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Abstract: The majority of industrial chemical processes—from production of organic and inorganic

compounds to air and water treatment—rely on heterogeneous catalysts. The performance of these

catalysts has improved over the past several decades; in parallel, many innovations have been

presented in publications, demonstrating increasingly higher efficiency and selectivity. One common

challenge to adopting novel materials in real-world applications is the need to develop robust and

cost-effective synthetic procedures for their formation at scale. Herein, we focus on the scalable

production of a promising new class of materials—raspberry-colloid-templated (RCT) catalysts—that

have demonstrated exceptional thermal stability and high catalytic activity. The unique synthetic

approach used for the fabrication of RCT catalysts enables great compositional flexibility, making

these materials relevant to a wide range of applications. Through a series of studies, we identified

stable formulations of RCT materials that can be utilized in the common industrial technique of

spray drying. Using this approach, we demonstrate the production of highly porous Pt/Al2O3

microparticles with high catalytic activity toward complete oxidation of toluene as a model reaction.

Keywords: heterogeneous catalyst; raspberry colloids; templating; spray drying

1. Introduction

Chemical production accounts for nearly 25% of energy use worldwide and relies
heavily on catalysis, which is used in the synthesis and processing of over 80% of all manu-
factured products [1–3]. The majority of these processes rely on heterogeneous catalysts,
whose phase is distinct from that of reactant mixture (e.g., a solid catalyst in a gaseous
or liquid medium). Heterogeneous catalysts are critical in numerous types of chemical
synthesis, green technologies, and air pollution abatement, to name a few [4]. However,
commercial heterogeneous catalysts employed today tend to exhibit challenges such as mi-
gration and sintering of nanoparticles under operational conditions and, consequently, the
gradual loss of performance, or alternatively encapsulation of the particles in the support
matrix material, rendering them stable but difficult for reactants to access. These drawbacks
are typically mitigated by loading the catalyst with an excess quantity of nanoparticles,
which are often the most expensive component, for example when produced from Pt group
metals (PGMs). The design of a platform technology capable of producing active and
stable catalytic systems of varying compositions is essential to improving sustainability,
minimizing energy consumption by lowering the required operating temperatures, and
improving their environmental impact by reducing waste. An appropriate approach would
enable systematic variation and optimization of the individual structural and compositional
parameters of the resulting materials, as opposed to sequentially producing one-of-a-kind
novel promising compositions, which often entails laborious synthetic procedures [5,6].

Over the last few decades, novel heterogeneous catalysts and synthesis methods have
been developed to optimize catalytic performance through the control of their structural
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and compositional features [7–9]. For example, the wet chemical hydrothermal method was
used to introduce various nano-arrays consisting of 1D nanorods, nanowires or nanotubes
directly on 3D monolithic substrates resulting in rationally designed highly efficient cat-
alytic materials [8]. Another novel catalyst group consists of colloid based porous materials
(also known as three-dimensional macroporous structure, 3DOM), which possess many
advantageous characteristics and degrees of freedom allowing them to be designed for a
wide range of catalytic applications including oxidation and reduction of harmful industrial
and automotive byproducts, chemical fuels catalysis, biomass upgrading, photocatalysis,
and water splitting [9]. Recently, the raspberry colloid templating (RCT) approach was
introduced to produce 3DOM catalysts consisting of a fully interconnected porous metal
oxide network with metal nanoparticles precisely positioned at the pore/matrix interface,
as demonstrated for monometallic Pt, Pd, Ag, Au, and bimetallic Pt/Pd, Ag/Au NPs
supported on a variety of metal oxides, including SiO2, TiO2, Al2O3 [10–13]. The NPs are
partially embedded in the metal oxide matrix to provide them with exceptional thermal
and chemical stability while partially exposed to the pore interior, which allows their
accessibility for reagents. In addition, the resulting macroporosity of these catalytic systems
imparted through colloidal templates in the range of 100–400 nm significantly improves
material performances arising from the mass transfer enhancement by the macroporous
structures, where reactants or adsorbates are quickly transported from the outer surface into
the inner pores of the structures. The catalysts have been compared to commercial catalysts
and demonstrated improved performance (substantially reduced PGM incorporation and
temperatures required) for various reactions (oxidation and hydrogenation tested so far).
Yet, another benefit of this method is its modularity which has led to the development of a
wide variety of catalyst compositions [14,15].

While promising, few new catalysts, including RCT, have made the leap from the labo-
ratory to industry, most often because scalable synthetic techniques are not yet available for
the specific materials. Here, we explore the possibility to apply the standard manufacturing
technique of spray drying (SD) to the production of RCT-based microparticles. We have
chosen SD as it is a well-known scalable and cost-effective technology used for the bottom-
up production of organic, inorganic, and composite powders with controllable size (from
nm to µm) and morphology, determined through the choice of process parameters and
droplet composition [16,17]. While SD is frequently used in industrial processes including
the production of dried foods [18], chemicals, fertilizers, luminescent materials, oxides,
ceramics, and pharmaceuticals [19,20], there are a limited number of examples of SD porous
catalytic particles prepared using colloid templating [21–23]. One of the possible challenges
is the number of components required in a templating method (templating colloid, matrix
precursor, and solvent) as the interactions between these components as well as other
parameters such as solid content and slurry viscosity will influence the production and
final morphology of the SD microparticle.

In this study, we use the RCT approach to synthesize spray dried catalytic microparti-
cles consisting of Pt NPs supported on Al2O3 (SD Pt/Al2O3). We identified the optimal
spray drying conditions and SD slurry formulations to produce uniform, highly porous
SD microparticles with Pt NPs uniformly distributed throughout the structure, uniquely at
pore/matrix interface, with none fully encapsulated within the matrix. The shape of re-
sulting microparticles is typically toroidal as determined by the multiple components with
different sizes and physical properties in spray drying formulation. In contrast, micropar-
ticles fabricated from a single component, boehmite nanoparticles (precursor to alumina
metal oxide matrix), were typically spherical. We found that loading of Pt NPs on the
surface of polymer templating colloids significantly influences the surface morphology of
the resulting SD microparticles, attributed to the change in surface charge of the raspberry
colloids (polystyrene (PS) spheres decorated with Pt NPs) which in turn destabilizes the
interparticle interactions in SD slurry. Our optimized SD process enables the production of
hundreds of grams of RCT-based powders per batch with yields of 60–70%. We demon-
strate that the SD microparticles have comparable catalytic activity in the oxidation of
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which is negatively charged above its isoelectric point around pH = 3. While this negative
charge is necessary for the electrostatic attraction between the nanoparticles and the posi-
tively charged amidine groups on the PS surfaces, it also reduces the overall surface charge
on the Pt@PS colloids in a Pt-loading-dependent manner.

Table 1. Characterization of the building blocks used to synthesize SD microparticles.

Colloidal Particle Size and Size Distribution (nm) Charge (mV)

PS colloids 203.7 (±11.2) +46.3
Pt Nanoparticles 2.8 (±0.5) −4.5

Boehmite (Bh) 60 (±17) 30
0.4Pt@PS 203.7 (±11.2) +42.5
0.8Pt@PS 203.7 (±11.2) +36.7
1.6Pt@PS 203.7 (±11.2) +21.5

The Pt loading thus affects the stability of the slurry which also includes positively
charged Bh particles, whose measured charge was +30 mV. The size of the Bh particles,
measured to be in the range of 60 to 80 nm, is also important as they must fill the interstices
of the templating colloids. The Bh nanoparticles were converted to a matrix supporting
the NPs and consisted of the desired γ-Al2O3 phase after calcination at 500 ◦C [11]. From
our initial studies, the optimal mass ratio of PS to Bh was determined to be in the range
of 1.0–1.25. Deviation from this optimum resulted in undesirable structuration of the SD
microparticles, with excess Bh in the slurry resulting in compromised porosity or formation
of shells, while an insufficient amount resulted in the formation of microparticles with an
overall reduced size and incomplete pores [16].

Figure 3 shows SEM images of SD microparticles fabricated using unmodified amidine-
capped PS and the same PS decorated with three different amounts of Pt NPs (0.4, 0.8, and
1.6 wt.%). To determine the effects of Pt NPs loading independently of other SD parameters,
the SD slurries were kept at 10 wt.% solids, providing similar dynamic viscosities of ~2cP
(measured at 60 RPM) and the same spray drying parameters described in the Materials
and Methods section. The majority of SD microparticles had an average size in the range
of 5–10 microns with a large size distribution, with the final microparticle size and size
distribution largely depending on spray drier parameters and process conditions such as
nozzle size, inlet temperature, and flow rate [25].

As can be seen from high magnification images in Figure 3 (bottom row) and Figure 4,
the average surface pore diameter (Dsp) and the number of pores per surface area (surface
porosity factor, fp) strongly depend on the charge of the templating colloids. For an
open surface morphology, both the templating particles and the matrix precursor must
have a similar surface charge. In our system, the templating colloids and Bh particles were
positively charged, though the modification of PS colloids with Pt NPs resulted in a decrease
of their positive charge which has an effect on SD particle morphology, as mentioned above.
For SD Al2O3 and SD 0.4Pt/Al2O3 the Dsp values were somewhat similar, 146.7 (±9.8) nm
and 160.6 (±13.7) nm, respectively (Figure 4, gray columns), likely due to the similarity in
the charge of the respective templating colloids: 46.3 mV for unmodified amidine capped
PS and 42.5 mV for 0.4Pt@PS. Further increase in the Pt loading significantly reduced the
charge of the raspberry templating colloids and, consequently, the surface pore diameter
in resulting SD microparticles: Dsp = 116.2 and 65.7 nm for the particles with 0.8 and
1.6 wt.% Pt, respectively (Figure 4, gray columns). In addition to surface pore diameter, the
number of pores per surface area had an even larger dependence on templating colloid
charge as the reduction of positive charge leads to more Bh particles packing between the
templating colloids and thus a larger pore spacing. Determination of the surface porosity
factor, fp, (pore area/total area) was performed by selecting a rectangular area of 1 square
micron and measuring the number of pores within that area. The total area of the pores was
then calculated by approximating the pores as circles and the porosity factor is calculated
as the total area of the pores divided by the area of the rectangle. For SD Al2O3 and SD
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charge threshold for effective electrostatic repulsion between colloids and boehmite to yield
open surface morphology is around 30 mV. Interestingly, the reduction in pore diameter
and partial shell formation was observed only on the surface of SD microparticles, while
the internal porosity was open as desired even for SD 1.6Pt/Al2O3 (Figure 2d–e). For
all SD microparticles, the internal pore diameter was measured to be ~180 nm which is
smaller than that of the templating PS spheres by ~10% due to the shrinkage of the Al2O3

that occurs during thermally induced template removal. The average diameter of Al2O3-
supported Pt NPs was 3.2 ± 0.7 nm, which is very similar to that of the initially synthesized
Pt NPs (2.8 ± 0.5 nm, Figure 2f and Table 1).

Finally, the SD microparticles of larger sizes (~10 µm) demonstrate buckled, toroidal
shapes. The deviation from spherical shape was readily observed in other studies, es-
pecially in multicomponent systems [16,20,26,27], wherein various parameters such as
process conditions (e.g., temperature, injection rate) and physicochemical properties of
the colloidal suspensions can introduce instabilities and distort the stable spherical shape
to produce a plethora of shapes including buckled spheres, deflated balloons, donuts,
etc. While the majority of studies on the physical origin of these instabilities or buckling
focus on SD slurries with single type of colloidal particles [26], much less is known about
buckling effects in multicomponent systems demonstrating complex interplay between
different physicochemical parameters of each component [27,28], especially when one of
the components is also a composite material (like the raspberry particles used here). The
problem is complex by nature as it entails the hydrodynamics of jets and the drying of
colloidal suspensions, during which colloidal interactions tend to play a crucial role.

During the drying process, solvent evaporation from the droplet induces a capillary
flow to the gas−liquid interface and emerging interparticle capillary forces self-assemble
the particles into closely packed arrangements at the droplet-air interface where they form
a “colloidal shell”. The final shape of the microparticles depends on the structural stability
and permeability of this shell: stable, denser shells with less permeability for hot air will
buckle to form donut-like structures, while a dynamic, liquid-like shell with high perme-
ability will promote the further isotropic shrinkage of the droplet upon drying and produce
spherical particles [26]. Interestingly, the fabrication of SD microparticles using the same
spray drying parameters without templating colloids resulted in the fabrication of spherical
particles instead of donuts (Figure A1). The resulting spheres have similar size and size dis-
tribution which is not affected by solid content of the slurry (Figure A1b,c). In addition, for
templated microparticles, the size of the droplet plays an important role in the final shape
of the particles. As can be seen from Figure 3 top and bottom images and Figure A2, most
of the microparticles with ≤2 µm size have spherical shape or very minimal deformation
from the sphere. These results were observed in many other publications in which most
microparticles with micron and sub-micron size fabricated using co-assembly of templating
colloids and metal oxide precursors resulted in spherical microparticles [21,29–31].

A combination of optical characterization and focused ion beam (FIB) together with
SEM have been used previously to reveal the internal structure of 3D colloidal assemblies,
produced by drying drops fabricated via emulsification microfluidics [32], a lab-scale
technique that produces orders of magnitude fewer particles (milligram scale) than the SD
presented here. Optical microscopy of those so-called “photonic balls” showed a strong
photonic reflection peak, while FIB and SEM followed by image processing revealed a
layered morphology of the colloidal crystal with a polycrystalline, close-packed lattice at
the interface and disordered core. In contrast, the pore arrangement in the SD particles
looks qualitatively non-crystalline (Figure 3, bottom row). This can be explained by the
relative rates of assembly in the SD vs. photonic ball approaches. In general, for 3D
assembly within a drying droplet, the crystallization process is frustrated in the curved
confinement, which introduces disorder and defects into the final microparticles. The extent
of disorder depends to a large degree on the relative sizes of the droplet and templating
colloids as well as the mobility of the colloids within the droplet. Unlike the gradual
drying of particles produced by microfluidics, SD drives the assembly process at a fast











Catalysts 2023, 13, 60 12 of 16

3. Materials and Methods

3.1. Chemical Reagents

Styrene (≥99%, stabilized with 4-tertbutylcatechol), 2,2′-azobis(2-methylpropionamidine)
dihydrochloride (AAH) (97–98%), chloroplatinic acid hexahydrate (H2PtCl6·6H2O, ≥37.5%
Pt by weight), sodium borohydride (NaBH4, 98%), and polyvinylpyrrolidone (PVP, MW
10,000 Da) were purchased from Sigma Aldrich (St. Louis, MO, USA). All chemicals were
used as received. Deionized (DI) water was used for all experiments.

3.2. Synthesis of SD Powders

3.2.1. Synthesis of Building Blocks

The amidine capped PS colloids, Pt NPs, and Pt@PS raspberry colloids were synthe-
sized using published procedures [11,24].

3.2.2. Preparation of Slurry for SD

The SD slurry formulation was prepared by mixing Pt@PS colloidal solution with
aqueous dispersion of Bh (mass ratio PS/Bh = 1) and stirred magnetically for 10 min to
form desired final concentration of SD slurry.

3.2.3. Synthesis of Catalytic SD Powders

The above prepared slurry was spray dried using a Buchi B290 mini spray dryer with
two fluid nozzles having an inner diameter of 0.7 mm. The temperature at the inlet was
kept at 160 ◦C and the air flow rate at 400 L/h for all experiments. Following spray drying,
the resulting powder was calcined at 500 ◦C for 4 h at a heating rate of 10 ◦C/min to remove
the templating PS colloids and convert boehmite to γ-alumina.

3.3. Characterization

The solid contents of the solutions and slurries were measured with a moisture ana-
lyzer (Mettler Toledo, HG63 Halogen Moisture Analyzer, Columbus, OH, USA). The size
and charge of precursors (PS, Pt NP and Pt@PS) were measured by dynamic light scattering
(DLS) and zeta potential analysis was performed with a Horiba Nanoparticle Analyzer
SZ-100 (Horiba, Kyoto, Japan). Six scans were performed for each DLS measurement
and 3 scans for each zeta potential measurement. Slurry viscosity was measured with a
Brookfield viscometer with spindle 00 and the small sample adapter. Transmission electron
microscopy (TEM) images were acquired using a JEOL 2100 microscope (Japan) with an
operating voltage of 200 kV. The samples for TEM images were made by placing a drop of
the NP solution or a finely ground powder of solid sample on a TEM carbon-coated grid.
High-resolution images were taken using a Gatan Osiris digital camera (Pleasanton, CA,
USA). The size distribution of metal NPs was measured using ImageJ image processing
software (LOCI, University of Wisconsin). At least 100 individual NPs were counted and
analyzed. Scanning Electron Microscopy (SEM) images were acquired using an FESEM
Ultra55 (Zeiss, Germany). Size and morphology of the SD powders were analyzed using
ImageJ image processing software. At least 80 individual SD particles were counted and
analyzed. X-ray photoelectron spectroscopy (XPS) measurements were performed using
Thermo Scientific K-Alpha (Waltham, MA, USA) with 180◦ double focusing hemispherical
analyzer with 128-channel detector. A k-alpha microfocused monochromator was used as
the X-ray source.

3.4. Catalytic Tests

The catalytic activity of the powders was evaluated using a custom fixed bed mi-
croreactor at atmospheric pressure. Samples of ~100 mg of fine catalytic powder were
mixed with ~500 mg of quartz sand, and the mixture was loaded into a fritted quartz tube,
sandwiched by glass wool. The fritted quartz tube was custom-made with 1⁄2 diameter and
an embedded quartz frit in the middle (Finkenbeiner.com). The micro-reactor was located
in the isothermal zone of an electric furnace. The temperature of the furnace was set using
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a PID controller (The Mellen Company Inc., Concord, NH, USA). A K-type thermocouple
immersed in the catalytic bed was used to control and monitor the temperature of the
bed during the run. All of the lines before and after the reactor were heated to 130 ◦C to
prevent condensation. Prior to the experiments, the powder catalyst was dried under a
dry air flow at 150 ◦C for 30 min. Afterwards, the bed was cooled down to ~30 ◦C. All
experiments were started by flowing dry air in the microreactor to acquire the baseline
concentration. Each experiment was carried out at a gas hourly space velocity (GHSV) of
∼5000 h−1 and a total flow rate of 0.5 L/min. For each experiment, a 200 ppm toluene
gas cylinder was diluted by dry air to ~10 ppm using mass flow controllers and was fed
through the microreactor. Then, the powder catalyst was gradually heated to the desired
temperature by 1 ◦C/min. Light-off curves were obtained by monitoring the concentration
of the components in the exhaust stream using a Multigas 2030 FTIR gas analyzer (MKS
Instruments, Inc., Wilmington, MA, USA). The FTIR was equipped with a liquid-nitrogen
cooled mercury-cadmium-telluride detector and a silicon carbide infrared light source.
Baseline measurements for the FTIR were performed daily using 0.5 L/min dry air. Spectra
were recorded every six seconds with a 0.5 cm−1 resolution. MG2000 software was used to
record the spectra and analyze the gas composition.

4. Conclusions

Here, we described the scalable synthesis of porous spray-dried raspberry-colloid
templated (RCT) microparticles using spray drying. We deduced that the loading of
catalytic nanoparticles on the templating colloidal particles determines the microporosity
of the resulting SD particles, as a greater quantity of NPs reduces the positive surface
charge on the colloids, while that of the matrix precursor remains at a higher positive
value. Of the different loadings tested, we determined that 0.4 wt.% Pt generated the
most open surface porosity, which is critical to catalytic activity, as we demonstrated when
comparing SD 0.4Pt/Al2O3 and SD 1.6Pt/Al2O3 microparticles. The ones with 0.4 wt.%
loading showed much higher activity towards the model reaction of toluene oxidation than
1.6Pt/Al2O3 microparticles due to the closed surface pores for the higher weight percent
SD particles, despite 4 times higher loading of catalytic nanoparticles. Since increasing the
NP loading reduces the microparticle quality, further research can be conducted to optimize
the synthetic parameters and the Pt@PS charge, for example through adjustment of the
slurry pH or by changing the capping ligand, in order to achieve higher Pt incorporation
without disrupting the beneficial microstructure of the SD particles.

We also determined that, within the range of tested conditions (10–20% solid content),
the concentration of the slurry does not have a significant effect on the size and surface
morphology of SD microparticles, as long as the charge of templating colloids is within the
right range. Likewise, the microparticle size and size distribution, yield, and morphology
remain similar, at least within this range of slurry concentrations.

The shape of the catalytic particles was toroidal, though this is another aspect that can
be explored further as the requirements can differ according to application. For example,
for pharmaceutical applications, the morphology requirements may differ according to the
route of administration of the powder (e.g., oral vs. inhalation). For catalytic application,
the donut shape may be beneficial over dense spherical particles as it has larger surface
area and better mass and heat transfer properties. Other parameters which were kept
constant in these studies can also be varied in order to increase the yield, Pt loading,
and other important aspects: monodispersity of colloids, PS/Bh ratio, SD flow rate, inlet
temperature, etc. By translating these studies to industrial-scale spray dryers, it should
be possible to scale up this process even further to make RCTs relevant to a variety of
real-world applications.
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