbon formation could be a consequence of the three following processes:

� From the free carbon (USB) located around the SiC crystals, in Nicalon and Tyranno
fibers,

� From a C-H-O-(Si) fluid which is created under hydrothermal conditions [129],
� The growth of the diamond particles could be due to the reaction of carbonaceous

by-products (88) in a H2O-dominated fluid [147]:

CO2 + CH4 → 2C + 2H2O (88)

As CH4 and CO2 gas are not stable at high temperature, the reaction is thermodynam-
ically possible [148].

To conclude, multiple parameters, such as the composition of the hydrothermal media
and the temperature and pressure conditions, allow for the control of the nature of the
carbon layer, along with its properties.

Likewise, it was shown that the molar ratio and time of treatment is an important
factor during the hydrothermal treatment as hydrolysis or oxidation processes can be
favored for thermodynamic and/or kinetic reasons. As a result, the SCW treatment is
efficient for producing either carbon films or silica films, and, sometimes, neither film.

5.4. The Use of Silicon Carbide in the Nuclear Field

Recently, silicon carbide materials have attracted attention in the nuclear field. Since
the Fukushima Daishi incident in Japan in 2011, replacement of Zircaloy cladding in
Pressurized Water Reactors (PWR) has been an important issue. SiC materials constitute
an alternative due to their excellent thermomechanical properties, accident tolerance and
resistance to irradiation [149]. Moreover, the development of TRISO particles, as alternative
fuel material is of great interest [150]. Therefore, information and comprehension about the
behavior of SiC materials in high temperature and high pressure water is necessary. More
precisely, factors influencing the material’s resistance to high pressure water oxidation
have been investigated, as well as solutions to improve this resistance.
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Terrani et al. [151] studied the corrosion of CVD-SIC and SiC composites materials in
conditions similar to Light Water Reactor (LWR) operating conditions (290 ≤ T ≤ 330 ◦C).
From a chemical-mechanism point of view, they did not observe any silica on the surface,
suggesting that it was dissolved by the water media. In accordance with Hirayama’s model,
the recession of SiC was limited by surface reaction, i.e., silica formation on the surface
of SiC.

SiC + O2 → SiO2 + CO2 (89)

Moreover, oxygen activity in the system is believed to play a major role, as it is the
chemical species responsible for SiC oxidation. Indeed, increasing oxygen activity (from
2.0 × 10−36 to 1.7 × 10−6) leads to an important increase of reaction rate (from 7.3 × 10−9

to 4.43 × 10−7). It is important to note that oxygen activity is directly related to irradiation
of the media, so irradiation is directly responsible for important corrosion of the silicon
carbide phase [152].

On the contrary, dissolved hydrogen is believed to have the opposite effect [153], as
it reduces the chemical affinity of the chemical reaction forming SiO2. More precisely, H2
is believed to act as a scavenger of O2, which supposedly decreases oxygen activity in
the media.

Doyle et al. [154] established a model to determine SiC recession rate according to
roughness, amount of oxygen dissolved and temperature:

0.1458
1+SA T (1.09(1 − 10−3T)[O2]e

−1.275∗104
T + 7.91∗

10−6e− 7.39∗103
T

(90)

However, this model does not take into account a certain number of parameters or
mechanisms, such as grain fallout or morphology of the sample (fibers, for example).

Shin et al. [155] gave another important parameter regarding the recession of SiC,
which is electrical conductivity of the sample. Indeed, higher electrical conductivity of the
sample leads to higher exchange current density and promotes electrochemical reactions.
Because the formation of silica (or silicon hydroxide) is electrochemical in nature, a higher
electrical conductivity of the sample induces an increase in the recession rate.

The behavior of SiC materials also obviously depends on their microstructure and
their method of elaboration.

Manufacturing of dense silicon carbide monoliths often requires the use of sintering
additives that can have a strong influence on the corrosion behavior of the material.

Parish et al. [156] studied the influence of different sintering additives for the NITE
process (liquid phase sintering using nanopowder of SiC) (Figure 44).

Results of the study show that sintering additives greatly decrease the SiC material’s
resistance toward oxidation. Additives used in this study include alumina, ceria and
zirconia. Alumina, which is the most used sintering additive in NITE process, display such
high recession rate that the material disappeared after two days of exposure to reactive
media. In fact, the behavior of the sintered material depends on the affinity of the additive
with water. Alumina is rapidly dissolved by water, thus leaving the grain boundaries of the
material open, which is catastrophic for corrosion resistance. On the contrary, yttria(Y2O3)
used with alumina [157] forms a eutectic compound (Y3Al5O12) which acts as a protective
barrier for corrosion. Similarly, adding chromium leads to the formation of chromium oxide,
another protective oxide [158]. However, a precise balance between sintering additives and
protective oxides needs to be considered to make the sintering possible while maintaining
an acceptable corrosion behavior.

More precisely, Suyama et al. [159] precisely described the hydrothermal corrosion of
the constituents of a SiCf/SiC composite.

As expected, silicon carbide fibers, whatever purity or crystallinity, were affected
by hydrothermal corrosion. No hypothesis was made about the mechanism, but it is
highly probable that silica was formed and dissolved by the media. Likewise, the SiC
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matrix did undergo corrosion, which was mainly affected by the surface state of the
sample (Figure 45).

Figure 44. Evolution of mass loss for different SiC materials with different additives. Reprinted with
permission from Reference [156]. Copyright 2017 Elsevier.

 

Figure 45. SEM images of CVD-SiC before and after corrosion testing. Reprinted with permission from Reference [159].
Copyright 2019 MDPI AG/Creative Commons Attribution License 4.0.

To conclude, recent studies on hydrothermal corrosion of silicon carbide focused on the
use of SiC materials in nuclear environments. The mechanism of hydrothermal corrosion
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has been widely studied in the literature, and very accurate models can be used. However,
the effect of the chemical structure of the candidate materials needs to be elucidated in
order to optimize the materials elaboration and maximize the corrosion resistance.

5.5. Conclusions

Hydrothermal corrosion via hydrolysis leads to the formation of a carbon-rich layer
by Si etching whereas the hydrothermal oxidation leads to the formation of silica. These
two processes compete depending both on the temperature and the H2O:SiC molar ratios,
as follows:

As shown, for high H2O:SiC molar ratios, silicon carbide is hydrolyzed by water
without carbon formation. However, by increasing the temperature, the hydrothermal
oxidation is favored, and silica and carbon are formed. For low molar ratios, no hydrolysis
is observed, whereas above 500 ◦C, the oxidation of SiC starts. Thus, carbon and silica
are recovered on the SiC surface, as silica does not dissolve. In this case, increasing the
temperature does not affect the carbon film, whereas for higher molar ratios, carbon is
oxidized by water above 600 ◦C.

Carbon coating can find applications in many fields as it improves ceramics’ sinterabil-
ity and allows for control over electrical conductivity. Indeed, graphitic carbon can decrease
friction coefficients for lubricating applications, whereas diamond coating demonstrates
high hardness for abrasive applications.

Finally, the improvement of the fiber/matrix compatibility is essential for ceramic
composites to have a ductile behavior when submitted to stress. For maximizing the
compatibility, the coating should be tailored in term of composition, structure, porosity
and thickness. [160].

Understanding the numerous chemical phenomena involved in hydrothermal cor-
rosion of SiC has proven to be useful in the design of materials for harsh environments,
such as a nuclear reactor. Most recent studies therefore focus on the behavior of SiC or
SiC composite materials in hydrothermal conditions typical for the new generation of
reactors, studying the effect of experimental conditions and microstructure of the materials
(summarized in Table 8).

Table 8. Competition between the hydrothermal oxidation and hydrolysis of crystalline silicon carbide, oxycarbidic and
silica phases by water depending on the temperature and the H2O: SiC molar ratios. Extracted from References [92,93,126].

P = 10–100 MPa
Low (H2O:SiC) Molar Ratios

(1: 10)
Intermediates (H2O:SiC) Molar Ratios

(2: 1)
High (H2O:SiC) Molar Ratios (10: 1)

Observations Deposition of carbon and silica,
according to Yoshimura

Formation of a carbon layer and
dissolution of silica, according to Gogotsi

Oxidation of carbon and dissolution of
silica, according to Hirayama

300 ◦C
No reactions

SiCxOy + nH2O → SiO2 +xC + nH2

SiO2 + H2O → SiO3
2− + 2 H+

SiC + 4 H2O → Si(OH)4 + CH4
SiCxOy + 4 H2O → Si(OH)4 + xCH4400 ◦C

500 ◦C
SiC + 2 H2O → SiO2 + C + 2 H2

SiC + 2 H2O → SiO2 + CH4
O2 + CH4 → CO2 + 2 H2O

SiC + 2 H2O → SiO2 + C + 2 H2
SiCxOy + nH2O → SiO2 +xC + nH2

SiO2 + H2O → SiO3
2− + 2 H+

SiC + 2 H2O → SiO2 + C + 2 H2
SiCxOy + nH2O → SiO2 +xC + nH2

SiO2 + H2O → SiO3
2− + 2 H+

600 ◦C
SiC + 2 H2O → SiO2 + C + 2 H2

SiC + 3 H2O → SiO2 + CO + 3 H2
SiC + 4 H2O → SiO2 + CO2 + 4 H2

C + H2O → CO + H2
2C + 2H2O → CO2 + CH4
3C + 2H2O → 2CO + CH4

C + H2O → CO + H2
2C + 2H2O → CO2 + CH4
3C + 2H2O → 2CO + CH4

6. Conclusions

First, Deal and Grove established a kinetic model for the silicon oxidation under wet
and dry atmosphere [11] and parabolic and linear regimes were defined for expressing the
growth of silica. The parabolic regime expresses a diffusion-controlled mechanism whereas
the linear one expresses a surface-controlled mechanism. As this model fits the oxidation
behavior of silicon and silicon carbide materials, it was widely used for expressing the
silica growth on SiC materials under dry and wet conditions.
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It should be mentioned that recently, Hijitaka et al. [18] developed and proved the
effectiveness of the Si an C emission model to explain the SiC oxidation for the whole
thickness of oxide.

For both processes, dry and wet (air) oxidation, the kinetics show time-dependence.
Indeed, for short oxidation time, a thin amorphous oxide film is created, and the growth
of silica is linear, whereas at longer time, a thick film is created for which the kinetics
follow the parabolic regime. The parabolic regime shows a temperature-dependence, as
the amorphous silica crystallizes with the temperature. Indeed, tridymite, cristobalite and
quartz phases show lower permeability to oxidant species and make the diffusion process
slower. This, in turn, slows the oxidation rates.

From a microstructural point of view, differences between pure dense SiC and SiC
within other microstructures should be emphasized. As SiC oxidation is occurring at
grained boundaries first, different behaviors can be observed, depending on the microstruc-
ture of the material.

When adding water to the system of C-O-Si, oxidation and subsequent degradation of
SiC can be drastically enhanced, even with small amounts of H2O. Indeed, water has the
capacity to loosen the oxide network due to its high reactivity with silanol bonds, which
allows a faster solution and diffusion of the molecule through the scale. In fact, the primary
oxidant during wet air oxidation is water, but oxygen molecules diffuse as well. Therefore,
a kind of synergy is developed as water facilitates the transport of oxidant species through
the scale and oxygen demonstrates high reactivity with the Si-C bonds. That is why a new
oxidation regime is defined, the paralinear regime, for which porous and non-protective
scales are obtained due to high oxide volatilization.

When high temperature and high-pressure water interacts with SiC materials, chemi-
cal corrosion occurs. Three models were proposed, and the microstructure study of the
corroded SiC surface shows agreement with the Allongue’s model [93]. Indeed, he pro-
posed that successive hydrolysis of the Si-Si and Si-H bonds was involved in the corrosion
process of silicon crystals. As no silica scale was found at the surface, Hirayama pro-
posed the formation of hydrosoluble silica, which is pH-dependent [92]. From that aspect,
presence of alkaline ions (Na for example) can also dramatically increase corrosion by
promoting dissolution of silica scale.

The oxidation behavior of SiC seems complex, as several reactions compete along
with different corrosion processes, as is suggested by the tribochemical corrosion model of
Presser et al. [106].

However, the corrosion of SiC can be controlled using SCW due to its high tunability.
By varying the temperature, SCW demonstrates high solvent power for organic, salts or
gases and from liquid-like to gas-like properties. Gogotsi and Yoshimura [125] created a
carbon coating on top of SiC materials by optimizing the properties of high temperature
and high-pressure water. Its high reactivity allows the etching of Si atoms which leads to
the carbon enrichment of the SiC surface; however, high temperature leads to the oxidation
of carbon. As SCW shows high diffusivity, the thickness of the layer evolves linearly with
time. Finally, the H2O:SiC molar ratio has great influence, as it favors either hydrolysis or
oxidation reactions. Indeed, low ratios lead to the oxidation of SiC and silica and carbon
are created. However, high ratios lead to the oxidation of SiC with creation of carbon.
The hydrothermal corrosion of SiC has therefore been the subject of an extensive study in
the literature, and mechanisms have been elucidated. That is why recent studies on the
supercritical oxidation of SiC are focused on the influence of the structure of the material
(composition, architecture) and on its corrosion by high pressure, high temperature water.
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