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ABSTRACT

Supercritical fluid reactive deposition (SFRD) is a promising process intensification technique for synthesis of a wide variety of nanostructured materials. The
enhanced mass transfer characteristics of supercritical fluids (SCFs) coupled with high solubilities of reducing gases in SCFs provide many advantages related to
equipment size and time minimization over conventional techniques. Among SCFs, the emphasis has been placed on supercritical CO2 (scCO2) which is non-toxic,
cheap and leaves no residue on the treated medium. Moreover, in SFRD, multiple processes such as dissolution, adsorption, reaction, and purification are combined in
a single piece of equipment which is an excellent example of process integration for process intensification. In this review, the fundamental thermodynamic and
kinetic aspects of the technology are described in detail. The studies in the literature on synthesis of a wide variety of nanostructured materials including supported
nanoparticles, films, and ion-exchanged zeolites by SFRD are reviewed and summarized. The applications of these materials as catalysts and sensors are described.
The review hopes to lead to further studies on further development of this technology for a wide variety of applications.

1. Introduction

A supercritcal fluid (SCF) is a fluid simultaneously heated and
compressed above its critical temperature and pressure (T., and P,
respectively). Fig. 1 shows the P-T phase diagram of a pure substance
[1]. Critical point (CP) of a substance is the point at which the
vapor-liquid equilibrium line terminates. In practice, the term is used to
denote fluids in the approximate reduced temperature and pressure
range T, = 0.95-1.10; P, = 1.01-1.5 (T, = T/T,, P, = P/P.) extending
slightly into the subcritical region. In the SCF region, only a homogenous
phase exists due to absence of phase boundaries [2]. Supercritical state
can be easily reached for a large number of substances such as CHF3, CO5
and CoHg at temperatures below 37°C making them attractive for the
processing of heat-sensitive organic substances. Among the SCFs, su-
percritical CO (scCOy) is particularly attractive due to its low T, (31°C)
and P, (7.38 MPa) and also because it is abundant, inexpensive,
nonflammable, nontoxic and environmentally benign [3].

The thermophysical properties of a SCF are intermediate between
those of a gas and a liquid and can be adjusted by slight changes in
temperature and/or pressure. These properties are summarized in
Table 1 [4]. SCFs have liquid-like densities, gas-like viscosities and
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kinematic viscosities, much higher diffusivities than liquids and zero
surface tension. Density of a SCF can be varied easily by slight changes in
temperature and pressure. The liquid-like density of SCFs makes them
appropriate as solvents for a wide range of solutes. Since the solute
solubility varies generally as a power law with respect to density, a
modest change in either pressure or temperature, in the vicinity of the
critical point, can alter this solvating power as well as its selectivity as a
solvent over a wide range of compounds [5]. Fig. 2 shows the density
behavior of scCO, with temperature and pressure. In the supercritical
region at pressures near the critical point, increasing temperature leads
to a dramatic decrease of density, meanwhile a slow decrease of density
by increasing the temperature is seen at higher pressures [1,6]. Viscosity
of a SCF also changes with temperature and pressure. Lower viscosities
of SCFs provides higher fluidity and molecular mobility compared to
liquids. The higher diffusivities of solutes in SCFs may results in
enhanced mass transfer rates compared to organic solvents. Thanks to
this property, SCFs can enhance the chemical reactions which are
controlled by mass transfer. The zero surface tension of SCF not only
permits better penetration and wetting of pores than liquid solvents do,
but also avoids the pore collapse which can occur when certain nano-
structured materials such as organic and silica aerogels (SAs) are
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Fig. 1. Schematic P-T diagram of a pure substance (except water). Reprinted
from [1], ©2021, with permission from Elsevier.

Table 1
Order of magnitude for typical thermophysical properties of gases, SCFs, and
liquids [4].

Property Unit Gas SCF Liquid
Density (p) kg m~3 1 5 x 1012 10%3
Viscosity (1)) wPa s 10 10t'to 102 10*®
Kinematic viscosity (1) m?s ! 10 0.02 to 0.2 1

Diffusion coefficient (D;2) ~ m?s™! 10° 107t010® 10°to 107
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Fig. 2. CO, density behavior with temperature and pressure. Reprinted from
[6],02018, with permission form

contacted with liquid solvents [7]. scCO, also displays high permeation
rate in virtually all polymers and the exposure to scCO2 results in various
extents of swelling and enhanced chain mobility of the polymers, which
makes it possible to impregnate a wide variety of chemicals into various
polymers [8]. Moreover, the degree of polymer swelling, diffusion rates
within the substrate, and the partitioning of solutes between the SCF and
the swollen polymer can be controlled by density mediated adjustments
of solvent strength via changes in temperature and pressure [9]. scCOx is
also miscible with gases including hydrogen, oxygen, and carbon mon-
oxide at temperatures above its T.. Therefore, significantly higher con-
centrations of such gases can be obtained in scCO5 compared to organic
solvents in which gases are sparingly soluble. Therefore, higher reaction
rates can be obtained if the order of the reaction with respect to the
gaseous substrate is positive [10]. scCO3 is the most widely used SCF as
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solvent for synthesis of nanostructured materials due to its favorable
physical and chemical properties. It is in gaseous state at ambient
pressure which is one of the significant process advantages of scCO; to
synthesize a completely solvent-free product without the need to use any
thermal or mechanical post-treatments which are necessary in conven-
tional methods [1,4].

Currently, large-scale chemical manufacturing is facing a serious
solvent problem in connection with environmental concerns. Regula-
tions concerning the use of hazardous organic solvents such as chlori-
nated hydrocarbons are becoming increasingly stringent and are thus
spurring the development of environmentally friendly and economical
processing media [11]. scCOy has excellent potential as an environ-
mentally friendly and cheap medium. Increasing number of applications
involving scCO, have been demonstrated in a variety of fields including
polymerizations [12], pharmaceutical applications [13], textile pro-
cessing [14] and dyeing [15], coatings [16], specialized materials fab-
rications, cleaning, chromatography [17], microelectronics processing
[18], heterogeneous catalysis [19] and regeneration of adsorbents [20]
and other solid matrices. Although specialized pressure vessels, high
pressure pumps, and other equipment are necessary for processing, a
remarkable number of successful commercial-scale processes such as
natural products/food extractions, wood impregnation and aerogel
production are being practiced on a commercial scale.

Supported metals, metal oxides and sulfides are frequently used in
catalysis, electronics, and optics [21]. Such supported materials can
exist in different morphologies such as atomically dispersed metals,
nanoparticles (NPs), nanorods and thin films. Nanostructured materials
are highly interesting scientifically and hold potential for a wide range
of technological applications due to their higher surface-to-volume ra-
tios. In NPs with very small particle size (PS), a significant fraction of the
nanostructure is composed of interfaces/grain boundaries and hence a
large fraction of the atoms resides in grain boundaries. In this size range,
phenomena associated with atomic and molecular interactions strongly
influence the macroscopic properties of materials and give rise to the
unique electronic, optical, electro-optical, magnetic, and catalytic
properties which are often superior to the properties of their conven-
tional coarse-grained polycrystalline counterparts.

There are several ways to synthesize supported NPs, including
impregnation, deposition—precipitation, co-precipitation, sonochemical
reduction, chemical vapor impregnation, sol-gel and microemulsion
using organic stabilizing agents [22]. The control over either particle
dimensions, including the PS and particle size distribution (PSD), or
metal concentration in the composites remains the major problems for
these methods. For example, the traditional impregnation, deposi-
tion—precipitation and co-precipitation methods using liquid solutions
as the processing medium could cause not only agglomeration of par-
ticles but also the collapse of the fragile supports such as SA or other
organic aerogels due to the high surface tension of the liquid solutions.
The conventional sol-gel route could be used to incorporate metal NPs
into the structure of various types of porous materials. However, the
metal complexes in solution interfere with the polymerization chemistry
resulting in materials with undesirable properties [21,23]. Furthermore,
sol-gel technology cannot be applied to polymeric substrates easily. The
water-in-oil microemulsions which can be created using surfactants is
another medium used for the synthesis of supported metallic NPs.
However, surfactants could interfere with the direct attachment of the
particle to support by affecting the metal-support interactions and the
removal of the surfactant could result in agglomeration of the particles
due to high temperatures [24]. Chemical vapor deposition (CVD) is
another promising route to prepare supported metal NPs. In practice,
however, it is often limited by the vapor pressure of the metal complex,
the processing temperature requirements and mass-transfer-limited ki-
netics [22].

Deposition using supercritical fluids is a technology that has been
attracting increasing attention to prepare metallic films and supported
metallic nanoparticles. For synthesis of films, metallic complexes and a
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reducing agent such as hydrogen react on surface to form metallic films.
This film formation reactions occur while the fluid phase is in the su-
percritical state. It is therefore appropriate to call this technique su-
percritical fluid reactive deposition (SFRD). For the synthesis of
supported nanoparticles, the first step is the adsorption of metal com-
plexes on the surface of a porous support material. Adsorption occurs
while the fluid phase is in the supercritical state. After adsorption,
adsorbed metal complexes are converted to metallic nanoparticles using
a variety of methods. These methods can be divided into two major
categories:

1. The system is depressurized, and the conversion reactions are
carried out in the presence of an inert gas such as nitrogen or in the
presence of a reducing gas such as hydrogen at atmospheric pressure and
at elevated temperatures or sometimes even at elevated pressures using
hydrogen. These conversion reactions are not carried out in a SCF
environment. Therefore, it is really not appropriate to term this kind of
deposition SFRD.

2. The conversion reactions are also carried out in the presence of a
SCF phase in one pot synthesis. In this case, the fluid phase is heated, or a
reducing agent is injected to the high-pressure solution. Therefore, the
conversion reactions occur in the presence of a SCF, and it is appropriate
to term this kind of deposition SFRD.

A significant number of the studies in the literature on deposition
using SCFs have been carried out using the first method [4,25,26]. The
second method, SFRD, has many advantages. Process intensification
generally involves process miniaturization and process integration. In
the former, reduction in equipment size can be achieved through higher
intensities for mixing and enhanced heat and mass transfer. In the latter,
multiple process tasks can be combined in a single piece of equipment.
SFRD involves both of these due to enhanced mass transfer mass transfer
characteristics of SCFs and combining multiple tasks of solubilization,
adsorption, nanoparticle formation and purification in the same vessel.
Moreover, the high concentration of reducing gases in SCFs leads to very
high rates of reactions associated with conversion of metal complexes to
their metallic forms resulting in miniaturization of deposition vessels.
This should minimize plant size of equipment capable to produce spe-
cific sized, high quality supported nanoparticles combined with an in-
crease in energy efficiency, safety, and cost reduction. This review
covers the studies in the literature on SFRD defined as above.

2. Supported nanoparticles synthesis using SFRD

Synthesis of supported nanoparticles using SFRD involves dissolution
of metal complex in the supercritical fluid, adsorption of the metal
complex from the supercritical fluid mixture on the surface of the porous
support, conversion of adsorbed metal complex to metallic nanoparticle
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in presence of the supercritical fluid, and depressurization and purifi-
cation. Synthesis of supported NPs are generally conducted in hot-wall
reactors which are essentially isothermal furnaces. Therefore, uniform
temperature distribution in the hot-wall reactors is obtained. Since both
reactor and support are heated which lead to nucleation both on the
surface of substrate and all over the vessel, selective deposition cannot
be obtained in hot-wall reactors [27]. They are also widely used for CVD
processes [28]. Fig. 3 shows the hot-wall reactor in batch mode. First,
metal complex and support are placed in the reactor. A pump is gener-
ally used for the transfer of COy from tank to the reactor which is
pressurized via opening the inlet valve. A pressure transducer and a
thermocouple are employed on the reactor to monitor the temperature
and the pressure. The temperature of the vessel and the support is
controlled by circulating a heating medium such as water or oil through
the internal heating channel of the vessel. A magnetic stirrer is used to
mix the contents of the reactor. After a certain time of dissolution and
adsorption of the metal complex, it is reduced to the metallic form by
either injecting a reducing agent such as Hy or by thermal reduction
which requires increasing the temperature of the vessel. Subsequently,
the vessel is slowly depressurized and the materials in discharged from
the vessel. The state of the art in all the steps of a SFRD process are
described in more detail in the following sections.

2.1. Solubility of metal complexes in supercritical fluids

The solubility of solute in SCFs is affected by both vapor pressure of
the solute and the density of SCF. The vapor pressure of a solute always
increases with temperature while the density of the fluid decreases with
increasing temperature [30]. Therefore, the effect of temperature on the
solubility of the solute is more complicated. Increasing temperature of
SCF while the pressure is between the lower and upper cross-over
pressures (Py, and Py respectively) leads to a rapid decrease on the
density [22]. The dominant effect of density in this region leads to
decrease in solubility with increasing temperature. Solubility of a solute
increases with increasing temperature above Py and below Py, since the
effect of vapor pressure of the solute dominates [22,30].

Non-polar compounds have usually high solubilities in scCOy [31].
Solubility data of the metal complexes with different ligand types
including dithiocarbonates, macrocycles and hydroxamic acids in scCO4
are available in the literature [25]. Complexes with ligands such as,
dithiocarbamate, phosphine and amine can also be solubilized in scCO4
[3,32-34]. Another system whose solubility is extensively investigated
in scCOq is B-diketonate metal complexes including metal acetylaceto-
nate (acac), 2,2,6,6-tetramethyl-3,5- heptanedionate (thd), 2,2,6,6-tet-
ramethyl-3,5-heptanedionate  (thmd), hexafluoro acetylacetonate
(hfac) [23,31]. Solubility data of various p-diketonate, cyclopentadienyl
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Fig. 3. Hot-wall reactor design in batch mode. Reperinted from [29],02021, with permission from Elsevier.
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(cp) and cyclooctadiene (cod) complexes with metals including silver,
copper, nickel, palladium, rhodium, ruthenium, cobalt, chromium, iron,
manganese, osmium, vanadium, platinum, potassium, rubidium, tita-
nium, zinc and zirconium were measured by Aschenbrenner et al. [31] at
a temperature of 60°C and pressures up to 30 MPa. It was found that
solubility increases with increasing oxidation state of the metal atom for
complexes with the same ligand. Moreover, a high atomic mass of the
center atom causes a low solubility in scCO». Carbonyl ligands also lead
to an increase in the solubility of a metal complex due to its specific
intermolecular interactions with CO5 [35].

In general, acac complexes have lower solubility than thd, cp and
cod complexes. Substitution of methyl group in the acac ligand by tert-
butyl groups improve solubility due to a better shielding of center atom
that thd provides [31]. Moreover, addition of alkyl groups reduces
cohesional energy density compared to acac leading to higher solubil-
ities. For instance, Haruki et al. [36] measured the solubility of Co(thd)s,
Co(acac)s, Cr(thd)s, Cr(acac)s in scCO, at temperatures ranging from
40°C to 70°C and at pressures ranging from 10 to 19 MPa. They found
that the solubilities of Co(thd)s in scCO5 (2.8 x 1073 mole fraction at 343
K, 190 bar) was 50 times higher than the solubility of Co(acac); while 70
times higher solubility was achieved for Cr(thd)s (5.2><10’3 mole frac-
tion at 70°C, 163 bar) than Cr(acac)s. Fluorination of the alkyl groups
also results in a significant enhancement in solubility [37,38]. For
example, the solubility of Cu(hfacac), and Cr(hfacac)s in scCO; are two
orders of magnitude higher than their nonfluorinated analogues [23]. In
another study, Ozel et al. compared the solubilities of Co(acac), and Co
(hfacac)s in scCO4 at 100°C and 40.5 MPa, and the results showed that
the solubility of Co(hfacac), (27x1078 mol fraction) was about 7-fold
higher than that of Co(acac)y (4x107® mol fraction) [39]. Higher
volatility and decreased polarity of fluorinated compounds as compared
to their non-fluorinated forms have been suggested as the possible rea-
sons for their higher solubility [23,30]. Extensive compilation of the
properties of metal complexes having high solubility in scCO; is re-
ported in different books [22,40].

Besides the relatively non-polar metal complexes, inorganic polar
precursors such as metal nitrates and chlorides may also be used for
preparation of supported metal oxides using highly miscible alcohols
with scCO; such as methanol or ethanol as cosolvents, or CO, expanded
solutions. For instance, EupO3 [41], Al;03 [42], Co304 [43], FexO3 [44],
ZrO, [45], CeO4 [46], Mn304 [47], Cra03 [48], and SnO5 [49] on carbon
nanotubes were obtained in scCO; + ethanol solutions in the tempera-
ture range of 100-150°C by using different metal nitrates. Factors
affecting phase behavior such as temperature, pressure and concentra-
tion of metal complex of different hydrous inorganic metal salts (Ni
(N03)206H20, FE(NO3)309H20, CO(NO3)206H20 ZH(N03)206H20, Cu
(NO3)203H,0,  Cr(NO3)309H,0, Nd(NO3)36H,0,  SnClye4H,0,
MnClye4H50) in scCO; + ethanol were investigated [50,51].

Prediction of the solubility of metal complexes in SCFs is possible
using semi-empirical correlations or Equation of State based methods.
For instance, Cross et al. utilized the Peng-Robinson equation of state to
determine the solubilities of Cu(acac), and Cu(ddc), in scCO5 [52].
Benedict-Webb-Rubin equation of state was used by Lagalante et al. to
predict the solubility of Cr(acac)s in scCO, [37]. A good agreement was
observed between experimental and predicted data at pressures above
30 MPa while the model underestimated the data by two orders of
magnitude at pressures near 10 MPa. The correlation proposed by
Chrastil is also promising model for prediction the solubilities of solutes
in SCFs. For instance, Smart et al. [53] correlated the solubilities of 49
organometallic compounds in scCO, and Andersen et al. [54] correlated
the solubilities of various p-diketonate metal complexes in scCO2 in a
wide range of temperatures and pressures using Chrastil model.
Semi-empirical models such as Chrastil equation describes solubility as a
function of density and temperature and can be utilized only for
extrapolation of limited amount of data within a certain temperature
and a pressure range [55]. One such good model alternative is the
perturbed-chain statistical associating fluid theory (PC- SAFT) which has
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been widely used to model high pressure systems and could correlate the
literature data over wide temperature and pressure ranges for various
metal complexes. For instance, Ushiki et al. showed that PC-SAFT pre-
dictions accurately predicted the experimental solubilities of various
acac-type metal complexes in scCO5 with pressures ranging from 16 to
30 MPa and temperatures ranging from 278 to 303 K [55].

2.2. Adsorption from supercritical solutions

2.2.1. Thermodynamics of adsorption

Adsorption of metal complex(es) on high surface area support sup-
ports in the presence of scCOs is the second step of the SFRD process. The
metal complex dissolved in scCO; is transferred to the surface by
external mass transfer and pore diffusion followed by adsorption on
surface sites of the support.

At equilibrium, the amount of adsorbed metal complex depends on
the concentration of the metal complex in scCOz-metal complex solu-
tion. This behavior is thermodynamically represented by an adsorption
isotherm which is a function depicting the variation of surface uptake
with respect to concentration in the scCO, phase. Adsortion thermody-
namic analysis for a variety of metal complex-support system in the
presence of scCO5 are available and the articles on this matter can be
found in [5,23,25,26,56-58]. Here, the general principles and funda-
mentals of the metal complex adsorption process in scCO, will be
described with selected examples. Exemplary adsorption isotherms of
Nickel(II) acetylacetonate (Ni(acac);) and bis(1,1,1,3,5,5,6,6,
6-nonafluorohexane-2,4-diiminate)copper (CuDI6) on carbon aerogel
(CA) in the presence of scCO; are given in Fig. 4a and b, respectively.
Fig. 4a shows a Henry’s type adsorption isotherm (Eq. 1) where the
uptake (g; where i is the metal complex) is a linear function of the metal
complex concentration (C;) in scCOy which are correlated by Henry’s
adsorption constant, k. Fig. 4b show a Langmuir type adsorption iso-
therms (Eq. 2-3) where metal complex uptake plateaus at a certain
concentration around 6 mol/m>,

q; = kC; 1)
Kp;
— 2
"1+ Kp )
KoQoC;
[ 3
T KRG 3)

Eq.2 shows the general form of Langmuir adsorption isotherm
equation where 0; is the fractional coverage of species i, K is the
adsorption equilibrium constant and p; is the equilibrium partial pres-
sure of species i. For adsorption processes in solution Eq.2 is usually
written in the form of Eq. 3 where g; is the uptake of species i, K is the
adsorption equilibrium constant, Qg is the uptake capacity and C; is the
equilibrium concentration of species i. The reason for observing two
different types of isotherms lies on the fact that two metal complexes in
question i.e. Ni(acac),; and CuDI6 have quite different solubility values
in scCO3. The last point of the isotherm in Fig. 4a is associated with the
solubility of Ni(acac), in scCO5 which is low. On the other hand, CuDI6
has higher solubility and thus it can be used at higher equilibrium
concentrations in scCO, which translates into higher uptakes. The
plateau in the adsorption isotherm is associated with the saturation of
the surface sites assuming monolayer coverage. The differences in the
slopes of the initial points of the isotherms are associated with the sur-
face favorability towards the metal complex. This is very well illustrated
in Fig. 4b where the adsorption isotherms of CuDI6 on different supports
are given. Here the most favorable isotherm is the one with the CuDI6-
scCO2-CA system since the same uptake is reached at lower equilibrium
concentrations as compared to those with resorcinol formaldehyde
aerogels (RFA) or silica aerogels (SA). This is most probably due to the
differences in surface affinities. The understanding of this behavior is of
high importance since the interactions of the support surface with metal
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Fig. 4. (a) Adsorption isotherm of Ni(acac),-CA system in scCO at 30 MPa and 60 °C, data adapted from [63], (b) Adsorption isotherms of CuDIA on CA, RFA and SA
in scCO, at 10.6 MPa and 35 °C, data adapted from [64], (c) Pressure dependence of the adsorption equilibria of Co(acac)3 on MCM-41 in scCO2 with methanol
co-solvent at 333 K (spheres: 12.5 MPa; triangles: 15.0 MPa; tilted squares: 20.0 MPa; solid lines were generated by the Dubinin-Astakhov correlation). Reprinted
from [59], ©2018, with permission from Elsevier (d) Variation of the size of the supported rhodium oxide NPs prepared by SFRD with respect to adsorption energy.

Reprinted from [60],©2017, with permission from Elsevier.

complex may determine the mechanism of which the metal complexes
decompose and convert to metal. Ushiki et al. showed that the adsorp-
tion isotherms of Co(acac)s on MCM-41 (Fig. 4c) [59] and Rh(acac)s on
different mesoporous silicas such as MCM-41, MSU-H and HMS [60] in
the presence of scCO3 and methanol co-solvent could be represented by
Dubinin-Astakhov (DA) isotherm equation (Eq 4-6) which is a
semi-empirical thermodynamic equation which relates the fugacities of
the solute in solid and fluid phases to the uptake [61].

W, = Wo.iexp{f (%) } )

where ¢; is given by

B f;_:al(T)
T ) ©

where £ and f; are the fugacity of species i as saturated vapor and in the

high pressure fluid phase, respectively. and

_ P,
-]

qi (6)

where /)‘ilds is the density of the metal complex in the adsorbate state and
M; is the molecular weight of species i.

In Eq. 4, W; and W ; are the adsorbate volume and adsorbate volume
at saturation per adsorbent mass. ¢; is the adsorption potential of the
metal complex which is described in Eq. 5 and E; is the interaction
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energy between metal complex and support. Fugacity of metal complex
in the SCF phase in Eq. 5 can be obtained using an equation of state
(EOS) such as Peng-Robinson EOS if the binary interaction parameter
between solvent and solute is known. Although thermodynamically
based adsorption isotherm modeling is not a new concept [62], advan-
tages of the DA isotherm equation is the simplicity and the fact that it
readily contains the E; term which gives a quantification of the metal
complex-support interaction. Along this line, a correlation could be
obtained between the interaction energy of a metal complex and the size
of the metal NPs formed subsequently as illustrated in Fig. 4.d which
shows a decreasing trend in nanoparticle size as the interaction energy
between metal complex and support is increased. This observation could
be manifesting due to a variety of reasons such as decreased metal
complex reaction rates during its conversion to metal nanoparticle
and/or decreased surface diffusion rate due to strong adsorption. This
points out to the significance of the detailed analysis and understanding
of the metal complex adsorption thermodynamics for the elucidation
supported NP formation process. However, caution must be taken for
creating such correlations, for instance, a variety of other parameters
such as the metal wt. % (i.e. Rh wt. %, which was not the same for all the
samples used in [60]) or the temperature at which the metal complex
conversion occurs are affecting NP growth, thus the effect of adsorption
energy on the formed PS is somewhat less clear. Another factor of
concern is the fact that the DA isotherm requires the knowledge of
density of the metal complex in the adsorbed phase which was assumed
to be equal to the solid density of the metal complex which may not be
reasonable assumption considering the uncertainties associated with
excess uptakes. Moreover, the DA isotherm assumes liquefaction of
metal complex within the pore volume, the validity of this assumption
under SCF conditions needs testing. Nevertheless, this study is a good
example on unifying the thermodynamic analysis of metal complex
adsorption to the supported NP formation.

As previously mentioned, one of the most important properties of
SCFs, is the fact that the thermo-physical properties such as the solvation
power can easily be tuned via changes in pressure and temperature of
the process. Unlike conventional solvents, these changes have important
consequences on the behavior of the adsorption isotherm. It has been
shown that the increase in pressure at a constant temperature (i.e. in-
crease in scCO, density) during the adsorption step resulted in the
decreased uptake at a certain equilibrium concentration of the metal
complex [59] as illustrated in Fig. 4c. The effect of temperature on the
uptake at a certain concentration is somehow more complex. The con-
ventional wisdom dictates the increase of the desorption rate constant
with increasing temperature for a single adsorbate desorption from a
surface. However, although in many cases, the uptake of the metal
complex decreased with increasing temperature (at a certain pressure)
[57], due a combined effect of the cross-over phenomena associated
with the solute dissolution in scCO, [65] and the excess adsorption of
CO3 on the support giving rise to a competition between CO» and metal
complex, increase in temperature may result in higher uptakes [60,64].
Individual isotherm equation fits using Langmuir or other type of ex-
pressions usually results in a good representation of the experimental
data. However, at this point, the literature still lacks a detailed ther-
modynamic analysis of the metal complex-scCO,-support system based
on the equity of the fundamental fugacity derivatives employed for other
solute-scCO5-support systems in the literature [66-68] which encom-
passes CO5 adsorption as well. Another approach to enhance adsorption
of metal complexes on supports in the presence of scCO- is the utiliza-
tion of co-solvents such as alcohols [59,69] which enhances the disso-
lution of solutes otherwise less soluble in scCO,. Thermodynamic
analysis carried out by [59] for Co(acac)s adsorption on MCM-41 in the
presence of scCO3 and methanol as co-solvent showed that this approach
results in lowered metal complex uptake as compared to the case
without co-solvent due to the competitive adsorption between methanol
and Co(acac)s.

Thermodynamics of adsorption of multicomponent mixtures of metal

Chemical Engineering and Processing - Process Intensification 176 (2022) 108934

complexes in the presence of scCO; is also complex. The only study to
date on this matter was carried out by Bozbag et al. who investigated the
thermodynamics of binary adsorption of CuDI6 and platinum(II) (1,5-
Cyclooctadiene)dimethyl (Pt(cod)(me);) on CAs in the presence of
scCO,. For the binary adsorption equilibrium of the metal complexes, it
was shown that the uptake of CuDI6 and Pt(cod)(me); both decreased
with increasing equilibrium concentrations of the other metal complex
as compared to the uptake associated with single adsorption isotherms
due to the competition on surface sites. This behavior was very well
modeled using the Ideal Adsorbed Solution Theory (IAST) (which is
analogous with Raoult’s law). Both equilibrium concentrations and
uptakes measured experimentally at 10.6 MPa and 35 °C were very well
predicted using IAST in conjunction with the single adsorption iso-
therms of the individual metal complex without the requirement of any
additional fitting parameter for binary adsorption. This showed that, for
the case of investigation, the adsorption of a secondary metal complex
did not affect the adsorption isotherm parameters of the other one, i.e.
they did not interact with each other. To generalize this thesis, more
studies are necessary at other pressure and temperature conditions and
using other metal complex(es)-scCOs-support systems.

2.2.2. Kinetics of Adsorption

Adsorption of metal complexes from the SCF phase to the solid
support phase is characterized in four consecutive steps: (i) mass transfer
of metal complex from bulk SCF phase to the surface of the adsorbent (ii)
pore diffusion in adsorbent phase (iii) adsorption onto the surface of the
adsorbent in the pores (iv) surface diffusion [70].

Transport properties, such as viscosity of SCF and binary diffusion
coefficient of a solute in SCF affect the mass transfer rate of the solute in
SCFs. Binary diffusion coefficient (D13) can be tuned via changing
pressure and temperature to improve transport properties of solubilized
metal complexes in SCF. In general, D;» decreases with increasing
pressure and increases with increasing temperature [4]. It was reported
that Dy, of both Pd(acac), and Co(acac)s in scCO, decreases with
pressure due to the strong increase of the density in the near critical
region [71-73]. The fact that, at constant temperature and higher
pressures, D15 decreases slightly with pressure is due to the lower in-
crease of the fluid’s density in that region. Furthermore, according to the
Stokes-Einstein relation, D15 increases with temperature. Obviously, the
binary diffusion coefficients of metal precursors in scCO, are signifi-
cantly higher than in organic solvents such as ethanol. These higher D13
values lead to enhanced mass transfer rates in comparison to organic
solvents causing higher fluxes inside the pores of a solid material. Thus,
in the near or supercritical region liquid-like density and therewith
solubility is combined with gas-like mass transfer rate.

Zhang et al. [74], Cangiil et al. [75] and Bozbag et al. [76] developed
a kinetic model of adsorption for (Ru(cod)(tmhd);) on CAs and Pt(cod)
(me); onto RFA, respectively. External mass transfer step was assumed
negligible due to stirring employed. Local equilibrium for adsorption
was assumed implying that the adsorbed phase concentration is linked
to the concentration in the pore via adsorption isotherm. Hence, kinetics
of the overall process is controlled by mass transfer occurring via
diffusion of metal complex in the pores of the adsorbent. Then, the
appropriate material balances were solved for the variation of pore
phase metal complex concentration with time and distance. Effects of
Modified Langmuir isotherm parameters were analyzed to evaluate the
effect of adsorption capacity which makes the most significant influence
on the kinetics, whereas the effect of adsorption equilibrium constant,
although present, was small. Ushiki et al. [77] adapted the kinetic model
of Zhang et al. for modeling the adsorption kinetics in their dynamic
measurements. The main difference between the two studies was the
calculation of the effective diffusivity of the metal complex inside the
pores. Ushiki et al. modeled the effective diffusivity using tortuosity as
the fitting parameter, and the adsorbent porosity was obtained from
pore volume [78,79] and density of particles; binary diffusion coeffi-
cient of the metal complex and scCO;, was obtained from the literature
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[80]. Zhang et al. used the restriction factor, which is a function of solute
and pore diameter in addition to porosity, tortuosity, and diffusion co-
efficient. Zhang et al.[74] was able to investigate the effect of solute and
pore diameter on diffusion kinetics. When the pore size was decreased
from 22 nm to 5 nm, the time required for equilibration increased from
1800 seconds to 3750 seconds according to the model, whereas almost
no change was observed after increasing the pore size from 22 nm to 100
nm. Ushiki et al. reported that for a 40 °C increase in temperature,
effective diffusivity of Rh(acac)s in scCO4 increased to 4.5, 2.5, 2 fold for
MSU-H, MCM41, HMS respectively.

Aschenbrenner [81] et al. studied the adsorption kinetics on two
support geometries: monolith and silica gel particles. The rate of uptake
of Pt(cod)(me), onto monolith was much faster: equilibrium was
reached after one hour, whereas in silica gel, it was more than three
hours. It was observed that the monolith had a lower external mass
transfer resistance as compared to the silica gel. Authors suggested that
it was due to the larger specific external surface of the monolith
(0.00602 ng’l) compared to silica gel (0.00107 mz/g). Ushiki et al.
[82] also employed dynamic technique for kinetic measurement of
adsorption of Rh(acac)3 onto mesoporous silica adsorbents in a fixed bed
column. Adsorption kinetics was modeled including external mass
transfer from bulk phase to the adsorbent surface. External mass transfer
coefficient was calculated using self-diffusion coefficients of scCO, ob-
tained from Liu et al.’s study [83]. Axial dispersion coefficient for the
bulk flow was obtained from Péclet number and Schmidt number cor-
relation, again using self-diffusion coefficients of scCO5. The variation of
the bulk phase concentration with time at different points through the
column were obtained by this model.

Kinetics of adsorption of binary metals (Pt-Cu) from scCO3 on CA
using Pt(cod)(me), and CuDI6 was first reported by Bozbag et al.[84].
The authors suggest that detailed modeling studies are required for bi-
nary systems.

Sastre et al. [85] used pseudo-first-order and pseudo-second-order
kinetic models for adsorption of nickolecene in MCM-48 and ruth-
enocene in MCM-48 and activated carbon. The pseudo-first-order model
was found to represent the experimental data better for all three cases.
They have used Weber-Morris plots [86] to separate external mass
transfer, internal diffusion, and adsorption phenomena.

Although the models developed by Zhang et al. and Ushiki et al. agree
well with the experimental data satisfactorily, improvement is still
required to understand the kinetic processes better. The assumption of
local equilibrium for adsorption might be omitted and kinetic mecha-
nisms for adsorption and desorption of metal complexes in the presence
of scCO; could be developed, and intrinsic rate constants for reactions
could be obtained via a more detailed analysis. Bozbag et al.[76] pointed
out to the surface diffusion effect during thermal treatment which was
performed subsequent to adsorption step, adsorbed metal complexes or
Pt NPs were found to be mobile on RFA. More investigations are
necessary to elucidate the nature of surface diffusion in the presence of
scCO,. Furthermore, kinetic models developed in all the mentioned
studies do not couple the adsorption kinetics with surface reactions.
Further research and modeling efforts are required for better under-
standing the overall process.

2.3. Conversion of adsorbed metal complex to metal nanoparticles

The 3 step of SFRD technique is conversion of the adsorbed meal
complexes to their metallic form by a variety of reduction methods. The
physical properties of the supported nanostructures including
morphology, dispersion, PS and PSD can be tuned by the reduction
method as well as the process parameters (reaction temperature and
time) of the conversion step and one can end up with supported highly
dispersed NPs, films, or rods. In the SFRD method, two different
reduction approaches can be utilized as given below [5]:
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I) chemical reduction in the SCF with a reducing agent, such as
hydrogen or an alcohol
II) thermal reduction in the SCF

Chemical reduction is performed after a certain period of the metal
complex adsorption on the support in SCF by adding a reducing agent
such as Hy or an alcohol to the SCF medium. This is followed by
reduction reactions occurring between the metal complex molecules and
the reducing molecules. The conversion reaction and the particle growth
continue until Hy or the metal complex in the fluid phase is consumed
[25]. Thermal reduction of the adsorbed metal complexes molecules to
metal form in supercritical medium is another approach to prepare
supported metal NPs. In this method, instead of introducing a reducing
agent, the fluid is heated up after a desired period of the metal complex
adsorption, resulting in decomposition of the adsorbed metal complex
molecules to elemental metal and formation of the metal NPs. As a result
of adsorbed molecules decomposition, filled adsorption sites are vacated
and re-filled with new metal complex molecules transferred from the
fluid phase [25]. Table 2 shows a summary of supported metal nano-
particles synthesized by one-pot SFRD.

Ye et al. [87] used SFRD with Hj reduction to synthesize Pd NPs by
deposition and reduction of Pd(hfa)s on MWCNT support in scCO,.
SFRD was carried out at 3.47 ml high pressure stainless steel reactor at
80°C and 8.1 MPa for 5-10 min. TEM images showed a successful par-
ticle growth with a well-dispersion of spherical particles and the size in
the range of 5-10 nm, anchored onto the external walls of MWCNTSs.

Morere et al. [88] synthesized Pt, Ru, and Ni NPs supported on
reduced graphene oxide (rGO) by SFRD. The metal complexes used for
the synthesis were Pt(cod)(CHs)2, Ru(tmhd)z(cod), and Ni(cp)s. Exper-
imental conditions were 60°C, 13.0 MPa, 60°C, 10.0 MPa, and 80°C,
13.5 MPa for the Pt, Ni, and Ru experiments, respectively. The re-
ductions were carried out by injection of Hy to the supercritical medium
at 80, 150, and 250°C for Pt, Ru, and Ni, respectively. Fig. 5 shows the
TEM images of Pt, Ru, and Ni/rGO nanocomposites. In all the samples, a
homogenous distribution of spherical particles on the surface of gra-
phene sheets was observed. Fig. 5a shows TEM image of Pt/rGO with Pt
loading of 2.3 wt%. A PSD in range of 2-7 nm and PS of 3.9 nm was
observed for this sample, while larger Pt NPs ranging from 2 to 10 nm
with the average size of 5.4 nm was observed in a sample with Pt loading
of 6.4 wt% (Fig. 5b). Fig. 5.c and d show TEM images of Ru/rGO and
Ni/rGO samples with metal loading of 5.2 and 1.0 wt%, respectively.
The average size of Ni NPs was 15.1 nm, significantly higher than that
observed for Ru NPs which was 4.4 nm. It was reported that generally
larger PSs was obtained using SFRD compared to the samples reduced by
Hj at atmospheric pressure [88].

As described previously, the thermal reduction is another approach
to reduce and decompose of the metal complexes by simply heating up
the SCF instead of introducing a reducing agent. In the presence of a SCF,
it has been observed that the metal complex can be converted to
elemental metal at a lower temperature than that at atmospheric pres-
sure. In the work carried out by Watkins and McCarthy [89], the Pt(cod)
(me), was converted to metallic platinum at 140°C, 26.5 MPa in scCO2,
while the decomposition temperature of Pt(cod)(me); as determined by
differential scanning calorimetry was 208°C at atmospheric pressure.

Saquing et al. [90] obtained a similar results in preparation of highly
dispersed platinum particles supported on a CA with an average pore
size of 22 nm with high metal content. The impregnation was carried out
at 18.6 MPa for 24 h. The temperature of the vessel was then increased
to 135°C for thermal reduction, which also caused the pressure to in-
crease to 31.0 MPa. The reduction in scCO, was continued for 6 h. It was
observed that the PSs were 3.7 nm for the interior and 4.7 nm for the
exterior microstructures. In these experiments almost all the platinum
complex, Pt(cod)(me); in the scCO5 phase was adsorbed and subse-
quently converted to Pt in the CA substrate. For example, Pt/CA com-
posites prepared with this method resulted in a loading of 60 and 73 wt.
% Pt. For both composites, the impregnated Pt accounted for 97% of the
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Table 2
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Summary of SFRD studies in the literature on preparation of supported mono and bimetallic nanoparticles using scCO, without presence of a co-solvent: type of support

and their physical properties, metal complex, and SFRD efficiency.

Metal complex Support SFRD Ref
Type Melting point at Type Specific Pore Pore Max metal Metal Reduction Efficiency
ambient pressure surface area diameter volume loading® loading method
0 (m?/g) (nm) (em®/)  (wt%) (Wt%) (%)
Ru N.S. SBA-15 581 6.7 0.81 8.4 9.6 s¢CO2/Hz c [92]
(tmhd),(COD)
Ru(tmhd)z(cod) 187-190 rGO N.S. N.S. N.S. 8.0 5.1 5¢CO/Hy 63.8 [88]
Ru N.S. SBA-15 581 6.7 0.81 8.4 9.6 5¢CO2/Hz c [92]
(tmhd),(COD)
Ni(cp)2 171-173 rGO N.S. N.S. N.S. 5.9 1.0 5¢CO2/Hy 16.9 [88]
Pd(hfa),exH20 N.S. MWCNT N.S. 20-30 N.S. 50 23 5¢CO2/Hz 46.0 [93]
Pd(hfac), N.S. SBA-15 695 8.1 N.S. 17 13.7 5¢CO2/Hy 80.6 [94]
Pt(cod)(me), 105 poly(4-methyl- N.S. N.S. N.S. 2.85 2 scCOs/ 70.2 [89]
Ipentene thermal
Pt(cod)(me), 105 Carbon Aerogel 670-740 4.1-21.1 0.78- 62 60 scCOy/ 97.0 [90]
3.63 thermal
Pt(cod)(me), 105 SBA-15 N.S. N.S. N.S. 6.2 4.9 5¢CO2/Hz 79.0 [95]
Pt(cod)(me), 105 rGO N.S.” N.S. N.S. 9.8 6.4 5¢CO2/Hz 65.3 [88]
Pt(COD)(me), 105 SnO; coated 7.6 N.S. N.S. 1.1 0.91 5c¢CO2/Hz 82 [96]
a-Al,03
Pt(COD)(me), 105 y-Al,03 168 12.0 N.S. N.S. 1.6 5¢CO/Hy N.S. [97]
Pt(COD)(me),, 105, N.S. SBA-15 705 6.0 N.S. 3.0 2.9 5c¢CO2/Hz 97 [98]
(Cp)Pd(allyl)
Pt(COD)(me), 88 TiO, 59 N.S. N.S. 6.8 4.2 5¢CO/Hy 61.7 [99]
Pt(COD)(me), 88 AL,03 154 N.S. N.S. 6.8 6.3 scCO,/Hy 92.6 [99]
Pt(COD)(me), 88 MCM-41 893 N.S. N.S. 6.8 6.2 scCOy/Hy 91.2 [99]
Pt (cod)Me (n- 25 Al,03 168 N.S. N.S. 4.8 3.6 s¢CO2/Hz 75 [100]
C3F7)
Pt(COD)(me), 105, 198 CA 750 19 3.6 46 34 5cCO2/Hz 74 [101]
Cu(tfa),
Au(acac)(me), 81 BP2000 1350 4.3 N.S. 3.7 3.3 5¢CO2/Hz 88.8 [102]
Au(acac)(me), 81 y-Al,03 154 17.5 N.S. 4.0 3.6 5¢CO2/Hz 90.6 [102]
Au(acac)(me), 81 TiO, 59 8.2 N.S. 3.6 3.2 scCO»/Hy 88.8 [102]
Au(acac)(me), 81 B-cyclodextrin 1 0.8 N.S. 1.3 0.4 scCO2/Hy 31.3 [102]
Co(cp)a 178 MCM-41 1295 4.6 N.S. 6.63 4.34 5c¢CO2/ 65.5 [103]
thermal
Co(cp)2 178 Al-MCM-41 807 4.8 N.S. 6.63 5.1 5¢COy/ 76.9 [103]
thermal

@ Based on the initial amount of the metal prior to the impregnation
Y N.S.: Not Specified
“EDX results showed a loading higher than the max metal loading

total Pt placed into the vessel in the form of Pt (cod) (me)a.

The kinetics of the metal complex reduction reaction in scCOy/Hy
has a direct effect on the PS of supported nanoparticles making one able
to synthesize nanoparticles in a desired PS by changing the duration and
temperature of the reduction process. Marre et al. [91] calculated the
kinetic parameters and conversion rate of Cu(hfac),eH>0 in scCOy/al-
cohol/H; at low temperatures assuming a first order reaction rate. They
reported that the trend of PS obtained from TEM images was a function
of residence time and temperature which could be directly linked to the
kinetics constants of the reduction reaction. They also used a bimodal
model to predict the PS as function of residence time and temperature
considering two main steps in the model including the nucleation and
particle growth by coagulation and coalescence. The predictions were in
a good agreement with the experimental results showing kinetically
controlled formation of supported nanoparticles.

2.4. Deposition approaches for bimetallic and multimetallic nanoparticles

Multimetallic NPs are composed of two or more different metals.
Multimetallic supported NPs are both of academic and industrial in-
terests as their properties are often different from either of the pure form
of NPs. Bimetallic NPs (Ap,B,) can be generated with more or less
controlled amount (m + n) and composition (m/n) with main mixing
patterns as given in Fig. 6 [104].

The formation and growth of bimetallic NPs usually consist of a
number of steps including nucleation, diffusion and growth. All these

steps are usually governed by kinetic phenomena [105]. The degree of
segregation/mixing and atomic ordering in ApBp bimetallic NPs de-
pends on a variety of factors including relative strengths of A-A, B-B, and
A-B bonds, relative surface energies of bulk A and B, relative atomic
sizes, strength of binding to surface ligands (or surfactants) and specific
electronic/magnetic effects [106]. The structure of the NP and degree of
A-B segregation may also depend on kinetics of nucleation and growth
for which the method and conditions of NP generation (type of particle
source, metal complex, support, surfactant, temperature, pressure, etc.)
becomes important. Supported multimetallic nanostructures have a
wide variety of applications in nano biomedicine, catalysis, electro-
catalysis, and sensing. In catalysis, they are used to not only enhance the
performance but also for economic reasons [104].

Supported multimetallic NPs can be synthesized using SFRD by
simultaneous deposition where the process is started with dissolution of
two metal complexes simultaneously in scCO; followed by the same
subsequent steps as in single component SFRD. Miiller et al. [102] syn-
thesized bimetallic silver-gold nanoparticles by simultaneous reactive
deposition of Au(acac)mey and Ag(cod)hfac from scCO; on a variety of
supports including BP2000 (carbon black), y-AlyOs3, TiO,, and B-CD
(B-cyclodextrin). The impregnation and reduction steps were carried out
for 20 and 2 h, respectively, at the same condition of 80°C and 15.5 MPa
used for all the SFRD experiments. The effect of support properties on
mean particle size and distribution, particle structure and metal loading
was investigated. With exception of p-CD, a correlation between the
provided surface area of the supports and the mean PS of bimetallic
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Fig. 5. TEM images of Pt, Ru, and Ni on rGO obtained by SFRD in scCO5/H; (a) Pt 2.3 wt% (b) Pt 6.4 wt% (c) Ru 5.2 wt% (d) Ni 1.0 wt%. Reprinted from [88],

©2017, with permission from Elsevier.

Fig. 6. Schematic representation of the examples of some possible configura-
tions for bimetallic NPs: (a) core-shell, (b) segregated/Janus particle, (c) surface
segregated, (d) disordered alloy, (e) ordered alloy. The illustrations display
cross sections of the NPs showing an hypothetical face-centered cubic (FCC)
(111) plane [104].

Ag-Au nanoparticles was observed from TEM images. PS values of 4.2,
17.8, 27.8, and 9.6 nm were obtained for BP200, y-Al,O3, TiO,, and
B-CD, respectively. HAADF-STEM images together with EDXS line scan
measurements showed that core/shell bimetallic nanoparticles with a
gold core surrounded by an intermetallic AuAg phase with a composi-
tion of Au;Ags were successfully synthesized.

PtRu NPs supported on CNTs were prepared by Lin et al. [107] with
PSs around 5-10 nm. The metal complexes Pt(acac); and Ru(acac), were
simultaneously adsorbed on CNTs in scCO; at 200°C and 8 MPa. A small

amount of methanol was added to deposition vessel. The metal complex
conversion was conducted at 16 MPa and took 15 min with chemical
conversion using Hy as the reducing agent. Yen et al. [108] synthesized
bimetallic Pt-Ru, Pt-Cu, Pt-Au, Pt-Pd, and Pt-Ni NPs supported on
MWCNTs via simultaneous SFRD with scCO, at 10 MPa. Deposition
temperature was 70°C for Pt-Au and 200°C for the others. Conversion of
metal complexes were conducted by in situ chemical reduction with Hy
at 25 MPa. Resulting electrocatalysts had average PSs around 2.8-9.3
nm.

Using SFRD technology, Sanchez-Miguel et al. [95] was able to de-
posit Pt, Ru, Cu, and their bimetallic NPs onto SBA-15. Thecondition of
the deposition step for preparation of bimetallic PtRu and PtCu was
80°C, 13.5 MPa and 60°C, 13.5 MPa, respectively. Temperature of the
reduction by Hy was higher than the deposition step and performed at
200°C. TEM images of these bimetallic nanocomposites showed a ho-
mogeneous deposition of the particles with broad PSD in an elongated
form. In the case of PtRu a PS in range of 4-8 nm with average particle
size of 5.7 nm was observed (Fig. 7a). The PS and PSD were slightly
larger and broader than the ones obtained by reduction at atmospheric
pressure and higher temperature (400°C). Rod-like particles with
diameter of 7 nm and length of 18 nm with an average size of 10.7 nm
was observed for PtCu bimetallic particles prepared by SFRD shown in
Fig. 7b, which were again larger than the bimetallic PtCu particles ob-
tained by reduction in atmospheric pressure. Generally, in case of SFRD,
the adsorbed metal complexes are hydrogenated and solubilized in
scCO2 while in case of chemical reductions performed at atmospheric
pressures, the adsorbed metal complexes are reduced and the decom-
posed ligands are removed. Thus, lower temperatures are required for
reductions in SFRD technique as compared to the reductions performed
at atmospheric pressures by H,. It was claimed that in the case of
bimetallic PtCu and PtRu, first Pt is reduced and sunsequently, the
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Fig. 7. TEM images of bimetallic PtRu (a) and PtCu (b) supported on SBA-15 prepared by SFRD in scCO2/H,. Reprinted from [95],02017, with permission

from Elsevier

reduced Pt particles catalyze the reduction of Cu and Ru metal complexs
to their metal form. Comparison of the PS of bimetallic and mono-
metallic samples prepared by Hy assisted SFRD revealed that bimetallics
were always larger than monometallic ones. This was due to higher
metal loads and higher temperatures used in the reduction step of the
bimetallic samples in comparison to those of pure Pt [95].

Barim et al. [101] utilized both thermal and chemical conversion
techniques to synthesize bimetallic PtCu supported on CA or Vulcan. The
materials were prepared by sequential and simultaneous deposition in
scCO,. For sequential deposition, first deposition of Pt(cod)(me), onto
the supports were carried out at 17.2 MPa and 80°C for 24 h. Subse-
quently, temperature of the vessel was raised to 135°C to perform a
thermal reduction of the metal complex for 6 h. The prepared Pt/CA or
Pt/Vulcan were then subjected to deposition of Cu(tfa), at the same
conditions used for Pt deposition. The conversion of adsorbed Cu(tfa); to
metallic form was carried out by injection of Hy into the vessel until the
blue color of the medium disappeared showing a complete conversion of
the metal complex. In the simultaneous approach, the metal complexes
were placed along with the supports in the vessel to perform the depo-
sition at the same conditions with the sequential approach. The con-
version step was completed thermally by increasing the temperature of
the vessel to 135°C for 6 h followed by cooling down the vessel to 80°C
and injection of Hy until disappearing the blue color of the medium. The
metal content results showed that the target molar ratio of Pt:Cu was
obtained successfully by this method as evidenced by XRF measure-
ments showing that SFRD is an effective and controlled route to syn-
thesis supported bimetallic nanoparticles with a target molar ratio. The
metal loading of Pt and Cu varied between 18.4 to 23.1 wt% and 13.4 to
18.7 wt%, respectively, depending on the deposition approach and
support type. HRTEM images of the samples showed a homogenously
distribution of the nanoparticles and a quiet narrow PSD with a mean PS
less than 5 nm.

2.5. Depressurization and purification

As previously mentioned, one of the most important advantages of
SFRD is to obtain well-dispersed NPs with controllable PS, metal loading
and desired surface morphology. These properties can be tunable via
changing operating and design parameters of SFRD. In the literature,
changing these properties with the variations occurring in depressur-
ization parameters was investigated in several studies. For instance,
cupric nitrate in SCF successfully impregnated into SBA-15 with
different PS, PSD via changing depressurization rates by Qiao etal [109].
Depressurization was conducted in various rates in the range of between
0.05 and 1.2 MPa/min by adjusting the the needle valve on the reactor
while the other operating parameters were kept constant. After
depressurization, loaded supports were examined via TEM and XRD. It
was found that average PS decreased from 6.5 nm to 2.2 nm when the
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depressurization rate was increased from 0.05 to 1.2 MPa/min. More-
over, PSD of NPs on the support became narrower and monomodal as
the depressurization rate was increased. XRD results show that the
characteristic crystalline peaks of CuO became broader with increasing
depressurization rate which indicated the average grain size of the
dispersion phases decreased. Cu loading also increased with increasing
depressurization. In another study, they compared the effects of
depressurization rate and metal loading on morphology and dispersion
of CuO NPs [110]. It was found that depressurization rate was a more
important parameter than the metal loading amount for tuning the
surface morphology. Moreover, the degree of dispersion of CuO NPs, and
the controllability of PSD of CuO NPs were related to the critical con-
centration of the metal complex for nucleation at a certain depressurized
rate. In another study, effects of changing depressurization parameters
on PS and morphology were studied for Ag NPs [111]. It was found that
PS decreased from 3 nm to 2 nm by increasing the depressurization rate
from 0.1 MPa/min to 3 MPa/min. The results showed that the
morphology of the dispersed phase was more uniform compared to slow
depressurization rates.

After conversion of metal complexes to metallic nanoparticles on the
surface, some of the decomposition products may adsorb on the surface
and may need to be removed from the surface. In SFRD, this can be
carried in the same vessel using supercritical extraction (SCE) [112]. For
instance, Yousefzadeh et al. used SFE to remove copper(II)tri-
fluoroacetylacetonate (Cu(tfa),) and other impurities on the substrate
after supercritical ion exchange process [113]. These physically adsor-
bed impurities were successfully removed from the substrate by passing
pure scCO; through the vessel at 24.1 MPa and 80 °C.

3. Producing thin metallic films via SFRD

A metal layer on a substrate with a thickness ranging from a nano-
meter to several micrometers is called as thin metal film. In contrary to
metal NPs, the preparation of thin films via SFRD has been reported only
by a few groups. In the literature, Watkins and co-workers conducted
most of the seminal works in SFRD of thin films [114-116]. Following
their studies, high quality thin films of various metals and metal oxides
including Cu, Co, Ni, Mo, Pt, Pd, Ru, Ag, Au, Rh, Ir, hafnium oxide,
zirconia, ceria stabilized zirconia, ceria, titania, tantalum oxide,
niobium oxide and bismuth oxides were obtained on a wide variety of
substrates using SFRD [22,23,117-124].

Compared to the other methods such as sol-gel, CVD, sputtering,
electrochemical deposition to produce thin metallic films, SFRD has
several advantages to produce a thin metallic layer such as processing at
low process temperatures, enabling conformal deposition of thin films in
confined geometries with high aspect ratios and order of magnitude
higher solubility than CVD [26,125]. Moreover, dissolution of
by-products in SCFs results in a good film quality and dissolution of most
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common reducing agents such as Hy and alcohols makes this process
attractive.

Majority of SFRD studies to prepare thin films are conducted in cold-
wall reactors since the metal complex is deposited only on surface of
heated support. The support is heated directly either by induction or by
radiant heating while the rest of the reactor remains cold or colder
similar to the CVD processes in cold-wall reactor [27]. The schematic
demonstration of a cold-wall rector in the batch mode which was used
by Watkins group is given in Fig. 8 [126]. First, support is primarily
placed in the reactor and metal complex is fed into the reactor. Reactor is
equipped with a band heater to heat the reactor wall. The pedestal
heater allowing the selective heating of the substrate during the SFRD
process while keeping the reactor wall at a lower temperature. Due to
this temperature difference between the heating stage and the reactor
wall, natural convection occurs in cold-wall reactors in batch mode.

Reactor operated in continuous mode is given in Fig. 9 which was
developed by Watkins et.al for preparation of thin metal films within
porous substrates. In this particular design, resistive heating elements
heat the reactor and precursor feed. The syringe pump reservoirs are
heated with a water/glycol heating jacket. The substrate and a polymer
barrier divide the reactor into separate precursor and Hy chambers.
Similar to the batch reactors, syringe pumps are used to pumping gases
from gas tanks to the vessel at controlled rates. Pressure drops across the
support and polymer is minimized by a connection between the metal
precursor and H; side outlets where the streams mix. The effluent stream
passes through a carbon bed to adsorb products in the fluid phase. A
backpressure regulator is used to control the system pressure [127]. In
another study, the temperature profile with fluid flow pattern in the
cold-wall reactor both in batch and continuous modes were explored
[128]. First, the effects of the reactor clearance above the heater on the
thermal profiles were studied. A thermocouple was inserted into a
thermowell from the side wall and moved to the middle of the vessel to
measure the temperature from different locations along the length of the
reactor. They examined the temperature differences 0.2 and 0.4 mm
above the stage for two different clearances as 51 mm and 12.7 mm. The
initial temperature of the stage was 127°C and then it was set to 225°C.
They observed that in the reactor having a large clearance, temperature
gradient was uniform. Therefore, they reported that the cold-wall
reactor with low clearance is not suitable design for thin film deposi-
tion since changes in the temperature gradient is not the desired con-
dition for the film deposition.

The reaction mechanism and kinetics of film forming process were
investigated by Watkins and co-workers. In their study, Cu film depo-
sition on TiN-coated Si with the assistance of Hy was conducted in a cold
wall reactor in batch mode. At the beginning of the process, the substrate
was fixed on the heating stage and a desired amount of Cu(tmod); as a
metal complex was loaded to the reactor. After sealing, the reactor was
purged with CO, while the temperature was set to 60°C. Subsequently,

effluent to activated

precursor carbon bed

CO,, H,

substrate

@ fluid phase

temperature

P

wall temperature

wall heater———

ceramic liner

(1) pedestal temperature

pedestal heater >

power to heater

Fig. 8. Cold-wall reactor design in batch mode. Reprinted from [126], ©2004,
with permission from American Chemical Society.
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Fig. 9. SFRD setup in continuous mode for preparation of thin metal films
within porous substrates. Reprinted from [127], ©2001, with permission from
American Chemical Society.

CO, was introduced to the vessel at various pressures between 10 and
13.8 MPa. After complete dissolution of the metal complex, vessel was
filled with Hy at different amounts. Deposition was started by turning
the heating stage. The deposition temperatures which were between
220-270°C was obtained in 40 s. When the stage temperature was
decreased to 200°C in 10 s, reaction was stopped. Overall process time
was recorded as 5 minutes. The growth rate was reported between 5 to
35 nm/min within the temperature range of the process. In this process,
the mechanism was proposed as as adsorption of metal complex,
dissociation of the ligands for Cu formation, adsorption and dissociation
of Hy onto the surface, protonation of ligand from adjacent surface
adsorbed ligand and hydrogen atom to form volatile by product and
hydrogenated ligand, desorption of by product and diffusion of by
product into scCO3 solution. The growth rate of the Cu film was suc-
cessfully described by Langmuir-Hinshelwood-type rate expression. The
concentrations of the metal complex, hydrogen, and byproducts were
the variable of the rate equation along with temperature. This study
shows again the importance of understanding the kinetics of the
different steps of a SFRD process to be able to adjust the physical
properties of the prepared nanostructured materials by tuning the syn-
thesis condition [114].

Watkins group also utilized another reaction mechanism in the
preparation of metal oxide films which is surface-selective hydrolysis of
metal complex in scCO2 [129,130]. They successfully deposited cerium
(Ce0y), hafnium (HfO,), titanium (TiO5), niobium (Nb,Os), tantalum
(Tas0s), zirconium (ZrO,), and bismuth (Bi»O3) oxides films on silicon
wafer via hydrolysis of metal complexes. To initiate the metal complex
decomposition by hydrolysis leading to film deposition, stage temper-
ature was increased quickly up to 300°C. It was shown that the water
content in scCO; with the process temperature governed the hydrolysis
of metal complex. Thus, increasing water content led to the metal
complex decomposition by hydrolysis and high deposition rate was
obtained.

The effects of process parameters and support and metal complex
properties on film quality and thickness have been investigated. In a
study conducted by Cabanas et al., the thickness of the Au films varied
between 90 to 400 nm depending on the support type and the metal
complex loading [131]. They deposited Au films on metal, ceramic, and
polymer supports separately via Hy assisted SFRD in cold-wall and
hot-wall reactors in a batch mode. At a low temperature of 60°C,
deposition was selective for metal surfaces while at a high temperature
as 125°C, Au deposited readily on all surfaces studied. Hunde and
Watkins investigated the effects of temperature on film thickness [126].
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In their study, Co film was applied on uncoated SiO, and TaN or TiN
coated SiO; in scCO4 with the assistance of Hy using cold-wall reactor in
batch mode. Compared with the previous methods, Hy was introduced
after the stage was heated to specified temperatures which were 285 and
320°C. The film thickness was measured as 150 nm at 285°C whereas it
was 680 nm at 300°C after 30-45 min deposition which indicated that
even a small increase in temperature leads to much higher growth rates
of the Co films. Changing film thickness with the deposition time was
investigated by O’Neil and Watkins via depositing Ru film on both SiOy
and tantalum coated Si wafer with Hy assisted scCO5 in a cold-wall
reactor [129]. Film depositions were performed at different pressures
between 20-25 MPa with various stage temperatures of 175 to 300°C.
They found that at the same temperature, the film thickness obtained at
5 minute was almost half of thickness of the film obtained at 30 minutes.
It can be attributed that the deposition was completed earlier than 30
minute and obtained film thickness did not give adequate information
about reaction kinetics. In their another study, the effects of humidity
and addition of the water to dry CO on metal oxide thickness on Si and
etched Si supports were investigated [129]. Support temperature was
varied between 250 and 300°C in a cold wall reactor for the deposition
of metal oxides which were CeO, HfO5, TiO5, Nb5Os, TasOs, ZrO,, and
BiyOs3. As an oxidizing agent H,O was used and the process pressure was
varied between 11-20 MPa whereas film growth took 30 min. To elim-
inate the mixed oxide state of the films, calcination was performed at
800°C for 1 h for TiO5 and BiyO3 while it took 6h for other metal oxide
films. A high film thickness of 58 nm was obtained when trace amount of
water was introduced the system compared to the case when dried CO,
was used where 21 nm of film thickness was obtained. Increasing water
concentration from 0.11 mmol to 0.28 mmol led to an increase in film
thickness from 216 nm to 247 nm while further increase in water con-
tent caused a reduction in the film thickness. Bassat et al. studied
changing film thickness and micro/nanostructure of the films with the
variations occurring in molar ratio between humidity in CO3 and metal
complex [132]. SFRD of undoped ceria films on top of both sides of
yttria-stabilized zirconia (YSZ) was conducted in a cold wall reactor via
hydrolysis of tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato) cerium.
The stage temperature was set to 300°C and an annealing was conducted
in air at 400°C. Uniform, conformal and crystalline CeO3 films with a
thickness ranging from 20-200 nm were obtained in 30 minutes in hu-
midified scCO». Increasing HoO:Ce complex molar ratio from O to 12 was
stated to favour the metal complex hydrolysis which led to thicker,
smoother and denser films. In their next study, the authors showed that
the changing pressure did not affect the deposited film morphology and
longer deposition time up to 3 h led to an increase in the thickness of the
film without changing the film morphology [130].

Zhao et al. deposited TiO,, bismuth oxide (Bi3O3), bismuth titanate
(BIT, Bi4Ti3012) films on SiO5 coated Si wafers in a cold-wall reactor in a
continuous flow mode [133]. As Ti and Bi sources, Ti(O-i-Pr),(tmhd),
and Bi(ph)s were used, respectively. At the beginning of the process,
excess amounts of metal complex were loaded to the hot-wall reactor to
dissolve metal complexes at 50°C and filled with CO5 at 10 MPa. Bi(ph)s
was dissolved in scCOz in the presence of Oy whereas for deposition of
BIT, O; was not used since Ti(O-i-Pr)(tmhd),; has oxygen atoms. A
scCO, stream saturated with metal complexes were diluted with pure
CO4 before delivery to the cold-wall reactor. It was reported that
maximum film thickness which was 35 nm was obtained when the Ti:Bi
concentration ratio in scCO2 was 0.3. Kondoh et al. also deposited Ni-Pt
alloy thin films on TiN/SiO,/Si substrates through hydrogen reduction
of Ni(hfac), and Pt(hfac), metal complexes in scCO, in a continuous
flow mode [134]. The results indicated that the deposition rate of the
Ni-Pt thin alloy films decreased with increasing Ni content and gradually
increased as the metal complex concentration was increased. The
deposited films were single-phase polycrystalline Ni-Pt solid solution
and they exhibited smooth, continuous, and uniform distribution on the
substrate for all elemental compositions. Fernandes et al. carried out
SFRD for another porous support which was alumina and a continuous
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Pd film was deposited on both the surface and at controlled depths of
pores at 60°C [127]. Pd films between 2 and 80 um thick at specified
depths between 80 and 600 um as measured from the metal complex side
were successfully deposited.

As opposed to conventional batch and continuous processes, Le
Trequesser et al. used a cyclic co-deposition process of YSZ thin films on
Si wafers using scCOy with 300°C stage temperature, and 15-20 MPa
pressure [135]. Both zirconium (IV) hexafluoro acetylacetonate and
yttrium (III) hexafluoro acetylacetonate complexes were stated to un-
dergo a hydrolysis reaction for yttria and zirconia film formation,
respectively. In each cycle, the mixed metal complex solution in CO, was
introduced to the reactor and then purged following a short reaction
interval which resulted in considerable uniformity improvement in film
composition. Therefore, a precise control of stoichiometry was attained,
and the resulting film had a uniform composition. Moreover, under same
conditions with conventional batch processes, cyclic deposition pro-
vided thicker films since higher reaction rates are obtained in the cyclic
process via driving the reaction to the product side with refreshing water
concentration in each cycle.

4. Electrochemical deposition in supercritical fluids

Electrodeposition is a widely used materials-deposition technology
with a number of unique features, in particular, the efficient use of
starting materials, conformal, and directed coating. The properties of the
solvent medium for electrodeposition are important on capability of the
technique. Supercritical fluids have unique properties which give a wide
range of advantages for chemistry in general, can be an alternative
solvent medium to commonly used organic conductive solutions. Low
viscosity of SCF can lead to enhanced mass transport to and from the
electrode surface [136]. Good pore penetration allows deposition of
small particles. A lack of surface tension allows electrodeposition onto
fragile substrates. Moreover, presence of a range of SCFs with high
chemical stability enables different materials to be suitable for electro-
deposition [137].

In 1986 McDonald et al. [138] conducted deposition of the Cu/Cu
(I)/Cu (II) system in NaSO4 and KCl solutions under near critical and
supercritical conditions. Electrochemical characterization was done
with cyclic voltammetry and diffusion coefficient is determined. Ke
[139] carried out electrodeposition of a range of metals from scCOy/
acetonitrile, and supercritical difluoromethane. They deposited 3 nm
diameter copper nanowires in mesoporous silica templates on ITO. Ke
et al. [140] investigated the electrodeposition of Ge using Ge(II) and Ge
(IV) compounds as reagents from liquid CH3CN and CHyF; and scCOq
containing as a co-solvent CH3CN (scCOz) and supercritical CHF»
(scCH2F5). They found deposition of Ge obtained using GeCly in liquid
CHyF; and scCHyF, was promising. Consistent values of reduction cur-
rents with mass transport limited was obtained. Also, amorphous
elementary Ge was electrodeposited from scCHyF». Bartley et al. [141]
investigated electrodeposition of silver from scCOy/acetonitrile using
five different silver precursors. Among these precursors, they found [Ag
(CH3CN)4] [BF4] the most suitable since they were able to deposit silver
nanowires into anodic alumina templates with sizes down to 13 nm and
good quality silver films onto macroelectrodes. Bartley et al. described a
versatile electrolyte bath for the deposition of elemental Ga, In, Ge, Sn,
Sb, Bi, Se, and Te from scCHyF9 and the resulting deposits were char-
acterized with SEM, energy-dispersive X-ray analysis, XRD and Raman
spectroscopy. They concluded that wide range of materials will be
accessible for electrodeposition with this electrolyte system [142]. In
their later studies, Bartley et al. explored deposition of wires with small
size diameters using SCFs. They obtained tellurium nanowires (TeNW)
of nominal size range 13 nm to 55 nm diameter [143] and tens of mi-
crometers in length and Sn Nanowires with sub 7 nm diameter [144] and
characterized their structure and stability.

Chuang et al. fabricated copper nanowires inside Anodic Aluminum
Oxide templates using supercritical and post-supercritical electroplating
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technique. They achieved smallest grain size with supercritical electro-
plating followed by the post-supercritical electroplating and then the
traditional electroplating process [145]. Later, they applied ultrasonic
agitation on scCO9 copper electroplating. They reported that applying
ultrasound to scCO, electroplating process can significantly improve the
mechanical properties of the coating [146]. Moreover, Chuang et al.
presented a novel ultrasound-assisted supercritical argon (scAr) elec-
troplating process with no additives to produce copper metal coatings
[147]. The resulting coatings showed improved mechanical and corro-
sion behavior compared to the coatings produced by conventional or
silent scAr processes. They also adjusted electroplating parameters such
as temperature, pressure and current density to optimize the process and
characterized mechanical, electrical and corrosion properties [148].

5. Supercritical Ion Exchange

Ion exchange is basically a reversible chemical reaction by which
ions present on the surface of solid phase are exchanged with the like
charge ions present in the solution surrounding the solid material. It was
shown that the reaction can also occur between two solid materials. The
former one is called aqueous ion exchange (AIE) and the latter one is
called solid state ion exchange (SSIE). Recently, Erkey research group
developed a new route of ion exchange called supercritical ion exchange
(SCIE) to prepare copper exchanged zeolites using scCO2 [113]. The
method consists of the dissolution of a copper complex in scCO; fol-
lowed by diffusion into the zeolite pores from the fluid phase, adsorption
on the zeolite surface, and ion exchange with Brgnsted acid sites. Re-
action of copper complex with the Brgnsted acid sites in the zeolite
structure led to forming of copper species in the solid phase and tri-
fluoroacetylacetone in scCO, medium. Here in this method, the metal
complex is converted to its metallic form via ion exchange reaction in
which the required Hy molecules are provided by the extra framework
protons of the zeolite structure and the metal atoms are chemically
bonded to the zeolite framework. Therefore, the method is a kind of
SFRD since it consists of all the steps of a typical SFRD including
dissolution, adsorption, reduction of the metal complex, and depres-
surization. Furthermore, the support material has a porous structure like
the ones are used in a typical SFRD. The final material consists of
different copper species including mono, di, tri-coppers and copper
clusters supported on the zeolite. A brief explanation of the experimental
procedure and experimental evidence for occurrence of the ion ex-
change reaction are given in the following.

Pellets of mordenite zeolite with extra framework protons (H-MOR
which is obtained by the calcination of NH4-MOR in an inert atmo-
sphere) together with the copper(IDtrifluoroacetylacetonate were
placed in a high pressure vessel. First the air in the vessel was purged out
by passing CO2. Subsequently, the vessel was heated up to a desired
temperature above the critical temperature of CO,. It was then pres-
surized to a desired pressure to obtain scCO medium. After dissolution
of the metal complex and a certain period of ion exchange, fresh scCO2
was fed to the vessel to perform SFE to remove those of physically
adsorbed metal complexes on the solid surface and the products of the
ion exchange reaction present in the fluid phase. The results obtained
from characterization tools such as NMR, XRF, FTIR and visual obser-
vations demonstrated that an ion exchange reaction occurred between
copper complex and H-MOR in scCOs. The photograph of the high-
pressure vessel during the dissolution and the reaction of CuLy with H-
MOR in scCOs (at 27.58 MPa and 80°C) is shown in Fig. 10a and b. The
initial color of the solution was blue which was the color of solution
when Cul; is dissolved in pure scCO- at these conditions. The color of
the solution gradually changed from blue to yellow with time. The
yellow color of the solution could be attributed to the formation of tri-
fluoroacetylacetone (CsHsF30s, i.e. HL) since the color of HL in scCO3 in
presence of H-MOR zeolite was also yellow at the same temperature and
pressure.

The comparison of 'H NMR spectra of the fluid phase during the ion
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(b)

Fig. 10. high pressure vessel, at the start of SCIE (a), after a certain time of
SCIE (b), pressure and temperature were the same for all experiments (27 MPa,
80°C).Reprinted from [113], ©2022, with permission from Elsevier

exchange and pure trifluoroacetylacetone showed that chemical shifts of
the peaks associated with CH enol form (5.867 ppm) and CH3 moiety
(2.160 ppm with the small peak at 2.187 ppm) observed in the sample
taken from the high-pressure fluid phase were in very good agreement
with the 'H NMR spectrum of pure trifluoroacetylacetone as shown in
inset of Fig. 11.

Therefore, Cu-MOR and trifluoroacetylacetone (HL) were the prod-
ucts of the ion exchange reaction as expected based on the following ion
exchange reaction:

CMLZ(:ECOZ) + ZHZ(S)‘:) CMZ(:) + 2HL(§CC02)

where, L is trifluoroacetylacetonate ligand and Z is the zeolite frame-
work with unit negative charge. According to the reaction, two protons
coordinated oxygen atoms linked to Al atoms in the framework of H-
MOR (Brgnsted acid sites) exchanged with one copper ion of CuLy. In
addition, FTIR spectra of treated samples illustrated that the intensity of
Brgnsted acid site peak decreased in Cu incorporated samples compared
with parent H-MOR sample pointing out that coppers were exchanged
with the H" protons of the Brgnsted acid sites. Moreover, comparison
the results of XRF analysis of the samples obtained after SCIE and after
the subsequent SFE steps revealed that Cu loading of the samples before

Fluid phase sample

— trifluoroacetylacetone
(Sigma Aldrich)

|
(b)

5.92 5.88 5.84

Intensity (a.u)

65 60 55 50 45 40 35 3.0 25 20
Chemical shift (ppm)

Fig. 11. 'H NMR spectrum of fluid phase sample taken in CDCl; at t=5h of
SCIE of CuL, with H-MOR at 80 °C and 27.58 MPa for the synthesis of Cu-MORg
with 1.5 wt%. (inset (a): zoom-up region between chemical shifts of 5.84 to
5.96 ppm. inset (b): zoom-up region between chemical shifts of 2.14 to 2.18
ppm). Reprinted from [113], ©2022, with permission from Elsevier
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and after SFE was identical, indicating that the exchanged Cu atoms
were chemically bonded to mordenite surface and were not in any other
form such as physically adsorbed metal complex which would be
extracted.

The cation ion exchange isotherm obtained at 80°C and 27.6 MPa
showed that the maximum copper loading never reached to the total
cation exchange capacity of the zeolite indicating that the SCIE is a se-
lective ion exchange process (solid phase equivalent fraction does not go
to unity). This showed that, at equilibrium, only a certain fraction of
surface sites is exchanged in the SCIE process, probably due to the mass
transfer limitations caused by the microporous structure of H-MOR
preventing the copper complex to reach all exchangeable sites. Copper
exchanged zeolites are extensively used in a variety of applications
including catalysis [149-151], adsorption [152,153] and sensing [154,
155]. Among these, NOx abatement using the NHj3 Selective Catalytic
Reduction (NH3-SCR) process and step-wise direct conversion of
methane into methanol (sDMTM) make use of the Cu-exchanged zeolites
as catalysts which have recently become the state-of-the-art to both
industry and academy due to high reactivities and selectivities. The
structure of copper species formed during these reactive processes play
an important role to determine the catalyst performance, which is
generally affected by the zeolite structure, synthesis method, and the
catalytic process conditions. The behavior of the cation ion exchange
isotherm obtained by SCIE points out to the occurrence of selective
ion-exchange during SCIE which could result in the formation of active
Cu species with selective speciation during the sDMTM [113].

6. SFRD scale up approaches

The great potential of SFRD has been shown via lab-scale in-
vestigations of thin film and supported NPs preparations in sections 3
and 4. Commercialized SCF based processes such as extraction of hops
and spices, decaffeination of coffee and tea, extraction of flavours, fra-
grances, and aromas from plants, wood impregnation, leather tanning,
and textile dyeing may inspire the researchers and engineers working on
SFRD in the lab-scale to design and operate the process in an industrial
scale to prepare supported metal nanoparticles and films. In this section,
first a brief overview of the SCF based industrial-scale technologies is
given and then the suggested process design of a large scale SFRD plant
is explained.

The first large-scale industrial solvent extraction plant was built in
1942 by Mallinckrodt Chemical Company for production of tons of
uranium by selective extraction of uranyl nitrate by ether from aqueous
solutions. In the 1950s and early 1960s, solvent extraction was intro-
duced as a separation and purification process in numerous chemical
and metallurgical industries. In 1978, first commercial decaffeination of
green coffee beans via SFE was performed in Germany [156]. In the
1980s and 1990s, significant number of studies have been reported in
the literature on SFE of different organic compounds from various
matrices with the objective of replacing commercially available organic
solvents. Today, about three hundred plants are operated at commercial
scale mainly dedicated to extraction of hops and spices, decaffeination
of coffee and tea, extraction of flavours, fragrances, and aromas from
plants and producing aerogels [22]. These plants are distributed mainly
in Europe, USA and Japan. Table 3 lists some of the commercialized SFE
plants together with some extractor sizes and demonstrates the wide
acceptance of SFE technology at industrial scale [9]. Some of these
plants particularly hops, tea and coffee have a production capacity of
15-30 million kg per year.

Commercial plants employing SFE technology were built for batch
extractions. At present, about 100 different types of extractors larger
than 1000 litres have been designated for different industrial plants
[157]. For instance, Amar Company manufactured 1000 L batch SFE
reactor which may be operated at a pressure up to 350 bar and a tem-
perature up to 100°C. Feed capacity of the reactor is 2400 kg/day. In
their design, the raw material in powder form is fed to the extractor. The
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Table 3
Examples of commercial supercritical extraction plants [9].

Coffee decaffeination Jacobs Suchard, Bremen, Germany (3601t)

Hops extraction Hopfenextraktion, HVG, Barth, Raiser & Co. (2001t +
5001t)

SKW Trostberg, Munchsmunster, Germany (6501t)
Natal Cane By-Products Ltd., Merebank, South Africa
(10001t)

Barth & Co., Wolnzach, Germany (40001tx5)

Mobhri Oil Mills, Japan Fuji Flavor, Japan (2001t +
3001t + 3001t)

Natal Cane By-Products Ltd,. Merebank, South Africa
(2001t)

Hasegawa Koryo, Japan (5001tx2)

Guangxia Toothpaste, China (5001tx3, 35001tx3,
15001tx3)

Flavex, Rehlingen, Germany (701t)

Raps & Co., Kulmbach, Germany (5001tx3)

Shaanxi Jia De Agriculture Eng. Co., Ltd., China
(5001tx2)

Philip Morris, Hopewell, Virginia

Nippon Tobacco, Japan (2001t)

Aspen Aerogels, ABD.

Color extraction—Red
Pepper

Flavors/aromas/spices

Nicotine extraction

Solvent Extraction

liquid CO5 from the tank is precooled by passing it through the pre-
cooler. This precooled liquid COs is then pressurized above the critical
pressure and is then heated above the critical temperature by passing it
through preheater. Subsequently, scCO, enters the extractor in which
the raw material is loaded. scCO, dissolves substances on the basis of
solubility, depending on operating conditions. Afterwards scCO, with
soluble extracts enters the separators where the pressure and tempera-
ture are reduced sequentially so that solubility decreases which lead to
precipitation of extract in the separators. Finally, free CO5 without any
traces is recycled back to the CO5 tank via condenser. scCO2 based in-
dustrial scale impregnation plants has been developed for wood
impregnation, leather tanning, and fabric dyeing processes in the last
two decades. Dissolved molecules in scCO; such as fungicides, polymers,
and dyes diffuse into porous and natural materials, such as wood, cork,
leather, and fabric fibers [158]. Woods are impregnated by organic
fungicides to protect them from deterioration by the environmental
exposure. A large-scale batch vessel was constructed in Denmark by
NATEX company to impregnate fungicides into wood using scCO3 which
was the world’s first commercial supercritical wood treatment unit
[159]. An unharmful organic fungicide is used in this technology. The
process provides a superior penetration leading to an impregnation that
cannot be obtained via conventional routes. Figs. 12 and 13 show the
process schematic and receiving-handling systems along with the high
pressure vessels. The treatment vessels with a length of 7 to 25 m is
charged with wood packages. The impregnation is started after pres-
surizing the vessel with CO; up to 15 MPa and heating to 40-60°C. The
method was successfully replaced with the conventional wood impreg-
nation method based on heavy metals or organic solvents. Much shorter
impregnation time, no drop-off or evaporation, and no change in the
wood or in moisture content were the advantages of this process. The
plant has an annual capacity of 60000 m> with cycle time of 2-5 h and
CO4, recovery of 96%.

Leather tanning by SCF is another process that is commercialized in
the last decades. The conventional route involves a pre-treatment of
hides by acids in water bathes in presence of salts followed by adding the
tanning agent which is chromium-based. Collagen molecules are linked
to each other through a chemical reaction with the tanning agent which
is triggered by increasing the pH value. High costs for recycling, enor-
mous environmental problems, and long duration of the process are the
main disadvantages of the conventional rout. Tanning time is decreased
from 30 h for the conventional rout to 5 h when scCO; is used. In
addition, using scCO2 leads to an increased amount of impregnated
chromium with a moderate impregnation rate as compared to the con-
ventional technique [158]. In this process, the dried hides are placed in a
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Fig. 12. Schematic visualisation of the supercritical wood treatment process [159].

Fig. 13. The worlds first commercial supercritical wood treatment plant:
receiving and handling system [159].

rotating autoclave followed by pumping the aqueous chromium sul-
phate (tanning solution) into the vessel which is fully adsorbed by the
hides. The vessel is then pressurized with CO; to accelerate the diffusion
of tanning agents into the microstructure of the hides and formation of
oligomers. Pressure, and temperature range of the process is kept be-
tween 0.3 to 10 MPa, and 30-40°C, including liquid or supercritical
phases of CO,. Based on the lab and pilot scale studies, a plant with 3
batch rotating tanning drum with a quick closure was designed to
operate at 3 MPa. Fig. 14 shows one of these rotating drums with volume
of 15 m® designed for treatment of 10 ton hide per shift. It was shown

CO, charge / discharge
Quick closure

Fig. 14. Large scale rotating drum for CO,-intensified hide tanning. Reprinted
from [160], ©2018, with permission from Elsevier.

that the convective mass transfer is improved in the large drums caused
by the rotating mechanism which in turn results in reducing the time of
process to 3.5 h [160].

SFRD can also be carried out in a large-scale batch mode similar to
wood impregnation and leather tanning. Recovery of COs, separation of
CO; from the byproducts such as hydrogenated ligands, extraction of
remained metal complex from the deposition vessel and process lines,
and providing a desirable external mass transfer would be the main
challenges for design of such a large scale SFRD process. Fig. 15 shows
the schematic view of the suggested large scale SFRD setup working with
one hot-wall deposition vessel. The number of vessels and separation
units can be increased in a parallel mode. The support material is placed
inside a rotating basket fixed on the mixer stem to provide a desired
external mass transfer. After loading the support and metal precursor(s),
the vessel is heated to the desired temperature followed by charging
with CO, up to a certain pressure. The chemical reduction by injection of
H, is performed after a certain time of adsorption by compressing and
injection of pure Hj into the deposition vessel at a desired molar ratio of
CO9/Hj. Thermal reduction can also be performed in this setup via
increasing the temperature of vessels. After a certain time of reduction,
the vessel is depressurized slowly. The outlet stream containing COo,
unreacted metal complex, and by products is sent to a solid separator to
remove solid compounds. The gas phase stream obtained from the top of
the separator is pressurized and sent to an adsorption column using a
compressor to remove by products such hydrogenated ligands formed
during the reduction step. Pure CO5 in a gas phase obtained from the
adsorption column is recycled into the liquid CO5 feed tank. Prior to the
next material synthesis, the vessels are flushed with excess scCO5 to
remove the remained compounds. In this step, the outlet stream of the
vessels is also subjected to the separation processes to recycle the excess
COs. Performing SFRD in a continuous mode would be difficult since it
requires charge and discharge of solid materials including metal com-
plexes, supports, and final product during the process.

7. Applications
7.1. Catalysis

SFRD has been widely used to prepare various supported metal NPs
as the catalysts for mainly hydrogenation and oxidation reactions.
Table 4 summarizes the literature studies in terms of type of catalyst,
deposition conditions, reduction methodology, and catalytic applica-
tions. Here, a detailed discussion about the catalysts prepared by SFRD is
given.

Pascu et al. [161] demonstrated that type of metal, metal complex,
composition of supercritical reaction medium, and type of support affect
the physical (PS, PSD, and morphology) and chemical properties
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Fig. 15. Schematic process diagram of suggested large scale SFRD in a hot-wall vessel
Table 4
Summary of literature studies on catalytic applications of supported metallic NPs prepared by SFRD.
Catalyst Temperature  Pressure  contact Reduction Reduction Reduction Application Ref.
time method medium temperature
(9] (MPa) h) (9]
Pt/Sn0,/Al,03 80-100 15.5-25 20 Chemical scCOo/Hy 80-100 oxidation of carbon monoxide [96]
Pd/SBA-15 40 8.5 3-16 Chemical scCOo/Hy 40 reduction of 4-nitrophenol to 4- [94]
pure Hy aminophenol
PtCuO/Ce0,/a-Al,03 80 15.5 20 Chemical scCOo/Hy 80 oxidation of carbon monoxide [162]
Ru/SBA-15 80 14 2 Chemical scCOo/Hy 150 hydrogenation of benzene and [92]
limonene
Pd/oxides 100-200 25 1 Chemical scCOo/Hy 100 (chemical) N-alkylation of amines with alcohols [161]
Cu, Pt, Sn/SiO, Thermal (chemical) 200 (thermal)
scCO,
(thermal)
Pt/y-Al,03 80 15.5 20 chemical scCOo/Hy 80 oxidation of carbon monoxide [971
Pt, Ru, Ni/rGO 60-80 10-13.5 1-2 chemical scCO2/Hy 80-250 (scCOs/ hydrogenation of limonene [88]
Na/Hy Hy)
200-400 (No/Hy)
PtPd/SBA-15 50 150 2 chemical scCOo/Hy 50 hydrogenation of levulinic acid (LA) [98]
to y-valerolactone (GVL)
PtRu and PtCu/ 60-80 13-13.5 1-4 chemical scCO»/Hy 80-200 (scCOy/ hydrogenation of furfural [95]
SBA-15 No/Ha Hy)
200-400 (No/H,)
Pd/a- Al,03 90 27.6 1 chemical scCO»/Hy 90 Suzuki-Miyaura Cross Coupling [164]
Reactions
Pd/MWCNT 90 27.6 1 chemical scCOo/Hy 90 Suzuki-Miyaura Cross Coupling [165]
Reactions
Pd/SBA-15 80 17.2 1 chemical scCO,/Hy 80 Suzuki-Miyaura Cross Coupling [166]
Reactions
Pt, Pd, and bimetallic 40-70 N/A 0.5 chemical scCOo/Hy N/A hydrogenation of furfural [122]
PtPd /porous carbon
Pt/Al,03 80 15.5 20 chemical scCOo/Hy 80 oxidation of carbon monoxide and [163]

nitrogen monoxide
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Table 5
Summary of literature studies on electrocatalysts prepared by SFRD.
Catalyst Temperature Pressure  contact Reduction Reduction Reduction Application Ref.
time method medium temperature
Q) (MPa) (min) Q)
Pd/MWCNT 80 N/A 5-10 chemical Hs/scCO, 80 ORR [168]
Pd/MWCNT 80 N/A 5-10 chemical Hy/scCO4 80 ORR [169]
Pt/MWCNT 200 12 60 chemical Hjy/s¢CO, 200 ORR [170]
Pt/GS, Pt/CB 200 12 90 chemical Hs/scCO, 200 ORR and methanol [172]
oxidation reaction
Pd/PG, Pd/RGO, 50 18 300 chemical Dimethyl 50 Formic acid and [173]
Pd/CNT, Pd/CB amine borane methanol oxidation
reaction
Pt/Vulcan 70 24.2 24h physical scCO4 140 ORR [174]
Pt/Vulcan 50 13.2 24 h physical scCO, 120 ORR [175]
PtRu/CNT 200 8 15 chemical Hs/scCO2 200 Methanol oxidation
reaction
PtRu/MWCT, PtCu/MWCNT, 200 10.1 60 chemical Hy/scCO- 2(70 for PtAu/ Methanol oxidation [108]
PtAu/MWCNT, PtPd/MWCNT (70 for PtAu/ MWCNT)00 reaction
PtNi/MWCNT MWCNT)
PtFe/HSG 60 30 30 chemical Borane-THF 80 ORR [178]
CeO,/YSZ NA NA NA chemical H30/5¢CO, NA Solid oxide fuel cells [132]
Ce0,/YSZ 60 10-15 30 chemical H50/5¢CO5 250-300 Solid oxide fuel cells [179]
Pt/CNT 200 10 60 chemical Hy/scCO, 200 CO,, reduction [193]
Pd/CNT 200 10 60 chemical Hy/scCO, 200 CO, reduction [194]
Cu/CNT 200 10 60 chemical Hs/scCO2 200 CO,, reduction [195,
196]
Au/graphene, Au/MWCNT 50 10 60 chemical Dimethyl 50 Glucose sensor [197]
amine borane
Pd/CNT 50 10 120 Chemical Dimethyl 50 Glucose sensor [198]
amine borane
Pd/graphene 50 10 120 Chemical Dimethyl 50 Glucose sensor [199]

amine borane

(composition and surface chemistry) of supported metal nano-
composites prepared by SFRD. Variety of metal complexes (Cu(hfac)s,
Cu(tmhd),, Pt(hfac),, Sn(hfac),, and Pd(hfac)s), oxide supports (SiO,
CeOo, Fey03, TiO9, and ZrOs), and different composition of reactive
medium including scCOy/ethanol and scCOy/Hy were used to prepare
the metal nanocomposites. The catalytic performance of prepared ma-
terials was tested in N-alkylation reaction of amines with alcohols. The
results showed that the physical properties of the prepared materials
especially the PS of supported nanoparticles affects directly the catalytic
activity and reaction yields.

Supported platinum NPs prepared by SFRD have been studied for
oxidation of carbon monoxide. Garrido et al. [96] synthesized Pt NPs by
adsorption of the metal complexe from scCO; phase on SnO; coated
Al,03 followed by reduction by adding Hj. A higher dispersion of Pt NPs
(PS of 3.2 nm) and superior activity towards oxidation of carbon mon-
oxide was observed for the catalysts prepared by SFRD compared to a
catalyst prepared by wet impregnation in which the PS was 27 nm. In
another study, PtCuO NPs were formed on CeO, coated a-Al;O3 sponges
via simultaneous SFRD of Cu(thd), and Pt(cod)(me), from scCO- and
reduction by adding Hp to the supercritical medium [162]. The catalysts
with different composition of active layer were tested for oxidation of
carbon monoxide showing an activity two times as higher than the
catalyst prepared by conventional wet impregnation method due to
higher dispersion of copper species in ceria layer in the catalyst prepared
by SFRD as compared to the one prepared by the conventional wet
impregnation method. The higher dispersion led to an increased
reducibility of Cu species as evidenced by temperature-programmed
reduction (TPR) experiments, which improved -catalytic activity.
Comparing the TPR profiles of the catalysts showed a clear shift of
reduction peaks to lower temperatures for catalyst synthesized by SRFD
as compared to the reduction profile of the catalyst prepared by wet
impregnation.

Recently, Casapu et al. [97] studied the effect of synthesis method of
Pt/y-Al,0O3 catalysts on the PS and the PSD and their influence on the
hysteresis behavior of the catalyst during oxidation of carbon monoxide.
The catalysts were prepared by incipient wetness impregnation, flame
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spray pyrolysis, and SFRD. The lowest light-off temperature (50% con-
version of CO) was observed for the catalysts prepared by SFRD with
average PS of 2.1 nm and a narrow PSD. The mean PS of Pt NPs in the
catalysts prepared by wet impregnation was lower than those of SFRD
ones. The results showed that the combination of a narrow PSD and the
presence of slightly larger Pt NPs led to a good catalytic performance
which was observed in the case of catalysts prepared by SFRD. In
another study performed by the same research group, it was shown that
the catalysts prepared by incipient wetness impregnation exhibit fast
sintering behavior due to the very small Pt PS (PS<2nm). However, the
catalysts prepared by advanced methods such as SFRD and flame spray
pyrolysis with slightly larger Pt NPs showed a significant deceleration of
the noble metal sintering rate [163].

Morere et al. [92] successfully synthesized uniformly distributed Ru
NPs on SBA-15 as the support using scCO,. Three different approaches
including deposition in scCO, followed by reduction in No/Hj at at-
mospheric pressure, SFRD using Hj, and SFRD using ethanol were used
to prepared SBA-15 supported Ru nanoparticles. In all catalysts, a ho-
mogenous particle distribution was obtained. Very small PS of Ru NPs
was observed in the case of using only scCO, without Hp. However,
larger Ru NPs were obtained from Hj assisted SFRD in the form of
nanorods. Using ethanol assisted SFRD led to larger Ru loading in form
of nanowires. The results showed that the catalysts prepared in
scCOy/Hy were more selective towards the intermediate product
cyclohexene during hydrogenation of benzene compared to the com-
mercial Ru/C catalyst. The same catalyst showed a superior activity in
hydrogenation of limonene resulting in high yields of product p-men-
thene. In another study, they synthesized Pt, Ru, and Ni NPs on reduced
graphene oxide (rGO) using SFRD in scCO, with and without adding Hy
to the supercritical medium. The size of obtained different metal NPs
was in the range of 2-15 nm depending on the metal, methodology and
metal loading. Pt/rGO and Ru/rGO prepared by SFRD in scCO2/H;
showed high yields and selectivities to p-menthene during partial hy-
drogenation of limonene [88].

Sanchez-Miguel et al. [95] studied the hydrogenation of furfural to
furfuryl alcohol in scCO5. PtRu and PtCu bimetallic NPs were deposited
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on SBA-15 via both simultaneous and sequential routes followed by
different chemical reductions including scCO3/Hz and Ny/Hjy in atmo-
spheric pressure. Larger NPs were obtained via reduction in scCO5/H;
compared to the impregnation/reduction methodology. The adding of
Cu and Ru to Pt led to a decrease in catalytic activity but an increase in
the selectivity to furfuryl alcohol. Recently, Hu et al. [122] used SFRD to
synthesize monometallic Pt and Pd and bimetallic PtPd NPs on a porous
carbon fabricated from biomass waste sorghum. The catalysts were
prepared by deposition of (Cp)Pd(allyl) and Pt(cod)(me), from scCOy
followed by reduction of the metal complexes into metallic form by
adding Hj to the supercritical medium. The materials showed signifi-
cantly higher performance in terms of conversion and selectivity in
hydrogenation reaction of furfural compared to the commercial ones. It
was shown that the yield obtained by 3 wt% Pd/C catalysts was 7 times
higher than that of commercial Pd/C with 5 wt% metal loading. The
results demonstrated that using SFRD and biomass derived carbon
support led to consume smaller amount of precious metals for the syn-
thesis of the catalysts but higher catalytic performance compared to the
commercial catalysts.

Qiao et al. [98] demonstrated that the catalytic properties of bime-
tallic PtPd NPs supported on SBA-15 are strongly affected by the
impregnation method and type of solvents used. It was shown the cat-
alysts prepared by SFRD exhibited high activity towards hydrogenation
of levulinic acid to y-valerolactone with a perfect selectivity compared to
the ones prepared by impregnation in organic solvents such as toluene
and THF. It was shown that organic solvents led to larger metallic
nanoparticles as compared to the ones obtained by SFRD method,
resulting in lower dispersion and conversion. Blockage of pores by
agglomeration was also another reason for lower activity hindering the
transport of reactants and products to and from active sites to the fluid
phase. The catalyst prepared in n-pentane showed a similar activity to
the one prepared by SFRD indicating that similar catalytic properties can
be obtained if an organic solvent with similar properties to scCO; is
chosen. In case the catalysts prepared by SFRD, it was demonstrated that
Pt:Pd molar ratios in the nanoparticles affect the catalytic conversion as
the catalysts with Pt:Pd ratios of 1:1 and 1:3 showed higher activity
compared to the ones with ratios of 3:1, 0:1, and 1:0.

It can be concluded that preparation of supported metal NP catalysts
using SFRD leads to catalysts with higher activity than the ones prepared
by conventional methods such IWI and FSP. Furthermore, SFRD offers a
sustainable green methodology in which one can obtain easily the
desired physical and chemical properties of the nanocomposite through
playing with the type of metal, type of organometallic complex, reduc-
tion methodology, type of support and condition of SCF including
temperature, pressure, and the composition of the medium.

7.2. Electrocatalysis

7.2.1. Fuel Cell Applications

Fuel cells are promising devices for green and efficient electricity
production. However, they have expensive components such as elec-
trocatalysts that have high precious metal loadings, membranes for
permeation of specific ion(s) and gas diffusion layers that are designed
for efficient transport of reactant gases and liquid products evolved.
Better and cheaper electrocatalysts are definitely needed to decrease the
cost and increase the performance and SFRD technology may enable the
development of such materials.

Ye et al.,, prepared Pd NPs on MWCNT using SFRD for oxygen
reduction reaction (ORR). Adsorption of palladium hexa-
flouroacetylacetonate hydrate (Pd(hfa);.xHoO) metal complex on
MWCNTs was carried out at 80°C and 8 MPa followed by chemical
conversion by injection of Hy [167,168]. Highly dispersed Pd NPs with
5-10 nm PS were obtained on the surface of the MWCNTs with a Pd
loading of 10 wt.%. O, saturated cyclic voltammograms (CV) showed a
cathodic current at 0.5 V (vs. Ag/AgCl) attributed to O reduction with
onset potential shifted to more positive potentials when compared to
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literature showing the high electrocatalytic activity of Pd/MWCNT
[169]. 14 h of stability tests showed no degradation in current indicating
high stability. Same group also prepared Pt/MWCNT electrocatalyst
with methanol as co-solvent to dissolve Pt(acac), in scCO5 at 200°C and
8 MPa followed by injection of Hy [170]. Uniform dispersion of Pt NPs
was achieved with PS in the range of 5-10 nm at a Pt loading of 25 wt.%.
Tafel slope for Pt/MWCNT was determined as -21 mV/decade which
was lower than the Tafel slope of the electrocatalyst prepared by elec-
trodeposition signifying faster kinetics [171]. Exchange current density
of Pt/MWCNTSs was one-order-of-magnitude higher than the commercial
Pt/C electrocatalyst at a lower Pt loading indicating that SFRD resulted
in highly active electrocatalysts. The electrocatalyst also showed high
performance toward methanol electrooxidation.

Zhao et al. prepared Pt and Pd NPs on various supports for direct
methanol fuel cells (DMFCs) [172,173]. Pt(acac), was dissolved in
scCO, with the aid of methanol and adsorbed on graphene sheet (GS)
and Vulcan (CB) supports at 200°C and 12 MPa for 1.5 h followed by
conversion with the injection of Hy [172]. Similarly, Pd(hfa), was dis-
solved in ethanol and adsorbed and simultaneously converted to Pd NPs
on pristine graphene (PG), reduced graphene oxide (RGO), MWCNT
and, CB supports at 50°C and 18 MPa with the addition of dimethyl
amine borane (CoH7BN) as reducing a [173]. Dispersed Pt and Pd NPs
with similar PS were obtained on GS, CB and CNT with little agglom-
eration caused by the addition methanol. Pd NPs on PG were highly
dispersed with worm-like unique shape indicating support-solvent
interaction is important for the PS and shape. Electrochemically active
surface area (ESA) of Pt/GS was twice of the ESA of Pt/CB 19.2 m? g’1
due to smaller PS providing more accessible electrochemical active sites.
On the other hand, Pd/PG electrocatalyst had a remarkable ESA of 115.0
m?/g which was substantially higher than the ESA of Pd/RGO, Pd/CNT
and Pd/CB. Pd/PG electrocatalyst also showed enhanced performance
for methanol and formic acid oxidation perhaps due to unique shape of
Pd NPs. Mass activities of both Pd- and Pt-based electrocatalysts were
higher than the literature values indicating that SFRD is an effective tool
for the preparation of highly active electrocatalysts.

Erkey’s group investigated the preparation of electrocatalysts via
SFRD with different metal complex conversion routes [174,175]. Bayr-
akceken et al. prepared Pt/Vulcan composites using Pt(cod)(me), as Pt
metal complex by two different routes; (i) adsorption at 70 °C and 24.2
MPa followed by thermal reduction under flowing N» at 200 °C, and (ii)
adsorption at 70 °C and 13.6 MPa followed by thermal conversion in
scCO; at 140°C and 31 MPa [174]. The Pt loadings were determined as 9
wt.% for route (i) and 15 wt.% and 35 wt.% for route (ii). Conversion in
scCO; is beneficial for efficient utilization of the high-priced metal
complexes since all of them can be adsorbed and converted on the
support while allowing one pot synthesis. Moreover, in either case ho-
mogeneously distributed Pt NPs were obtained on Vulcan with small PS
(1.2, 1.3 and 2 nm for Pt loadings of 9 wt.%, 15 wt.% and 35 wt.%,
respectively) indicating the effectiveness of conversion in scCO». High
ESA values were obtained from the prepared electrocatalysts as 173, 125
and 87 mz/gpt. For Pt loadings of 9 wt.%, 15 wt.% and 35 wt.%,
respectively which was inversely correlated with the PS as expected.
Later, Bozbag et al. also investigated the effect of different conversion
routes on the ORR activity of Vulcan supported Pt electrocatalysts pre-
pared via SFRD [175]. Adsorption of Pt(cod)(me); was carried out at
50°C and 13.2 MPa followed by conversion by several different routes;
(i) thermal conversion at 200°C under flowing Ny, (ii) thermal conver-
sion in scCO5 at 120°C and 26.9 MPa, and (iii) chemical conversion at
200°C under flowing Hy. Average PS increased as in the order of route(i)
>route(ii)>route(iii). Hy assisted SFRD route (ii) showed the highest
electrochemical and activity values as 92.2 m? g~! and 0.11 A mg/Pt,
respectively. On the other hand, highest power density and Pt utilization
were obtained for route (i) as 190 mW/cm and 380 mW/mgpy,
respectively.

SFRD technique was also extended to prepare supported multi-
metallic NPs. The activity of bimetallic NPs depends on the metal
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concentration, morphology, and atomic ordering. The technique can
provide good control over these properties and exciting materials can be
prepared for different applications. Lin et al. prepared bimetallic PtRu/
CNT electrocatalysts using simultaneous SFRD for methanol electro-
oxidation reaction [176]. Pt(acac), and Ru(acac), were dissolved in
scCO5 with the aid of methanol and adsorbed on the CNTs at 200 °C and
8 MPa followed by reduction via Hy injection. PtRu with PS around 5-10
nm were obtained on the surface of CNTs. Electrocatalysts showed
promising activity for methanol electrooxidation which was determined
through a higher If /I;, value and lower onset potential for methanol
oxidation. PtRu/CNT also exhibited higher activity than that of the
Pt/CNT (also synthesized using SFRD). Ru introduction promoted the
oxidation of the strongly bound adsorbed CO on Pt as proposed in the
literature [177]. Moreover, PtRu electrocatalyst was more stable than
the Pt electrocatalyst. Yen et al, investigated the electrochemical ac-
tivities of CNT supported PtRu, PtCu, PtAu, PtPd and PtNi electro-
catalysts prepared by the simultaneous SFRD for methanol
electrooxidation reaction [108]. PtRu catalyst had the highest activity
towards methanol oxidation over other bimetallic catalysts. Moreover,
the MWCNT supported bimetallic NP catalysts all exhibited at least 60%
higher It /1y, ratios relative to that of Pt monometallic NPs (I¢/I, = 1.4).
Zhou et al. prepared 3D honeycomb-structured graphene (HSG) sup-
ported PtFe NPs as electrocatalysts for ORR [178]. Pt(hfa); and Fe
(acac), were dissolved in scCO; with the aid of THF and subsequently
adsorbed on HSG at 60 °C and 30 MPa followed by the reduction by
injection of borane-THF mixture. PtFe alloy NPs were obtained on HSG
with smaller PSs (1.4-2.5 nm) than monometallic Pt/HSG (4.6 nm).
After electrochemical dealloying, 14.2-fold enhancement in mass ac-
tivity (1.70 A/mgpy), 11.9-fold enhancement in specific activity (1.55
mA/cm), and higher durability was obtained when compared to that of
Pt/C catalyst.

Thin films have been used in wide variety of electrochemical appli-
cation, however, research on thin films prepared by SFRD technique
focused mainly on solid oxide fuel cell applications. Watkins and his co-
workers conducted several studies on supercritical deposition of thin
films for solid oxide fuel cell applications [179-181]. Bassat et al
deposited undoped ceria (CeO3) films on both sides of the YSZ electro-
lytes as indicated in section 4 [179]. A consistent trend of decreasing
polarization resistance was obtained with increasing HyO/Ce ratio.
Moreover, the polarization resistance of undoped CeO films were
similar to those obtained with doped CeO,. Authors focused on opti-
mizing the SFRD parameters of undoped CeO; films in their next study
[180]. The effect of metal complex concentration, water content, tem-
perature, pressure, and deposition time were explored using a cold wall
reactor. Decreasing the stage temperature from 300°C to 250°C in SFRD
did not significantly affect the polarization resistance. The previous
findings of decrease in polarization resistance and smoother and denser
films with high HyO/Ce ratios were verified in this study as well.

7.2.2. COg Electrolyzer Applications

Increasing CO levels in the atmosphere caused by the continuous
consumption of fossil fuels lead to global warming [182,183]. Electro-
chemical conversion of CO; to value-added carbon products is attracting
a lot of interest in the last decade [184-192]. Recently there are also
some efforts to extend the SFRD technology to preparation of highly
active CO; electroreduction electrocatalysts. Rincon’s group extensively
investigated supported metal NPs via SFRD for CO electroreduction
[193-196]. Jimenez et al. prepared Pt, Pb and Cu supported CNT elec-
trocatalysts via SFRD at 200°C and 10 MPa using Pt(acac)s, Pb(acac),, or
Cu(acac), as metal complexes with methanol as co-solvent to dissolve
the metal complexes followed by reduction by injecting Hy. Pt NPs were
obtained with a bimodal PSD (3-4 nm and 8-9 nm) on the inner and
outer surface of the CNTs [193]. Bimodal PSD was a result of trapped Pt
NPs on the inner surface resulting in smaller PSs. As in the case of Pb,
large NPs were observed with 30% of the NPs greater than 100 nm in
size which was attributed to non-optimum conditions in SFRD [194]. On
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the other hand, Cu NPs were successfully deposited on the surface of
CNTs and their sizes were in the range 2-5 nm [195,196]. Major product
of Pt and Pb for CO5, electroreduction was formic acid whereas for Cu it
was CO. Moreover, methane production on Pt was favored which was
determined as the second major product while on Pb electrocatalyst CO
was the second major product. On Cu electrocatalyst formic acid was the
second major product. Methane yields of Pb and Cu electrocatalyst was
nearly the same. In all prepared electrocatalysts a small fraction of al-
cohols was obtained.

7.3. Sensors

Chang group extensively investigated the glucose sensing ability of
different metal-carbon composites prepared via SFRD [197-199]. Wu
et al prepared Au/graphene and Au/CNT composites using
HAuCl4.3H20 as precursor with methanol as co-solvent at 10 MPa and
50 °C followed by reduction by introducing dimethyl amine-borane.
Dispersed Au NPs were obtained on the surface of graphene and CNTs
with 10 nm average PS which was significantly smaller than that re-
ported for glucose sensor applications owing to gas-like diffusivity, low
viscosity, and excellent penetration ability of scCO,. When synthesis was
done under air, Au NPs were significantly agglomerated. Glucose sensor
electrodes were prepared with the addition of BMP-TFSI ionic liquid to
improve sensing ability. Resulting electrode showed improved sensi-
tivity for glucose detection. Furthermore, composite electrode showed
good reproducibility, stability, and resistance against interfering spe-
cies. Wang et al. prepared Pd/CNT electrodes using SFRD, in a scheme
similar to that of Wu et al. with Pd(hfac), as metal complex, methanol as
co-solvent and dimethyl amine borane as a reducing agent [198]. PS of
Pd did not change significantly by the increasing Pd loading (~5 nm).
Synthesis in scCO; resulted in high dispersion of Pd NPs tightly anchored
on CNT surface as evident from the TEM images.Pd/CNT electrode
prepared by SFRD showed higher detection sensitivity towards glucose
when compared to the one prepared via conventional deposition route.
Later, Wang et al. prepared Pd/graphene nanocomposites with SFRD for
glucose sensor applications [199]. Deposition process was the same as
their previous study [198]. Highly dispersed Pd NPs were obtained on
graphene surface with PSs in the range of 3-5 nm. Electrodes were
modified with ionic liquid incorporation which improved the sensing
performance of Pd/graphene composites. Constituent anions of the
incorporated ionic liquid determined the electrochemical sensing
performance.

8. Conclusion

SFRD is a promising process intensification technique for synthesis of
a wide variety of nanostructured materials such as films, supported
nanoparticles and metal exchanged zeolites. The enhanced mass transfer
characteristics of SCFs coupled with high solubilities of reducing gases in
SCFs provide many advantages related to equipment size and process
time minimization over conventional techniques. The morphology and
physico-chemical properties of the final material depend on a wide va-
riety of factors such as the interaction of the metallic complex with the
surface in the presence of the SCF, the reactions of the metal complexes
on the surface in the presence of the SCF as well as the mass transfer
processes for the metallic complexes occurring at various stages of the
deposition process. Studies on the fundamental aspects of these phe-
nomena are very rare and therefore our understanding of such phe-
nomena is very limited. Studies on the comparison of the properties (i.e.,
catalytic activity and selectivity, optical properties) of the materials
obtained by SFRD with the properties of the materials prepared by
conventional methods are lacking and necessary for further develop-
ment of this technology. With the recent developments on using SCF
technology on an industrial scale for manufacturing of materials such as
aerogel blankets and impregnated wood, SFRD to prepare supported
metal nanostructures with its process intensification characteristics
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encompassing both process miniaturization and process integration has
great potential for application on an industrial scale.
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