Green Chemistry

2 Green
PN Chemistry

Controlling metal oxide nanoparticle size and shape with
supercritical fluid synthesis

Journal: | Green Chemistry

Manuscript ID | GC-CRV-05-2019-001619.R1

Article Type: | Critical Review

Date Submitted by the

Author 19-Jun-2019

Complete List of Authors: | Lane, Mary Kate; Yale University, Chemical and Environmental
Engineering

Zimmerman, Julie; Yale University, Department of Chemical and
Environmental Engineering

SCHOLA

RONE™
Manuscripts




Page 1 of 12

Green Chemistry

Controlling metal oxide nanoparticle size and shape with
supercritical fluid synthesis

Mary Kate Mitchell Lane, 2 Julie B. Zimmerman *ab

Metal oxide nanoparticles are emerging as important contributors in a variety of applications including water treatment,

catalytic transformations, and energy generation and storage, among others. Controlling size and shape is of significant

interest in the nanotechnology community as these are critical in determining nanoparticle performance, impacting

properties such as reactivity, conductivity, and magnetic behavior. In addition to employing green solvents, supercritical

fluid nanoparticle synthesis is a robust and facile method to meet the need to control size and shape for a variety of metal

oxide nanoparticles. Supercritical water, supercritical ethanol, and supercritical carbon dioxide solvent systems offer tunable
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properties that allow for control of nanoparticle size and shape.

This review investigates the synthesis routes, the

mechanisms for size and shape control, and unique characteristics particular to each green solvent. Finally, a decision tree

is developed to facilitate synthetic route design for the intended nano metal oxide composition, size, and shape that

DOI: 10.1039/x0xx00000x

highlights the need for consideration of energy and life cycle impacts.

1. Introduction

The recent emergence of nanomaterials with desirable and
distinct catalytic, optical, chemical, and electronic properties as
compared to bulk material of the same composition has the
potential to enhance many critical technologies. Metal oxide
nanoparticles, in particular, have been pursued for a variety of
technological solutions with environmentally beneficial
applications. For example, zinc oxide and titania nanoparticles
have been used in water and wastewater disinfection due to
their efficient and effective photocatalytic properties.! Titania
nanoparticles have also been utilized in solar cells as
semiconductors and in artificial photosynthesis for atmospheric
carbon dioxide reduction.23 Batteries for electric vehicles rely
on cathodes with lithium metal oxide nanoparticles to obtain
high operating voltages and high theoretical energy density.*
Additionally, magnetic iron oxide nanoparticles have been
applied in the remediation of polluted waters, adsorbing heavy
metals from aqueous systems followed by facile separation and
recovery with an external magnetic field.!

The functional performance of these metal
nanoparticles in their respective applications is strongly
influenced by their structure and properties,® as related to their
size and shape. For example, with hematite (Fe,03) used in
electrodes, nanorods have higher photocurrent efficiency than
spherical particles due to more direct electron transport and
minimization of charge-carrier recombination losses.® For
chromium doped ceria (CeO,) nanoparticles designed as

oxide
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catalysts to treat waste from the petroleum and pulp and paper
industries, cubic ceria with (100) exposed facet performed
better than octahedral ceria with the exposed facet of (111) by
having increased oxygen storage capacity.” Along with shape,
size is particularly important for effectiveness or desirability in
applications. In catalyst applications, surface area is extremely
important with smaller particles often demonstrating enhanced
catalytic activity,® although the nature of the surface is also
important contributor.® Size can also affect magnetic behavior:
magnetite (Fes0,;) and maghemite (y-Fe,0s) are typically
ferrimagnetic, but when the particles are smaller than 10 nm,
they exhibit superparamagnetic behavior. This feature allows
the nanoparticle movement in systems to be controlled by an
external magnetic field and minimize agglomeration when the
field is removed.? These collective examples, among many
others, demonstrate the vital need for a versatile synthesis
process that can customize the size and shape of metal oxide
nanoparticles to maximize their functional performance in the
intended application.

In order to fully reap the technological and environmental
benefits of these technologies, we must also consider the
impact during the nanoparticle synthesis.
Supercritical fluid nanoparticle synthesis (SCF nano synthesis)

environmental

can robustly and readily control size and shape of metal oxide
nanoparticles, while offering a potentially greener synthetic
route through the employment of green solvents.1%1! A recent
Life Cycle Assessment (LCA) of titania nanoparticles synthesis
showed that SFC nano synthesis had the potential to reduce
environmental and human health impacts from conventional
precipitation synthesis preliminary lab
comparison.!?

based on scale

SCF nano synthesis controls nanoparticle features by
utilizing the unique properties associated with solvents in their

Green Chem., 20xx, 00, 1-3 | 1
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Fig. 1 (a) Generic phase diagram highlighting the supercritical fluid region. (b) Critical temperatures and pressures for water,* ethanol,** and carbon dioxide.'>1¢

supercritical state. The supercritical state is achieved when a
substance is at a temperature and pressure above its critical
point (Figure 1a). In this state versus the subcritical state, the
supercritical fluid has drastically different properties (e.g.,
density, dielectric constant, solubilizing capacity) that can be
exploited for nanoparticle synthesis. Furthermore, since the
supercritical state is achieved through changes in temperature
and pressure, the system can be easily tuned to the optimal set
point(s) that will yield the desired nanoparticle features. This
review focuses on three main solvents used in SCF nano
synthesis: water, ethanol, and carbon dioxide because control
of nanoparticle size and/or shape in each of these systems has
been successfully demonstrated.

While controlling nanoparticle size and shape, SCF nano
synthesis enables a greener synthetic route. Currently, many
conventional metal oxide nanoparticle synthetic methods rely
on extremely high temperatures or toxic reagents followed by
separation, purification, and/or crystallization processes. For
example, sol-gel methods of titania (TiO,) nanopowders use
organic solvents such as toluene,® surfactants and ionic
liquids,’” and/or chemical additives that require additional
steps to remove, increasing the energy consumption of the
process and time required, typically through
annealing/calcination processes at or above 250°C for two
hours or more.3'® Some colloidal synthesis methods of
lanthanide-doped vanadates (YVO,4:Eu) require heat treatments
of two hours at 500°C for complete removal of organic polymers
and ten minutes at 1000°C for proper crystallization.'® In
contrast, SCF nano synthesis employs green solvents: water,
ethanol, and carbon dioxide (“green” due to minimal to no
environmental, health, and safety concerns, minimal to no
emissions, and abundant in the environment or renewably
sourced).?® Water, ethanol, and carbon dioxide all have
accessible critical points (Figure 1b) and oftentimes can
generate crystalized complexes in-situ which make them less
energy intensive than methods with additional calcination post-
treatment.

2 | Green Chem., 20xx, 00, 1-3

SCF nano synthesis can be used to produce a variety of metal
oxide nanoparticles with controlled size and shape offering a
valuable method to yield specific materials as dictated by the
intended functional use. This review investigates the synthetic
routes, the mechanisms for size and shape control, and unique
characteristics particular to each solvent. Finally, a decision
tree is developed to facilitate synthetic route design for the
intended nano metal oxide composition, size, and shape while
examining the environmental impact of the process.

2. Supercritical Water

Through supercritical hydrothermal synthesis, supercritical
water (scH,0) has been successfully demonstrated in the
production of a variety of metal oxide nanoparticles (e.g.,
AIOOH,2! Al;03,%% Ce0,,2%24 C0304,%° Cu0,? Fe,03,252% Fe30,,%”
29 Gd(OH)3,3° MnO,,3! Mn,03,31 NiO,2! Sn0,,32 TiO,,2 ZnO,3334
Zr0O,21). In addition to single metal oxides, scH,0O can produce
mixed metal oxides with controlled composition in a single step
through introducing mixed metal precursor streams directly
into supercritical hydrothermal synthesis process (e.g.,
BaTiO,,3% BaggSro4TiOs,36 CoFe,04,37 Ceq,Zr0,,3%3° La,Cu0y,*°
LiCo0,,*1 LiMn,04,%2 NiFe,04,37 Ni,Co,.4Fe,04,37 where x varies
from 0-1. Note: For mixed metal oxides, the addition of a base
is sometimes needed to alleviate inconsistent reactivities of the
differing metals.*3)

Supercritical hydrothermal synthesis of metal oxides occurs
in two steps: first hydrolysis of the hydrated metal ion into a
metal hydroxide (Equation 1) then condensation or
precipitation of the metal oxide from the metal hydroxide
(Equation 2).7:22.24,44

MA, +xH;,0= M(OH), +xHA [1]
M(OH)=MO: + 5H,0 2]
2

where M is the metal cation, A is the anion or ligand, and x
denotes stoichiometry.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Solubility of metal oxides as a function of temperature (CuO at 28 MPa, PbO at 30 MPa).* (b) Particle size as a function of supersaturation (solubility), for synthesis at 400°C

for 1 second.?! (c) SEM pictures of ceria nanoparticles, larger particles produced in sub-critical water at 340°C and smaller particles in scH,0 at 400°C.¢ (d) Dielectric constant factor

of water as a function of temperature and pressure.t  (e)

2.1. Controlling Size in Supercritical Water

For size control in scH,0, the reaction rate and the solubility of
the metal oxide are the most important factors contributing to
the final size of the nanoparticles; with the faster the reaction
rate and the lower the solubility of the metal oxide, the smaller
the nanoparticles, based on nucleation theory.?24° Only once
the concentration of the metal oxide monomer is above the
saturation point does nucleation of nanoparticles occur.
Interestingly, in subcritical water this occurs gradually allowing
dissolution and Ostwald ripening, where smaller particles
deposit onto larger particles. As the solubility of the metal oxide
is higher in subcritical water, this further enables this process of
and Ostwald
contrast, the nucleation rate in scH,0 is extremely fast,

dissolution, re-crystallization, ripening. In
sometimes over 1000 times faster than subcritical conditions,
and solubility drops considerably (Figure 2a) resulting in a high
degree of supersaturation and smaller nanoparticles sizes
(Figure 2b).214446 Adschiri et al. synthesized a range of sizes of
cubic ceria nanoparticles in water at temperatures ranging from
250°C to 400°C, achieving average particle sizes greater than
200 nm at the lower temperature range and less than 20 nm at

This journal is © The Royal Society of Chemistry 20xx

Density  of

water as a function of temperature and  pressure.*®
the higher temperatures (Figure 2c).*¢ Tunability for size can
also be within a narrow range depending on the system, with
spherical titania nanoparticles 3 nm in diameter produced at
225°C and 7 nm produced at 475°C.>°

The significant decrease in dielectric constant of scH,0 from
subcritical to supercritical conditions contributes to the
increased reaction rate and decreased metal oxide solubility at
supercritical conditions as described by the Born equation
(Equation 3). This equation, which is often used to model the
overall rate of reaction during supercritical hydrothermal
synthesis, describes reaction rate as a function of temperature

and the dielectric constant of water.4446

E @ (1 1
Ink = Ilnky — zrt+ ﬁ(; — 87) [3]
where W is a constant determined by a reaction system, € is the
dielectric constant, kj is the reaction rate a(tldielle>ctric constant

&, Ris the gas constant, T is in Kelvin, and | 7 — o is referred to

as the dielectric constant factor. Low dielectric constant (or high
dielectric constant factor) is known to increase the chemical
potential of ions and suppress the dissolution of metal oxide,
decreasing the solubility.*® Noticeably, the dielectric constant
factor rapidly increases once water enters the supercritical

Green Chem., 20xx, 00, 1-3 | 3
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state thereby increasing the hydrolysis rate, directly affecting
particle size (Figure 2d).??

In continuous hydrothermal synthesis versus batch, another
key factor that affects size is mixing. While the chemistry of the
reaction dictating size still holds true, mixing a metal oxide
precursor stream with a preheated scH,0 stream is not always
ideal in practice. Darr et al. notes that although the supercritical
water stream may initially be above the critical point, mixing
with an ambient temperature precursor stream can cause
instances of lower temperature as nanoparticles are forming,
affecting the actual size and widening the particle size
distribution (PSD).>! Kawasakie et al. observed these
phenomena when synthesizing NiO nanoparticles in a T-shaped
mixer. By increase flowrate from 30 to 60 g/min, which
increased mixing, particle size decreased from 54.3 nm to 20.1
nm.>2 Due to the differences in mixing, the actual conditions
experience in each synthesis were different resulting in differing
average particle sizes. In a ceria nanoparticle synthesis, differing
arrangements of the inlet streams and outlet stream of a T-
shaped reactor affected average particle size as well as PSD.>3
Because of this, efforts to design continuous reactors with
improved mixing from the standard T-shaped mixer have
produced Y-shaped mixers,>* nozzle mixers,> confined jet
mixers,>® counter-current mixers,>” and a swirl mixer,°! among
others. These different configurations impact mixing efficiency
and effectiveness, and subsequently, overall nanoparticle
quality. In a nozzle type mixed reactor, ceria BET surface areas
that are reflective of particle size were in the range of 9045
m2/g. While in a T-shaped mixed reactor, surface area
fluctuated unpredictably between 52 and 104 m?/g, indicating
a larger PSD.>> The ability to understand and improve mixing has
been essential in the scale up and commercialization of scH,0
synthesis.*3

2.2. Controlling Shape in Supercritical Water

Supercritical water can also be used to control for shape and
crystallite phase of nano metal oxides through changes in
density, which decreases sharply from subcritical to
supercritical conditions (Figure 2e).22 For example, zinc oxide
synthesized under subcritical water conditions (335°C, 13.7
MPa) at a density of 84.3 kg/m3 showed crystal growth in the
[001] direction forming nanorods and nanowhiskers 10-100 nm
in diameter and up to 50 um in length.>® Alternatively, under
supercritical water conditions (468°C, 25.8 MPa) with a density
of 7.72 kg/m3, ZnO displayed equiaxial and dendrite growth
forming spherical-like particles 20-100 nm in diameter and
branched structures with an average cross-section of 100 nm
and lengths up to 2 um.>® Chromium-doped ceria nanoparticles
were octahedral with exposed (111) facets when synthesized at
750 kg/m?3 (300°C, 28 MPa) and were cubic with exposed (100)
facets when synthesized at 260 kg/m?3 (400°C, 28 MPa).” Control
of shape and exposed facet is particularly important in the
performance of ceria nanoparticle catalysts with (100) surface
being the most active site suggesting that the cubic shape is the
more desirable for that particular function. Barium titanate
nanoparticles formed under water densities greater than 520
kg/m?3 resulted in cubic BaTiOz;, while supercritical conditions

4 | Green Chem., 20xx, 00, 1-3

with water densities less than 470 kg/m3 yielded tetragonal
BaTiOs.>° Noguchi et al. reported that aluminum metal oxide
synthesis from aluminum nitrate favors formation of spinel y-
Al,O;3 at lower water densities, such as 250 kg/m3, while at
higher densities, such as 360 kg/m3, formation y-AIOOH with
more tetrahedral cation sites is favored.®® These densities
correspond with only 10°C difference in temperature, from
410°C to 400°C, but greatly alter the nanoparticle product.?
These differing morphologies are attainable due to the
precipitous decrease of water density at supercritical conditions
(Figure 2e), thereby increasing the rate at which dehydration or
dehydroxylation occurs (Equation 2). Increasing the
dehydration rate reduces residual OH ions in the crystal lattice
allowing y-AlOOH to convert to spinel y-Al,O3 or cubic BaTiOs to
convert to tetragonal BaTiOs.

2.3.  Supercritical Water Modeling

In addition to experimental work, several groups have modeled
scH,O synthesis of metal oxide nanoparticles such as CeO,,
AIOOH, TiO,, Bi,O;, ZrO,, among others.24354462-64
Incorporating system conditions such as pressure, temperature,
pH, and precursor concentration with thermodynamic and/or
chemical models can pinpoint optimal operating conditions and
predict particle size distributions based on the speciation of
precursors and solubility of metal oxides in sub- and
supercritical water. These studies indicate that pH is a tunable
parameter in addition to temperature and pressure that can
affect the final metal oxide nanoparticle. Significant work has
been completed on modeling continuous flow reactors and
investigating mixing parameters and configurations to achieve
the most optimal mixing.>25-%° These have typically been CFD
modeling, but also Blood et al.’s work that used light adsorption
imaging and model fluids to visually analyze mixing points.®° As
scH,O synthetic processes are designed, understanding the
supercritical hydrothermal system via modeling becomes
increasingly important to realize the desired size and shape
characteristics of metal oxide nanoparticle products without
numerous empirical trials.

2.4. Applications of Supercritical Water Synthesis

scH,0 synthesis has been successfully applied at many scales,
from batch, to continuous, pilot scale,’%72 and most recently full
commercial scale.”? Over the last decade, Hanwha Chemical
developed a commercial plant producing 600 tons per year of
LiFePO, in the form of platelets with an average particle size of
350nm.>*7%74 Hanwha Chemical’s scH,0 synthesis is reported
to have a narrower particle size distribution compared to other
commercial companies employing subcritical hydrothermal
synthesis.”* Additionally, Promethean Particles scaled their pilot
process to a continuous multi-material nanoparticle
manufacturing plant, producing more than 1000 tons of
designed inorganic nanoparticles per year with the flexibility to
switch between types of metal oxides produced.>*73

Whether in batch or commercial scale, scH,0 regulates the
size of metal oxide nanoparticles through increased reaction
rate and decreased solubility of the metal oxide dictated by
tunable process set points of temperature, pressure, pH, and

This journal is © The Royal Society of Chemistry 20xx
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mixing. scH,O can control shape through its extreme changes in
density. Furthermore, experimental scH,0 synthesis conditions
as well as modeling tools exist in literature for many metal
oxides, many sizes, and many shapes, making it a robust and
adaptable method for metal oxide nanoparticle synthesis.

3. Supercritical Ethanol

Solvothermal synthesis in supercritical ethanol (scEtOH) is
similar to hydrothermal synthesis in supercritical water but
involves an additional pre-step, where the ethanol condenses
under supercritical conditions to produce water which
subsequently reacts (Equations 4-6) to form metal oxide
nanoparticles.”

2x CHsOH=x C;Hs0C,Hs + x H,0 [4]
MA, +x H,0= M(OH), +x HA [5]
M(OH),=MO: + 5 H,0 [6]
2

scEtOH is advantageous in some cases over scH,0 because it
does not immediately react with precursors making it a milder
reagent and allowing for greater tunability in process design
while requiring less energy inputs from a lower critical point.”®
Polar solutes, like metal chlorides which are common
precursors for metal oxides, exhibit high solubility in scEtOH,
unlike scH,0 and scCO,.”” Further, through in-situ crystallization
of high purity nanoparticles, scEtOH can obviate additional
synthesis and processing steps necessary in other synthesis
routes. For example, Reverén et al. directly produced high
purity BaTiOs and barium strontium titanate nanoparticles in a
single-step through the scEtOH solvothermal process. To
achieve high purity BaTiO3 through other methods like the
Pechini type reaction or high gravity reactive precipitation
requires extensive post-processing to remove solvents, by-
products, and impurities like BaCOs, while low temperature
solvothermal methods require additional calcination to realize
the desired crystallinity.36.78

scEtOH can act as both a solvent and a reducing agent at
supercritical conditions. This has been exploited in the synthesis
of metal nanoparticles, such as Cu, Ni, and Ag, since they could
not be produced in scH,O unless substantial amounts of
reducing agents were added.”” In metal oxide formation,
scEtOH is a preferred solvent when a reduction of the precursor
is needed. For example, Abdeen et al. used scEtOH to reduce

Green Chemistry

FeS and Fe,03 particles into stable phase magnetic
nanoparticles, Fe and Fe304, that were spherical in shape and
had narrow size distributions, 18+2 nm and 50+1 nm,
respectively.®® Lui et al. reduced VOC,0, to yield V,03
nanoparticles that were spherical in morphology, with a narrow
size distribution, and high purity.8! This study illustrated the
importance of operating at supercritical condition; at subcritical
ethanol conditions, V,03; nanoparticles did not have a uniform
size distribution and were of irregular shape (Figure 3a-b). The
yield of more controlled and higher quality nanoparticles at
supercritical conditions may be due to a faster nucleation rate
that reduces the potential for Ostwald ripening which can cause
inconsistent growth. Instead, particles nucleate rapidly and
concurrently allowing growth to occur more consistently.

In addition to crystallinity and purity, synthesis in scEtOH
can enhance the performance of nanoparticles through precise
size control. When synthesizing NiFe,0; nanopowders,
magnetic performance is strongly dependent on particle size,
with a critical crystallite size around 100 nm.82 Cosovi¢ et al.
synthesized particles with crystallize sizes of 81 nm in subcritical
ethanol (e.g., 200°C and 3.37 MPa) and 108 nm in scEtOH (e.g.,
260°C and 7.27 MPa); both syntheses included a post-
treatment, annealing at 900°C for 4 hours.82 scEtOH also yielded
nanoparticles with higher NiFe,04 purity and lower a-Fe,Os3
contamination; this, along with close to ideal crystallite size,
lead to improved hysteresis loops and magnetic properties.®? It
is also worth noting that when compared to other synthesis
methods (e.g., co-precipitation from chlorides at 145°C in N,
atmosphere, using ethylene glycol as solvent and capping
agent; hydrothermal method at 120°C with nickel dodecyl
sulfate, FeCl;, and NaOH; chemical combustion with ethylene
glycol; combustion method with microwave heating) the
magnetic properties, coercivity and remanence, were greatly
improved in both the sub- and scEtOH synthesis. This is most
likely due particle formation close to the critical size of 100 nm
without sacrificing purity. Similar to scH,O, the density of
scEtOH, which varies greatly from the subcritical to the
supercritical range, can be tuned by temperature and pressure
(Figure 3c).83 Because of this tunability, it would follow that size
could be controlled in a similar fashion in scEtOH as in scH,0,
although additional experiments are required to confirm this.

Critical Temperature

242°C
1000
=— 5 MPa
800 6.25 MPa, CP
7 MPa
= 10 MPa

600 aes
— 15 MPa

400 -

Density (kg/m?)

200 +
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0 T T T T T
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Temperature (°C)

Fig. 3 TEM images of V203 nanoparticles at subcritical and supercritical conditions: (a) 220 °C, 5.4 MPa; (b) 242 °C, 6.5 MPa.?! (c) Density of ethanol as a function of temperature and

pressure.®
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4. Supercritical Carbon Dioxide precursors onto carbon nanotubes and silica substrates
respectively.8687 scCO, can also facilitate deposition of
nanoparticles onto polymer matrices, like in the case of
palladium impregnated Nafion membranes.88 Most recently,
Zefirov et al. reported synthesis of manganese oxide
nanoparticles in scCO, from an organometallic precursor, which
when compared to particles synthesized under similar pyrolysis
conditions, were smaller by an order of magnitude (42 nm vs
460 nm), had much higher uniformity and specific surface area,
and were of a rod-like shape instead of spherical.®® Zefirov et al.
attributed these results to a “delayed precipitation” effect
occurring in the scCO,, where a scCO,-enabled stabilizing
organic shell around the growing inorganic nanoparticles
prevents their interaction and clustering.®® That is, the
nanoparticle grows inside the organic shell and precipitates
once it exceeds the size of the shell (Figure 5) where the size of

As discussed, supercritical nanoparticle synthesis requires a
high precursor solubility to enable high yields and a low metal
oxide solubility to enable small particles. Metal salt and metal
nitrate precursors that are popular in scH,0 and scEtOH are
generally not soluble in pure carbon dioxide.?* Instead,
supercritical carbon dioxide (scCO,) can solubilize many types of
organometallic precursors that cannot typically be utilized in
scH,0 or scEtOH.8485 With densities similar to liquid carbon
dioxide (Figure 4a), scCO, retains similar solvation power.
Solubility of organometallic precursors increases as carbon
dioxide densities increases, with high solubility only attainable
at liquid or scCO, densities (Figure 4b). Peng et al. and Gougousi
et al. reported exploiting the solvent properties of scCO, to
deposit thin film metal oxide coatings from organometallic
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the organic shell can be tuned by changing density of scCO,
through process parameters (e.g. temperature and pressure).
This suggests that scCO, can be used in the controlled synthesis
of metal oxide nanoparticles derived from organometallic
precursors by manipulating size through changes in density. A
comprehensive list of organometallic precursors, including Cu,
Fe, Ni, Zn, Mn, Ti, and other metal-based compounds, and their
solubility in scCO, was reviewed by Teoh et al.,** which can be
useful in designing scCO, nano synthesis processes for nano
metal oxides.

Additional advantages of scCO; include liquid-like diffusivity,
gas-like viscosity, and near zero surface tension, which all
contribute to increased reaction kinetics and allow for
enhanced conditions for chemical reactions on the surface and
reduced surface tension driven effects.??°3 As a solvent, scCO,
is easily separable from the nanoparticle product through just
releasing the pressure with no additional separation or drying
steps. Additionally, the electrochemical inertness of carbon
dioxide limits undesirable reactions between solvent and the
precursor(s) that can occur in purely solvothermal synthesis
methods, like carbonate contamination in scEtOH systems.

5. Supercritical Solvent Mixtures

Several studies have reported synergistic effects from solvent
mixtures (e.g., water, carbon dioxide, and ethanol), where the
synthesis conditions are above at least one of the critical points.
Utilizing scCO, in hydrothermal synthesis reduces the energy
demand by allowing process conditions below the critical point
of water, but above the critical point of carbon dioxide while
still producing a crystalline product. This scCO,-water combined
system retains the solvent benefits of water and incorporates
the tunable density of scCO,. Size control in scCO,-water
systems is similar to the delayed precipitation process, but
instead of dissolving in scCO,, the precursor dissolves in the
water with the density of scCO, restricting agglomeration and
dictating maximum size of the nanoparticles in a scCO,-water
emulsion type system.? Hertz et al. exemplifies this by
establishing a direct relationship between particle size and CO,
density in the production of titania using titanium tetrabutoxide
and water as reactants.> Mean pore diameter decreased from
120 nm to 80 nm to 55 nm as scCO, density increased from 250
kg/m3 to 280 kg/m3 to 330 kg/m3 through changes in
temperature at a constant pressure of 30 MPa.3

Different morphologies, in addition to size control, have also
been attained in scCO,-water systems. ZnO nanoparticles with
flower-sheet morphology were formed in scCO, utilizing zinc
nitrate hexahydrate and water as reactants, where crystallinity
was improved through calcination post-treatments.®* Kinoshita
et al. reported synthesis in scCO, of titania nanoparticles with
the same concentrations of titanium tetrabutoxide and acetic
acid as reactants at near supercritical boundary (313 K, 20 MPa)
and in the supercritical region (333 K, 20 MPa) yielding spherical
and needle-like nanoparticles, respectively. While the density
of scCO, changes by only 14% with these changes in
temperature and pressure, very different morphologies were
observed. Interestingly, with increased concentrations of

This journal is © The Royal Society of Chemistry 20xx
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starting materials at 333 K the titania had a hollow urchin-
shaped morphology.®> While the mechanism of shape control is
not as well understood as size control, scCO, density and
precursor/reactant concentrations in water are indicated as the
main contributing factors for shape determination based on
these examples.

In contrast to the immiscibility of water in scCO, just
described, the miscibility of ethanol in scCO, is advantageous
for metal oxide nanoparticle synthesis. For example, the
solvation of scCO,, which typically has limited solvent power for
polar solutes, can be greatly improved with small additions of
ethanol, ranging from as little as 1% to 10%.°¢ At varying mole
fractions of ethanol (Figure 6), carbon dioxide-ethanol systems
are generated where, depending on the pressure and
temperature, one-phase supercritical mixture (above mixture
critical point), one phase liquid mixture or two-phase (liquid
ethanol in scCO,) scCO,-ethanol systems form.?? Along with the
tunability of scCO, described earlier, scCO,-ethanol combined
systems allow for enhanced solubility tuning by varying the
mole fraction of each solvent. Tenorio et al. studied the
solubility of a nickel precursor in a scCO,-ethanol system and
found that Ni(NO3),-6H,0 was not soluble in pure CO, but was
soluble when ethanol was added. Tenorio et al. recommend a
mole fraction of 0.1 ethanol for practical miscibility at moderate
pressures.®® Similar calculations and studies can be performed
to optimize the amount of ethanol to solubilize other
precursor/metal oxide systems for synthesis in scCO,-ethanol
combined systems.

Another example of the synergistic effects of a combined
supercritical solvent system is scH,0-scEtOH system in the study
by Reverdn et al. investigating the synthesis of BaTiO; from
barium and titanium isopropoxides.’® In the synthesis of BaTiOs,
BaCO3; contamination is a common problem that adversely
affects electroceramic properties and has to be removed
through a time-consuming and environmentally-costly washing
process using formic acid. To reduce contamination, Reverdn
et al. mixed the precursor stream of isopropoxides in ethanol
before introducing water at temperature and pressure as the

primary solvent. Without ethanol, introducing the
12
e
10 A su'g«cn’tzical
1 phase mixture: liquid
T 8-
o
=3
2 6
7]
7]
[
a 4 2 phase mixture: liquid/vapor
1 phase mixture: vapor
2 —
O 1 1 I 1
0.0 0.2 0.4 0.6 0.8 1.0

Xcoe

Fig. 4 Pressure-mole fraction phase diagram for an ethanol and carbon dioxide binary
system at 313 K, illustrating a mixture critical point and supercritical zone.16 %
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isopropoxides separately favored BaCO; formation; however,
using ethanol as the primary solvent still resulted in relatively
high BaCO3 contamination. It was through the addition of small
amounts of ethanol (0.02-0.14 wt% H,0/EtOH) to a pure water
solvent stream, BaCO3; contamination was greatly minimized or 6. DeSign of SuPercritical Fluid NanoPartide
eliminated. Further synergies arise with the presence of water

as the hydrolysis and condensation of the metal oxide occurs

more rapidly than in pure ethanol and reduces the amount of

Table 1. Comparison of the SCF nano synthesis methods investigated: supercritical water, supercritical

mixtures.

time for side reactions and contaminants to form resulting in

higher purity products. production of high quality nanoparticles with tunable size and

morphologies, with scH,0, scEtOH, and scCO, having unique
features in terms of energy requirements, precursor
candidates, and developed computational models contributing
to a variety of advantages and drawbacks for each solvent
system (Table 1). Itis important to note that many metal oxide
nanoparticles can be formed in any of the supercritical fluid
systems while controlling for size and shape characteristics
compelling the question of when to use one solvent system over
the other. Accordingly, a Decision Tree was developed to
facilitate SCF nano synthesis design from solvent selection to
system conditions depending on the desired final nano metal
oxide size and shape for the intended function (Figure 7)

Supercritical solvent

scH,0 .
mixtures

scEtOH scCO,

Low energy requirement based on Critical
Moderate Energy

High Energy Requirement

Point: 31.0°C, 7.38 MPa (operation

Typically, lower energy

Energy - . o Requirement based on ) » ) )
. based on Critical Point: 374°C, " 5 . temperatures usually higher than critical requirement with scCO,
Requirement Critical Point: 242°C, X . L i
22.1 MPa s point to achieve adequate crystallization, mixtures
: a
typically >150°C)
Hydrothermal Solvothermal Delayed precipitation Combination of

Synthesis route

(Equations 1-2)

(Equations 4-6)

(Figure 5)

synthesis routes

Many types of precursors:

Polar solutes like metal

Flexibility in precursor

Types of metal nitrates, chlorides, i i X
chlorides; precursors Organometallic precursors choice based on
precursor among others; precursors that L.
. that need to be reduced combination
need to be oxidized
Size and shape
Yes Yes Yes Yes
control
Modeling Yes, several studies??3544,52,62-64, None for SCF nano L . i None for SCF nano
K 5 Limited studies for SCF nano synthesis!%10 .
available? = synthesis synthesis
Fast reaction time; Oxidizer; Can be used in combination with ethanol or ~ Synergistic effects from
. . Can act as reductant; X S
Conditions for sizes and shapes ) water to lower energy requirements; combinations; can use
Advantages X single-step L i
of many types of metal oxides tallizati chemical inertness reduces byproduct benefits of both
crystallization
available in literature v contamination solvents
High energy requirement; . X
Higher risk for .
. reactors cannot be made of i . More complexity in
Shortcomings carbonate Few studies using only scCO, and precursor

8 | Green Chem.,

stainless steel (need scH,0 P,T
rated alloy)

20xx, 00, 1-3

contamination

synthesis
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SCF NANOQ SYNTHESIS
Decision Tree

Selecting precursor is flagged as an environmental
consideration point as several | CA studies have noted
initial precursor choice is the most important factor
contributing to environmental impacts.

The energy consideration with
scH»O serves as a reminder that
water has the highest critical point
of the three solvents and therefore
the greatest energy demand to
reach supercritical conditions.

Decisions driven by precursor choice

-
I

I

I

I

I

I
L

Green Chemistry

CRITICAL REVIEW

This is the composition of the metal

Does the precursor need to

synthesizing, i.e. type of metal oxide
and redox state.

There may be several options for precursor choice.

—— e E——— S T S S S—— a—

Reduce

be oxidized or reduced?

Oxidize

s the precursor more
soluble in scH:0 or
scCO:?

Use sI:HzO
solvent system

Process set points can be
determined experimentally
or through modeling for
the specific precursor/
metal oxide synthesis.

The inclusion of an additive
can add considerable energy
consumption to the process .
since it necessitates post
treatment processes, such
as calcination at high
temperatures, to yfeld the
desired final product.
Benefits of the additive
should be weighed with
costs of additional
treatments.

Decision Tree Key:

Action or Process

Decision Considerations:

Energy

Environmental

(M

What are the desired metal
oxide nanoparticle size and
shape characteristics?

!

Determine process set points (e.g., temperature, pressure, time, precursor
concentration, pH, mixing) to achieve size and shape characteristics

¥

Is an additive needed to
achieve desired size or
shape?

+ Yes

Perform post-treatments (such
as heat treatments or calcination)

Use scCO:z or scCOz Use scEtOH
mixed solvent system solvent system

Energy is also a key consideration
when choosing process set points
in any of the three supercritical
solvents. While quality in terms of
crystallization and shape/size
homogeneity must be balanced in
the decision, lower temperature
and pressure ranges to realize the
acceptable product quality should
be pursued.

Is the nanoparticle product of

sufficient quality (size distribution,
homogeneity, etc.)?

No

Use physical methods to increase
quality (such as centrifugation or
filtering)

etal oxide nanoparticles with desired composition,
size, shape, and homogeneity (quality)

Fig. 5 Decision tree to design supercritical fluid synthesis to produce metal oxide nanoparticles, including relevant environmental and energy considerations.

This journal is © The Royal Society of Chemistry 20xx
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6.2. SCF Nano Synthesis Decision Tree

Initially, the composition and redox state of the desired metal
oxide nanoparticles (e.g., FeO, Fe,0s, or Fe30,) is determined
based on the application. From this a precursor is selected.
Previous studies often found that for many nano metal oxides,
there are variety of viable precursors. Selection often depended
on demonstrated success as a precursor for specific
characteristics, fit with the chemistry of solvent or synthesis
procedure, cost of precursor, and/or environmental impacts
(environmental impacts explained more in depth below). Using
titania as an example, precursors include titanium
tetrachloride, titanium oxy-sulfate, alkoxides like titanium
isopropoxide, and water soluble titanium complexes like
titanium  bis(ammonium lactacto) dihydroxide, among
others.102 Titanium bis(ammonium lactacto) dihydroxide would
be selected for demonstrated success in producing nano titania
at the pilot level in a continuous-flow hydrothermal synthesis
with supercritical water. Other water-soluble titanium
complexes would be selected if process was pre-determined to
be a supercritical water synthesis. Titanium tetrachloride and
titanium oxy-sulfate are cheaper options than organic
precursors because they are easily manufactured from raw
materials by mixing the source mineral with an acid solution.102
For lowest environmental impact considering global warming
potential, the choice would be titanium oxy-sulfate.102 All of
these criteria should be weighed based on the synthesis and the
needs of the designer. SCF nano synthesis designers are
encouraged to iterate through the decision tree with different
choices of precursor to find the design that is the best fit.

After precursor selection, the chemistry of the reaction
becomes important in solvent selection with the decisions
driven by precursor choice. If the reaction involves a reduction
of the precursor, scEtOH is a more favorable solvent over scCO,
or scH,0. If oxidation or no change in oxidation state occurs,
then scCO; and scH,0 are better candidates. Deciding between
scCO, and scH,0 will depend on the solubility of the precursor
in each solvent system. If using an organometallic precursor,
scCO, would be preferential. For a given solvent system, the
size and shape of the nano metal oxide are determined by
several factors including temperature, pressure, reaction time,
and precursor concentration. Process set points are often
determined experimentally; however, some computational
modeling work has been completed for some solvent systems
within certain operational parameter ranges (Table 1). An
additional consideration in realizing the desired size and shape
is the use of additives, which are sometimes necessary for
complicated morphologies. Notably, the inclusion of an
additive usually requires a post treatment step to remove the
additive from the nanoparticle products. Finally, homogeneity
and quality of the product metal oxide nanoparticles is
considered. While “high quality” or “homogenous” are variable
in definition in previous studies, here, it broadly means the
nanoparticles are in the desired size range with an acceptable
standard deviation as well as having an acceptable uniformity in
shape. These ranges will vary between nano metal oxides and

This journal is © The Royal Society of Chemistry 20xx

applications. If the nanoparticles are not considered
homogeneous, there are additional physical methods that can
be utilized, like centrifugation or filtering to remove larger
particles and reduce the size distribution.

Of note, several steps along the Decision Tree (Figure 7) are

flagged as being a significant contributor to the environmental
or energy impacts of the SCF nano synthesis. The
environmental consideration flag derives from several life cycle
assessments (LCA) on metal oxide nanoparticle synthesis that
indicate key decision points for reducing emissions, and
subsequent negative impacts.1®® Caramanzana-Gonzalez et al.
identified precursor choice as the most important factor for
both cumulative energy demand (CED) and global warming
potential (GWP) in their LCA for continuous flow
solvo/hydrothermal syntheses of titania nanoparticles.1?2 GWP
increased from 2 kg CO, eq per kg TiO, to 225 kg CO, eq per kg
TiO, (a 10-fold increase) at the same synthetic conditions except
for using titanium oxysulfate versus titanium bis(ammonium
lactato) dihydroxide as the precursor.1%2 While solvent choice,
process set points, and post-treatment all contribute to CED and
GWP, these were found to have much smaller overall impacts
and are also related to the initial precursor choice.
Energy consumption flags are noted on three steps in the
Decision Tree: scH,0 solvent choice, process set points
determination, and additive inclusion. The energy consideration
with scH,0 serves to remind that water has the highest critical
point of the three solvents and therefore the greatest energy
demand to reach supercritical conditions. Energy is also a key
consideration when choosing process set points in any of the
three supercritical solvents. While quality in terms of
crystallization and shape/size homogeneity must be balanced in
the decision, lower temperature and pressure ranges to realize
the acceptable product quality should be pursued. Finally, the
inclusion of an additive can add considerable energy
consumption to the process since it necessitates post treatment
processes, such as calcination at high temperatures, to yield the
desired final product. Optimally, every consideration should be
made to minimize energy demand and environmental impacts
while still producing the intended nanoparticles at sufficient
quality.

From this Decision Tree, SCF nano synthesis represents an
attractive method for metal oxide nanoparticle production by
combining versatility and control. Versatility: for an assortment
of metal oxides a precursor and supercritical solvent system can
be selected that is advantageous to the chemistry of the
synthesis. Control: through tuning process set points
nanoparticles of a particular size and shape to our standards of
quality can be produced. Additionally, green solvents are
utilized with additional opportunities to reduce environmental
impacts and energy consumption offering supercritical fluid
nanoparticle synthesis further benefits over conventional nano
metal oxide synthetic routes.
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