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Hansen parameter evaluation for the
characterization of titania photocatalysts using
particle size distributions and combinatorics¥
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Titania photocatalysts have great potential as remediators of air pollution. Although various aspects of
photocatalyst synthesis, adsorption and photoactivity have been investigated, a thorough understanding
of the particle surface behavior has not yet been fully realized. In order to learn more about the principles
behind the surface behavior, we investigate the Hansen solubility/similarity parameters (HSPs) for analyz-
ing and evaluating three photocatalysts synthesized by the gas phase method, solvothermal reaction and
sol—gel method, respectively. A particle size distribution-based categorization scheme is introduced for
characterizing each material's Hansen parameters based on its interaction with a list of selected probe
liquids. The latter was deduced from particle size distributions assessed by analytical centrifugation.
Subsequent comparison of the Hansen parameters of the investigated materials shows how HSPs can
potentially be used as a model for predicting the pollutant adsorption behavior on the photocatalyst
surface. This serves as a first step in heading towards an improved understanding of the particle behavior
and translating it into a knowledge-based design, i.e., synthesis and hybridization of novel photocatalysts.

photocatalysis.> * Titania has been actively investigated due to
its versatility in the degradation of a variety of VOCs, ease of

Air pollution is a critical issue all over the world due to the
increasing use of fossil fuels, urbanization and increasing
population demands. According to the World Health
Organization (WHO), about 7 million people die yearly due to
air pollution related diseases while 91% of the world’s popu-
lation lives in areas with a higher pollutant content than WHO
guideline limits." This comes with an added cost of several tril-
lion dollars for medical treatments and environmental
damage. Air pollution remediation, thus, remains an impor-
tant topic in research. Volatile organic compounds (VOCs)
have been identified to have a severe impact on air quality and
a number of techniques have been employed to degrade them
such as liquid adsorption, thermal catalysis and
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processing, improved charge carrier separation, non-toxicity,
and possibility of composite formation.>”

Several synthesis methods are used for the preparation of
titania-based photocatalysts such as gas phase, sol-gel, and
solvothermal methods.> > Such diverse synthesis procedures
very often lead to differences in the particle surface crystalli-
nity, reactivity, size, dispersity, shape, and morphology."*
The synthesis method can be chosen based on the desired
product properties for a particular application such as liquid
phase photocatalysis,'® manufacture of thin films,"” or pig-
ments for paints to coat surfaces.'® Ignoring economic and
ecological boundary conditions that make the selection of the
best approach more complicated, the synthesis step has the
largest effect on the particle crystallinity and surface pro-
perties.” Hence, when to choose what synthesis protocol and
how to judge on the quality of the generated particles remain a
huge and ongoing challenge.

Although each synthesis procedure results in a particular
surface, products of the same base material are similar such
as titanium dioxide in the case of photocatalysts. Titanium
dioxide can exist in three crystallographic phases, namely
anatase, rutile and brookite.> The investigation of the syn-
thesis of a wide range of titania-based materials, adsorption
studies and studies on their photocatalytic efficiency have
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Fig. 1 General intuitive photocatalyst research design scheme. The
green arrow shows the intended, knowledge-based approach to particle
synthesis while the inner circular steps illustrate the conventional design
approach. The black box in the center represents the unknown world of
particle—=VOC interactions. The blue rectangle denoting HSPs shows
where Hansen parameters can assist in the pursuit of understanding the
dependence of the synthesized particles on the surface adsorption of
VOC on them.

been widely performed.>”® However, to explicitly analyze par-
ticle properties individually in dependence of synthesis con-
ditions and adsorption features is of critical importance. From
our viewpoint, as shown in Fig. 1, knowledge about the par-
ticle surface behavior, together with the input on surface
adsorption and efficiency, is the missing link (black box) that
can potentially allow us to reverse the design approach to a
more directed one (green arrow).'>?°

To analyze the surface adsorption of VOCs on titania nano-
particles, it is important to know more about their interfacial
Many analytical techniques such as electron
microscopy, X-ray diffraction, ultraviolet spectroscopy, photo-

behavior.

luminescence, and others are available and dutifully used to
characterize the particle core and surface and their reactivity
in detail. However, information obtained from these tech-
niques cannot be linked directly to the state of the dispersibil-
ity or polarity of the particles in question. In this context, a
generalized model is needed that enables linking the chem-
istry of a particle surface to its behavior under actual in situ
conditions. In principle, such a model would allow for a com-
parison of the same materials, however produced through
different synthesis methods, and eventually laboratories
around the globe independent of size characteristics and struc-
tures. This design strategy should not be limited to titania
photocatalysts alone and potentially lead to better design
choices for a vast variety of materials.>°

A number of such models have been investigated in the lit-
erature in the context of understanding disperse particle
system production and processing.’® One such model that
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relates surface behavior to its interfacial interactions is the
concept of Hansen parameters that has held up over time
quite well’" and will be explained in the next section.

Hansen solubility parameters

In 1967, Hansen came up with the concept of Hansen solubi-
lity parameters (HSPs). Originally developed for polymer—
solvent systems, the theory improved upon the solubility
model developed by Hildebrand.>* For more details on the
origin of the solubility parameters and the theoretical back-
ground, the reader is referred to textbooks and other
works.”*>®

Hildebrand used the solubility parameter §, expressed as
energy per molar volume (MPa®?), to describe the interaction
of solutes and solvents. Hansen further divided the solubility
parameter into hydrogen bonding (6y), polar (6p) and disper-
sive interactions (5p) to describe the interaction of molecules
with solvents (eqn (1)).>* Each of the three interactions are rep-
resented by an axis in the three-dimensional Hansen space
where each material has a particular location defined by its
HSP coordinates. By dividing the solubility parameter (6) into
three individual components, surface behavior could be
related directly to final product properties. Solutes having
similar HSPs seemed to be more compatible with each other
and vice versa:

6= vV 5D2 + 5132‘ + 5H2 (1)

Each material or solvent is represented by its HSPs in this
space and its volume of interaction can be represented by a
sphere. The center of this sphere represents the solubility para-
meter of the solute under consideration. In eqn (2), the
sphere’s boundaries are defined by the ratio of R, and R,
(radius of sphere) where R, is defined as:

Ry = \/4(5D2 —8p1)” + (82 — p1)” + (Srz — Spn1)’ (2)

Here, the differences between the HSPs of the solute (5pg
Sp1 611) and solvent (8p, Sp, Sipp) are used for the calculations:
RED — X 3)
Ro
Eqn (3) shows the ratio of radii R, and R, known as the rela-
tive energy difference (RED) with the boundary of the sphere
with RED < 1 showing good solvents and RED > 1 showing poor
solvents. The constant 4 was experimentally derived to represent
the data from solubility experiments in the form of a sphere.
The HSP derivation method involves dissolution of a par-
ticular solute into a number of solvents with distinct HSPs, fol-
lowed by the binary categorization of solvents into good or
poor based on their compatibility with the solute. From this
division of solvents, an empirically defined sphere of inter-
action volume is generated in such a way that all the good sol-
vents are inside, and the poor solvents are outside the sphere
boundary (Fig. 2). The basic condition for making the sphere

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Three-dimensional Hansen space. Each of the axes represents
the three contributions — §p, 6y and §p — respectively. The green sphere
at the center represents the HSPs of the particular material surrounded
by an interaction volume shown here by the chequered grey sphere. A
good solvent with RED < 1 (star), a poor solvent with RED > 1 (triangle)
and the sphere radius (R,) are shown. Any solvent within the sphere is
classified as good (R,-good) and those outside as poor (R,-poor).

is to have two good interacting solvents and one poorly inter-
acting solvent.

The boundary regions of the so-defined sphere are where
deviations are possible. This is attributed to the differences in
the molar volumes of the solvents where smaller molar
volumes lead to a lower AG™ and improve the solubility. Once
calculated properly, the HSP coordinates of a particular solute
are characteristic and can be used to relate to its interaction
with different solvents.”®

In principle, any difference in the degree of compatibility of
a solute with solvents can be used to classify the solute via
HSPs. HSPs have found considerable success in the region of
solvent selection for a variety of purposes such as green extrac-
tion solvents for separation processes.”® In the case of mole-
cule-solvent systems, the interaction of drug molecules with
DNA was predicted.>* Interestingly, the HSP concept has found
profound use in the cosmetics and pharma industries in
relation to skin permeation to various chemicals,* and in
selecting appropriate coformers for the intelligent design of
active pharmaceutical ingredient-cocrystals.”” In the case of
polymers, HSPs can be calculated based on the uptake of the
solvent into the polymer, i.e., swelling, or a difference in the
permeation rate.>*?®

HSPs for particulate systems

Although originally developed for polymer-solvent inter-
actions, HSPs can provide valuable information in particle-
solvent systems as well. In relation to particle systems, solvents
will be henceforth referred to as probe liquids (PLs).

This journal is © The Royal Society of Chemistry 2022
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The state of dispersions is of prime importance. When
making dispersions from powders, the state of particles inside
the dispersions can vary based on the concentration, dis-
persion procedure and type of material. Fig. 3 shows four
typical types of structures that particles can exist in, namely
individual primary particles (Fig. 3a — blue), agglomerates that
can be unstructured (Fig. 3b - orange) or structured (as in the
case of spray drying, Fig. 3c — orange), or aggregates (Fig. 3d —
green). Agglomerates consist of primary particles joined
together by physical forces that can be broken by sonication or
mechanical stirring. Aggregates in contrast are formed at high
temperatures and consist of necks of solid bridges of primary
particles joined together. They cannot be broken down by soni-
cation or stirring and require high intensity techniques for
comminution such as ball milling or high pressure dis-
persion.”® Subsequently, numerous combinations are possible,
i.e., aggregates can further interact with each other or primary
particles and form larger agglomerates (Fig. 3e - green).
Notably, a good strategy for the determination of HSPs for par-
ticulates would be able to consider all of these different
showcases.

Hansen calculated the HSPs of particulate materials such
as titania and carbon black by visual inspection of the particle
sedimentation behavior.”> Wieneke et al. used both visual
observation and particle sizes (measured by DLS) of the
settling dispersions of titania and hydroxyapatite nano-
particles to determine their HSPs.’® Recently, nuclear mag-
netic resonance (NMR) relaxation times of different zinc oxide
and alumina nanoparticles in 16 PLs have been used as a cat-
egorization method for HSP determination.®!

For HSP calculation, the role of a well-defined categoriz-
ation procedure is paramount. In the pursuit of coming up
with new methods that reduce subjectivity and provide ways of
clear-cut characterization, work was done to move towards
more straightforward ways of PL categorization. SUf3 et al.
developed a characterization method using accelerated sedi-
mentation in an analytical centrifuge.*” There, integral extinc-
tions (IEs) of carbon black (Printex-L, Evonik Industries) dis-
persed in various PLs across a region of interest in an analyti-
cal centrifugation (AC) measurement cell were determined fol-
lowed by a ranking based on the varying relative sedimentation
times (RST). This approach laid the groundwork for further
advancements and worked well for the chosen material.
However, difficulties in the allocation of good/poor PLs arise
when working with materials where overlapping IE profiles
were observed.*>?*

In the methods mentioned above, each technique is used to
make a PL ranking based on differences between the inter-
actions of the material and the PL. However, when it comes to
designation of PLs as either good or poor, a large degree of
subjectivity is involved in HSP calculation. All methods involve
a cutoff for designation of good or poor, and this can vary
between repeats as well as operators or labs.

To account for this issue, Stf3 et al. also proposed a non-
subjective method for good/poor scoring which comprised of a
stepwise addition of PLs until a minimum in the distance
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Fig. 3 Different states of particles inside dispersions, namely (a) primary particles, (b) unstructured agglomerates, (c) structured agglomerates, (d)

aggregates, and (e) agglomerates of aggregates.

between iteratively generated Hansen spheres was reached -
upon switching on one PL after the other as “good” sorted by
RST values.*> However, the stepwise addition of good PLs does
not always lead to the same minima of HSP values over rep-
etitions of the same experiment which make HSP derivation
difficult.®?

Recently, in the pursuit of moving towards standard prac-
tices, a technology-agnostic framework of reporting HSPs was
proposed by Bapat et al.’>® The framework allows any method
to be used for categorizing PLs and reporting HSPs, given that
care is taken of using the data to designate the PLs as good or
poor only until it is supported by sufficient evidence. For all
PLs, where the evidence is not strong enough for designation
into good or poor, the combinatorics method is used and the
HSPs calculated and reported as a range. This way of reporting
allows for the uncertainty in data to be part of the results and
can help the experimenter in making more informed decisions
about their material and method. The reporting of HSPs
according to the framework consists of the following three
aspects:

« The number of PLs used for the investigation.

« All outliers (good liquids with RED > 1 outside the
Hansen sphere/poor liquids with RED < 1 inside the Hansen
sphere) should be reported.

» The total number of tried permutations for reaching the
HSP range should be reported.

Once performed in a well-defined way, HSPs can guide the
choice of the synthesis process based on the proximity of the
HSPs of the photocatalyst tested and the HSPs of the target
VOC. It could first let one know that they may need to change
the synthesis and work with different precursors/synthesis pro-
cesses to obtain to a material with HSPs that are closer to the

13596 | Nanoscale, 2022, 14,13593-13607

target VOC. In addition, during the synthesis process, the
TiO,/C ratio could be adjusted in the case of hybrids as well as
the dopants in the case of doped photocatalysts. Titania sur-
faces covered with different types of carbon materials will have
different HSPs and can be activated using post-treatment
methods such as ultrasound. This will result in a change in
HSPs which can then be documented and form a database of
the behavior indicators of photocatalysts with different sur-
faces. In addition, one can see where the HSPs of the syn-
thesized photocatalyst are and which VOCs already lie in its
vicinity or perhaps inside its Hansen sphere. These may be
well suited for adsorption onto the photocatalyst surface.

Furthermore, the HSPs with a chosen set of PLs can be
used as a quality control check for batches of the same
material and synthesis. Repeated checks can ensure that only
photocatalysts having similar dispersibility profiles in the
same PLs and, by extension, similar HSP ranges can be chosen
for further VOC adsorption and degradation. Similarly, one
can check the shelf life, i.e., changes over time, of the hybri-
dized photocatalyst since overtime the carbon coating will be
degraded by the photocatalyst itself. This will change the
HSPs, and such surface changes can be documented easily.

In this context, we present a PL categorization methodology
based on particle size distributions (PSDs) calculated from
sedimentation velocities that were measured via AC for HSP
evaluation. We report HSPs of three photocatalysts prepared
via different synthesis routes according to the technology-
agnostic framework.>® In this way, the predictive capacity of
HSPs is highlighted and their use can be further improved
upon by systematic studies to learn more about VOC surface
adsorption as an important forerunner towards directed
photocatalyst design.

This journal is © The Royal Society of Chemistry 2022
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Experimental
Materials and methods

Materials. For the liquid phase synthesis of titania powders,
all chemical agents in the study were of analytical grade and
used without further purification. Tetra butyl titanate and sul-
furic acid were purchased from Sinopharm Chemical Reagent
CO., Ltd. Ethanol absolute was supplied by Shanghai Zhenxing
CO., Ltd. Titanium(iv) isopropoxide and Er-(NO3);6H,0
(99.9%) were provided by Sigma-Aldrich. Deionized (DI) water
was produced by a Milli-Q system (R > 18.1 MQ).

PLs used are shown in Table 1 along with their abbrevi-
ations. Further liquid properties such as density, viscosity and
Hansen parameters, CAS numbers and qualities are listed in
Table S1.F

Aeroxide P25 titania: sample P25

Titania aeroxide P25 powder was purchased from Evonik
Industries AG. The materials’ properties are shown in
Table S2.T P25 was chosen as a commonly used gas-phase syn-
thesized photocatalyst to show the effect of high temperature
gas pyrolysis on titania surface properties.

Solvothermal titania synthesis: sample T1

5 g of tetrabutyl orthotitanate was added to a round bottom
flask containing 400 ml of ethanol absolute. 4 mL of deionized
water was added dropwise into the solution while stirring at
ambient temperature. The flask was placed in an oil bath at
78 °C and refluxed for six hours. The collected powder was iso-
lated by centrifugation, washed by repeatedly dispersing in
ethanol and distilled water three times each and centrifuging
while throwing away the supernatant. The titania collected
from this procedure was in the amorphous form and it was
then crystallized by a subsequent hydrothermal step.
Therefore, it was dispersed in a mixture of water and ethanol
in a 2:1 ratio. The pH of the suspension was adjusted to 4 by
adding dilute sulfuric acid. A homogeneous suspension was
obtained by ultrasonication for an hour followed by stirring for
a further two hours. The suspension was then placed in a
Teflon-lined stainless-steel autoclave and maintained at 160 °C
for six hours. The final titania product was obtained after
washing as explained before with distilled water and sub-
sequent drying at 50 °C for three days. The complete character-

Table 1 Probe liquids (PLs) with abbreviations

Probe liquid Abbreviation
1,4-Dioxane Diox
Ethyl acetate EA
Acetone Ace
Ethanol EtOH
N-Methyl-2-pyrrolidone NMP
Diacetone alcohol DAA
Dimethyl formamide DMF
Acetonitrile ACN
Dimethyl sulfoxide DMSO
Propylene carbonate PC

This journal is © The Royal Society of Chemistry 2022
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ization of the material is already published by Lin et al.>* For
the purpose of this investigation, pure titania was chosen to
show the effect of the solvothermal synthesis process. The
titania was experimentally reproduced and designated T1.

Erbium-doped titania synthesis: sample T2

The sol-gel method was used to synthesize Er-doped TiO,
nanoparticles. 9.8 mL of titanium(v) isopropoxide was dis-
solved in a mixture solution containing 42 mL of ethanol and
8 mL of acetic acid under vigorous stirring for 15 minutes.
Next, 4 mL of distilled water was slowly dropped into the above
solution. Furthermore, a predetermined amount of erbium
nitrate hexahydrate was added into the final mixture, which
was further stirred for 80 minutes in a closed beaker to achieve
a clear sol. The sol was aged for an hour and placed in a
vacuum oven at 80 °C for 15 hours to obtain a dried gel.
Finally, the gel was calcined in a muffle furnace at 500 °C for
2.5 hours in air and subsequently grounded with an agate
mortar to collect the final products. The complete characteriz-
ation of the material is published by Rao et al*® For the
current investigation, the 1.5 wt% erbium-doped titania was
chosen to show the effect of synthesis by the sol-gel method.
The 1.5 wt% erbium-doped titania was experimentally repro-
duced and designated T2.

Dispersion

For AC analysis, low concentrations of the powder dispersions
were prepared (Table S21). This was done to counter effects
such as zone sedimentation,*® and multiple scattering of light
and to maintain the linear concentration-absorbance relation-
ship according to the Lambert-Beer law.?”*®

Three dispersions of each powder in the respective PLs were
prepared to assure reproducibility between the measurements.
An ultrasonic homogenizer with a sonotrode (Bandelin
Sonopuls HD 2200.2) was used with a TT-13 tip at 50% ampli-
tude for 1 minute in pulsation mode. The heating dynamics of
the sonotrode are shown in section S2.f For all sample prep-
arations, the tip was dipped 5 mm into the dispersion as rec-
ommended by the device manufacturer. To counteract the heat
produced during sonication, the vials were placed in an ice
water bath. After sonication, aliquots of 440 pl were pipetted
into 2 mm polyamide cuvettes. After a vortex of ~5 seconds
(IKA Vortex 2), the measurement cells were placed inside the
analytical centrifuge.

Analytical centrifugation

AC was performed using a Lumisizer 6514-44 (LUM GmbH,
Berlin, Germany). The analytical centrifuge measures the space
and time resolved extinction profiles (STEP ® technology) over
the length of the dispersion laden measurement cells using
infrared or blue light. It uses charge coupled device detectors to
capture the light passing through the measurement cells and
resolves it to transmission fingerprints which have spatial and
temporal data of settlement behavior of the suspension.
Following the dispersion by probe sonication, visual inspection
was performed to check if immediate settling occurred in any of

Nanoscale, 2022, 14,13593-13607 | 13597
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the samples. The time between sonication and loading of the
measurement cells into the AC device was maintained less than
a minute to avoid immediate settling. Measurements were
carried out at 10 °C or 20 °C depending on the dispersion
settling behavior of each PL. A wavelength of 410 nm was used.

Two requirements for a suitable transmission fingerprint
for PSD derivation exist. First, an appropriate initial turbidity
is needed. Second, an appropriate centrifugal speed was
chosen to accurately monitor the movement of the sedimen-
tation front with time such that enough transmission profiles
are available for PSD derivation. From the AC data, the initial
profiles were scrutinized to see if immediate settling occurred
and whether the chosen centrifugal speed was appropriate. If
immediate settling was observed, a lower centrifugal speed
was selected. At the end of the measurement, in order to check
whether complete sedimentation was observed for all disper-
sions, the settling behavior was played back from the begin-
ning of the experiment (feature available in SEPView version
6.4.678.6069 software) to check for anomalies such as fluctuat-
ing transmission profiles or artifacts that could negatively
impact PSD derivation. In such case, the cause was diagnosed,
and the experiment was repeated if the results were impaired.
Rotational speeds and measurement durations for each par-
ticle system are presented in Table S2.}

Finally, PSDs were calculated from transmission profiles.
The choice of number, intensity or volume weighted PSDs is
remained open for the experimenter. In this work, volume
densities were utilized to achieve a high sensitivity against
agglomerates. Particle/PL densities, refractive indices, and PL
viscosity which are needed for the derivation of PSDs from
sedimentation velocity distributions are presented in
Table S1.f The constant position method and five nodal posi-
tions (122, 123.5, 125, 126.5, and 128 mm) with a nodal width
of 1.0 mm to give an average PSD value were selected. For
more details on PSD derivation by the SEPView software, the
reader is referred to the work of Detloff et al.*®

Electron microscopy

High resolution transmission electron microscopy (HRTEM,
JEM-2100F) and scanning electron microscopy (SEM, Magellan
400) were used to characterize the morphology and microstruc-
ture of the three photocatalysts. An acceleration voltage of 200
kv was used for TEM while in the case of SEM, 5.0 kV was
applied with a magnification of 100 000.

Hansen parameter calculation

HSPIP software 5™ edition (version 5.3.06) was used for HSP
calculation (license kindly provided by LUM GmbH). For HSP
calculation, the Hansen parameters of each PL were taken
from the available master list provided by the software. As
mentioned, the program requires designation of at least two
PLs as good and one PL as poor for sphere generation. After
scoring all chosen PLs as good (1) or poor (0), the HSP values
for each material-PL combination were noted down as
described in Bapat et al** Combinations which resulted in
Hansen spheres where the condition of all good PLs in and all
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poor PLs out was fulfilled were chosen for providing the range
of HSPs for each material.

Results and discussion
Powder characterization

P25 was chosen as a mainstream gas phase synthesized photo-
catalyst with the other two photocatalysts being made from
liquid phase crystallization. P25 has found widespread use in
photocatalysis applications. It is well characterized in the lit-
erature with several works showing successful doping,?®™*>
composite formation with graphene oxide,** and coatings.** It
is the benchmark material against which most photocatalytic
studies compare VOC adsorption and degradation.***
Similarly, solvothermal and sol-gel syntheses are commonly
used for preparing titania photocatalysts. As representative
materials, T1 and T2 were chosen to reflect the differences
arising from these methods, for instance, in the specific
surface area and crystallinity.

The primary particle sizes of P25 and T2 were analyzed via
SEM and for T1 via TEM. As shown in Fig. 4, all materials
exhibit primary particle sizes in the size range of 10-30 nm
that are agglomerated/aggregated into larger structures.
According to the manufacturer, P25 has an average primary
particle size of 21 nm, and size measurements of T1 and T2
reveal average primary particle sizes of ~10 nm and ~15 nm,
respectively. It is imperative to explain at this point that
powders can contain primary particles, primary aggregates as
the smallest dispersible units,”® and agglomerates. As dis-
cussed, aggregates consist of primary particles arranged
together with solid bridges which cannot be broken during
dispersion. In contrast, agglomerates are weakly bound by
physical forces and can thus be broken down during dis-
persion in a good liquid where re-agglomeration is sufficiently
suppressed during the time scale of observation. Depending
on the interaction of the material with each PL along with the
set energy input via an ultrasonic homogenizer, the breakage
of agglomerates will vary. This will thus lead to a difference in
the PSDs assessed via AC. In the following section, this will be
discussed based on experimental results as well as theoretical
considerations based on the generalized scenarios that were
already introduced in Fig. 3.

Evolution of particle size distributions

We can see exemplary cumulative volume distributions of the
investigated photocatalysts in PC and EtOH (Fig. 5). It
becomes clear from the comparison of these two liquids
already that P25 forms a better dispersion with smaller sized
particulates in PC (X503 = 0.08 um) than in EtOH which con-
tained larger agglomerates (x50 3 = 1.4 pm). The PSD for P25 in
PC (relative standard deviation (RSD = 0.58) was also slightly
narrower than in EtOH (RSD = 0.40).° In contrast, both T1
and T2 exhibit the opposite behavior. Already visual inspection
revealed less optically opaque dispersions in EtOH than in PC
(Fig. S17). This was confirmed by the median sizes where T1

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 SEM image of P25 (a) at X100 000 and 5.0 kV, TEM image of T1 (b) at 200 kV and SEM image of T2 (c) at x200 000 and 5.0 kV.
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Fig. 5 Volume PSDs of P25 (solid line), T1 (dashed line) and T2 (tri-
angles) in PC (black) and EtOH (red).

showed a size of 1.7 pm in EtOH vs. 3.2 um in PC and in the
case of T2 2.68 pm in EtOH vs. 5.5 um in PC. T1 had an RSD
of 0.85 in PC and 0.89 in EtOH while T2 had an RSD of 0.62 in
PC and 0.60 in EtOH, so both nearly remained unchanged
regarding the width of the distribution.

Several conclusions can be made when comparing the
PSDs. First, only in the case of P25 in PC the probe sonication
is able to break down agglomerates into smaller structures
(~80 nm) close to the primary particle size (~20 nm). For T1
and T2 in both PC and ethanol, such break-up of agglomerates
was not achieved to the same extent as structures clearly
remain around 1 pm and beyond. Thus, the energy input by
sonication is either not enough to break down the agglomer-
ates, the primary particles combine into larger aggregates
during the solvothermal treatment or the ones broken down
reagglomerate quickly due to insufficient stabilization.*”*°
This comparison of PSDs for the three materials in just two
PLs already shows how complex dispersibility studies can be
performed when aggregates/agglomerates are present.
Therefore, before any HSP can be derived from PSDs, a brief

This journal is © The Royal Society of Chemistry 2022

survey on model scenarios using artificially generated size dis-
tributions will be introduced to gain more clarity on the data
interpretation.

Model scenarios during powder dispersion

In real-world, ideal particulate systems, i.e., perfectly spherical
powders with a defined PSD width, that can be dispersed
down to the primary particle size in the absence of swelling or
any other specific interaction with the chosen PLs are hardly
found. Thus, artificial distributions were generated via a
python script to simulate monodisperse and polydisperse
PSDs. Volume distributions were generated. In the following
section, we explain three typical cases and encourage others to
add showcase scenarios in the future we might have forgotten
that can occur during dispersion. These scenarios are com-
monly observed during particle processing and thus carry sig-
nificant importance for dispersion studies.

Case 1: Unstructured agglomerates of primary particles.
Fig. 6a shows the cumulative PSD for unstructured agglomer-
ates with an arbitrarily set average size of ~400 nm. Fig. 6b
shows three possible cases after dispersion. The material can
be dispersed completely into primary particles, shown here
with a set primary particle size of 100 nm (solid orange line),
dispersed partially into smaller agglomerates (dashed green
line), or no dispersion at all in which case there is no inter-
action with the PL (dotted black line). Similarly, the process of
reagglomeration can also occur after dispersion and result in
comparable PSDs.

Case 2: Agglomerates of structured agglomerates. Spray
drying is a typical example of a process that results in struc-
tured agglomerates made for specific applications. On one
hand, such structured agglomerates are composed of primary
particles (here again ~100 nm) that stick together by pure
adhesion or sometimes even assisted by a binder. On the other
hand, structured agglomerates can agglomerate themselves
into even bigger unstructured agglomerates. Fig. 6¢ and d
show such structured agglomerates and how they can evolve
during dispersion. First, the superior non-structured agglom-
erates can disperse completely into individual structured
agglomerates without any further dissociation into primary
particles (solid orange line). In the case of spray drying, from
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Fig. 6 PSDs and insets with schematics of unstructured agglomerates (a and b), structured agglomerates (c and d) and agglomerated aggregates (e
and f). In all cases, a primary particle size of 100 nm is assumed and shown in the schematics to support plausibility. Material states before (left) and
after (right) dispersion are shown along with the three possible — but notably still idealized — outcomes, namely — complete dispersion into the
smallest dispersible unit (orange), partial dispersion (green) and no dispersion (black).

an application viewpoint, this is the most desirable scenario.
However, in the case of a very good PL and/or dissolution of
the binder, the structured agglomerates can dissociate partially
(dashed blue line) or completely further into primary particles
(dashed-dotted green line). Finally, as in the case of unstruc-
tured agglomerates discussed in case 1, it is possible that in
the given PL, it is not possible to break the agglomerates at all
or that pronounced re-agglomeration occurs such that no net-
dispersion is observed or both (dotted black line).

Case 3: Agglomerated aggregates. Fig. 6e and f show the
common situation, e.g., after a synthesis, for instance, in the
gas phase, namely aggregates that are connected and form
superior agglomerates. As aggregates are made from strong

13600 | Nanoscale, 2022, 14,13593-13607

bonds (physical necks) between the primary particles (here
again ~100 nm), they cannot be broken down unless commi-
nution is applied. Thus, in the case of dispersion, the same
three outcomes can be observed as in case 1; however, with the
aggregates representing the smallest dispersible unit
(~200 nm in this case) in the case of a good PL.

PSD-scheme exemplified by P25

It can be seen from the previous section that PSDs are rich in
information about their material behavior. However, in par-
ticular when the size range between samples varies by orders
of magnitude, it is difficult to compare several PSDs directly.
The aim of the scheme developed and presented here is to

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 PSD-based PL categorization scheme with the incorporation of reporting of HSPs according to the HSP reporting framework.

extract information from the PSD data in a way that most of
the details of its behavior are retained while providing a
numerical value that can be compared across various PLs and
materials.

As already shown in Fig. 5 and analyzed in more detail via
cases 1-3, PSDs of a given material in different PLs can vary in
both the width of the PSD and the range of median particle
sizes. Exemplified by titania (P25, T1, and T2), we will show
how a PSD-based categorization of PLs can be used as a widely
applicable method for determining HSPs. The developed
scheme was executed with the list of ten PLs summarized in
Table 1.

In the following section, the developed scheme (Fig. 7) will
be explained stepwise with exemplary application to P25. The
PSDs, ranking and categorization for all three materials and
detailed HSP results for P25 are summarized in Fig. 8. Details
of the equations for the calculation of permutations are pre-
sented in section S3.1

1. The materials were dispersed in the ten chosen PLs (N)
(Fig. 7, yellow panel). According to the Hansen reporting
framework, this gives us total permutations of 1012 (Q;o = 2"°
—10¢ = 19C - 1) eqn (52)+

2. Visual inspection of dispersions was carried out after
sonication or a relevant dispersion method. In case immediate
sedimentation is observed, such PLs are directly designated as
poor PLs.

3. PSD measurements were performed (here by AC) on the
dispersions that remain stable, and no immediate settling is
observed.

This journal is © The Royal Society of Chemistry 2022

4. The products of the three percentiles of the cumulative
PSD, Xxi9, X50 and Xxqy, were calculated. The choice of these
three percentiles ensures on the one hand that most of the
information of the PSD is preserved. On the other hand, this
procedure enables to extract information of a complex PSD
and numerically express it with one characteristic value
without losing too much information. In the case of P25, the
PSDs are shown in Fig. 8a, left.

5. The herewith introduced product ratio (PR) of the percen-
tile product to the volume of the primary particle size D was
calculated, estimated, for instance, by scanning or trans-
mission electron microscopy:

X10 X X50 X Xgo

Product ratio =
DS

Division by the primary particle size cubed makes the ratio
dimensionless which can ease comparison across different
materials. It is important to note that the PR is inversely pro-
portional to good particle-PL compatibility. Notably, if no clear
information on the primary particle size is available, the scheme
can work with just the product of the absolute sizes as well. In
the case of P25, the primary particle size of D = 20 nm is used.

6. Using the calculated PRs, the PLs are ranked in the
ascending order. The PLs are clustered together that are close
based on their numerical values and designated into good,
uncertain and poor categories. The PRs are used to cluster the
PLs together based on their numerical value. The first two PLs
and the last one is designated as good and poor respectively to
fulfill the criterion for the formation of an HSP sphere. The

Nanoscale, 2022, 14,13593-13607 | 13601
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Fig. 8 Volume PSDs of P25 (a), T1 (b) and T2 (c) in all PLs (left). The ranking via PRs for each material is shown on the right of each of the respective
PSDs of the three materials. The HSP reporting of possible scenarios for the three uncertain PLs dispersed with P25 is shown in (d). The colors of the
PSDs are made to correspond to their designations in the tables on the right.

PLs are broadly clustered together based on their exponents to
the powers of 10. Thus, the PLs with similar exponents are
clustered together and a move to the next exponent can gener-
ally be considered a difference enough to designate them as
being part of the next cluster. The criterion to move from good

13602 | Nanoscale, 2022, 14,13593-13607

to uncertain and poor PLs is therefore similar. Furthermore, a
numerical difference of double between two subsequent PLs
can also be taken as a difference enough to designate the next
PL as belonging to the next cluster. It should be however
clearly noted that this still brings in some subjectivity on

This journal is © The Royal Society of Chemistry 2022
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behalf of the researcher. Nevertheless, in combination with
proper reporting explained in point 9, the decision is made
transparent. In the case of P25, the PRs are shown in Fig. 8a,
right alongside the three categories.

7. Check if at least two PLs were ranked good and at least
one PL was ranked poor. This is the minimum requirement for
calculation of a Hansen sphere and parameters. If it is not ful-
filled, more PLs should be added starting from step 1 (yellow
panel). The PR is highly dependent on the individual numeri-
cal value of each percentile. Thus, each increase or decrease in
any percentile value will significantly influence the PR. It can
be deduced that a change in the order of magnitude may be a
sign of the change of type of PL (good/uncertain/poor).

In the case of P25, PC and NMP (green) can be seen as two
good PLs and EtOH as the poor PL (orange), respectively.
Hence, the requirement of two good PLs and one poor PL is
fulfilled and no more PLs need to be added. Based on the clus-
tering, we can additionally see poor PLs with PRs in orders of
10* such as DAA, Ace, EA, and Diox (orange). With regards to
the reporting framework, we therefore have 2 good (M) and 5
poor (L) PLs.>® The number of permutations remaining now
are 8 (Qumr = 2"°?” eqn (85)1).

8. Check to see whether there are any uncertain PLs. In case
there are none and only two categories of PLs results - namely
good and poor -HSP was calculated using the HSPiP software
and moved forward with step 10.

9. In the case of the appearance of uncertain PLs, the com-
binatorics method developed by Bapat et al. was applied for
dealing with them.*® Each of the possible permutations result-
ing from an uncertain PL when it is designated good or poor is
explored and calculated. This provides a range of HSP values
of the investigated material. All permutations where a PL
designated as good lies out of the generated sphere, or one
designated poor PL lies in the generated sphere are not chosen
for the HSP range but are designated as outliers. The remain-
ing HSP combinations are considered valid and represent — in
addition to the results from step 7 - the range of HSPs for the
material investigated with the chosen PLs. In case no valid
combinations are found at all, continue with the reporting in
step 10. Thus, though also with our approach subjectivity is
not fully erased from the HSP determination, we hope that the
transparence obtained by its application in combination with
an appropriate reporting will suffice to make the decision-
making transparent and comparable across experimenters,
materials and laboratories.

For P25, we can see a cluster of uncertain PLs in an order of
10%, namely DMSO, DMF and ACN. Fig. 8d shows the combina-
torics analysis for the three uncertain PLs resulting in two out-
liers (gray) and six possible permutations left (blue).

10. The calculated HSP values are reported along with the
number of PLs evaluated. In the case of uncertain PLs, the
HSP range for the material are additionally reported alongside
the number of permutations investigated, the number of out-
liers and the total permutations possible based on the number
of PLs evaluated.®® For P25, the HSPs are reported in Table 2
and discussed in the next section.

This journal is © The Royal Society of Chemistry 2022
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Table 2 HSP along with the total combinations and outliers for P25, T1
and T2

Materials P25 T1 T2
Disperse interactions 6p (MPa?) 17.7-19.0 13.1-16.8  13.0-16.5
Polar interactions §p (MPa"/?) 15.6-17.0 14.4-18.8  11.4-17.6
Hydrogen bonding 6y (MPa'®)  5.2-7.7  7.8-14.7 5.0-14.5
Sphere radius (MPa'’?) 3.9-5.4  4.0-11.5 3.9-11.6
Total combinations possible 1012

Combinations chosen for HSP 6outof 8 14 outof 16 7 outof 16
Outliers 2 2 9

The application of the scheme to the other two titania T1
and T2 is shown in section S4} for simplicity. The most impor-
tant findings and finally obtained results are summarized in
Table 2 and will be discussed in the following section.

It is worth mentioning the type of materials the scheme can
- in principle - be applied to. Here, we applied it to three
powders of similar sized titania without any specific surface
modifications. However, the scheme can be applied to nano-
particles which have clear measurable differences in the
settling behavior of their dispersions of various PLs - even
when the true density is unknown as results are compared
qualitatively on a relative scale. This can include non-porous
and porous nano- and microparticles, as long as particles are
small enough that surface interactions play a role in their
macroscopic behavior. For polymer coated nanoparticles, the
method will work fine as it was performed in a similar way to
the dispersion and centrifugation of polymer coated nano-
particles before visual inspection by Mathioudaki et al.*°

However, for particles in the micrometer range, it is
expected that they will be less susceptible to aggregation by
surface interactions and HSPs will in general, therefore, not be
applicable. Moreover, particles that are too small for sedimen-
tation at 2300 RCA, like sub-10 nm quantum dots, need to be
analyzed with another technique than AC. For gel-like par-
ticles, the sedimentation behavior will be complex and HSP
determination by the proposed method may not work. In
those cases, especially to account for the effect of polymer
swelling or uptake of PLs, HSP determination via contact
angles and/or the capillary penetration method by Tsutsumi
et al. may suffice.’® Finally, a defined powder is needed as a
starting point and safety issues need to be kept in mind. That
means highly reactive powders like technical catalysts might
be difficult as they might start burning upon contact with pure
organic solvents like 2-propanol.

PSD scheme application to the photocatalysts T1 and T2

Applying the derived PSD scheme to T1 and T2 (Fig. 8b and c)
shows that for T1, DMF and ACN are designated as good PLs
while for T2, ACN and Ace are designated as good PLs. In both
cases, Diox is designated poor as its PSDs are underivable due
to immediate sedimentation during AC. Both T1 and T2
exhibit two clusters of PRs in the orders of 10° and 10’. The
former is designated uncertain and the latter poor. For T1,
NMP, DMSO, Ace and EtOH were assigned uncertain. For T2,
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NMP, DMF, EtOH and EA are the uncertain PLs. For T1 and
T2, the HSP reporting summary is presented in section S4.f
Furthermore, to establish the importance of a well-chosen PL
list in combination with appropriate reporting, the effect of
removal of particular PLs on the HSP range is shown in
section S57 using T1 as a model case.

With regards to combinatorics as explained before, for the
ten PLs, a total of 1012 permutations are possible. For P25,
with three uncertain PLs in our experiment, eight permu-
tations were analyzed resulting in two outliers and six remain-
ing combinations setting up the finally derived HSP range. For
T1 and T2, with four uncertain PLs remaining, 16 permu-
tations were checked (Qu, = 2'°**, eqn (S3)1). In the case of
T1, two outliers and 14 combinations setting up the HSP range
were finally derived. In the case of T2, it was nine outliers and
seven combinations. As will become clear in the next section
where HSPs are compared with each other, this additional
information is highly beneficial to judge on the quality of the

View Article Online
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finally reported HSP ranges. We believe that it significantly
eases the comparison of different materials and results
obtained by various characterization methods, laboratories
and operators.

Hansen parameters of the photocatalysts

The HSPs and the resulting Hansen spheres are shown in
Fig. 9 and Table 2 respectively. For visual simplicity, the
averages of the ranges of HSPs are plotted and compared. The
results show that P25 has a higher dispersive component than
both T1 and T2 while the hydrogen bonding contribution is
significantly lower. All three photocatalysts have similar polar
contributions while T2 has a slightly reduced value, however
with a still pronounced overlap with T1. The average radius of
the Hansen sphere for gas phase P25 is smaller than that of
the materials prepared by liquid phase synthesis. Both T1 and
T2 have the same average radius. Interestingly, the range of
P25 is smaller for all its parameters in comparison to T1 and
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Fig. 9 Hansen spheres (a) and HSPs with ranges of P25 (b), T1 (c) and T2 (d). The spheres for T1 and T2 are larger and their HSPs closer together
due to their similar synthesis procedures (liquid phase) in contrast to the sphere for P25 (gas phase) and its HSPs. It is to be noted that averages of

the HSP ranges are used for making the spheres for simplicity.
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T2. This is a direct consequence of the uncertain PLs in combi-
nation with the use of combinatorics.

This highlights the benefit of using a significant number of
PLs in combination with a strict methodology for the analysis.
It should be noted that the PL list chosen was the result of
several preliminary experiments for shortlisting those used in
this study. To speed up the result collection for the HSP study,
it is recommended to always use a pre-screening of PLs to see
which would work best for the chosen material system and
where additional PLs should be added to back up the gained
results. The proximity of the HSPs for T1 and T2 can be attrib-
uted to their similar synthesis approach. Based on the HSP
results of the three photocatalysts, we attributed the main
difference in Hansen radii to the presence of surface ligands
that are either physi- or chemisorbed on the catalyst surface
and originate from the liquid phase synthesis of T1 and T2. A
much broader distribution of these ligands and precursor
molecules is expected here than on the surface of P25 as a
much “cleaner” gas phase product. The presence of residual
precursors can be carefully ascribed to be responsible for the
high hydrogen bonding components. In line with our expec-
tations, the surface of these titania materials has a higher
number of hydroxyl groups in comparison to P25 which has
mostly Ti-O bonds on its surface. The larger spheres of T1 and
T2 show that they - in comparison to P25 - better interact with
PLs with higher hydrogen bonding and polar components. For
instance, ethanol and acetone both formed more stable disper-
sions as shown with higher PRs in the case of T1 and T2 than
in the case of P25. In the case of ethanol, with its large hydro-
gen bonding component, it drastically increases the overall
HSPs and radii of T1 and T2. Similarly, PC was the best PL for
P25 while for both T1 and T2 it was a poor dispersing PL. PC
has a very low hydrogen bonding component and may there-
fore not interact so well with liquid phase photocatalysts.
Overall, PLs with high polar components such as DMF and
ACN interact better with T1 and T2.

One exception to be noted is that while NMP and acetone
have similar HSPs, acetone is a poor PL for P25 which can be
attributed to the different surface groups (carbonyl) in com-
parison to NMP which has both carbonyl and amine groups.
Except this case, PLs with high hydrogen bonding and polar
contributions generally form better dispersions with the inves-
tigated liquid phase photocatalysts.

The difference of the HSPs of gas and liquid phase photoca-
talysts is also in part since dispersive forces are quite different
for the hydrogen and polar components due to their origins.
Dispersive interactions are attributed to the temporary
induced dipoles due to the electron cloud movement at the
atomic level while the other two HSPs are more molecular
orientation dependent and - at least partly - permanent.
Additionally, both T1 and T2 have a similar anatase crystal
structure while P25 is a mixture of anatase and rutile with
varying ratios usually comprising of about 70-80% anatase.’*
The difference in crystallography means that specific crystallo-
graphic planes are exposed and have different reactivities. This
is also observed in the case of the HSPs of the three photocata-
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lysts which are closer together for T1 and T2 than for P25.
Thus, it becomes clear that HSPs derived from the presented
PSD-based scheme, combined with combinatorics, provide a
powerful tool to analyze the surface properties of particulate
materials.*® The gained results are in line with expectations
and previously acquired knowledge on TiO,. In our future
work, we will apply the developed methodology to new
materials with unknown properties and relate our findings
with VOC adsorption in both gas and liquid phases.

Conclusions and outlook

In the quest towards intelligent design of photocatalysts, a few
points need to be explored. Primary among them is the under-
standing of surface interactions, and its relationship with VOC
adsorption on the photocatalyst surface. This work aims to
show the viability of using Hansen parameters as a model for
gaining insights into the surface properties of titania photocata-
lysts prepared via different synthesis procedures. A new PSD-
based categorization scheme including the recently established
combinatorics method was developed. The HSPs of three repre-
sentative TiO,-based photocatalysts were determined and
reported according to the Hansen reporting framework devel-
oped previously.*® The calculated HSPs from the developed
scheme could differentiate between different synthesis methods
and show that materials prepared via similar methods have
closer HSPs than those prepared otherwise. We believe that our
combinatorics based HSP scheme can be applied to a wide
range of particulate materials regardless of the way the PSDs are
obtained. Further work will focus on understanding the effect
of addition of dopants, formation of composites and hybrids on
HSP values and how they can be related to VOC adsorption and
desorption at the surface of TiO,-based photocatalysts.
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