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ABSTRACT

The inability to cease the steady drip of pollutants into the biosphere has led
to the breaching of the “planetary boundary” for chemical pollution. This
thesis aimed at exploiting the rich chemistry of clays to synthesize semicon-
ductor hybrid materials and study their viability toward water decontami-
nation. By carefully controlling the growth of metal sulphides and oxides
(MoS2, In2S3 and Bi2MoO6) on the different clays, hybrids with enhanced
(photo)catalytic and adsorption capabilities were obtained. In the laponite-
MoS2 and imogolite-In2S3 nanohybrids, the clay-substrates were able to en-
hance the functional property (catalysis and photocatalysis, respectively)
of the over-grown semiconductor, whereas Bi2MoO6 growth onto the clays
(laponite and CoAl layered double hydroxide) resulted in improving the ad-
sorptivity of the underlying clay substrates, in addition to rendering these
clay-Bi2MoO6 hybrids photocatalytic.

The improvement in the functional performance of these hybrids was con-
comitant with changes in the semiconductor growth and morphology; which
in turn were affected by the introduction of clays. For instance, in laponite-
MoS2 and imogolite-In2S3 hybrids, the clays confined and curtailed growth
of MoS2 and In2S3 crystals, respectively. Laponite, however, altered the de-
fault crystal growth habit of Bi2MoO6 and resulted in the formation of faceted
single-crystal particles. Interestingly, these improvements in the performance
of the semiconductor-clay hybrids were contingent upon the organic modifi-
cation of the clays. Since clays are abundant and the syntheses were carried
out in aqueous medium this work demonstrates that high performance hybrid
materials can be obtained by environmentally benign means.

Keywords: environmental remediation; water decontamination; adsorption;
(photo)catalysis; confined-growth; surface engineering; clay-based hybrids
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Zusammenfassung

Das Ausbleiben eines stetigen Eintrags von Schadstoffen in die Biosphäre hat
dazu geführt, dass die “planetarische Grenze” für chemische Verschmutzung
überschritten wurde. Ziel dieser Arbeit war es, die vielseitige Chemie von
Tonen, sogenannte clays, zu nutzen, um Halbleiter-Hybridmaterialien zu syn-
thetisieren und ihre Eignung zur Wasserdekontaminierung zu untersuchen.
Durch sorgfältige Kontrolle des Wachstums von Metallsulfiden und -oxiden
(MoS2, In2S3 and Bi2MoO6) auf den verschiedenen clays wurden Hybride
mit verbesserten (photo)katalytischen und adsorptiven Fähigkeiten erhal-
ten. Bei den laponite-MoS2 and imogolite-In2S3 Nanohybriden konnten die
clay-Substrate die funktionellen Eigenschaften (Katalyse bzw. Photokatal-
yse) des aufgewachsenen Halbleiters verbessern, während das Wachstum von
Bi2MoO6 auf clay (Laponit und CoAl-Doppelschichthydroxid) zu einer Verb-
esserung der Adsorptionsfähigkeit der darunter liegenden clay-Substrate führte
und diese clay-Bi2MoO6-Hybride zusätzlich photokatalytisch aktiv waren.

Die Verbesserung der funktionellen Leistung dieser Hybride ging mit einer
Veränderungen des Halbleiterwachstums und der Morphologie einher, die
ihrerseits durch die Einführung von clays beeinflusst wurden. Zum Beispiel
hat der clay in laponit- MoS2- und imogolith-In2S3-Hybriden zu einem ein-
geschränkten und verkürzten Wachstum von MoS2- bzw. In2S3-Kristallen
geführt. Laponit hingegen veränderte das ursprüngliche Kristallwachstum
von Bi2MoO6 und führte zur Bildung facettierter einkristalliner Partikel.
Interessant ist, dass die Verbesserungen der Leistung der Halbleiter-clay-
Hybride von der organischen Modifikation der eingesetzten clays abhängig
waren. Diese Arbeit zeigt, dass hochleistungsfähige Hybridmaterialien mit
umweltfreundlichen Mitteln hergestellt werden können, da clays reichlich
vorhanden sind und die Synthesen in wässrigem Medium stattfinden.

Keywords: environmental remediation; water decontamination; adsorption;
(photo)catalysis; confined-growth; surface engineering; clay-based hybrids
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Chapter 1

Introduction

The primary thrust of this thesis was to use surfactant-modified clays to tem-
plate the growth of semiconductor photocatalysts and study their (photo)catalytic
performance. These high-performance clay-semiconductor hybrid materials
were then tested for their efficacy toward decontamination of water polluted
with molecular species. This chapter is intended to provide a concise back-
ground to the problem of pollution, its scale and consequences for our species.
In addition, the basics of semiconductor photocatalysis are presented and the
materials used herein for the purpose of water decontamination are also re-
viewed. The discussion presented in this chapter also serves as the motivation
for this oeuvre.

1.1 The Contamination of the Earth

Pollution: An Entropic Perspective

The human industrial economy represents a sub-system which functions
within the confines of a larger biophysical system of the biosphere. From
the Figure 1.1 it can be seen that energy and matter can flow into and out
of the human economic sphere (or sub-system) making it an open system
with regard to both energy and matter. However, the biosphere is materi-
ally closed since matter cannot enter or leave this system, but energy can
easily flow into and out of this system. The human economy functions by
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obtaining raw materials or natural resource as inputs from the biosphere.
These are transformed by manufacturing processes into usable commodities,
which at a later stage are expelled in the environment for assimilation or
decomposition. Since human activities are not exempt from the laws of ther-
modynamics, a grasp of these principles becomes essential for understanding
the fundamental cause(s) of pollution.

Figure 1.1: Material and energy flow pertaining to anthropogenic economic
system.

The law that concerns us the most is the second law of thermodynamics, also
known as the entropy law. Entropy is formally defined as heat exchanged and
transferred at a given temperature, but for the purpose of our discussion it
can be assumed as a reliable measure of the disorderliness of a system. The
entropy law maintains that the entropy of any isolated system or by exten-
sion that of the universe, increases persistently and irrevocably.[1] Hence, all
the anthropogenic activities by the virtue of the entropy law, transform low
entropy matter (natural resources) into high entropy matter or waste (Figure
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1.1). Since, all the physical and material processes are subject to the entropy
law this implies that the end product of all the anthropogenic industrial ac-
tivities is high-entropy waste (waste heat or residues etc.).[2] Therefore, any
growth in the economic activity is bound to increase the quantity of high
entropy matter or waste generated and thus, expelled into the environmental
sink for assimilation. Hence, the scale of pollutions grows in tandem with
innovations in the human enterprise.[3] Anthropogenic pollution becomes a
concern when the amount and nature of high-entropy waste thus generated
cannot be assimilated by the biosphere. This is a grave problem because an
organism cannot live in a medium of its own waste-products.[4]

Scale of Contamination

An understanding of the scale and extent of a problem is essential for framing
or implementing effective intervention measures. The scale of anthropogenic
contamination, in the context of our discussion, can be best understood by
looking at the concept of planetary boundaries proposed by Rockström and
colleagues.[5] The authors defined 9 different boundaries pertaining to the
self-regulating biophysical capacity of the planet (Figure 1.2). The simple
idea being that crossing any of these thresholds would undermine the ability
of our planet to regulate and maintain the conditions responsible for the exis-
tence of complex lifeforms on earth (especially the stable climatic conditions
that have persisted since past ∼ 10,000 years [6]). The planetary boundary
that interests us the most is the one pertaining to chemical pollution/ novel
entities. Rockström et al. deemed that the unchecked release of chemicals
or novel entities can disrupt the regulatory feedback of the planet. A good
example would be the anthropogenic emission of greenhouse gases responsi-
ble for climate change.[7]

In a 2022 study, Persson and colleagues quantified the above-mentioned
planetary boundary and concluded that the chemical pollution planetary
boundary has been breached.[8] The primary reason they cited was the high
rate of production of novel chemicals and ineffective screening protocols for
assessing these chemicals. In other words, the dams constructed to safe-
guard public health against chemical substances during the last century are
rendered largely ineffective against the 21st century chemical deluge. Tak-
ing the example of European Union REACH (Registration, Evaluation, Au-
thorization and Restriction of Chemicals) for instance, one finds ∼23,000
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Figure 1.2: Planetary boundaries concept. The green region corresponds
to the safe operating space for human activities. Whereas the red color
represents present scale of human activities. This figure is adapted from ref
[5].

chemicals substances registered as of December 2020 with the agency. Over
12,000 among them were registered as nonintermediates (intermediates have
reduced safety data requirements), of which 2,400 chemicals have been or are
being evaluated and assessed. Ergo, even in this small space, close to 10,000
substances (80%) are still waiting to be examined after more than 10 years
of functioning of REACH. (Never mind that there are more than 350,000
different chemicals registered for commercial use, globally[9])!

Let us now look at the on-ground implication of breaching the chemi-
cal pollution planetary boundary. The magnitude of anthropogenic chemical
discharge is estimated to be in excess of 200 billion tons per year; only a
fifth of which is due to greenhouse gas emissions.[10] Many of these chem-
ical substances can migrate great distance either via waterways or through
atmosphere.[11] As a consequence, many pollutants like plastics and PFAS
can be found in unforgiving geographies ranging from the summit of Mt
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Everest,[12] which lies at 8,440 m above sea level to Marianas Trench lying
at a depth of 10,898 m below sea level.[13] Over-reliance on plastic prod-
ucts has also resulted in a situation where now in some regions of ocean
plastic outweighs plankton by 36:1 by weight.[14, 15] Due to their ubiquity
these chemical pollutants have now penetrated most of the marine and ter-
restrial food webs.[16] Apart from there ubiquity on land, persistent organic
chemicals like PFAS are now a common constituent of rainwater all over the
globe.[17]

Costs borne by humanity

From the above discussion it is clear that the entire earth is straddled with
waste generated by human activities, and as a result the human habitat
and enclaves have not remained unscathed from its effects. Consequently,
the chemical contamination of the human habitat has been implicated in
reproductive, cognitive, and developmental disorders as well as premature
deaths.[18] The costs borne by our species can be roughly divided into two
categories. First, the effects due to direct exposure to these pollutants, for
example by consuming food laden with toxins, exposure to toxic vapors at
workplace etc. and second, the damage done to the environment or other
species which are crucial for sustaining the complex functions of biosphere.
Examples of the latter are, decline in the population of plankton (which form
the basis of marine life) threatens the collapse of underwater ecosystem and
the decimation of bee population due to profligate pesticide usage, which
threatens global food security.[19] For the sake of brevity and due to the
limitation of space only the first category would be discussed here.

These industrial chemicals, including many known carcinogens and their
residues, have been detected in all human populations, including the fetus
and infants,[20, 21] and in mothers milk.[22, 23] It was also reported that
the human body is now host to around 700 different kinds of anthropogenic
chemicals.[24] But the pregnant women and infants are especially vulner-
able to the effects of these chemicals. It was assumed for the longest of
times that the developing fetus were immune from the effects of pollutants
in the mother’s body and that the placenta worked as a shield against these
chemical intruders. But recent studies have found otherwise.[20] In many
cases the effects are felt most drastically by the developing fetus.[25] For in-
stance a class of chemicals can act as teratogens and alter the morphology
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of the developing fetus.[26] Apart from such tangible effects many chemi-
cal pollutants act in a much more pernicious manner. For instance they’ve
been implicated in the serious decline in male fertility recorded in the de-
veloped world for the past half century and affecting sexual orientation in
humans.[27, 28]. Since pharmaceuticals are being routinely detected in water
bodies, the immunity of our species is also being jeopardized by the emer-
gence of antibiotic-resistant strain of microorganisms in the environment.[29]

1.2 Photocatalysis: A Short Introduction

Since most of the semiconductors explored in this thesis were used as photo-
catalysts to degrade the model pollutants, this section discusses the funda-
mental principles of semiconductor photocatalysis and presents a brief his-
torical account of the advancements in the design of these photocatalysts.
From an application point of view, photocatalysis presents a low cost and
environmentally benign means for decontaminating water polluted with syn-
thetic organic moieties.[30] Its primary advantage being the possibility to
utilize solar energy to bring about the degradation of organic molecules and
transform them into less toxic products.

Figure 1.3: Semiconductor photocatalyst (a) band structure, (b) mechanism
of photocatalytic action.
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Semiconductors are characterized by the presence of an energy band gap,
which is the measure of the energy difference between the top of valence
band (VB) and the bottom of the conduction band (CB). The electronic
bands or bands refer to the energy states within a material which are densely
populated with electrons.[31] The VB represents the highest occupied energy
band which is separated by an energy bandgap from the CB, the lowest un-
occupied energy band (Figure 1.3a). The bandgap between these two energy
bands refers to the energy states that cannot be populated by the electrons.
The photocatalytic process in a semiconductor is comprised of the following
steps: charge generation upon illumination, charge separation, migration of
these charges to the surface of the photocatalyst and reaction with the target
species.

The electrons in the VB can be excited across the bandgap to CB by op-
tically illuminating the semiconductor with radiation having energy greater
than the bandgap. The electrons and holes thus generated by the optical
excitation, in the CB and VB, respectively, can be used for carrying out
chemical reactions and hence function as photocatalyst. For instance, if the
bandgap of a semiconductor straddles the redox potential for water oxidation
and reduction, it can be used for splitting water directly into hydrogen and
oxygen. Another application where semiconductor photocatalysts find use
is the degradation of organic pollutants. When used in aqueous dispersion,
the photogenerated charges in the semiconductor can react with dissolved
molecular species in water and form reactive species like superoxide anion
radical or hydroxyl radicals (Figure 1.3b), which are much better oxidants
compared to conventional ones like ozone. Depending on the redox potential
of the different functional groups present on the target pollutant, these rad-
icals can result in complete mineralization of the organic contaminants into
CO2 and water.[32]

The one of the first photocatalyst that could degrade organic molecules
was reported by Müller and Steinbach in 1969. They tested the efficacy of
ZnO for photodegradation of isopropanol under UV light.[33] Subsequently,
under similar conditions of UV irradiation, Carey et al were able to achieve
photodechlorination of different polychlorinated biphenyls (PCB) in the aque-
ous suspension of TiO2.[34] Since, the UV radiation covers only 5% of the
entire solar spectrum, the practical use of these semiconductors was thus
limited. Hence, further developments focused on harvesting light from the
visible region of solar spectrum. For extending the light absorption of these
semiconductor photocatalysts various strategies were employed. In the case
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of TiO2, for instance, sensitization with dye molecules like eosin allowed He-
leg and Willner to extend the photocatalytic action of TiO2 in to visible
region.[35] Also doping with metallic and non-metallic elements can narrow
the bandgap, making visible light absorption feasible.[36, 37]

Another issue plaguing the widespread application of semiconductor pho-
tocatalysts has been the recombination of charges after their photo-excitation.
Although having a narrow bandgap allows for greater light absorption, the
reduced bandgap also leads to greater instances of charge recombination.
To tackle this bottleneck researchers have relied on combining semiconduc-
tors photocatalysts with other semiconductors or metals (especially the ones
showing strong plasmonic activities).[38, 39] The advantage of composite
photocatalysts is that they allow for the separation of electrons holes in dif-
ferent materials of the composite system. In addition, morphology control
and enhancing internal electric fields have also shown success in improving
photocatalytic performance of semiconductor photocatalysts. In the former
case, it has been shown that certain facets of semiconductor crystals have
more affinity toward either holes or electrons.[40, 41] This results in spatial
separation of the charges on the surface of the photocatalyst allowing for
higher photocatalytic efficiency. Also, hollow photocatalyst nanoparticles of-
fer the benefit of reduced the volume available for charge recombination which
shortens the distance charge transfer distance and improves the surface area
available for reaction, which ultimately improves their photocatalytic perfor-
mance over conventional photocatalytic nanoparticles.[42]

The presence of electric field within a photocatalyst is also conducive to-
wards segregation of charges. In this regard, ferroelectric materials seems
promising since they possess intrinsic and spontaneous polarization which
can be further enhanced by poling.[43, 44]

1.3 Materials

This section provides a short introduction to the materials used during the
course of this dissertation and reviews their application towards water de-
contamination.
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1.3.1 Clays

Clays are anisotropic charged particles which are composed of a layered struc-
ture, made of oxides and hydroxides of inorganic elements such as silicon, alu-
minum, magnesium or lithium.[45] Clays occur naturally and are produced by
geological processes like chemical weathering of silicate-bearing rocks. The
particles of clay can have aspect ratio ranging anywhere from 10 to 1000.
The charge on each particle is balanced by the presence of cations like Na or
Ca in the interlayer space between these particles. Clays can be categorized
in two types based on the stacking of the tetrahedral and octahedral layer.

Figure 1.4: The arrangement of tetrahedral (T) and octahedral (O) layers
in, (a) 1:1 type and (b) 2:1 type clays. Adapted from ref [31].

In the 1:1 type clay, tetrahedral sheet lies atop the octahedral sheet. The
examples for this kind are kaolinite, lizardite, whereas for the 2:1 type, also
called smectite clays, the octahedral layer is sandwiched between the two
tetrahedral (Figure 1.4). Each tetrahedron (T) is comprised of a cation at the
center, coordinated to four oxygen atoms. Individual tetrahedron is linked to
the neighboring tetrahedra by sharing three corner basal oxygen atoms. This
pattern is repeated ad-infinitum along the a, b crystallographic directions.
The common cations occupying the tetrahedral sites include Si4+,Al3+ and
Fe3+. In the octahedral layer, each octahedron is linked to the adjacent one
by sharing edges. The usual octahedral cations are Mg2+,Al3+,Fe2+ and
Fe3+, but many other cations, namely, Cu2+,Li+, Co2+, Mn2+, Ni2+, Zn2+,
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Cr3+, Ti4+ and Cr3+ have also been identified. Moreover, in the tetrahedral
layer, all the tetrahedra are aligned such that their free corners lie on the same
side of the sheet. These free corners comprising of tetrahedral apical oxygen
atoms, link the tetrahedral and octahedral sheets constituting a common
plane with octahedral anionic position.

In addition, clays can also be classified based on their swelling behavior.
The clays which show an expansion of the interlayer space upon hydration are
termed swelling clays which include smectites like montmorillonite; whereas,
clays which during hydration show no such expansion of interlayer space
are termed non-swelling clays.[46] Examples of non-swelling clays include
kaolinite and illite, where the latter also belongs to the category of smectites.
Since the swelling smectite clay, laponite, was used most frequently during
the course of this dissertation, it is discussed at length below.

Laponite

Laponite is a synthetic magnesio-silicate smectite clay. Its industrial pro-
duction was first pioneered by Barbara Neumann in 1962.[47, 48] Since then
the synthetic strategy for obtaining laponite has been optimized and dif-
ferent grades of laponite have been developed for specific applications. For
instance, it has been used for applications like rheology modifier in personal
care products like toothpaste, cosmetics; and as a film forming agent in an-
tistatic and barrier coatings, to name a few.[48]

The laponite particle possesses a disc shape with a diameter of 25 nm and a
thickness of 0.92 nm.[49, 50] In this particle, the octahedral layer is composed
of Mg or Li and the tetrahedral layer is composed of Si. The isomorphic sub-
stitution of Mg in octahedral by Li and the presence of vacancies impart a
negative charge to the face of laponite particles which is compensated by the
presence of Na cations in the interlayer space. When dispersed in aqueous
media, the face of laponite becomes permanently negatively charged[51] as
the intergallery Na cations dissociate in the surrounding media and form an
electrical double layer. However, the charge on the edges of the laponite par-
ticle depends on the protonation and de-protonation of –OH groups, where
neutral conditions result in partial positive charge.[52] The aqueous disper-
sion of laponite displays rich phase behavior and can form dispersions ranging
from sol to gel phase.[53] The gel phase is obtained by the face–to–edge as-

10



Figure 1.5: (a) The unit cell of laponite. (b) Laponite powder and the
arrangement of laponite platelets in stacks called tactoids. The face of these
platelets is negatively charged, whereas the edges are partially positively
charged under neutral conditions. Adapted from ref [51].

sociation of the Lap particles.
Another important property of clays in general and laponite in particu-

lar is their cation exchange capacity (CEC). Cation exchange refers (in the
context of laponite) to the substitution of the intergallery Na cations with
other cations. The CEC of laponite is estimated to be ranging from 0.55–0.8
mequiv/g of dry laponite.[54, 55] This corresponds to around 450 substi-
tutable Na cations per laponite particle.

Because of their charged surfaces and edges, and the presence of ex-
changeable interlayer cations, clays in general and laponite in particular lend
themselves easily to chemical functionalization.[56, 57] Some of these func-
tionalizations render the clays useful for molecular adsorption, which mo-
tivates their use in wastewater remediation applications.[58] Their sorbent
action primarily stems from a combination of a highly charged surface su-
perimposed on a sizable surface area.[59]

Pillared Smectite Clays

Pillaring is defined as a process which transforms a layered compound into a
thermally stable micro-and or mesoporous material while preserving the layer
structure.[60] Whereas a pillaring agent is any compound which can inter-
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calate and maintain the spacing between adjacent layers upon the removal
of the solvent. The resulting porous structure obtained thereafter should
be able to accommodate molecules at least as large as N2. Since organic
compounds belonging to the family of quaternary ammonium surfactants (or
salts) were used as pillaring agents in the course of this thesis, the role of
these compounds in the adsorption performance of pillared-clays towards or-
ganic molecules is discussed.

Cowan and White conducted a systematic study of phenol removal from
water by using montmorillonite pillared with different quaternary ammonium
cations (QACs). These QAC derivatives having carbon chains ranging from
2 up to 18 C turned out to be proficient phenol adsorbents.[61] The max-
imum uptake was achieved using dodecylammonium (having 12 C atoms)
pillared montmorillonite. In other separate studies, Mortland et al. and
Boyd et al., reported that smectites modified with long-chain QACs like
hexadecylpyridinium (HDPY) and hexadecyltri-methyl ammonium (CTA)
adsorb more of these organic contaminants (OC) like phenol, trichlorophenol
and pentachlorophenol from water compared to their short-chain counter-
parts like trimethylphenyl ammonium (TMPA), and tetramethylammonium
(TMA).[62, 63] The reason being that intercalation with larger molecules
imparts greater hydrophobicity to the QAC pillared clays.

The removal of OC from aqueous solutions also depends on the amount
of QAC present in the pillared smectite clay. In addition, this relationship
between QAC amount (in the pillared smectite) and OC uptake varies accord-
ing to the alkyl chain length of the different QACs. For instance, increasing
the concentration of short-chain QACs, such as TMA, in the smectite clay
resulted in reducing in the amount of OC removed from the solution.[64]
However, in the case of long-chain QACs, like CTA, the removal of any
particular OC improved with increasing concentration of QAC in the pil-
lared smectite.[65] The corresponding adsorption isotherms of OC sorption
by short-chain QAC pillared clay exhibited typical curvilinear form, pointing
towards both high- and low-energy sites.[64] In contrast, essentially linear
isotherms were obtained for their long-chain QAC derivatives, suggesting
that all sites are energetically equivalent.[66] This behavior can be explained
mechanistically in the following way, the intercalation of long-chain QACs
like HDPY or CTA, provides a microscopic organic phase which functions
as a solvent, able to dissolve OC. Whereas, TMA or TPMA like short-chain
QACs form ‘pillars’ or ‘columns’ in the interlayer space, hence providing only
pores for the sorption of OC.[67]
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Size of the pillaring agent is also known affect the sorption capacity of
pillared clays. For instance, Jaynes and Vance observed a general increment
in the sequestration of OC like benzene, toluene, ethylbenzene and xylene
(collectively called BTEX) hydrocarbons as the C content of the QAC was
increased from 15 C atoms (in cyclododecyl trimethylammonium, CDTA,
molecular weight MW = 226 and dodecyl trimethylammonium, DTA, MW =
228) to 38 (dioctadecyl trimethylammonium, DODA, MW = 551).[68] How-
ever, the comparison between CDTMA and DTA revealed that the QAC
having straight-chain alkyl groups, was much more proficient at sequester-
ing BTEX than the former, containing cyclic groups having almost identical
MW and the same number of C atoms. Along the similar vein, building
up from the particulate system, researchers have demonstrated free-standing
membranes of vermiculite modified amines have interesting properties when
it comes to wastewater filtration. By changing the size of the pillaring di-
amines, channel/ pore size in the vermiculite membrane could be varied,
which allows for selective removal of molecular species from water.[69]

1.3.2 Molybdenum Disulfide

MoS2 is a 2D van der Waals material where the individual MoS2 layer has
a thickness of 0.31 nm and is separated from the adjacent layers by a van
der waals gap of 0.32 nm. Due to its layered structure, bulk MoS2 has been
used as a solid lubricant for high temperature applications.[70] However, the
recent excitement and upsurge of interest in this material is driven by the re-
alization that monolayer MoS2 exhibits behavior not otherwise seen in bulk
or few layer MoS2. For instance, the electronic band structure transitions
to a direct bandgap type in monolayer MoS2, whereas bulk and few layer
MoS2 possess an indirect bandgap.[71] This transition in bandgap structure
is also accompanied by the emergence of photoluminescence in single layer
MoS2.[72]

Apart from its exotic behavior, single or few layer MoS2 have also shown
to be proficient in clean energy generation and wastewater remediation. For
instance, its performance as a hydrogen evolution catalyst was found to rival
that of the best-known noble metal catalysts.[73] The primary role of the
edge sites in this process was recognized and exploited by Jaramillo et al.[74]
These authors, by synthesizing MoS2 nanoparticles of different sizes, demon-
strated that electrocatalytic hydrogen evolution increases in proportion to
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Figure 1.6: Left, the atomic structure of MoS2. Right, top view of the honey
comb structure of MoS2. Adapted from ref [72].

the edge sites on the MoS2 catalysts. Along similar vein, exclusively edge
exposed MoS2 thin films were grown by Kong et al. They reported 10-fold
enhancement in the exchange current density which is a metric for gauging
the electrocatalytic performance.[75] This insight into the role of exposed
Mo-edge sites led researchers to investigate chemically exfoliated single/ few
layer MoS2 as a catalyst for aqueous reduction reactions.[76] Mo-edge sites
function as catalytic sites because of the under-coordination of Mo present
at the edges of MoS2.

Researchers since then have sought to use MoS2-composites with reduced
dimensions towards catalytic water decontamination.[77, 78] In these studies,
Peng et al used a layered silicate clay substrate, montmorillonite to template
and restrain the size of hydrothermally grown MoS2 nanosheets. They found
that the montmorillonite substrate prevented the agglomeration of MoS2

nanosheets during growth and resulted in greater number of exposed edge
sites in the hybrid. They reported a 300 % enhancement in the catalytic
degradation rate constant of the surfactant-pillared montmorillonite hybrid
compared to pristine MoS2.[78]

1.3.3 Bismuth Molybdate

Bi2MoO6 (BMO) is the simplest member of the Aurivillius perovskite group
and possesses a layered structure. These layers are composed of (MoO4)

2−
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octahedra and (Bi2O2)
2+ tetrahedra stacked alternately along the b-axis of

the crystal (Figure 1.7 ). This layered structure underpins many impor-
tant functionalities of BMO. For instance, this layered structure provides
such high oxide ion mobility that BMO has been termed as an oxide ion
conductor.[79] This high oxide ion mobility is also the reason why BMO is
used as a catalyst for oxidation and ammoxidation of propylene.[80] Another
property resulting from this structure is the piezoelectric behavior of these
crystals.[81] In addition, BMO has also proven successful in capacitor,[82, 83]
sensing,[84] and environmental remediation applications.[85, 86] This same
layered structure also provides a narrow band gap that can be further ex-
panded to 500 nm i.e. to the visible region of the solar spectrum.[87]

Figure 1.7: Atomic structure of Bi2MoO6. (Bi2O2)
2+ and (MoO4)

2− layers
are stacked along the b direction. Adapted from ref [82].

The recent burgeoning of interest in BMO is primarily due to its photocat-
alytic activity which extends in the visible region of electromagnetic spectrum.[88]
BMO is also interesting because its functional properties can be controlled
by modifying particle growth and morphology.[89] For instance, the reduc-
tion in the thickness of BMO nanosheets has been reported to influence the
photocatalytic performance.[90] In another study, by reducing the thickness
of BMO particles from 40 nm to 3 nm, Li et al were able to enhance the in-
ternal electric field in BMO nanoparticles resulting in a 10-fold enhancement
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in the photocatalytic reduction of CO2.[86] Apart from these environmen-
tal applications BMO has also been investigated for wastewater remediation.
BMO has proven effective in degrading contaminants ranging from organic
and inorganic substances to biological matter like bacteria.[89] For instance,
Cruz and Alfaro studied the photocatalytic performance of BMO towards
the degradation of different dyes, namely rhodamine-B, methyl orange and
indigo carmen.[91] They found that the performance of BMO photocatalyst
to decrease in the order, indigo carmen rhodamine-B methyl orange. This
trend was attributed to the difference in the average bond strengths of –
N=N– (420 kJ/mol) and –N–C– (286 kJ/mol) bonds. In more recent time,
the application of BMO-based photocatalysts have also been extended to
photodegrade pharmaceutical compounds. Xu et al studied the photodegra-
dation of ciprofloxacin with BMO photocatalyst and examined the toxicity of
the photodegradation products.[92] They reported that the presence of O va-
cancies in BMO improves their photodegradation performance and that over
time these BMO photocatalysts eliminated toxicity from the photodegrada-
tion products with degree of mineralization. Furthermore, Ce-doped BMO
was used by Dai and colleagues to efficiently decompose toxic nerve agent
simulants like methyl paraoxon and bis(4-nitrophenyl) phosphate and they
reported complete mineralization of the photodegradation products.[93] Since
semiconductor photocatalysts exhibit stronger oxidation ability than oxygen
ions and ozone,[94, 95] they’re being also studied for water disinfection appli-
cations. In this regard, BMO-AgI composite has also shown significant bac-
tericidal action toward both Gram-positive and Gram-negative strains.[96]

1.3.4 Indium Sulfide

In2S3 belongs to the family of III–VI semiconductors. It commonly exists in
three different polymorphic forms, namely, α-In2S3 (defect cubic), β-In2S3

(defect spinel), and γ-In2S3 (layered hexagonal).[97, 98] Among these three
forms, β-In2S3 is stable at room temperature and exists in the tetragonal and
cubic form with bandgap range 1.9–2.4 eV.[99, 100] Since, β-In2S3 was syn-
thesized during this work, rest of the discussion would focus on this phase.
The unit cell of β-In2S3 is comprised of tetrahedral and octahedral sites,
where two-third of the tetrahedral sites and all of the octahedral sites are
occupied by In3+.[101] β-In2S3 is a typical n-type semiconductor. Due to its
favorable band structure In2S3 has been endowed with luminescent proper-

16



ties and because of which it has also been investigated as phosphor in display
devices.[102] Since its bandgap corresponds to absorption in visible light, this
has allowed In2S3 to be useful for solar energy harvesting applications. For
instance, In2S3 has been investigated as a buffer layer in thin film photo-
voltaics and is also explored as a replacement of more toxic CdS which is
more commonly used for the same purpose in photovoltaics.[103]

Figure 1.8: Atomic structure of β-In2S3. Adapted from ref [101].

Because of its light harvesting capacity, In2S3 has been widely used as a
photocatalyst for degrading pollutants. Previously, In2S3 nanoparticles have
been used to destroy model pollutants like dyes via photocatalytic oxidation
of the target contaminant.[104] In another study, Wu et al focused on the
remediation of wastewater polluted with Cr(VI) and the dye rhodamine-B.
They reported that the co-doping of In2S3 nanoparticles with Yb3+ and Tm3+

further improves the photocatalytic reduction of Cr(VI) and photocatalytic
oxidation of rhodamine-B.[105] Co-doping allowed these authors to extend
the light absorption by In2S3 across UV-near infrared region. In addition,
In2S3 nanoparticles also turned out to be effective at degrading antibiotics
like tetracyline and its derivatives.[106, 107] Apart from their action on chem-
ical moieties, In2S3 photocatalysts have also proven successful in destroying
bacteria present in contaminated water.[108]
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1.4 Motivation

Particles exhibiting anisotropic surface chemistry can provide an avenue to
adsorb molecules differentially onto their specific facets, depending on their
charge or surface chemistry. Such colloidal control of molecular adsorption
at interfaces can direct and template the growth of other materials, such
as semiconductor photocatalysts. Since the performance of photocatalysts,
is dependent on their size, where thinner and smaller particles exhibit bet-
ter photocatalytic performance due to their direct bandgap and high surface
area, it becomes critical to control their growth. The conventional colloidal
growth strategies result in the agglomeration of photocatalysts and post-
synthesis exfoliation to obtain thin sheets can introduce detrimental defects
in these materials. These shortcomings can be overcome by using clay-like
materials possessing anisotropic surface chemistry, to template the growth
of photocatalysts. Apart from controlling photocatalyst growth, these clay-
templated photocatalysts also benefit from the intrinsic aqueous dispersibility
of clay-like materials which can further improve their catalytic and photo-
catalytic performance in aqueous media by improving their dispersibility.

In the course of this dissertation, the surfactant-modified clay templated
growth strategy explored here was found to improve the catalytic, photo-
catalytic and adsorption performance of these clay-semiconductor hybrids
compared to their pristine (photo)catalyst and clay counterparts. More-
over, the pressing issue of water pollution (discussed previously in section
1.1) and the inability of present wastewater treatment facilities to tackle
bioactive, non-biodegradable chemicals like pharmaceuticals and dyes,[109]
further motivated the use of these novel clay-semiconductor hybrids for wa-
ter decontamination applications. Anti-fouling filtration membranes with
the ability to sieve out molecular moieties were fashioned out of these clay-
semiconductor hybrids to offer point-of-use water decontamination solutions,
which further motivated us to explore nanofiltration with the aim of achieving
selectivity along with high flow rate in these membranes.
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Chapter 2

Heterostructured Monolayer
MoS2 Nanoparticles toward
Water-Dispersible Catalysts

This chapter has been published as: Jatav, S.; Furlan, K. P.; Liu, J.; Hill, E.
H. Heterostructured Monolayer MoS2 Nanoparticles towardWater-Dispersible
Catalysts. ACS Applied Materials & Interfaces. 2020, 12(17), 19813-19822.

In this work, laponite-MoS2 nanoparticles were synthesized, and tested
for the catalytic degradation of water soluble model pollutants like synthetic
organic dyes. The surfactant-pillared laponite template was able to confine
and restrict the growth of MoS2, which resulted in the formation of smaller
MoS2 particles leading to the presence of greater number of Mo edge sites
compared to pristine MoS2. In contrast to MoS2 control, the incorporation of
laponite was shown to significantly improve the water dispersibility of these
laponite-MoS2 nanohybrids, in addition to retaining the surface chemistry of
laponite. The presence of greater number of catalytic sites, due to smaller
size and improved water dispersibility resulted in significantly higher cat-
alytic pollutant degradation performance of the laponite-MoS2 nanoparticles
compared to pristine MoS2.
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ABSTRACT: MoS2 is a 2D semiconductor where exfoliation to a single layer results
in improved catalytic properties. However, its high surface energy can lead to
extensive aggregation, resulting in degraded catalytic performance and stability.
Combined with a lack of dispersibility in water, this represents a pitfall for catalysis in
the aqueous phase. Herein, we present the use of nanoscopic layered silicates pillared
with a cationic surfactant to template the growth of MoS2 in the interlayer space. This
provides heterostructured layered nanoparticles ∼25 nm wide by 3−8 nm thick
containing isolated MoS2 layers. The resulting nanohybrids retain the disc-like
morphology and surface chemistry of the clays, providing good aqueous stability,
while also providing access to the catalytic edge-sites of the MoS2 layer. In addition to
significant enhancement of catalytic dye degradation, molecular aggregation on the
highly charged clay interface is comparable to unmodified clays. These particles are
ideal for studies of charge-transport properties in confined semiconductor layers, as
well as hierarchical self-assembly into functional materials. This study paves the way to
colloidal synthesis of nanoparticulate heterostructures with other functional layered materials, particularly where particle exfoliation,
covalent modification, and aqueous stability are concerns.

KEYWORDS: nanohybrids, 2D materials, hybrid materials, nanocomposites, transition metal dichalcogenides, laponite, MoS2,
vdW heterostructure

■ INTRODUCTION

Recent advances in synthesis of ultrathin 2D materials
including transition-metal dichalcogenides (TMDs) and oxides
provide the impetus to apply these materials in composite
layered materials. TMDs are among the numerous 2D
nanomaterials which have recently attracted global attention
and extensive research.1−3 Many TMDs are semiconductors
with ∼1−2 eV indirect band gap, which becomes a direct
bandgap after exfoliation into a few layers or a single layer (in
the 1T phase).4−7 In the case of MoS2, their high surface
energy can lead to extensive aggregation, resulting in degraded
catalytic performance and stability. Combined with their lack
of colloidal stability in water, this represents a pitfall when
using MoS2 composites for catalysis in the aqueous phase.8,9

The absorbed photon-to-current conversion efficiencies of
MoS2 thin films has been shown to decrease at thicknesses
greater than a single layer, where the efficiency drops from 8 to
2% as the thickness increases from 1.7 to 2.5 nm.6

Layered silicate clays have a wide range of aspect ratios and
diameters (25 nm to 3.5 μm) and desirable properties
including gas-barrier, transparency, and cation-exchange
capacity.10 The faces of these clay particles are able to load a
variety of molecules at the surface, and aggregation of
molecules occurs upon binding to the surface of the
clay.11−14 The use of TMDs in composites with layered

silicate clays have yielded high-performance materials that
combine the benefits of both.1,8 It was also shown that a
layered silicate clay in a hybrid perovskite solar cell could serve
as a bifunctional buffer layer that limited charge recombination
and improved overall efficiency by 32%.15 The lamellar
configuration and a large surface area both lead to improved
hydrogen generation due to easy access for electrolytes to
facilitate interfacial charge transfer and electrochemical
reactions.2 Furthermore, a number of recent studies have
shown that layered silicate clays are useful for nanoscale self-
assembly toward solution-processed materials with high
material strength.16−19

In a recent study by Peng et al., the layered silicate clay
montmorillonite was used to stabilize the synthesis of MoS2 in
the interlayer space of the clay.20 Cationic surfactants can be
used to cause “pillaring” in layered smectites.21,22 It was also
shown by Peng et al. that without pillaring, MoS2 is grown on
the external basal surfaces of montmorillonite.23 Although
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these studies serve as good motivation for further studies of
reactions in the clay interlayer space, they focus on the
preparation of a bulk composite material rather than a
nanoparticulate system. Because of its natural origin,
montmorillonite can also have a wide size distribution and
dispersity ranging from hundreds of nanometers to several
microns, further complicating systematic studies of templated
growth.24,25 The templated growth of 2D materials in a
nanoparticulate layered silicate to achieve a hybrid nano-
particle containing exfoliated MoS2 nanosheets has not been
reported. Laponite-RD (Lap), a synthetic clay, has a diameter
of 25 nm and a thickness of 0.92 nm, and has a rich phase
behavior ranging from completely exfoliated particles to glasses
and gels.26 It has been previously used for shape-templated
synthesis of gold−clay hybrid nanoparticles.27 As the diameter
of Lap is much smaller than that of montmorillonite (25 nm vs
0.1 to >1 μm), and with a smaller size and shape dispersity, the
resulting nanohybrid would provide greater accessible surface
area, increased number of catalytic edge-sites28 per clay
particle, and better control over the synthesis. Furthermore,
such water-dispersible nanohybrids can be used for additional
colloidal assembly approaches that require a sub-100 nm
particle size. Finally, this small size is ideal for investigations of
charge-transport properties of isolated MoS2 layers, which is
critical for electronics applications.
Herein, the templated growth of MoS2 in the interlayer

space of Lap is carried out (Figure 1). The mechanism of
growth relies on the expansion of the Lap interlayer space by
pillaring using the surfactant cetyltrimethylammonium bro-
mide (CTAB), followed by impregnation of the interlayer by
MoS2 precursors. The direct adsorption of the MoO4

2− anion
on the surface of unmodified Lap is unlikely due to
electrostatic repulsion. However, the hydrophobic cavity of
the surfactant-loaded interlayer eases the entry of molybdate
ions into the interlayer space.20 Osmotic pressure and
hydration effects have been shown to aid the movement of
ions and molecules in clay films.29 Insertion of anions into the
interlayer is particularly favorable in clays pillared with long-
chain organocations such as CTAB, which can result in the
strong uptake of anionic species such as Mo(CN)8

4−,
Fe(C2O4)3

3−, and Fe(CN)6
4− by electrostatic interactions.30,31

Such pillaring with CTAB has been shown to even
accommodate the subsequent addition of anionic surfactants,
drastically expanding the interlayer space from 2.0 to 5.7 nm.32

Earlier studies show that S sources such as cysteine, thiourea,
and thioacetamide associate strongly with montmorillon-
ite,33,34 and recent studies report templating of WS2 and
MoS2 growth by adsorbed thioacetamide on the surface of
montmorillonite.23,35 Interestingly, thioacetamide was shown
to intercalate more strongly at basic pH, whereas acidic pH led
to only minimal intercalation.33 As our synthesis is carried out

at basic pH, a similar templating effect is likely. Furthermore,
the combination of CTAB with thioacetamide has been shown
to absorb strongly in the interlayer space of montmorillonite,
supporting the idea that MoS2 growth in the interlayer space is
indeed templated by the combination of the hydrophobic
interlayer and bound thioacetamide within.36,37 The S source,
thioacetamide, will easily decompose and form H2S above
150°C, which can then reduce Mo(VI) in situ.38 In addition,
thioacetamide has been shown to template the growth of MoS2
due to the closed hydrogen chain generated by reaction of the
azyl group and water, leaving MoO4

2− anions to react with the
generated H2S.

38,39

Under 200 °C and 15 bar over 20 h, the organic components
(including thioacetamide) degrade, allowing crystallization of
MoS2. First, we compared how stirring influences the resulting
particle morphology. Conditions which led to the formation of
hybrid nanoparticles of alternating layers of MoS2 and Lap
with a morphology resembling the clay particle were
determined. The surface chemistry of the particles was then
studied via molecular aggregation to clarify whether there was
more clay-like or MoS2-like character. Finally, the catalysis of
dye reduction by BH4

− was compared for Lap−MoS2 and
MoS2, showing a drastic increase in catalytic activity of Lap−
MoS2 against MoS2, and also when comparing with previous
studies of montmorillonite−MoS2 heterostructures. The
templated growth of MoS2 in the interlayer space of Lap
shows the relevance of nanoscopic layered silicates for model
studies of nanohybrid synthesis.

■ RESULTS AND DISCUSSION

The UV−vis spectra of the Lap−MoS2 particles at different
ratios of MoS2−Lap show a broadband absorption that
decreases with the MoS2−Lap ratio (Figure 2a). The Lap−
MoS2 particles have decreasing absorbance as wavelength
increases, showing a broad absorbance spectrum not unlike
that of the MoS2 control. Their UV−vis spectra resemble those
of Li-intercalated MoS2, exfoliated MoS2 nanosheets, or small
MoS2 particles.

40−42 Although the lack of the typical A and B
exciton bands of MoS2 in the control sample is conspicuous,
this may result from a reduced number of layers due to the
influence of stirring, as hydrothermal synthesis is typically
performed under static conditions. The aqueous stability of the
particles was significantly improved over MoS2, remaining in
suspension for over 48 h compared with MoS2 which
precipitates within an hour (Figure 2b, UV−vis spectra
shown in Figure S1).
In contrast with a previous study of montmorillonite clay

with MoS2 grown in the interlayer space where synthesis was
carried out under static conditions, stirring was carried out
during the hydrothermal synthesis. This prevents large flocs
from forming due to settling during the reaction, resulting in

Figure 1. Hydrothermal synthesis of Lap−MoS2 hybrid nanoparticles.
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smaller nanohybrids. Comparing electron microscopy images
of MoS2−Lap with and without stirring shows clear differences
in their structure (Figure S2). In the case of the sample that is
not stirred, particles of ∼100 nm have the morphology of discs
intersecting at 90°, suggesting that multiple clay platelets are
aggregated during the synthesis. Furthermore, in the features
perpendicular to the TEM grid surface, the lattice spacing of

0.31 nm indicates the growth of multiple layers of MoS2, a
feature which is not present in the stirred sample (Figure S3).
A MoS2 control synthesized with stirring, but without Lap, has
a typical flower-like morphology in a size range of ∼100−500
nm (Figure S4). Transmission electron microscopy (TEM)
revealed that Lap−MoS2 particles resemble Lap in size and

Figure 2. (a) UV−vis spectra of Lap−MoS2 nanoparticles and MoS2 (0.1 mg/mL). (b) Photographs of Lap−MoS2 and MoS2 dispersions at 0.5
mg/mL before and after 48 h of settling time. Corresponding UV−vis spectra of (b) are shown in Figure S1.

Figure 3. High resolution-TEM micrographs. (a) Lap−MoS2 nanoparticles showing Lap-like morphology; particle scale bars are 20 nm. (b)
Electron diffraction and (c) lattice fringes of MoS2(100) and (110) facets. (d) Edge-on view of particles and a particle aggregate (right); lattice
spacings of (100) facets within some of the layers are labeled accordingly. (e) Line-scans showing variations in interlayer spacing; layers with
spacing outside the range 1.2−1.3 nm are labeled accordingly.
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shape, but with greater contrast compared with unmodified
Lap (Figure 3).
Zooming into individual Lap−MoS2 particles, the (100) and

(110) planes of MoS2 are clearly visible and can be observed
by diffraction (Figures 3c and S5). Furthermore, although
unmodified Lap is difficult to observe clearly by electron
microscopy (Figure S6), these particles have greater contrast,
enabling confirmation of their diameter to be similar to that of
unmodified Lap (∼25 ± 10 nm).29 The presence of both Lap
and MoS2 is further supported by EDS measurements (Figure
4). The interlayer spacings of the layered structure were largely
centered around 1.3 nm (Figure 3e), corresponding to the Lap
basal spacing of 1.30 nm measured by X-ray diffraction (XRD)
(Figure 5). The occurrence of >1.6 and <1.1 nm layer spacings
was also observed, and although Bragg reflections of ∼1.04 nm
were observed by XRD, those on the order of 1.6 nm were not
(Figure 5). Measurement of 48 interlayer spacings imaged by
TEM showed that the majority (∼40%) were between 1.2 and
1.36 nm, with ∼15% each for bins of 0.97−1.06, 1.12−1.18,
1.42−1.48, and >1.6 nm (Figure S7). Not only was the
interlayer space confirmed by TEM, but some of the
alternating layers clearly show 0.27 nm lattice spacings,
corresponding to the (100) plane of MoS2. As Lap viewed
edge-on shows little structure other than a thin dark line
(Figure S6), we infer that these observed lattice fringes
represent the MoS2 layers within the layered structure.
Because of the lack of nonaggregated particles observed

edge-on, particle thickness was uncertain. Atomic force
microscopy (AFM) was used to survey 217 particles, which
showed thicknesses from 3 to 9 nm (average 5.1 ± 1.5 nm)
(Figure S8). Using the measured value of Lap basal spacing of
1.3 nm from XRD, this suggests that the particles consist of
heterogeneous multilayer stacks with a number of MoS2 layers
from 1 to 6. Although the TEM images could only reveal the
structure and crystallinity of the Lap−MoS2 particles, their
elemental composition was confirmed by energy-dispersive X-
ray spectroscopy (EDX) (Figure 4).

EDX spectroscopy of Lap−MoS2 clearly shows the presence
of both Mg and Si of Lap and Mo and S from MoS2. Na was
also clearly observed, suggesting that the Na+ ions from the Mo
precursor, Na2MoO4 associated with the anionic faces of Lap
during the formation of the MoS2 layer. The presence of Na is
logical, as the organocation CTAB is not expected to survive
the high temperature and pressure of the hydrothermal
reaction conditions. In fact, Raman spectroscopy showed that
in the case of MoS2−montmorillonite using CTAB as a
pillaring surfactant, an amorphous carbon phase is formed.20 In
addition to EDX spectroscopy, spectral mapping was
performed by using high-angle annular dark-field scanning
TEM (HAADF−STEM) in order to resolve the composition
of the Lap−MoS2 nanoparticles spatially. The close overlap of
the Mo Lα line (2.293 keV) and the S Kα line (2.307 keV)
leads to the formation of a peak with a broadened base (e.g.,
Figure 4b). To overcome this, the Mo Kα line (17.44 keV) was
used to further confirm the presence of Mo (Figure S9).
Furthermore, for EDX mapping by HAADF−STEM, the Mo
Kα line can also be used to indicate the presence of Mo
independent of an S signal, although the signal intensity of this
line is limited by the EBSD detectors used for the
measurement because of their relatively lower detection of
X-ray lines >10 keV. Although EDX confirmed the presence of
both Lap and MoS2, further information about the crystalline
phases present in the nanohybrids was obtained by XRD
(Figure 5).
XRD shed light on the state of both the Lap and MoS2

components in the Lap−MoS2 nanoparticles and further
information about their layered structure. The MoS2 control
sample showed broad diffraction peaks corresponding to
(002), (100), and (102) crystal planes (JCPDS card 03-065-
0160). Such broad peaks are characteristic of MoS2 nano-
particles, in agreement with the previous studies.43 Broad peaks
are also observed in the Laponite-RD sample related to its
nanocrystalline nature and are identified at values 7.10, 19.34,
28.07, and 34.93°, corresponding to (001), (02,11), (005), and
(20,13) crystal planes, respectively.44,45 In the XRD pattern of

Figure 4. EDX spectra of (a) Lap−MoS2, (b) MoS2, and (c) Lap. (d) HAADF−STEM EDX mapping of a Lap−MoS2 particle; scale bars are 20
nm. The complete range of the measured spectra in (a−c), including the Mo Kα line when present, are given in Figure S9. HAADF−STEM EDX
maps of additional particles are shown in Figure S10.
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Lap−MoS2, the peak at 2θ ≈ 35° consists of the (102) crystal
plane of MoS2 overlapping with the (20,13) band of Lap. The

d-spacing of the (001) crystal plane, otherwise known as the
basal spacing, for unmodified Lap is 1.24 nm. After pillaring
with CTAB, the d001-spacing is increased to 1.47 nm.
Hydrothermal synthesis leads to a reduction of the d-spacing
relative to pillared Lap, the amount of which depends on the
amount of MoS2 precursor added. With ratios of 0.19 and 0.28
Mo−Lap, the d-spacing compared to pillared Lap reduces from
1.47 to 1.39 nm. A further decrease in the d-spacing to 1.33
and 1.30 nm is noted as the Mo−Lap ratio is increased to 0.57
and 1.15, respectively (Figure 5b). This corroborates the d-
spacing in MoS2−montmorillonite of 1.29 nm reported by
Peng et al.20 However, in both cases the spacing is smaller than
would be expected for a van der Waals (vdW) heterostructure,
as the vdW gap of MoS2 is 0.3 nm. Thus, if a vdW gap was
present, one would expect a d001-spacing of ∼1.6 nm. Although
this spacing is observed by TEM (Figures 3e and S7), no peak
corresponding to this d-spacing value is observed by XRD. It is
envisioned that future studies using more advanced electron
microscopy methods such as double aberration-corrected TEM
may provide a better understanding of this result.
As the amount of MoS2 precursors are increased, the peaks

related to the (100) and (102) planes of MoS2 become more
prominent (Figure 5b). Furthermore, increased MoS2 content
leads to a peak at 8.4° emerging next to the Lap d001 peak at
6.4°. A decrease in the Lap d-spacing from 1.38 to 1.04 nm is
unlikely, as subtracting the Lap thickness (0.92 nm) gives an
interlayer spacing of 1.2 Å, which is not even half of a single
MoS2 layer. Rather, this peak likely represents a reflection
caused by expanded MoS2 layers grown on or inside Lap.
Notably, the typical (002) reflection of MoS2 around 14°,
which is present in typical multilayer MoS2 but not in

monolayer MoS2, was not observed in the Lap−MoS2 samples.
Although the majority of chemically synthesized MoS2 has a
(002) spacing of ∼0.65 nm, increased spacings up to 1.45 nm
have been observed when the layers are intercalated with
molecules, ions, or graphene.46−49 In our case, the increase in
basal spacing could result from either intercalation of Na+,
incorporation of oxygen in the vdW gap of MoS2, or a
combination of both. It has been shown previously that the
presence of Na+ ions can result in an increase in basal spacing
from 0.64 nm up to 1.5 nm when intercalated Na+ ions are
solvated.46,50−52 Considering that there are two sources of Na+

ions, Na2MoO4 and Lap, and that Na is clearly detected by
EDS (Figure 4d), this is the most likely cause of the expanded
layer spacing of MoS2. The incorporation of oxygen can also
occur due to the incomplete decomposition of Na2MoO4
precursor,49 increasing the (002) spacing to 0.95 nm, though
this is unlikely as this peak at 8.4° is absent in the MoS2 control
sample. Considering that the sulfur source thioacetamide can
be incorporated into clay interlayers,34 we expect that the
growth of MoS2 occurs on the basal surfaces of Lap when
MoS2 precursors exceed the space provided by the expanded
Lap interlayer. Interestingly, this peak is not observed with
MoS2 grown in pillared montmorillonite, suggesting depend-
ence of the growth process on particle edge-length.20

The increase in Lap interlayer spacing shown by XRD
(Figure 5), along with the confirmation of the (100) lattice
spacing in Lap−MoS2 particles by TEM (Figure 3d) indicate
the growth of monolayer MoS2 within the interlayer space of
Lap. Although the XRD measurements were not extended to
the range required to observe the (110) spacing of MoS2 (2θ =
58°) in Lap−MoS2, this lattice spacing was regularly observed
via TEM (Figures 3b,c and S5).

Examining Surface Chemistry by Molecular Absorp-
tion. As mentioned in the introduction, layered silicate clays
are effective at absorbing a variety of organic and ionic species,
particularly cations. MoS2 has also been shown to be an
effective sorbent of heavy metal ions and organic contami-
nants, including a wide variety of organic dye molecules.53−55

Considering that both components of the Lap−MoS2 nano-
hybrids are good sorbents for similar molecules and both are
anionic, one would expect difficulty in differentiating which
material caps the faces of the layered structure. As the synthesis
is based on growth in the interlayer space, one would assume
that the Lap−MoS2 nanocomposites are terminating stacks of
varying numbers of formerly pillared clay particles with MoS2
layers in between. Significant past research on the electronic
structure of dye molecules and aggregates bound to layered
silicates allows us to ascertain which surface terminates the
nanohybrid.12−14 Methylene blue (MB) is a good candidate for
determining interactions with the layered silicate interface, as
Cenens and Schoonheydt reported in 1988 the different
absorptive molecular species and their extinction coefficients
when adsorbed on clays including Lap-B.13

In order to better understand the aggregation of molecules
on the Lap−MoS2 nanohybrids, the absorption of MB on both
MoS2 and Lap−MoS2 was studied by UV−vis spectroscopy
and ζ-potential measurements. It was observed that titration of
a solution of MB with Lap−MoS2 leads to drastic changes in
both color and colloidal stability (Figure 6). Calculated using
the average molecular weight of Lap of 7.1 to 9.3 × 105 g/
mol,56 charge-equivalency is reached at a MB/Lap−MoS2
molar ratio of 150, resulting in the formation of a bluish-
green precipitate. As shown by UV−vis spectroscopy (Figure

Figure 5. (a) X-ray diffractograms of Lap−MoS2 and controls; (b) X-
ray diffractograms of Lap−MoS2 synthesized at different MoS2−Lap
ratios (by Mo mass), showing a decrease in Lap interlayer spacing
(d001) with increasing MoS2 content. Schematic illustrating the
observed d-spacings of (c) (001)Lap and (d) (002)MoS2 with an
expanded interlayer space from Lap−MoS2.
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6b), addition of Lap−MoS2 results in the formation of a

prominent absorbance band at 596 nm, which is attributed to

the formation of an H-dimer on the clay interface.13 However,

MB trimer bound to the clay interface which was previously

reported at 570 nm was not observed at the concentrations
studied. In the control study of MoS2, although the typical
absorbance bands observed for MB in solution were observed
(monomer at ∼664 nm, dimer as a shoulder at ∼605 nm), no
surface aggregates were observed. With increasing addition of
MoS2, the MB spectrum is reduced, whereas beyond 40 μg/mL
MoS2, the spectrum of MB completely disappears and only the
spectrum of MoS2 is visible (Figure S11).
The change in colloidal stability observed in the form of a

precipitate at 0.183 nmol MB per μg Lap−MoS2 suggested that
ζ-potential may reveal the change of surface charge brought
about by the change from a cationic MB-rich system to an
anionic clay-rich system. Indeed, a MB/Lap−MoS2 molar ratio
above 150 resulted in a cationic surface charge of ∼15 mV,
indicating that the layered silicate surface of Lap−MoS2 is
covered with MB at an amount exceeding the cation exchange
capacity (CEC). A MB/Lap−MoS2 ratio less than 150 showed
a negative zeta potential, which is ascribed to the lack of MB
molecules sufficient to compensate for the surface charge of
the layered silicate clay. This would result in the aggregation of
the Lap−MoS2 particles with the cationic MB molecules
sandwiched between the exposed Lap surfaces. The Lap−
MoS2 itself was measured to have a zeta potential of ∼−20
mV, where unmodified Lap has a zeta potential of −25 mV
(Figure 6c).

Catalytic Dye Degradation. The reactions of 4-nitroani-
line (4-NA) and methyl orange (MO) with NaBH4 were
chosen to evaluate the catalytic performance of the samples.
The reduction of 4-NA and MO with NaBH4 is a common
measure of catalytic activity, as it is thermodynamically feasible
but kinetically hindered by a high activation barrier.20,23,57

Borohydride ions transfer surface−hydrogen species in a
reversible manner to the surface of the particles, which can
readily react with the adsorbed dye molecules.58,59 In the case
of MO, catalytic reduction leads to the formation of sulfanilic
acid and N,N-dimethyl-p-phenylenediamine, whereas 4-NA is
reduced to p-phenylenediamine. Without the presence of a
catalyst, there is no generation of surface−hydrogen species

Figure 6. Absorption and aggregation of MB on Lap−MoS2. (a) Photographs of a 7.3 μM solution of MB with different amounts of Lap−MoS2
added (2−100 μg/mL), directly after addition, 1 day later, and 1 week later. (b) Corresponding UV−vis spectra of 0 and 24 h samples from (a).
(c) Zeta-potentials measured after 24 h, excluding the 40 μg/mL sample due to colloidal instability. “Lap” in the legend of (c) refers to a 0.1 mg/
mL suspension of Lap at pH 10, without any added MB.

Figure 7. Catalytic degradation of (a) MO (67 μM) and (b) 4-NA
(0.12 mM) at different catalyst concentrations. Lap−MoS2 is
indicated by solid lines; MoS2 by dashed lines and open symbols.
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from BH4
−, resulting in little reduction of the organic species.

Control experiments where only catalyst or only NaBH4 were
used yield a decoloration of no more than 5% over 90 min
(Figure S12). UV−vis spectra taken over the course of the
reactions are shown in Figure S13.
There was a significant increase in catalytic activity of Lap−

MoS2 over that of MoS2 (Figure 7). Although 40 μg/mL Lap−
MoS2 was required to fully react a solution of 67 μM MO, an
equivalent amount of MoS2 only removed 15%. 4-NA was
more easily reduced, and 10 μg/mL Lap−MoS2 was sufficient
to fully react 0.12 mM 4-NA, where 10 μg/mL MoS2 achieved
no more than 50%. Furthermore, the Lap−MoS2 particles gave
significant enhancement in catalytic dye degradation compared
with a previous hybrid system of montmorillonite−MoS2. In
the case of MO degradation, Lap−MoS2 degraded 96% of the
dye within 15 min, whereas a montmorillonite−MoS2 hybrid
degraded around 90% of the dye in the same time while using
5 times the catalyst concentration used herein.23 There are
several possible contributions to the improved performance of
the Lap−MoS2 compared to pristine MoS2. First, the clay-like
surface chemistry of the Lap−MoS2 hybrids provides increased
water dispersibility compared to MoS2, resulting in higher
effective surface area due to improved exfoliation. Second,
small lateral dimensions of the Lap−MoS2 particles (∼25 nm)
means a greater proportion of catalytically active edge-sites of
the intercalated MoS2 than the larger (100−500 nm) MoS2
particles. Finally, as Laponite can readily absorb a number of
organic dyes, the dye molecules bound to the clay surface can
be attacked by the surface hydrogen species, resulting in
improved catalytic performance compared to pure MoS2.
Interestingly the difference between the dye degradation
performance of the hybrid particles and pure MoS2 becomes
more pronounced for the case of the more complex molecule,
MO, suggesting that these hybrid nanoparticles may be useful
for water decontamination applications.

■ CONCLUSIONS
Many 2D semiconducting materials such as MoS2 can be
exfoliated to achieve a direct bandgap,4,60−62 but suffer from
extensive aggregation and are unstable in aqueous solution,
hindering their application in photocatalysis and water
purification. In addition, the majority of catalytic activity of
MoS2 is provided by the edge-sites,63 allowing modification of
the basal surfaces. The use of stirring during hydrothermal
synthesis led to reduced settling and aggregation, and thereby
smaller particles. These hybrid nanoparticles showed several
features that have not been previously reported. Not only did
the Lap−MoS2 particles resemble Lap morphologically, but
electron diffraction, EDX spectroscopy, and XRD show that
the particle is a hybrid of alternating layers of MoS2 and Lap.
In addition to heterostructured layers, a positive correlation
between the MoS2 precursor concentration and the formation
of expanded MoS2 multilayers with a spacing of ∼1.04 nm was
observed.
The surface chemistry of the nanohybrids was shown to be

clay-like, as their surface charge and the molecular aggregation
behavior of MB resemble that of Lap. Furthermore, their
improved stability in aqueous solution compared to MoS2 was
evident. Finally, catalytic degradation of 4-NA and MO
revealed significant enhancement of the activity of Lap−
MoS2 compared with MoS2. The improved dispersibility,
aqueous stability, ease of exfoliation, molecular absorption
properties of the clay surface, and small particle diameter

increasing surface area and proportion of catalytic Mo edge
sites are all probable origins of the improvement of catalytic
properties over MoS2.
These results show that Lap is an ideal model system for the

study of surfactant-templated growth of nanoscopic 2D
materials, in part because of its small size and size distribution,
optical transparency, and colloidal stability. Systematic studies
of the synthesis are currently underway in order to understand
how choice of pillaring surfactant, tuning of micelle geometry,
and the reaction pH influence the final nanohybrid
morphology and structure. It has also been shown that the
surfactant, cetylpyridinium chloride can effectively pillar
layered silicate clays,64 and that CTAC/CTAB mixtures can
give rise to wormlike or ellipsoidal micelles.65 Furthermore,
layered silicate clays can form a gel phase via a “house of
cards”-type aggregation at low pH, suggesting that this work
may present an approach to synthesize a bulk gel-phase hybrid
material for photo- or electrocatalysis.66 Finally, the successful
growth of a 2D material on a nanoscopic template gives
impetus to synthesize other 2D materials in the interlayer
space, particularly where prevention of aggregation and
aqueous stability is a concern. As the majority of synthetic
approaches for monolayer MoS2 are top-down, this presents a
colloidal hydrothermal approach which should be applicable
for the growth of other 2D materials. We look forward to
future developments of such hybrid nanomaterials for
applications in photocatalysis, sensing, and self-assembled
materials for electronics and energy.

■ MATERIALS AND METHODS
Materials. Lap was provided by BYK additives (Germany).

Sodium molybdate, Na2MoO4 (99%), thioacetamide (99%), NaOH
pellets (99%), MB, MO, 4-NA, and CTAB (>99%) were obtained
from Sigma-Aldrich and used without further purification. All
solutions and dispersions were prepared using Millipore-filtered
water with a resistivity of 18.2 MΩ·cm. Lap dispersions are prepared
by first adding the Lap powder to water under stirring, followed by
addition of NaOH to reach a pH of 10. Following 24 h of stirring, the
Lap dispersion is stored at 23 °C, and prior to use in the synthetic
procedures, the dispersion is sonicated in a bath sonicator (480 W,
Sonorex RK106, Bandelin, Berlin, DE) for 15 min.

Hydrothermal Synthesis of Lap−MoS2 Nanohybrids. A
dispersion of Lap (42 mL, 5 mg/mL) is added to a 100 mL Teflon
beaker. Under magnetic stirring at 50 °C (700 rpm), CTAB (2.1 mL,
0.1 M) is added to the Lap dispersion. The flocculation of Lap by
CTAB is immediately visible by increased opacity and turbidity of the
dispersion. Assuming a CEC of Lap in the range of 0.55−0.8 mequiv/
g,26 there is an 18 to 26× excess of CTA+ (4.4 mmol) over the total
exchangeable cations (0.18 mequiv), which ensures the pillaring of all
Lap present. After 10 min of stirring, a previously prepared solution of
Na2MoO4 (24 mg/mL) and thioacetamide (30 mg/mL) is added to
the dispersion to reach a final Mo−Lap ratio of 1.15, 0.57, 0.25, or
0.19, and the Teflon beaker is then inserted into the hydrothermal
autoclave (BR-100, Berghof Instruments, Eningen, DE). The reactor
is evacuated with argon gas, and magnetic stirring (700 rpm) is
controlled by a hotplate below the reactor. The temperature is
increased from 30 to 200 °C in 70 min, at which time the pressure of
the reactor reached ∼15 bar. The reaction is carried out for 20 h, after
which the heating is turned off and the reactor is allowed to cool to
room temperature (∼23 °C) at a rate not exceeding 2 °C/min. The
product is cleaned three times by centrifugation at 7500 rpm for 25
min and rinsing with water, and the cleaned product is collected and
then dried in a vacuum oven (60 °C for 24 h). An MoS2 control was
synthesized following the same procedure as that of 1.15 Mo−Lap
ratio (4.6 mg/mL Na2MoO4, 5.8 mg/mL thioacetamide) without the
addition of Lap.
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Characterization. UV−vis absorbance spectra were obtained
using a Cary 60 UV−Vis spectrometer (Agilent, Santa Clara, CA,
USA). Samples for electron microscopy were prepared by vacuum-
drying 5−10 μL of a particle dispersion onto the carbon film of a
copper TEM grid (300 mesh size, Formvar film, Ted Pella Inc.,
Redding, CA, USA). High-resolution TEM imaging, including EDX,
was performed using a FEI Talos F200X transmission electron
microscope (Thermo Scientific, Waltham, MA, USA) operated at 200
kV. XRD was performed on dried powder samples placed on top of
Si(100) wafer (Bruker AXS D8 ADVANCE, Cu Kα, 40 kV, 40 mA,
step size 0.01°, step time 3 s). The XRD spectra were analyzed using
Diffrac.EVA software from Bruker, and the d-spacing values were
calculated according to the peak positions obtained in the software.
AFM was carried out using a Dimension 3000 atomic force
microscope system (Digital Instruments, Santa Barbara, CA), with
an SSS-NCLR cantilever (Nanosensors, Neuchatel, Switzerland) in
the noncontact mode ( f r = 151 kHz, k = 48 N/m). AFM images were
processed with Gwyddion software. Heightmaps were leveled using
mean plane subtraction, followed by polynomial background
subtraction, and correction of the zero set point. Line scans were
made across different particles, and their height profiles were fitted
using the step height function.
Catalytic Dye Degradation. The catalytic activity of the samples

was examined using model reactions of reduction of 4-NA and MO
with NaBH4. Catalyst dispersions were prepared by first sonicating 20
mg of the catalyst powder in 2 mL of deionized (DI) water for 15
min, followed by further addition of DI water and a brief sonication to
achieve the desired concentration. For a given experiment, 0.5 mg/
mL MoS2−Lap solution was added to an aqueous solution of MO
(100 mL, 67 μM) or 4-NA (50 mL, 0.12 mM) to achieve the desired
final concentration of the catalyst. After 15 min of stirring, NaBH4 was
added to reach 72 mM, initiating the reduction reaction. As a large
excess of NaBH4 is present, its concentration can be assumed to be
constant. Concentrations of MO (λ = 464 nm, ε = 23,400 M−1·cm−1)
and 4-NA (λ = 380 nm, ε = 13,500 M−1·cm−1) were calculated using
the Beer−Lambert law. Two milliliter aliquots were taken at different
times and their UV−vis spectra were recorded. Decoloration was
evaluated as follows: decoloration (%) = C0 − C/C0, C0 is the initial
concentration of the dye and C is the concentration at a given time.
The same procedure was used to evaluate the catalytic activity of the
MoS2 control, and control experiments with no catalyst and no
NaBH4 were also performed.
Dye Aggregation. MB was added to 20 mL of water to a final

concentration of 10 μM. Different amounts of Lap−MoS2 or MoS2
dispersions (1 mg/mL) were then added to 2 mL aliquots of the dye
solution to result in a final catalyst concentration ranging from 2 μg/
mL to 0.2 mg/mL. UV−visible spectra were recorded and the samples
were photographed at 0 and 24 h timepoints. In the case of MB, after
24 h of settling, the samples were diluted 10-fold and their zeta
potentials were obtained with a Zetasizer ZS-Nano (Malvern
Instruments, Malvern, United Kingdom).
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Varela, M.; Martínez-Alonso, A.; Tascoń, J. M. D. Chemically
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Clays: FT-IR, Mössbauer and EPR Spectroscopy and X-Ray
Diffractometry Studies. Amino Acids 2010, 38, 1089−1099.
(34) Khaorapapong, N.; Kuroda, K.; Ogawa, M. Incorporation of
Thioacetamide into the Interlayer Space of Montmorillonite by Solid-
Solid Reactions. Clay Sci. 2002, 11, 549−564.
(35) Peng, K.; Wang, H.; Li, X.; Wang, J.; Cai, Z.; Su, L.; Fan, X.
Emerging WS2/Montmorillonite Composite Nanosheets as an
Efficient Hydrophilic Photocatalyst for Aqueous Phase Reactions.
Sci. Rep. 2019, 9, 16325.
(36) Ngassa, G. B. P.; Tonle,́ I. K.; Walcarius, A.; Ngameni, E. One-
Step Co-Intercalation of Cetyltrimethylammonium and Thiourea in
Smectite and Application of the Organoclay to the Sensitive
Electrochemical Detection of Pb(II). Appl. Clay Sci. 2014, 99, 297−
305.
(37) Ngassa Piegang, G. B.; Tonle, I. K.; Walcarius, A.; Ngameni, E.
An Inorganic-Organic Hybrid Material from the Co-Intercalation of a
Cationic Surfactant and Thiourea within Montmorillonite Layers:
Application to the Sensitive Stripping Voltammetric Detection of
Pb2+ and Cd2+ Ions. C. R. Chim. 2016, 19, 789−797.
(38) Li, X.-L.; Li, Y.-D. MoS2 Nanostructures: Synthesis and
Electrochemical Mg2+ Intercalation. J. Phys. Chem. B 2004, 108,
13893−13900.
(39) Su, X.; Wang, D.; Yan, Q.; Guo, X.; Fang, S.; Liu, Y.
Preparation, Microstructure, Electromagnetic Property and Micro-
wave Absorption Property of MoS2 Nanopowder by Hydrothermal
Method at Various Reaction Temperatures. J. Mater. Sci.: Mater.
Electron. 2018, 29, 4020−4029.
(40) Shi, Y.; Wang, J.; Wang, C.; Zhai, T.-T.; Bao, W.-J.; Xu, J.-J.;
Xia, X.-H.; Chen, H.-Y. Hot Electron of Au Nanorods Activates the
Electrocatalysis of Hydrogen Evolution on MoS2 Nanosheets. J. Am.
Chem. Soc. 2015, 137, 7365−7370.
(41) Li, B.; Jiang, L.; Li, X.; Ran, P.; Zuo, P.; Wang, A.; Qu, L.; Zhao,
Y.; Cheng, Z.; Lu, Y. Preparation of Monolayer MoS2 Quantum Dots
Using Temporally Shaped Femtosecond Laser Ablation of Bulk MoS2
Targets in Water. Sci. Rep. 2017, 7, 11182.
(42) Visic, B.; Dominko, R.; Gunde, M. K.; Hauptman, N.; Skapin,
S. D.; Remskar, M. Optical Properties of Exfoliated MoS 2 Coaxial
Nanotubes - Analogues of Graphene. Nanoscale Res. Lett. 2011, 6,
593.
(43) Lei, B.; Li, G. R.; Gao, X. P. Morphology Dependence of
Molybdenum Disulfide Transparent Counter Electrode in Dye-
Sensitized Solar Cells. J. Mater. Chem. A 2014, 2, 3919−3925.
(44) Daniel, L. M.; Frost, R. L.; Zhu, H. Y. Edge-Modification of
Laponite with Dimethyl-Octylmethoxysilane. J. Colloid Interface Sci.
2008, 321, 302−309.
(45) Silva, J. M.; Maturi, F. E.; Barud, H. S.; Constantino, V. R. L.;
Ribeiro, S. J. L. New Organic-Inorganic Hybrid Composites Based on
Cellulose Nanofibers and Modified Laponite. Adv. Opt. Technol. 2018,
7, 327−334.
(46) Zheng, J.; Zhang, H.; Dong, S.; Liu, Y.; Tai Nai, C.; Suk Shin,
H.; Young Jeong, H.; Liu, B.; Ping Loh, K. High Yield Exfoliation of

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c02246
ACS Appl. Mater. Interfaces 2020, 12, 19813−19822

19821



Two-Dimensional Chalcogenides Using Sodium Naphthalenide. Nat.
Commun. 2014, 5, 2995.
(47) Li, Y.; Liang, Y.; Robles Hernandez, F. C.; Deog Yoo, H.; An,
Q.; Yao, Y. Enhancing Sodium-Ion Battery Performance with
Interlayer-Expanded MoS2-PEO Nanocomposites. Nano Energy
2015, 15, 453−461.
(48) Zhao, C.; Wang, X.; Kong, J.; Ang, J. M.; Lee, P. S.; Liu, Z.; Lu,
X. Self-Assembly-Induced Alternately Stacked Single-Layer MoS2 and
N-Doped Graphene: A Novel van Der Waals Heterostructure for
Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 2016, 8, 2372−
2379.
(49) Xie, J.; Zhang, J.; Li, S.; Grote, F.; Zhang, X.; Zhang, H.; Wang,
R.; Lei, Y.; Pan, B.; Xie, Y. Controllable Disorder Engineering in
Oxygen-Incorporated MoS2 Ultrathin Nanosheets for Efficient
Hydrogen Evolution. J. Am. Chem. Soc. 2013, 135, 17881−17888.
(50) Wang, S.; Tu, J.; Yuan, Y.; Ma, R.; Jiao, S. Sodium Modified
Molybdenum Sulfide via Molten Salt Electrolysis as an Anode
Material for High Performance Sodium-Ion Batteries. Phys. Chem.
Chem. Phys. 2016, 18, 3204−3213.
(51) Zak, A.; Feldman, Y.; Lyakhovitskaya, V.; Leitus, G.; Popovitz-
Biro, R.; Wachtel, E.; Cohen, H.; Reich, S.; Tenne, R. Alkali Metal
Intercalated Fullerene-like MS2 (M = W, Mo) Nanoparticles and
Their Properties. J. Am. Chem. Soc. 2002, 124, 4747−4758.
(52) Wang, X.; Shen, X.; Wang, Z.; Yu, R.; Chen, L. Atomic-Scale
Clarification of Structural Transition of MoS2 upon Sodium
Intercalation. ACS Nano 2014, 8, 11394−11400.
(53) Song, Y.; Lu, M.; Huang, B.; Wang, D.; Wang, G.; Zhou, L.
Decoration of Defective MoS2 Nanosheets with Fe3O4 Nanoparticles
as Superior Magnetic Adsorbent for Highly Selective and Efficient
Mercury Ions (Hg2+) Removal. J. Alloys Compd. 2018, 737, 113−121.
(54) Ai, K.; Ruan, C.; Shen, M.; Lu, L. MoS2 Nanosheets with
Widened Interlayer Spacing for High-Efficiency Removal of Mercury
in Aquatic Systems. Adv. Funct. Mater. 2016, 26, 5542−5549.
(55) Wang, Z.; Sim, A.; Urban, J. J.; Mi, B. Removal and Recovery of
Heavy Metal Ions by Two-Dimensional MoS2 Nanosheets: Perform-
ance and Mechanisms. Environ. Sci. Technol. 2018, 52, 9741−9748.
(56) Avery, R. G.; Ramsay, J. D. F. Colloidal Properties of Synthetic
Hectorite Clay Dispersions. II. Light and Small Angle Neutron
Scattering. J. Colloid Interface Sci. 1986, 109, 448−454.
(57) Lin, T.; Wang, J.; Guo, L.; Fu, F. Fe3O4@MoS2 Core-Shell
Composites: Preparation, Characterization, and Catalytic Application.
J. Phys. Chem. C 2015, 119, 13658−13664.
(58) Zhang, H.; Li, X.; Chen, G. Ionic Liquid-Facilitated Synthesis
and Catalytic Activity of Highly Dispersed Ag Nanoclusters
Supported on TiO2. J. Mater. Chem. 2009, 19, 8223−8231.
(59) Wunder, S.; Polzer, F.; Lu, Y.; Mei, Y.; Ballauff, M. Kinetic
Analysis of Catalytic Reduction of 4-Nitrophenol by Metallic
Nanoparticles Immobilized in Spherical Polyelectrolyte Brushes. J.
Phys. Chem. C 2010, 114, 8814−8820.
(60) Rizvi, R.; Nguyen, E. P.; Kowal, M. D.; Mak, W. H.; Rasel, S.;
Islam, M. A.; Abdelaal, A.; Joshi, A. S.; Zekriardehani, S.; Coleman, M.
R.; Kaner, R. B. High-Throughput Continuous Production of Shear-
Exfoliated 2D Layered Materials Using Compressible Flows. Adv.
Mater. 2018, 30, 1800200.
(61) Nicolosi, V.; Chhowalla, M.; Kanatzidis, M. G.; Strano, M. S.;
Coleman, J. N. Liquid Exfoliation of Layered Materials. Science 2013,
340, 1226419.
(62) Tan, C.; Cao, X.; Wu, X.-J.; He, Q.; Yang, J.; Zhang, X.; Chen,
J.; Zhao, W.; Han, S.; Nam, G.-H.; Sindoro, M.; Zhang, H. Recent
Advances in Ultrathin Two-Dimensional Nanomaterials. Chem. Rev.
2017, 117, 6225−6331.
(63) Zhang, J.; Wu, J.; Guo, H.; Chen, W.; Yuan, J.; Martinez, U.;
Gupta, G.; Mohite, A.; Ajayan, P. M.; Lou, J. Unveiling Active Sites
for the Hydrogen Evolution Reaction on Monolayer MoS2. Adv.
Mater. 2017, 29, 1701955.
(64) Xu, Z.; Lv, F.; Zhang, Y.; Fu, L. Synthesis and Characterization
of CPC Modified Magnetic MMT Capable of Using as Anisotropic
Nanoparticles. Chem. Eng. J. 2013, 215-216, 755−762.

(65) Han, S.; Hou, W.; Dang, W.; Xu, J.; Hu, J.; Li, D. Synthesis of
Rod-like Mesoporous Silica Using Mixed Surfactants of Cetyltrime-
thylammonium Bromide and Cetyltrimethylammonium Chloride as
Templates. Mater. Lett. 2003, 57, 4520−4524.
(66) Cummins, H. Z. Liquid, Glass, Gel: The Phases of Colloidal
Laponite. J. Non-Cryst. Solids 2007, 353, 3891−3905.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c02246
ACS Appl. Mater. Interfaces 2020, 12, 19813−19822

19822



Chapter 3

Facet Engineering of Bismuth
Molybdate via Confined
Growth in a Nanoscale
Template toward Water
Remediation

This chapter has been published as: Jatav, S.; Liu, J.; Herber, M.; Hill,
E. H. Facet Engineering of Bismuth Molybdate via Confined Growth in a
Nanoscale Template toward Water Remediation. ACS Applied Materials &
Interfaces. 2021, 13(16), 18713-18723.

After obtaining the growth of isolated monolayers of MoS2 confined by
the organically-modified laponite interlayers (chapter 2), the subsequent task
was to extend this synthetic methodology for obtaining thin/ confined growth
of other semiconductors. Hence, in this study, organically-modified laponite
was used for templating the growth of photocatalytic Bi2MoO6 for obtaining
thin platelets of the latter, since thin platelets exhibit better photocatalytic
performance. Our investigations revealed that Bi2MoO6 growth on laponite
can improve the adsorption capacity of the underlying clay substrate. Herein,
we were able to remove model pollutants from water by their adsorption onto
these laponite-Bi2MoO6 hybrids and photodegrade the adsorbed pollutant
later by exploiting the photocatalytic activity of Bi2MoO6.
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ABSTRACT: Certain nanomaterials can filter and alter unwanted
compounds due to a high surface area, surface reactivity, and
microporous structure. Herein, γ-Bi2MoO6 particles are synthe-
sized via a colloidal hydrothermal approach using organically
modified Laponite as a template. This organically modified
Laponite interlayer serves as a template promoting the growth of
the bismuth molybdate crystals in the [010] direction to result in
hybrid Laponite−Bi2MoO6 particles terminating predominantly in
the {100} crystal facets. This resulted in an increase in particle size
from lateral dimensions of <100 nm to micron scale and superior
adsorption capacity compared to bismuth molybdate nanoparticles.
These {100}-facet terminated particles can load both cationic and
anionic dyes on their surfaces near-spontaneously and retain the
photocatalytic properties of Bi2MoO6. Furthermore, dye-laden hybrid particles quickly sediment, rendering the task of particle
recovery trivial. The adsorption of dyes is completed within minutes, and near-complete photocatalytic degradation of the adsorbed
dye in visible light allowed recycling of these particles for multiple cycles of water decontamination. Their adsorption capacity, facile
synthesis, good recycling performance, and increased product yield compared to pure bismuth molybdate make them promising
materials for environmental remediation. Furthermore, this synthetic approach could be exploited for facet engineering in other
Aurivillius-type perovskites and potentially other materials.

KEYWORDS: Bi2MoO6, dye adsorption, Laponite, layered silicates, environmental remediation

■ INTRODUCTION

A pressing global problem on par with anthropogenic climate
change is anthropogenic contamination of soil and water.1,2 A
consequence of our reliance on fossil fuel-powered facilities to
manufacture products at scale is the emission of greenhouse
gases along with the release of toxic byproducts into the
environment.3,4 These pollutants include simple atomic
entities like heavy metal ions of As, Cd, Cs, Hg, and Pb5,6 as
well as molecules such as per- and polyfluoroalkyls.7 Moreover,
pollutants composed of complex molecules like plastics,
synthetic dyes, pesticides, and pharmaceutical waste also
contribute toward contaminating the environment.8−10 An
account of how these chemicals interact and cause harm to the
human body can be found elsewhere.3,11 One of the primary
contributors in this vein is the highly visible wastewater
effluents from textile, printing, cosmetic, and pharmaceutical
industries.4,12 Dye-contaminated water reduces or in extreme
cases completely blocks sunlight being transmitted through
water, which in turn adversely affects underwater ecosystems.13

Furthermore, many industrial dyes are toxic, having mutagenic
and carcinogenic effects.14,15 As the discharge of such
pollutants hinders attempts to keep the toxicity of the
environment in check, measures should be taken to ensure

proper treatment of contaminated water before its release into
the environment.
Most industrial dyes are non-biodegradable or biodegrade

very slowly, which makes contaminated water treatment
necessary.15,16 They are challenging to remove because of
their high solubility and stability in water.17 Traditional
wastewater treatment methods employ physicochemical,18

biological, and advanced oxidative processes (AOPs).19

Recently, electrochemical processes have also been explored
for treating wastewater.20 All these techniques suffer from
limitations that make their deployment on a large scale difficult
or slow. For example, biological processes that employ
bacteria/algae, etc. are time-consuming, require large opera-
tional areas, and are ineffective against barely biodegradable
and recalcitrant industrial pollutants. Physicochemical pro-
cesses for example require coagulation, flocculation, and
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sedimentation stages for their action, which are expensive and
ineffective and cause secondary pollution due to formation of
sludge.21 AOPs, which include wet oxidation, ozonation,
heterogeneous photocatalysis, and the Fenton process, require
high energy for operation, are costly, and cannot always
degrade all recalcitrant compounds.22 Mycoremediation has
also shown limited success in breaking down recalcitrant
compounds.23 Another physical process that has been explored
is adsorption onto a dispersed solid. Adsorption has an
advantage over the other techniques in that it is a spontaneous
process and cheap and can allow easy recycling of the sorbent.
Activated carbon has been widely studied in this regard, but its
widespread deployment is hindered by material and regener-
ation costs.24

Laponite (Lap) is a synthetic hectorite layered silicate clay
with an octahedral Mg layer between two tetrahedral silica
layers.25 These disk-shaped particles are 25−30 nm in diameter
and are 0.92 nm thick.26 Because of the isomorphic
substitution of divalent Mg by monovalent Li (in the
octahedral layer), the faces of these discoidal particles acquire
a negative charge, which is compensated by Na+ ions
associated with the basal surface.27,28 One of the most
intriguing properties of layered silicate clays in general and
Lap in particular is the high cation exchange capacity (CEC),28

which allows the exchange of Na+ ions with cationic surfactants
and molecules.29−31 Meanwhile, the exchange of Na+ by
cetyltrimethylammonium chloride can result in exfoliation;32

cetyltrimethylammonium bromide and cetylpyridiunium chlor-
ide cause “pillaring” or aggregation of Lap into vertically
stacked floccules. This results in an expanded interlayer space,
the size of which is also dependent on the length of the
hydrocarbon tail of the exchanged entity.28 As a consequence
of their high surface area and surface charge, pillared clays have
been shown to strongly adsorb dyes and heavy metal
cations.33,34 The expanded, organophilic interlayer space in
pillared Lap has opened up an avenue for the growth of
nanoscopic layered materials in the intergallery space.35−37

Bismuth-based mixed oxides with a layered structure belong
to the Aurivillius group. Bismuth molybdate, Bi2MoO6
(BMO), from this group is composed of alternating
(Bi2O2)

2+ and (MoO4)
2− layers, stacked along the b-axis of

the unit cell. This layered structure, apart from being
conducive to oxide ion mobility,38 also confers a narrow
band gap that can be extended to 500 nm.39 Nanoparticles of
BMO have been studied for catalytic,40−43 gas sensing,44,45

photocatalytic46−48 and supercapacitor applications.49 BMO is
interesting not only due to its good performance in these
applications but also because its properties and performance
are closely related to particle structures and morphology.50,51 It
has been shown that the morphology of BMO nanoparticles
can be controlled by changing reaction pH or introducing

surfactants into the synthesis.52 Recently, Xing et al.
synthesized ultrathin BMO particles that selectively adsorbed
cationic dye and enhanced photocatalytic activity by
introducing mannitol into the precursor solution.53

Herein, bismuth molybdate was grown in the pillared
interlayer space of Lap, resulting in the formation of particles
with drastically altered morphology that could efficiently
adsorb and photodegrade dye molecules. This synthetic
approach yielded changes in the crystalline growth direction
of BMO, which resulted in the formation of particles
predominantly capped with {100}-crystal facets. With the
dominance of {100} facets emerged greatly enhanced
adsorption kinetics and the capacity to adsorb both cationic
and anionic dyes. Interestingly, their adsorption capacity
surpasses that of pillared Lap (clays), which are known to be
effective sorbents of various molecules and ions.33,54,55 The
photocatalytic activity and sedimentation of these particles
(laden with dye molecules) provide a facile means to reuse and
recover these particles. Furthermore, the size of these {100}
faceted particles can be tailored by controlling the pH of the
precursor dispersion. Overall, apart from increased product
yield, this strategy provides a facile means to tailor the crystal
growth direction and studying crystal-facet-dependent proper-
ties.

■ EXPERIMENTAL METHODS
Materials. Laponite-RD was provided by BYK Additives

(Germany). Sodium molybdate, Na2MoO4 (99%), bismuth nitrate,
Bi(NO3)3 (99%), NaOH pellets (99%), rhodamine B (RhB),
methylene blue (MB) and methyl orange (MO), and cetyl
trimethylammonium bromide (CTAB, >99%) were obtained from
Sigma-Aldrich and used without further purification. Nitric acid
(HNO3, 65% w/w) was obtained from Chemsolute and used without
further purification. Polyvinyl alcohol (PVA), 87−89% hydrolyzed
with an average molecular weight of 88k−97k g/mol, was obtained
from Alfa Aesar. All solutions and dispersions were prepared using
Millipore-filtered water with a resistivity of 18.2 MΩ·cm. Lap powder
was dried at 120 °C for 4 h prior to preparing any dispersion. A total
of 2.5 g of Lap powder was added to 500 mL of water under stirring
followed by addition of 0.2 mL of 1 M NaOH to reach a pH of 10.
After 24 h of stirring, the Lap dispersion was stored at 23 °C, and
prior to use in synthesis, the Lap dispersion was sonicated in a bath
sonicator (480 W, Sonorex RK106, Bandelin, Berlin, DE) for 15 min.

Hydrothermal Synthesis of Lap−Bi2MoO6. A dispersion of Lap
(11 mL, 5 mg/mL) was added to a 50 mL Teflon beaker containing
17 mL of deionized water (Scheme 1). Under magnetic stirring,
CTAB (0.560 mL, 0.1 M) was added to the Lap dispersion. The
flocculation of Lap by CTAB is immediately visible by increased
opacity and turbidity of the dispersion. Assuming a CEC of Lap in a
range of 0.55−0.8 mequiv/g,54 there is 1.25 times excess of CTA+

cations over the total exchangeable cations, allowing complete
pillaring of Lap. After 10 min of stirring, a previously prepared
solution of Na2MoO4 (3 mg/mL) and Bi(NO3)3 (10 mg/mL) was

Scheme 1. Hydrothermal Synthesis of Pillared Lap−BMO Particles
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added to the dispersion to reach final Bi concentrations of 0.25, 0.5, 1,
2.5, 5, or 10 mM, always keeping the Bi:Mo precursor ratio constant.
This solution was prepared by adding the desired amount of Bi2MoO6
precursors to 6.7 mL of water and subsequently sonicating it for 10
min. After the addition of precursors to the Lap−CTAB dispersion,
the beaker was sonicated for 10 min. These samples have been labeled
as PLB-0.05x, PLB-0.1x, PLB-0.2x, PLB-0.5x, PLB-1x, and PLB-2x,
respectively. The pH values prior to synthesis were measured to be
8.17, 6.4, 3.48, 2.74, 2.18, and 1.81 for the aforementioned samples,
respectively. The Teflon beaker was then inserted into a hydrothermal
autoclave (DAB-2, Berghof Instruments, Eningen, DE). The autoclave
was placed in an oven over a heat-resistant magnetic stirring plate
(MIXdrive 6, 2mag, Muenchen, DE) stirring at 720 rpm. The
temperature was maintained at 180 °C for 18 h, after which the
reactor was allowed to cool to room temperature. The yellow
precipitates were rinsed seven times with water and two times with
ethanol and centrifuged at 7500 rpm for 10 min, and the cleaned
product was then dried at 60 °C for 24 h. A BMO control was
synthesized following the same procedure without the addition of
Lap, and it is labeled as BMO. Here, the pH was measured to be 1.85.
Hydrothermally treated CTAB-pillared Lap was also synthesized
following the same procedure without the addition of precursors and
is labeled as PL. For studying the effect of reaction duration on the
templated growth of BMO, PLB-0.2x samples were synthesized with
reaction times of 30 min, 1 h, 3 h, and 5 h. For studying the influence
of pH on BMO growth, PLB-0.2x samples were synthesized at pH
values of 2.04, 4.24, 6.3, and 8.24, adjusted using 0.2 M NaOH or 0.2
M HNO3. Samples were also prepared by varying the concentration of
all the reactants by 1.5× and 2.5× compared with PLB-1.0, labeled as
PLB_1.5 and PLB_2.5, respectively.
Characterization. UV−Vis absorbance spectra were obtained

using a Cary 60 UV−Vis spectrometer (Agilent, Santa Clara, CA,
USA). High-resolution transmission electron microscopy was carried
out on a Phillips CM300 HRTEM (Phillips, Netherlands) to
investigate the morphologies of the different samples. High-resolution
transmission electron microscopy (Talos F200X, FEI, USA) was also
performed to obtain HAADF-STEM mappings of the samples.
Samples for electron microscopy were prepared by drying 5−10 μL of
a particle dispersion onto the carbon film of a copper TEM grid (300
mesh size, Formvar film, Ted Pella Inc., Redding, CA, USA). The
crystal structure of the as-prepared samples was determined using a
PANalytical X’PERT Pro diffractometer (Phillips, Netherlands).
Aqueous suspensions of the samples were pipetted onto a Si ⟨100⟩
wafer and heated till the powders were completely dried. Crystal plane
intensity ratios were evaluated after subtracting the baseline from the
corresponding X-ray diffractograms. Zeta potential was measured
using a Malvern Zeta-sizer Nano ZS (Malvern Instruments, UK). N2
adsorption−desorption isotherms were measured on an Autosorb iQ
automated gas sorption analyzer (Quantacore instruments, Boynton
Beach, FL, USA). Samples were degassed at 150 °C for 6 h prior to
commencing N2 adsorption. A total of 100 mg of powder was used for
analysis. The isotherms were obtained at 77 K, and the surface area
was estimated using the Brunauer−Emmett−Teller (BET) equation
by choosing seven points on the isotherms between 0.05 and 0.30
relative pressure values to ensure a good fit. Diffuse reflectance UV−
visible (UV−Vis) spectra were obtained using a Cary 5000 UV−Vis−
NIR Spectrometer (Agilent Inc., Santa Clara, CA, USA).
Dye Adsorption. RhB, MB, and MO dyes were used to study the

adsorption behavior of Lap−BMO particles. Sorbent dispersions were
prepared by first sonicating 20 mg of the powder in 2 mL of deionized
(DI) water for 15 min. For a given experiment, 0.2 mL of the
abovementioned particle dispersion was added to a 75 μM aqueous
solution of MB, MO, and RhB to achieve a final sorbent
concentration of 1 mg/mL (2 mL). These dispersions were left
undisturbed in the dark for 36 h, following which their UV−Vis
spectra were recorded. Concentrations of MB (λ = 664 nm), MO (λ =
464 nm), and RhB (λ = 554 nm) were calculated using the Beer−
Lambert law. To study the kinetics of dye adsorption, UV−Vis spectra
were recorded at specific time points after the addition of the
particles. Dye and particle concentrations in these experiments were

fixed at 75 μM and 1 mg/mL, respectively. At specific time points, 2
mL aliquots were taken from the dye suspension and centrifuged at
7500 rpm for 2 min to sediment any suspended particles, after which
the spectrum was recorded.

Particle Recycling via Photocatalytic Dye Degradation. For
the recycling experiments, 0.05 mL of 10 mg/mL PLB-0.2x particle
dispersion was added to 1.950 mL of RhB solution, resulting in final
concentrations of RhB and PLB-0.2x of 5 μM and 0.25 mg/mL,
respectively. This dispersion was left undisturbed for 24 h, and a UV−
Vis spectrum of the supernatant was recorded, after which it was
discarded. Then, 2 mL of water was added to the sedimented
particles, and after 2 min stirring, they were sonicated for 1 min. This
cuvette was then irradiated with light under constant stirring (Dolan-
Jenner Mi-150 Fiber-lite, 170 mW at 400 nm), and UV−Vis spectra
were recorded at specific time points. The dispersion was sonicated
for a minute prior to recording the spectrum. After a total of 300 min
of irradiation, the particles were loaded with 50 μL of RhB (210 μM)
to attain a final concentration of 5 μM. This was allowed to sit
overnight, and after the adsorption of dye, the process was repeated to
determine the recyclability of the particles. The kinetics of RhB
degradation were calculated using the Langmuir−Hinshelwood first-
order kinetic model.

Photoelectrochemical Characterization. Transient photocur-
rent response of the samples was measured on a Zahner Zennium XC
electrochemical workstation in a three-electrode cell. Ag/AgCl (with 3
M KCl) and platinum wire were used as a reference electrode and
counter electrode, respectively. For fabricating the working electrode,
15 mg of sample powder was sonicated in 1.5 mL of PVA (10 mg/
mL) for 15 min and then drop-casted on a clean fluorine-doped tin
oxide substrate. This was left for drying under ambient conditions for
24 h. The working electrode was illuminated with a steady-state solar
simulator (SS-F5-3A, Enli Tech Company, 110 mW/cm2 at 400 nm),
and 0.2 M Na2SO4 was used as an electrolyte.

■ RESULTS AND DISCUSSION
Under hydrothermal conditions, (Bi2O2)

2+ and (MoO4)
2− ions

are generated from the precursors, which subsequently attach
to each other because of the electrostatic interactions,
gradually morphing into nucleation sites.56,57 Figure 1 shows

the X-ray diffractograms of BMO prepared with CTAB
(labeled as BMO) and the different BMO samples prepared
using CTAB-pillared Lap (labeled as PLB). The peaks at 10.89,
28.28, 32.64, 33.13, 36.04, 46.83, 47.12, 55.60, 56.23, and
58.51° correspond to the reflections from the (020), (131),
(200), (060), (151), (202), (062), (331), (133), and (262)

Figure 1. (a) X-ray diffractograms of samples prepared with varying
amounts of BMO precursors (1x = 5 mM Bi). (b) Enlarged view of
regions of the (200), (002), and (060) peaks.
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planes of BMO, respectively.39 These peaks correspond to γ-
Bi2MoO6 (γ-BMO), and the absence of peaks from α and β
phases confirms the formation of a pure γ-BMO phase. Upon
comparison of X-ray scattering from the different samples
shown in Figure 1a, it can be seen that the introduction of
CTAB-modified Lap results in the preferential growth of
certain planes and changes the most prominent Bragg
reflection from the (131) plane to the (060) plane in samples
with a [Bi]:[Lap] ratio of up to 0.63 mM:mg/mL. A significant
modification in the crystal growth orientation can be seen in
the case of PLB-0.2x, where the ratio of (060) to (131) peak
intensity is drastically shifted from 0.23 to 10.86. This clearly
demonstrates that CTAB−Lap strongly influences the
preferential growth orientation of the γ-BMO crystal, which
suggests that the interaction of CTAB-modified Lap with
(Bi2O2)

2+ and (MoO4)
2− ions generated from the precursors is

conducive to the growth of bismuth molybdate in the [010]
direction, which is the direction along which (Bi2O2)

2+ and
(MoO4)

2− layers are stacked. On the other hand, growth along
this direction is drastically reduced for BMO synthesized with
only CTAB and no Lap. Similar changes in crystal growth
orientation were reported by Liu et al. where the growth of
In2S3 in the expanded interlayer space of pillared Lap resulted
in the elimination of the (400) and (511) peaks observed in
pristine In2S3.

36

The peaks from PL can be seen in samples prepared with
low BMO precursor concentration (PLB-0.05x, PLB-0.1x, and
PLB-0.2x); however, their relative intensity decreases with
increasing BMO precursor concentration (Figure 1a). The
intensity of the (131) peak increases with BMO precursor
amount, with the exception of PLB-0.2x, which shows the
lowest intensity of the (131) peak. Moreover, the intensity of
the (020) reflection is greater for all PLB samples as compared
to BMO, maxing out for PLB-0.2x and reducing with
increasing BMO precursor beyond this. The intensity of the
(002)/(200) reflection reduces with the amount of BMO
precursor and is greatly diminished in the diffractograms of
PLB-0.05x, PLB-0.1x, and PLB-0.2x (Figure 1b). This decrease

in the (002, 200) peak intensity is accompanied with an
increase in the intensities of the (020) and (060) peaks. A
similar pattern of change in the intensity is also seen in the
peak pairs corresponding to the (202)/(062) and (331)/(133)
crystal planes, where (331) and (202) peaks are nearly absent
in PLB-0.2x. The influence of scaling was studied at 2.5× the
concentration of reactants used in PLB-1x, where no significant
change in the (060):(020, 200) intensity ratio was observed
(Figure S1a). However, in a control sample synthesized with
unpillared Lap at the same concentrations as PLB-1x, a slight
decrease in the (060):(020, 200) intensity ratio was observed
(Figure S1b). The anisotropy in the growth of different
samples can be compared by looking at the intensity ratio of
peaks belonging to mutually orthogonal crystal planes. These
results indicate that templated growth in pillared Lap
effectively switches the crystalline growth direction, which
can be controlled by varying the ratio of [Bi]:[Lap] used
during the synthesis. Thus, at a certain ratio of [Bi]:[Lap]
(0.16−0.63 mM:mg/mL), CTAB-pillared Lap promotes
growth in the [010] direction and hinders the growth of the
(131) and (200, 002) crystal planes.
Figure 2 shows the TEM micrographs of BMO control and

PLB particles prepared with different BMO precursor
concentrations. The particles from the PLB series clearly
display larger size (up to microns in edge length) and higher
anisotropy compared to BMO particles, which assume a square
sheet-like shape with edge lengths of around 50 nm. The size
of the particles reduces upon increasing [BMO precursor] to
approach similar lateral dimensions to BMO control. Selected
area electron diffraction (SAED) patterns of PLB-0.2x show
the growth of a single crystal, with the (060) and (062)
reflections clearly visible (Figure S3). This trend in the size
change suggests that at an optimal concentration of BMO
precursor, the [Bi]:[Lap] ratio is such that edge−edge
aggregation of pillared Lap flocs can occur, providing a
template for such lateral growth. By stopping the synthesis at
different time points, the growth process could be monitored.
Single-crystalline particles are already observed after 30 min of

Figure 2. TEM images of Lap−BMO hybrids prepared at different BMO precursor concentrations with [Lap] and [CTAB] fixed. (a) BMO control
prepared with CTAB and no Lap. PLB samples prepared at (b) 1 mM, (c) 2.5 mM, (d) 5 mM, and (e) 10 mM BMO precursor concentration (Bi
basis) using CTAB-pillared Lap. (f) HR-TEM image of PLB-0.2x particles (images on the right show zoomed-in lattice planes). (g) HR-TEM
image of PLB-1x with the (020) stacking plane of BMO indicated. Scale bars in (a)−(e) are 100 nm. HR-TEM images of BMO, PLB-0.05x, and
0.1x are shown in Figure S2.
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synthesis, and by 1 h, large crystals with single-crystalline
domains are formed (Figure S4). After 1 h, the particle shape
and morphology are quite different from those synthesized for
3 and 5 h (which resemble those in Figure 2b), looking more
like a christmas tree. After 1 h, the transition from the initial
nucleation to lateral growth can be clearly observed (Figure
3d,e). It should be noted that since the crystallographic phase
of the initial seed critically influences further crystal growth,58

the orientation of the particles observed after 30 min likely
dictates the crystalline orientation after complete growth. X-ray
diffractograms of these samples show that with increasing
reaction time, the (060) reflection peak becomes sharper and
shifts toward a higher angle (Figure S5).
The different polymorphs of BMO, namely, α-Bi2Mo3O12, β-

Bi2Mo2O9, and γ-Bi2MoO6, can be synthesized by varying the
Bi:Mo precursor ratio.47 In their study, Li and co-workers also
showed that pH plays a crucial role in directing the crystal
growth of bismuth molybdate. They found that pH > 7 favors
the formation of γ-Bi2MoO6 (koechlinite) exclusively,
regardless of the Bi:Mo ratio. This was attributed to OH−

ions causing depolymerization of molybdate anions like
(Mo2O7)

2− and (Mo3O10)
2−, making (MoO4)

2− the only
stable molybdate species in the solution.59 The selective
adsorption of H+ on certain facets of the BMO crystal also
directs the crystal growth.60 Therefore, to study the influence
of pH on the synthesis carried out in pillared Lap, PLB-0.2x
was synthesized at different pH values ranging from 2 to 8.
Interestingly, PLB-0.2x samples retain their habit of growth

along [010] even at acidic pH (Figure S6a), in contrast to the
aforementioned studies.47,60 Particle size increased with pH, as
observed by TEM and the narrowing of the (131) reflection
peak observed by XRD (Figure S6). Therefore, while
templating the growth with pillared Laponite maintained the
growth habit along [010] independent of pH, adjusting the pH
provided a means to tailor particle size.
While the external surface is dominated by the {010} facets

in the BMO control, a preferential growth orientation in PLB
samples along the [010] direction would result in external
surfaces terminating predominantly in the {100} facet. It is
plausible that at low [Bi]:[Lap] (0.16−0.63 mM:mg/mL),
high proportions of (Bi2O2)

2+ and (MoO4)
2− ions are present

in close vicinity of CTAB-pillared Lap floccules because of the
attractive electrostatic interactions between CTA+ (associated
with Lap) and (MoO4)

2− and (Bi2O2)
2+ and the basal plane of

Lap. We posit that these electrostatic interactions would
facilitate the nucleation and growth of BMO crystals to begin
primarily from CTAB−Lap floccules. The increase in particle
size and anisotropy also suggests that edge−edge aggregation
of pillared Lap flocs is driven in part by BMO precursors. Of
the potential molecules involved in the synthesis, (MoO4)

2−

would be able to coordinate two Lap edge sites. This
aggregation of pillared Lap driven by (MoO4)

2− might explain
the decrease in the (131) peak intensity observed in the
diffractogram of PLB-0.2x. If the precursor:Lap ratio is such
that a certain aggregation of pillared Lap flocs occurs, this
would be likely to influence the orientation of interfloc and

Figure 3. (a−c) HAADF-STEM mappings of PLB-0.2x particles. Elements Bi, Mo, Si, and Mg are shown from left to right (corresponding EDX
spectra are shown in Figure S7). TEM micrographs of PLB-0.2x synthesized for (d) 30 min and (e) 1 h, showing progression from the initial
nucleation to lateral growth.
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intergallery spaces and thus growth of the BMO crystal. As
particle edge length decreases with increased precursor
concentration, it is likely that an excess of precursors either
leads to greater repulsion between pillared Lap flocs or an
increased likelihood of nucleation and growth occurring in
solution away from the CTAB−Lap interface. Since low
precursor concentration favors the growth of the crystal over
the process of nucleation,61 it might also be a contributing
factor toward the formation of particles with such enlarged
edge lengths (Figure 2b).
A detailed in situ study of the formation of different BMO

crystals under hydrothermal conditions was carried out by
Beale and Sankar by time-resolved energy-dispersive X-ray
diffraction.62 They found that the crystallization of γ-BMO
commences by growth along the [131] and [001, 100]
directions, and thereafter, diffusion-controlled uniform crystal
growth along two dimensions ensues without a preferred
crystallographic direction, resulting in the formation of γ-BMO
sheets. Since the growth of the crystal is influenced by the
surface energies of the different crystal planes, the preferred
growth along the [100, 001] directions means that the
corresponding (100, 001) planes have a higher surface energy
compared to the (010) crystal planes.63 The normal habit of
BMO crystal growth seems to break down in the PLB samples
prepared with [Bi]:[Lap] < 0.63 mM:mg/mL, namely, PLB-
0.05x, PLB-0.1x, and PLB-0.2x (Figure 1). The inhibition of
growth along the [001, 100] directions results from the
reduction in the surface energy of the (100, 001) crystal planes,
which is suspected to be a consequence of the interactions
between BMO precursors and pillared Lap. In order to

establish the colocalization of Lap with BMO, HAADF-STEM
elemental mappings were carried out for PLB-0.2x (Figure 3).
From the HAADF-STEM mappings of PLB-0.2x particles

presented in Figure 3a−c, it can be seen that the elements from
BMO, namely, Bi and Mo, and elements from Lap, namely, Si
and Mg, are present throughout the particles. The transition
between the initial nucleation observed after only 30 min of
growth (Figure 3d) and such “christmas tree”-shaped particles
can be observed in some instances after 1 h of synthesis
(Figure 3e). Taking the above characterization into account, a
mechanism of the growth of BMO with CTAB−Lap was
proposed. During the initial stages of the reaction, BMO
precursors impregnate the interlayer space of the CTAB−Lap
floccules. As the reaction proceeds, (Bi2O2)

2+ and (MoO4)
2−

ions generated from the BMO precursors nucleate, likely at the
basal surface of Lap. Since the basal surface of Lap is negatively
charged and given that (Bi2O2)

2+ layers are formed prior to the
(MoO4)

2− layer,64 it seems likely that Lap initially provides a
platform for (Bi2O2)

2+ layers to grow atop, potentially
dislodging some CTA+ ions in the process. However, at
lower pH, (MoO4)

2− may interact more strongly with the Lap
edge sites, which may be the cause of the decrease in (131)
intensity in Figure S6a. These nuclei then grow in the
interlayer space where pillared Lap not only alters the surface
energy of embryonic crystallites but also provides a confined
environment during the initial stages of BMO crystal growth.
The crystal growth proceeds, consuming the intergallery space
and ultimately growing out of the interlayer.

Dye Adsorption. Figure 4 shows the photographs of the
dye solutions 36 h after the addition of different sorbent
particles and the UV−Vis spectra from the dye adsorption

Figure 4. (a−c) Photographs, (d−f) UV−Vis spectra, and (g−i) adsorption kinetics of dyes (a, d, g) MB, (b, e, h) RhB, and (c, f ,i) MO; [dye] =
75 μM and [particles] = 1 mg/mL. Insets in the middle panel show the chemical structure of the different dyes. Full UV−Vis spectra of (g)−(i) are
shown in Figure S8.
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experiments. In the case of cationic dyes MB and RhB, it can
be clearly seen from the photographs that PLB-0.05x, PLB-
0.1x, and PLB-0.2x adsorb the highest amount of dye,
especially in the case of dye MB where colorless water can
be clearly observed after the sedimentation of dye laden-
particles (Figure 4a−c). In the case of the anionic dye MO, the
greatest adsorption after 36 h is achieved by PL (Figure 4f),
although PLB-0.2x adsorbs more immediately upon dye
addition (Figure 4i). In Figure 4d,e, it can be seen that RhB
is adsorbed substantially, and MB is completely removed in
PLB-0.05x, PLB-0.1x, and PLB-0.2x. Notably, all PLB samples
showed greater dye adsorption compared to BMO, demon-
strating that particles terminating in the {100} facets have
greatly enhanced dye adsorption capacity. On the other hand,
dye adsorption capacity decreased as the [Bi]:[Lap] ratio is
increased past 0.63 mM:mg/mL. The adsorption of MO on
PLB samples revealed a similar trend, where samples PLB-
0.05x, PLB-0.1x, and PLB-0.2x were most proficient at
adsorbing the anionic dye and the adsorption performance
decreased as the BMO precursor was increased beyond this.
Control dye adsorption experiments using pristine Lap as the
sorbent are shown in Figure S9.
To further investigate the adsorption process, kinetics of dye

adsorption was also studied by recording UV−Vis spectra at
specific time points after the addition of the sorbent particles
to the dye solution (Figure 4g−i). BMO removes 26% of MB
and 10% of RhB after 30 min, while PL adsorbs 85% of both
MB and RhB. PLB-0.2x adsorbs 98% of MB and 94% of RhB
within just the first few seconds after their addition to the dye
solution. In the case of the anionic dye MO, BMO adsorbs
only 20% during 30 min of adsorption (Figure 4i).
Interestingly, in the first seconds of adsorption, PLB-0.2x
adsorbs 70% of MO, compared with only 60% adsorbed by PL

in the same time frame, although by 30 min, PL has adsorbed
more.
Figure 5a shows the amount of cationic dye adsorbed per

gram of the sorbent particle estimated from the UV−Vis
spectra presented in Figure 4d−f. The adsorption performance
begins to decline in the samples prepared with [Bi]:[Lap]
greater than 0.63 mM:mg/mL, namely, PLB-0.5x, PLB-1x, and
PLB-2x. Among the different PLB samples, the amount of dye
adsorbed by the particles decreases as the [Bi]:[Lap] ratio is
increased. Interestingly, enhanced adsorption is accompanied
with an increase in growth along the [010] direction (Figure
5b). The intensity ratio of the (060):(200) peaks for BMO is
0.55, whereas for the samples showing the best adsorption
performance, namely, PLB-0.05x, PLB-0.1x, and PLB-0.2x, it is
5.81, 5.12, and 17.57, respectively. The (060):(200) peak
intensity ratio approaches values closer to the BMO control in
PLB-1x and PLB-2x. It has been shown previously that the
{100} facets in BMO are more conducive to photocatalytic O2
evolution as compared to the {010} facets.52 The {010} facet
of BMO is composed exclusively of O atoms, whereas the
chains of (MoO4)

2− and (Bi2O2)
2+ are present equally along

the {100} and {001} facets of BMO.63 This results in the
chemical potential of the {100}/{001} facets being higher than
the {010} facets.65 Thus, we suspect that this difference in the
chemical potential between the {010} and {100} facets is
responsible for the latter being more conducive toward dye
adsorption. Comparing the different cationic dyes, MB is
adsorbed to a greater extent than RhB, which could be due to
the smaller size of MB molecules, allowing more MB per unit
surface area compared to RhB.
Further insights into the interaction between the surface of

the particles and different dyes were gained by measuring the
surface charge of the particles before and after the adsorption
of dye (Figure 6a). It can be clearly seen that as [Bi]:[Lap] is

Figure 5. (a) Specific dye adsorption by different particles. (b) Percentage of total amount of MB adsorbed from the dispersion and ratio of
intensity of reflections from the (060) and (200) planes measured by XRD for different samples. [dye] = 75 μM and [particles] = 1 mg/mL.

Figure 6. (a) Zeta potential of PLB particles and change in zeta potential after the adsorption of MB. (b) Surface area of different PLB samples
estimated using BET. (c) N2 adsorption−desorption isotherms obtained at 77 K.
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increased, the zeta potentials of the particles become less
negative compared to BMO. However, upon a further increase
in the BMO precursor concentration, the zeta potential
becomes more negative (−21.93 mV) and approaches the
value for BMO (−27.7 mV). The surface charge of PLB
particles upon addition to MB dye solution changes from
negative to positive (Figure 6a), which results from the
adsorption of the cationic dye molecules onto the negatively
charged surface of PLB particles. The change in surface charge
after MB adsorption was the greatest for the PLB-0.05x, PLB-
0.1x, and PLB-0.2x samples (>20 mV) and most pronounced
for PLB-0.1x (34.9 mV). Although BMO adsorbed only 25% of
MB, it still showed a significant change of 20 mV in zeta
potential, a consequence of BMO particles having a smaller
surface area and thus becoming saturated with a reduced
amount of MB compared with the PLB samples. Interestingly,
even though PL adsorbed more than 65% of MB from the
solution, there is little change in zeta potential (0.2 mV),
suggesting that the surface charge is dominated by CTAB.
Gas adsorption−desorption isotherms can be used to

discern the presence and nature of porosity in a material and
can be used to estimate the surface area of materials.66 Figure
6b shows the surface area of the different particles as estimated
from N2 adsorption−desorption isotherms using the Bruna-
uer−Emmett−Teller (BET) method. Earlier studies revealed
that pillared clay can have 40 times the surface area compared
to unpillared clay.33 In the case of Lap, pillaring with CTAB
reduced the surface area of Lap from 430 to 184 m2/g. For
PLB samples, it was observed that upon increasing BMO
precursor concentration the surface area of the particles
decreases, which is an interesting finding considering the
reduced particle size observed by TEM. The surface areas of
PLB-0.1x, PLB-0.2x, PLB-0.5x, PLB-1x, and PLB-2x were
estimated to be 209, 196, 156, 115, and 41.7 m2/g,
respectively, whereas BMO was found to have a surface area
of only 11.1 m2/g. The isotherm for PL shows a type-IV
behavior and an H2-type hysteresis, which is typical of
mesoporous materials33 (Figure 6c). Interestingly, for most
PLB samples, the isotherms look like a combination of PL and
BMO, which could be due to the presence of free PL. On the
other hand, with increasing BMO precursor concentration,
hysteresis in the adsorption−desorption curves becomes
successively less pronounced, and PLB-2x shows a type-II
behavior with H3 hysteresis,44 which is similar to that of BMO
control. Since PLB-0.05x, PLB-0.1x, and PLB-0.2x show almost
identical dye adsorption capacity, we suspect that this
enhancement in adsorption is primarily driven by a
combination of changes in crystal facet terminating these

particles along with an increase in their surface area. The
preponderance of the {100} facet in the samples PLB-0.05x,
PLB-0.1x, and PLB-0.2x can be inferred from Figure 5b, where
the (060):(200) intensity ratios of the aforementioned samples
are at least an order of magnitude greater than BMO control.
Furthermore, a similar trend is followed by the adsorption
surface area in which a 10 times increase was observed in the
aforementioned PLB particle surface area over BMO control.
Therefore, we suspect that upon obtaining a threshold number
of surfaces terminated in the {100} crystal facet, the adsorption
capacity can be dominated by the surface area.
An important aspect for evaluating the overall performance

of any functional material/particle system for water decon-
tamination and dye removal is to study their reuse and
recycling performance. Common techniques for recycling of
sorbents involve desorbing the attached molecules from the
sorbent using certain reagents like NaNO3 and NaOH.67 The
possibility of surface damage due to the action of these
reagents is the major shortcoming of these methods. As BMO
has intrinsic photocatalytic activity, dye molecules can be
photocatalytically degraded directly, circumventing the need
for reagents to remove dye molecules from the surface to
achieve reusability of these particles. To study the recycling
performance of these materials, RhB was allowed to adsorb on
the particle surface, and following sedimentation, the particles
were exposed to visible light under stirring.
Figure 7 shows the cyclic adsorption/photodegradation

performance of PLB-0.2x particles and the comparison of
transient photocurrent response with control BMO. PLB-0.2x
particles retain their adsorption and photocatalytic activity
even after four cycles of use, although the adsorption
performance shows a slight decline with subsequent cycles
(Figure 7a). During the first adsorption cycle, almost 89% of
RhB was adsorbed onto PLB-0.2x. In the first photo-
degradation cycle, close to 82% of RhB adsorbed was degraded
in 300 min. While no significant change in the photocatalytic
degradation performance was observed from one cycle to
another (Figure S11c), only 86% of RhB was removed by
adsorption in the fourth cycle compared to the 89% in the first.
This slight reduction in adsorption performance with
successive cycles could be due to saturation of particle surface
with RhB or its photoproducts or structural damage caused by
long exposure to light, although no change in crystallinity or
morphology could be observed (Figure S12). Despite this slow
degradation of performance with repeated cycling, the PLB-
0.2x particles were able to adsorb and degrade a total of 54.16
nmol of dye per mg particles after a total of four cycles.
Photocurrent measurements showed little change from PLB-

Figure 7. (a) Removal of RhB after consecutive adsorption/photodegradation cycles using PLB-0.2x particles. [RhB] = 5 μM and [particles] = 0.25
mg/mL. (b) Transient photocurrent measurements of BMO and PLB-0.2x. Full UV−Vis spectra are shown in Figure S10.
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0.2x to BMO, with a slight increase for PLB-0.2x observed
(Figure 7b). While the same performance of these two samples
is unsurprising, it is interesting that PLB-0.2x has a higher
photocurrent, considering that it would absorb less light due to
the slight blue-shift of the absorption band edge from ∼460
nm in BMO to 440 nm in PLB-0.2x (Figure S11a).

■ CONCLUSIONS
In this study, the layered silicate nanoclay Laponite pillared
with the cationic surfactant CTAB was used for templating the
growth of γ-Bi2MoO6. The morphologies of these PLB samples
were anisotropic, elongated, and up to microns in length,
whereas BMO synthesized with only CTAB formed square
sheets with 50−100 nm edge lengths. This contrasts with
syntheses of MoS2,

35 In2S3,
36 and ZnIn2S4

37 in the pillared Lap
interlayer, in which thin semiconductor layers formed a
heterolayered structure. Interestingly, CTAB-modified Lap
was found to alter the growth orientation of BMO crystals,
promoting preferential growth along the [010] direction,
which otherwise does not occur in the BMO control. This shift
in the crystal growth orientation manifests as an increase in the
predominance of the {100} crystal facets terminating these
particles, as opposed to {010} facets in BMO synthesized
without Lap. The amount of BMO precursor controlled this
shift, where the formation of larger, more anisotropic particles
occurred at lower precursor concentrations. Tuning the BMO
precursor concentration also provides a facile synthetic strategy
to facet-engineer bismuth molybdate particles. Between the
[Bi]:[Lap] ratio of 0.16−0.63 mM:mg/mL, the particle size
and growth orientation of BMO are altered drastically, inferred
from the change in the presentation of the prominent
reflection peak from the (131) crystal plane to the (060)
crystal plane. In addition, pH provided a facile means to tailor
the size of these {100} faceted particles, with low pH resulting
in the formation of smaller-sized particles. The examination of
particles synthesized at different time points further revealed
that the growth of PLB-0.2x particles proceeds via an initial
nucleation of nanocrystals followed by lateral growth along the
same crystalline direction, forming extended single-crystalline
particles.
The emergence of {100} faceted particles also led to a

drastically improved capacity for adsorption of cationic dye
molecules that was lacking in the control samples (namely,
BMO and PL). Also, the CTAB−Lap templated synthesis
significantly increased the surface area of BMO particles, which
is more than an order of magnitude greater for samples PLB-
0.2x, PLB-0.5x, and PLB-1x than BMO. The adsorption of dye
on the surface of these particles is accomplished within few
seconds after their addition to the dye solution, and quick
sedimentation of these particles (along with adsorbed dye
molecules) allows for their easy recovery after use.
Furthermore, the photocatalytic activity of BMO provided a
facile means to degrade dye molecules adsorbed onto the
particle surface, which allowed cyclic adsorption/photo-
degradation on the same particles with limited loss to cycle
performance. These particles maintained their adsorption and
photodegradation performance over multiple cycles, making
them appealing for practical applications in both stationary and
continuous-flow wastewater decontamination settings.
Therefore, this synthetic approach might be useful for

studying the facet-dependence of different properties in BMO
and may even be broadly applicable to a range of other
materials in the Aurivillius family and beyond. Surface

engineering of nanomaterials is a useful strategy for tailoring
their functionality and also plays an important role in the
synthesis of heterostructures. This work provides a simple
route for tailoring the surface chemistry and anisotropy in
nanomaterials via colloidal interactions between the surfactant-
modified clay and Bi/Mo precursors. In addition to the
recyclable photocatalytic sorbent described herein, this
synthetic methodology could potentially be adapted for
tailoring the crystalline growth orientation of a variety of
different materials with applications beyond water decontami-
nation.
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Chapter 4

Surface-Encapsulated Bismuth
Molybdate-Layered Silicate
Hybrids as Sorbents for
Photocatalytic Filtration
Membranes

This chapter has been published as: Jatav, S.; Herber, M.; Xiang H.; Hill,
E. H. Surface-Encapsulated Bismuth Molybdate-Layered Silicate Hybrids as
Sorbents for Photocatalytic Filtration Membranes. ACS Applied Materials
& Interfaces. 2022, 14 (20), 22790-22798.

In chapter 3, it was shown that the organically modified laponite in-
terlayer templates the growth of Bi2MoO6 and results in the formation of
photocatalytic sorbent laponite-Bi2MoO6 hybrid particles. This subsequent
study aimed at further improving the adsorption capacity of these laponite-
Bi2MoO6 hybrid by encapsulating these particles with a thin shell of poly-
mer. Herein, the encapsulation of laponite-Bi2MoO6 hybrids with a thin
shell of crosslinked polymer blend of styrene and butyl acrylate resulted in
the enhancement of adsorption capacity of the former. Furthermore, since
the laponite-Bi2MoO6 hybrids exhibit near-instantaneous molecular sorption,
their polymer encapsulated counterparts also turned out to be effective at
sequestering model pollutants when used in a filtration setup.
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ABSTRACT: Groundwater is being depleted globally at an average rate
of more than one meter per year, during a period when more than a
quarter of the human population has no access to potable water. Aside
from overexploitation, freshwater security is also threatened by climate
change and chemical pollution. The contamination of surface and
groundwater by industrial substances is also undermining the vitality of
ecosystems. It was previously shown that {100}-faceted Bi2MoO6−
Laponite hybrids effectively bind and photodegrade molecular species,
aiding in the decontamination of water. In this study, the encapsulation of
Bi2MoO6−Laponite particles with the polymers butyl acrylate and
styrene further enhanced adsorption of methylene blue by 31.4%, with a
specific adsorption capacity of 192 μmol/g. The polymer−particle
composites were deposited to form membranes and their efficacies in
water filtration and photodegradation were examined. Among the
different surface modifications examined, the highest dye sorption was obtained by butyl acrylate and styrene (3:2) with a 5 mol
% cross-linker. This study provides a method for enhancing the molecular adsorption of composite particles used in membranes
capable of multiple cycles of adsorption and photodegradation, advancing the application of such systems to water filtration.
KEYWORDS: Bi2MoO6, Laponite, surface modification, dye adsorption, self-cleaning membranes, water remediation

■ INTRODUCTION

The exploitation and consumption of resources has resulted in
the indiscriminate release of greenhouse gases and more than
350 000 different anthropogenic/industrial chemicals.1,2 The
magnitude of anthropogenic chemical discharge is estimated to
be in excess of 200 billion tons per year−only a fifth of which is
due to greenhouse gas emissions.3 The chemical footprint of
humanity has been found in the stratosphere, summits of high
mountains,4 in the deepest point in the oceans,5 across the
geosphere6 and hydrosphere,7 and in the human food chain.8

These industrial chemicals, including many known carcinogens
and their residues, have been detected in all human
populations, including the fetus and infants,9,10 and in mothers’
milk.11,12 There is mounting evidence implicating chemical
contamination of the human habitat in reproductive, cognitive,
and developmental disorders as well as premature deaths.13

Not only does chemical poisoning today constitute the greatest
form of preventable mortality, it also aggravates the problem of
biodiversity loss14 by extirpating insects and animals involved
in pollination and water filtration, which are crucial for human
survival and well-being.15

Most notable among these industrial chemicals are synthetic
organic dyes. The worldwide production of these dyes as of
2009 was 700 000 t annually, and they are used primarily by
the textile, printing, cosmetic, and pharmaceutical industries.16

The untreated discharge of dyes into local water streams
changes the color of water, altering the amount of sunlight that
passes through, which can have adverse consequences for the
aquatic biota.17 In addition, some are toxic, mutagenic, and
carcinogenic because of the presence of compounds such as
benzidine, naphthalene, and other aromatics.18 Apart from this,
these dyes are essentially nonbiodegradable and remain in the
biosphere for extended periods of time, raising the risk of
bioaccumulation.19,20 Because dye molecules possess a small
size and high solubility and stability in water, it presents a
challenge to filter or remove these molecules by conventional
means.21

Filtration and reverse osmosis by polymer-based membranes
represent one of the most thoroughly investigated material
systems for water decontamination, mainly because of their
high removal efficiency of small organic molecule, salt
rejection, and high permeation flux.22,23 Many different
inorganic materials are now being explored toward the same
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end. Recent studies aimed toward decontaminating water
polluted with atomic and molecular species have explored
materials ranging from 2D systems like g-C3N4

24 and
MXenes25 to carbon organic frameworks (COFs)26 and
metal organic frameworks (MOFs)27 and have investigated
their efficacy in a filtration setup. For instance, Ren et al. used
Fe-based MOFs (MIL-53(Fe)) in combination with poly-
vinyidene fluoride (PVDF) to fabricate a water filtration
membrane and tested it by filtering dye-contaminated water,
going on to show that the addition of H2O2 further improves
methylene blue (MB) removal due to the catalytic activity of
MIL-53(Fe).27 They showed that 75% of MB could be
removed from an aqueous solution (6.25 μM) by a
combination of adsorption and catalytic degradation. In
another study, Kim et al. found Ti3C2Tx MXene-coated
polyamide membranes to be effective at adsorbing cationic
dyes, showing a maximum specific adsorption capacity of
131.31 μmol/g for MB.28

A major hindrance toward the wide-scale adoption of these
technologies is the fouling of filtration membranes. The loss of
performance during early stages of fouling can render filtration
membranes useless if mitigatory actions are not taken. The
present day processes required for overcoming the problem of
fouling are highly energy intensive and involve laborious and
expensive cleanup.29 Researchers have responded to the
challenge of membrane fouling by striving to incorporate
multiple functionalities in membrane-based filtration systems.
The use of photocatalytic particles that can degrade the
adsorbate without requiring any energy intensive inputs is a
critical area for advancement toward a level where their real
application becomes feasible.30 In this vein, TiO2 particles
immobilized on a filter substrate have been investigated
previously as antifouling/self-cleaning water filtration mem-
branes. In one study of these TiO2 water filtration membranes,
Lee et al. found that the reduction of the band gap due to N-
doping of TiO2 results in notable improvements in permeance,
photocatalytic activity, and self-cleaning action under solar
illumination,31 whereas, Zhang et al. reported the enhancement
of humic acid degradation and fouling resistance upon
hydrogenation-assisted Ti3+ self-doping of TiO2.

32

Previous studies have shown that the surfactant-pillared
nanoscopic clay Laponite-RD (Lap) can template the growth
of a number of semiconductors as thin layers within the Lap
intergallery space, strongly influencing both the morphology
and the crystalline growth orientation.33−35 Interestingly, in
the case of Bi2MoO6 (BMO), self-assembly of pillared Lap
template particles resulted in micrometer-sized particles with
surfaces terminating in predominantly {100}-facets, which
were found to be effective at quickly sequestering molecular
dyes.36 In addition, their reuse was achieved by photocatalytic
degradation of an aqueous particle dispersion following dye
adsorption. The characteristics of high adsorption capacity, fast
adsorption kinetics, and reuse by photocatalytic degradation
motivated further efforts to optimize this system for a real
application.
Herein, Lap-BMO particles were modified with hydrophobic

polymers butyl acrylate (BA) and styrene (Sty) and
immobilized on a cellulose acetate filter to fabricate a filtration
membrane. The polymer blends which grant the Lap-BMO
particles increased adsorption were identified, and the
influence of surface modification on photocatalytic perform-
ance was shown to be negligible for the best case, which was
3:2 butyl acrylate:styrene with a 5 mol % cross-linker. This

study shows that certain polymer coatings can provide further
enhancement of dye adsorption, with negligible loss of
photodegradation and the added benefit of facile deposition
to form membranes. This will pave the way for further
advances in sorbent-based water filtration systems utilizing
light-based decontamination.

■ MATERIALS AND METHODS
Materials. Laponite-RD was provided by BYK additives

(Germany). Sodium molybdate, Na2MoO4 (99%), bismuth nitrate,
Bi(NO3)3 (99%), NaOH pellets (99%), methylene blue trihydrate
(MB), and methyl orange (MO), butyl acrylate (99%), N,N-
methylenebis(acrylamide) (BIS) and cetyltrimethylammonium bro-
mide, CTAB (>99%) were obtained from Sigma-Aldrich and used
without further purification. Styrene (Sty), ammonium persulfate
(APS), and 3-(trimethoxysilyl)propyl methacrylate (MPS) were
procured from Roth, Alfa-Aesar and J&K scientific, respectively.
Solutions and dispersions were prepared using filtered water
(resistivity of 18.2 MΩ cm). Lap-BMO particles were synthesized
according to the previously reported method using 2 mM Bi and 3.2
mg/mL Lap.36

Surface Functionalization of Lap-BMO with MPS. Three
hundred milligrams of Lap-BMO particles were dispersed in 10 mL of
ethanol with sonication for 10 min. Then, 88.8 μL of MPS was added
under stirring and the reaction was carried out for 36 h. These
particles were washed via centrifugation and redispersed in water.
These particles are labeled Lap-BMO-MPS.

Surface Polymerization of Lap-BMO Particles. One hundred
milligrams of Lap-BMO particles were dispersed in 10 mL of water by
sonication (15 min). This particle dispersion was added to a three-
neck flask containing 90 mL of water under stirring. Then 0.750 and
0.4 mL of BA and Sty, respectively, were added to this, followed by 64
mg of BIS as the cross-linker (5 mol % of the monomer amount).
Upon reaching 70 °C, 10 mg of APS (initiator) was added, and the
reaction was carried out for 2 h under reflux conditions. N2 was
bubbled during the entire course of the reaction. These samples were
labeled as BS-C. The same procedure was carried out with Lap-BMO-
MPS particles, labeled as M-BS-C. Samples modified without the
cross-linker BIS were labeled BS. A control reaction was carried out
without any Lap-BMO particles to obtain just the polymer blend of
cross-linked butyl acrylate and styrene and was labeled BS-C-NoLB.
For studying the role of cross-linking, we prepared sample BS-C using
2.5 and 10% mole ratios of BIS:monomer. Following the procedure as
above, the polymer blend composition was also varied from a 3:2
molar ratio of BA:Sty to 1:0, 1:1, and 0:1.

Preparation of Filter Membranes. Cellulose acetate membrane
filters (47 mm dia., 0.45 μm pore size) were obtained from Labsolute
(Th. Geyer GmbH & Co, Germany). A filtration assembly (47 mm,
Wheaton, DWK Life Sciences, NJ, USA) was used carrying out the
membrane preparation and filtration studies (Figure S1). Filters were
placed onto the vacuum filtration setup and moistened with water,
after which 10 mL of particle−polymer dispersion (1 mg/mL) was
poured onto the filter and left for 2−3 min to dry.

Filtration Experiments. Following the deposition of particles on
the filter, 53.4 μM dye solution were poured through particle−
polymer-modified filter paper under a vacuum. The filtrate was then
diluted 4-fold before recording UV−vis spectra. Typically, 20 mL of
dye solution was used, aside from the experiment where the particle
amount was varied, in which 100 mL was used.

Photodegradation of Dye on Filter Membranes. A photo-
graph of the filtration setup is shown in Figure S2. Particles were first
deposited as per the procedure described above, then removed from
the setup and left to dry overnight in ambient conditions. The
particle-coated membrane was then loaded on the filtration setup and
2.5 mL of 53.4 μM MB was poured through the filter under vacuum.
The dye-stained membrane was then fixed onto a homemade
immersion fixture and immersed in water (1 cm depth) before
irradiating it with a 300 W Xe solar simulator (LSE340, LOT-Oriel
GmbH & Co. KG, Germany) for an hour. The lamp power was

ACS Applied Materials & Interfaces www.acsami.org Forum Article

https://doi.org/10.1021/acsami.1c20503
ACS Appl. Mater. Interfaces 2022, 14, 22790−22798

22791



measured to be 126 mW/cm2 at 400 nm. The filter was then removed
from the fixture and dried at ambient conditions before recording the
UV−vis diffuse spectra. The same amount of dye was filtered through
these membranes and photodegraded for recycling experiments and
UV−vis spectra were recorded after each adsorption and photo-
degradation cycle. For evaluating the amount of MB adsorbed in
subsequent runs of recycling experiments, the amount of MB
adsorbed by the filter during the first cycle (74 nmol) was taken as
100% for reference. For comparing the effect of surface encapsulation
on photocatalysis, we carried out photodegradation by depositing
Lap-BMO and BS-C on the filter. For this experiment 5 mL of 53.4
μM MB was poured through the filters. For these recycling and
photodegradation experiments, the amount of dye photodegraded or
adsorbed on the filter was estimated/measured by means of a
calibration curve of adsorbed concentration relative to absorbance
measured by DRS UV−vis spectrometer (Figure S3). For generating
the calibration curve, a known amount of MB was deposited on the
particle-coated filter, after which their DRS UV−vis spectra were
recorded. The value of the absorbance at 664 nm was used for these
calculations.
The photocatalytic activity of Lap-BMO, pure polymer BS-C-

NoLB, BS-C, and Lap-BMO with BS-C-NoLB in aqueous solution
was measured; 15.8 mg of Lap-BMO, 10 mg of BS-C-NoLB, 15.8 mg
of Lap-BMO, 10 mg of BS-C-NoLB, and 25.8 mg of BS-C were
separately dispersed in 15 mL of MB (13.35 μM) and irradiated for an
hour.
Characterization. Transmission electron microscopy was carried

out on a Phillips CM300 HRTEM (Phillips, Netherlands) to
investigate the morphologies of the different samples. High-resolution
transmission electron microscopy (Talos F200X, FEI, USA) was also
used to obtain HAADF-STEM mappings of the samples. UV−vis
absorbance spectra were obtained using a Cary 60 UV−vis
spectrometer (Agilent, Santa Clara, CA, USA). FTIR measurements
were performed on Bruker Invenio R using golden gate ATR; 128
scans were averaged and recorded at a resolution of 4 cm−1. TGA was
carried out on a Netzsch TG 209 F1 from room temperature to 800
°C at a heating rate of 10 K/min and N2 was purged at a rate of 40
mL/min. Organic content was calculated by taking the difference in
weight loss from 150 to 600 °C. N2 adsorption−desorption isotherms
were measured on an Autosorb iQ automated gas sorption analyzer
(Quantacore instruments, Boynton Beach, FL, USA) for measuring
the surface area. Prior to commencing N2 adsorption, samples (100
mg of powder) were degassed at 100 °C for 2 h. The isotherms were
obtained at 77 K and the surface area was estimated using the
Brunauer−Emmett−Teller (BET) equation. Seven points were
chosen on the isotherms between 0.05 to 0.30 relative pressure to
ensure a good fit. A Cary 5000 UV−vis−NIR spectrometer (Agilent
Inc., Santa Clara, CA, USA) was used to measure diffuse reflectance
UV−visible (UV−vis) spectra. Scanning electron microscopy was
performed on a FEI Quanta 3D (ThermoFisher Scientific, Hillsboro,
Oregon, USA) at an operating voltage of 2 kV.

■ RESULTS AND DISCUSSION
A detailed discussion on the growth and morphology of Lap-
BMO particles can be found in the previous report.36 TEM
micrographs show the polymer encapsulated particles (Figure
1). With cross-linking, a uniform thin coating of polymer is
observed at the particle interface (Figure 1a). With surface
modification of the particles by MPS, a notable increase in the
thickness of polymer layer at the interface is observed,
suggesting that MPS is able to bind effectively to the −OH
groups of Lap in Lap-BMO and template polymerization
(Figure 1b). The samples without either MPS or cross-linking
show sparse and irregular coating at the interface (Figure 1c).
SEM characterization showed a change in porosity in the
membranes loaded with different surface-modified Lap-BMO
particles (Figure 1d−f). Among the polymer-modified samples,
the cross-linked BS showed dense packing with the occurrence

of small pores (Figure 1d). On the other hand, M-BS-C
showed much larger pore dimensions, presumably due to the
thick polymer shell (Figure 1e). Non-cross-linked BS shows a
smoother cross-section compared to samples BS-C and M-BS-
C, which can be attributed to the lack of coating (Figure 1f).
The filter coated with unmodified Lap-BMO particles showed
the smoothest surface compared to the filters coated with
surface-modified Lap-BMO particles, and the similarity to BS
supports the low amount of polymer at the interface of the
latter (Figure S4). Energy-dispersive X-ray spectroscopy
(EDX) was performed using high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
to confirm the organic nature of the surface coating,
corroborating the TEM results (Figure S5).
Although the electron micrographs show that cross-linking

with BIS results in the formation a thin shell of BA-Sty
polymers on the surface of Lap-BMO particles, further
characterization of the polymer shell was carried out by FT-
IR and TGA. It can be seen from the FT-IR spectra that all
samples show an intense and broad peak at 649 and 970 cm−1

with the exception of the polymer blend BS-C-NoLB (Figure
2a). These bands correspond to the Si−O−Si stretch of
Laponite37,38 which is present in the Lap-BMO particles.36 The
band at 698 cm−1 is due to the deformation of the phenyl ring
in styrene.39 The bands at 1377 and 1452 cm−1 can be
assigned to the C−H bending mode.40 The bands at 1523 and
3920 cm−1 can be assigned to the N−H bend in the cross-
linker BIS,41 whereas the bands at 1651 and 1728 cm−1 in the
spectrum of BS-C-NoLB are due to the CO stretching mode
in BA and BIS.40−42 The bands at 2872 and 2931 cm−1

correspond to the symmetric and asymmetric stretching of the
methylene group (−CH2).

39,40,43 In summary, vibrational
peaks due to the polymers are most pronounced with cross-
linked samples M-BS-C and BS-C. Among the polymer-

Figure 1. TEM images of the different surface-modified Lap-BMO
particles. (a) BS-C, (b) M-BS-C, and (c) BS. The scale bars in a−c in
the top and bottom panels correspond to 50 and 200 nm, respectively.
(d−f) SEM images of the top surface and cross-section of the filters
coated with different surface-modified Lap-BMO particles. Scale bars
in d−f are 3 μm.
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modified samples, BS is quite similar to the Lap-BMO
particles, suggesting a low amount of polymerization.
TGA was carried out to quantify the amount of polymer

present on the surface-modified particles (Figure 2b). A
noticeable onset of mass loss begins from 150 °C onward and
saturates after 400 °C, which is attributed to organic content.
The greatest loss is seen in the cross-linked polymer blend BS-
C-NoLB, which lost 82% of its initial mass. Mass loss of 13%
observed in the case of Lap-BMO is likely due to the
decomposition of the surfactant CTAB, which was used in the
Lap-BMO synthesis for pillaring Laponite. BS shows a 4.6%
increased mass loss compared to Lap-BMO, which suggests
that only this amount of polymer ends up coating Lap-BMO
without MPS or cross-linking. In contrast, the cross-linked
samples M-BS-C and BS-C show a mass loss of 32.9 and
38.7%, respectively, which is more than twice of that observed

in BS. The amount of organic content for each of the measured
samples is presented in Table S1.
The surface area of the different surface-modified Lap-BMO

particles was measured using the Brunauer−Emmett−Teller
method from the N2 adsorption−desorption curves (Figure
2c). Not surprisingly, modification of the surface of the
particles results in a decreased surface area. Sample Lap-BMO
has a surface area of 216 m2/g, whereas polymer-modified
samples BS, BS-C, and M-BS-C have a surface area of 104, 74,
and 7 m2/g, respectively. Moreover, from the N2 adsorption−
desorption isotherms presented in the inset of Figure 2c, it is
seen that the samples Lap-BMO, BS, and BS-C show type-IV
behavior with an H2-type hysteresis, typical of mesoporous
materials.44 On the other hand, the isotherm for M-BS-C
shows no such hysteresis and hence lacks porosity as opposed
to all the other samples, suggesting a negative effect of surface
modification by MPS. The mesoporosity of the polymer-

Figure 2. (a) FT-IR spectra and (b) TGA curves (c) Surface area determined by BET; inset shows the N2 adsorption−desorption isotherms for the
different samples.

Figure 3. (a) Dye filtration experiment carried out with MB and MO. Photograph shows MB-loaded filters. (b) Dye filtered by particles prepared
using different polymer compositions with BIS fixed at 5 mol %. (c) Effect of cross-linker BIS concentration on the dye adsorption performance of
filters, BA:Sty 3:2. (d) Specific dye adsorption of BS-C particles measured using 100 mL of MB (53.4 μM) and (e) corresponding UV−vis spectra
(image of filtrate inset). Full UV−vis spectra for a−c are shown in Figure S6.
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coated samples BS-C and BS makes it unlikely that the removal
of molecular species is the result of a size exclusion effect.
Summarizing the above findings, the degree of surface

encapsulation of the particles with polymer is corroborated by
TEM, FT-IR, TGA, and N2 adsorption−desorption isotherms.
Although overall polymerization is increased by cross-linking,
polymer growth without MPS modification is more conducive
to the growth of a thin polymer shell. On the other hand,
modification of Lap-BMO with MPS led to denser growth of
polymer at the particle surface. This significantly reduced the
accessible surface area of the Lap-BMO particles, which
plummeted from 104 m2/g without MPS to 7 m2/g with MPS
modification (Figure 2c). Interestingly, this reduced surface
area led to only a slight reduction in dye adsorption, as
discussed in the following section.
Dye Adsorption on Lap-BMO Filter Membranes. It was

previously shown that the improved adsorption capacity of the
Lap-BMO hybrid particles was closely associated with the
growth of the BMO crystal along the [010] direction.36 This
resulted in the termination of the Lap-BMO crystal in
predominantly {100}-facets, which possess a higher surface
energy as compared to {010}-facets.36,45 Dye filtration
experiments were carried out using a cationic dye, MB, and
an anionic dye, MO. Lap-BMO and its surface-modified
counterparts are more effective at sequestering the cationic dye
MB than the anionic dye MO (Figure 3a). Samples Lap-BMO,
BS, BS-C, and M-BS-C removed 91.4, 83.3, 97.9, and 92.4% of
MB, respectively, whereas, in the case of MO, these
membranes removed only 45.0, 20.4, 34.1, and 21.6%,
respectively. The increased adsorption of cations compared
to anions is reasonable considering the negative surface zeta
potential (approximately −12 mV) of Lap-BMO.36 In the case
of MB, unmodified Lap-BMO and M-BS-C show similar dye
adsorption (91.4 and 92.4%, respectively), whereas non-cross-
linked BS showed a relatively poor performance (83.3%)
(Figure 3a). The sample BS-C adsorbed all MB added (0.916
μmol), resulting in clean water with no MB absorption peak in
the UV−vis spectrum (Figure S6). The specific adsorptions of
these surface-modified particles (related to the mass of Lap-
BMO) were calculated (Table S2). In the case of MB, samples
Lap-BMO, BS, BS-C, and M-BS-C showed specific adsorption
capacity of ∼95, 90, 125, and 113 μmol/g, respectively. This
suggests that surface passivation of particles might occur in the
absence of a cross-linker. Furthermore, the cross-linked
samples BS-C and M-BS-C showed an enhancement of specific
adsorption of ∼31 and 16% over unmodified Lap-BMO
particles, respectively. Without cross-linking, a 15% reduction

in adsorption performance was observed for BS compared to
Lap-BMO. However, in the case of MO, surface encapsulation
resulted in a reduction of the adsorption capacity of Lap-BMO
particles, where samples Lap-BMO, BS, BS-C, and M-BS-C
showed specific adsorption capacities of ∼57, 27, 53, and 32
μmol/g, respectively (Table S2).
The effect of polymer blend composition on adsorption

effectiveness was also investigated. As can be seen from Figure
3b, pure cross-linked Sty-functionalized particles adsorb ∼82%
of MB, which is less than the cross-linked-BA-coated samples,
which adsorb 91.6% of MB. Particles coated with a 1:1 molar
ratio of BA to Sty only adsorbed 72% of the dye. The best
performance was shown by the sample prepared at a BA:Sty of
3:2, which adsorbed 97.9% of the dye that passed through.
Furthermore, the effect of the cross-linker amount on the
filtration performance was studied by varying BIS from 2.5 to
10% molar ratio of monomers (Figure 3c). A 5% molar ratio of
BIS gave the best adsorption, whereas at 2.5 and 10%, samples
adsorbed 80.1 and 97.1% of MB, respectively. Interestingly,
because the samples prepared at 5 and 10% molar ratio of BIS,
which adsorb ∼98 and 97% of the dye, filter more dye than
Lap-BMO itself (∼91%), these results indicate that more
cross-linking is beneficial for adsorption (Figure 3c). In the
case of MO, maximum dye is adsorbed by Lap-BMO, followed
by BS-C, BS, and M-BS-C.
To determine the maximum specific adsorption capacity of

the highest-performing composition (BS-C), we filtered 100
mL of MB solution (53.4 μM) through membranes containing
10, 20, and 30 mg of Lap-BMO particles (Figure 3d). From
these results and the corresponding UV−vis spectra (Figure
3e), the maximum specific adsorption can be observed in
samples with 10 and 20 mg particles. The maximum
adsorption capacity increases marginally at first, from 189.3
to 191.8 μmol/g with the doubling of the quantity of Lap-
BMO from 10 to 20 mg and then dips to 152.7 μmol/g. This
drop in the 30 mg sample results from an excess of particles,
which is clear from the completely colorless filtrate (Figure
3e). These results indicate an upper limit to dye adsorption,
which is consistent as particle amount is increased. Thus, with
higher particle loading, the sorbent action of the particle
surface is not compromised.

Photodegradation and Recycling of Membranes. To
find out whether the surface coating affected the dye
photodegradation performance of these filters, we carried out
a comparative study between the unmodified Lap-BMO and
the most effective sample, BS-C. A substantial amount of MB
was photodegraded by sample BS-C in an hour of irradiation

Figure 4. (a) UV−vis diffuse spectra of BS-C filters loaded with 5 mL of MB (53.4 μM) before and after 1 h of irradiation. (b) Photodegradation of
MB adsorbed on filter with unmodified Lap-BMO and BS-C. (c) Cyclic filtration/photodegradation of 2.5 mL of MB (53.4 μM) over 4 cycles,
adsorption in the first step taken as 100%. The quantity of MB on the filter was estimated from diffuse reflectance UV−vis (Figure S3).
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(Figure 4a.) The emergence of an extra peak at 757 nm in the
spectra of Figure 4a as compared to the spectra Figure S6a, c,
and d may be due to the formation of MBH2+ entities on the
surface of the particles.46 Unmodified Lap-BMO degraded
66.1% of the adsorbed MB, whereas the surface-modified BS-C
degraded 52.7% within an hour of light exposure (Figure 4b).
Because Lap-BMO particles are the source of photocatalytic
activity, the diminished performance of BS-C could be due to
the actual amount of Lap-BMO particles present in the sample
BS-C (61%). BS-C comprised ∼39% organic content by
weight, whereas Lap-BMO had only 10% (Table S1).
Considering this, the actual amount degraded per milligram
of Lap-BMO was increased by ∼10% for BS-C, which is an
improvement considering the reduced surface area measured
by BET. To study the role of polymer in the photocatalytic
degradation of dye, we performed control photodegradation
experiments in MB solution (Figure S7). The polymer alone
degraded 24.5% of MB, which is marginally above the
photodegradation of MB control (22.8%), whereas Lap-BMO
degraded ∼85% alone, showing that there is only a minor
contribution of the polymer itself to the degradation.
Interestingly, the sample BS-C showed better performance
than Lap-BMO and Lap-BMO and polymer mixed, indicating
that the polymer shell has a synergistic effect toward
photocatalytic degradation.
As stated in the introduction, a major factor limiting the

performance of any membrane-based system is fouling due to
saturation with filtrate over time, which can shorten the
membrane lifetime. In the extreme case, foulants stuck in pores
or on the membrane surface can make it difficult to restore flux
through the membrane even after employing physical and
chemical antifouling treatments.47 Conventional means of
tackling this problem along the lines of chemical/physical
cleaning and replacement of faulty membrane modules lead to
significant increases in capital.30 Therefore, photocatalytic
degradation of these foulants presents a low-cost and
environmentally benign solution to the problem of membrane
fouling. Photocatalytic membrane systems can be irradiated ex
situ, which requires its removal from the filtration apparatus, or
in situ, entailing irradiation of the membrane under continuous
flow conditions, conferring the advantage of interruption-free
filtration and regeneration of the membrane.48 The system
presented here falls into the former category; however, the
latter could be easily achieved if the requisite equipment were
available.
To study the potential real-world use of these membranes in

decontamination applications, we subjected the particle-coated
membranes to repeated cycles of adsorption and photocatalytic
degradation of the adsorbed dye (Figure 4c). The amount of
dye adsorbed after the first adsorption cycle decreased by 22.7,
13.2, and 27.6% in cycles 2−4, respectively. During the first
cycle, 82% of the dye adsorbed onto the filter was
photodegraded, whereas 71, 66, and 70% was degraded in
subsequent cycles 2−4, respectively. In a previous study, we
reported that Lap-BMO particles do not undergo any
observable structural changes (based on TEM and X-ray
diffractograms) after four cycles of photocatalysis and
adsorption.36 Therefore, to evaluate the state of surface
polymer coating after use, we deposited 20 mg of BS-C onto
the filter and irradiated with light for 5 h. The FT-IR spectra
are essentially unchanged after irradiation except for the
emergence of a small peak at 1227 cm−1 (Figure S8a). This
peak can be ascribed to the γt(CH2) methylene twisting mode

of butyl acrylate, and its emergence might be related to the
photodegradation of polymer directly by light or by the
photocatalytic BMO.49 TGA showed that the organic content
in the light irradiated sample decreases to 29.2% from 38.7%,
which may indicate damage to the polymer shell (Figure S8b).

■ CONCLUSIONS
This work represents an extension of the usage of highly
sorbent Lap-Bi2MoO6 particles from dispersion36 to a
membrane filter toward continuous-flow wastewater decon-
tamination. The focus of this study was to exploit the fast
adsorption kinetics and further enhance the high adsorption
capacity of Lap-BMO particles by surface functionalization
with hydrophobic polymers BA, Sty, or both. In addition to
determining the optimal polymer blend and amount of cross-
linker BIS, it was found that the organosilane MPS, which
covalently attaches to the −OH groups of the Lap edge,
increased polymer grafting at the particle surface and
marginally improved the adsorption of MB while greatly
reducing the available surface area. The polymer-modified Lap-
BMO particles were then deposited on a cellulose acetate
filtration membrane, toward removal of a cationic thiazine dye,
methylene blue, and an anionic azo dye, methyl orange.
Although these membranes were able to sieve both MB and
MO, polymer-modified particles were found to be more
effective toward adsorbing cationic dye MB than MO, in line
with results from the unmodified Lap-BMO particles.36

Furthermore, the regeneration of these membrane filters by
photocatalytic degradation of the adsorbed dye provided a
facile means for mitigating membrane fouling. One of the
major shortcomings of this filtration system is the rate at which
water was filtered through them (2 mL/min). Therefore,
applying them in a real system would require studying these
filters in a stacked configuration to optimize liquid flow and
tuning membrane porosity to improve flow without sacrificing
decontamination efficiency. Also, photocatalytic degradation
on the filter surface could be easily improved by the growth of
plasmonic metal nanoparticles such as Ag, Au, or Pt on the
Lap-BMO particles.50,51 This could potentially be achieved by
a previously reported method where metal salts complexed
with poly(vinyl alcohol)-modified Lap were dried to form films
directly, followed by nanoparticle formation in situ with a weak
reducing agent.52

Moreover, these results strongly suggest that surface
encapsulation of the particles can enhance their specific
adsorption capacity. In fact, the specific adsorption capacity of
191.83 μmol/g during filtration measured herein exceeds that
of other extant sorbent-based filters under flow conditions in
the literature, with the next best being 171.87 μmol/g for
powdered activated carbon (Table S3). It may be useful to
further tailor the surface modifications of these sorbent
particles for more specific purposes, such as sequestering per-
polyfluoroalkyl compounds.53 Also, as the synthesis and
deposition of these polymer-encapsulated Lap-BMO particles
is simple, it presents a relatively straightforward and low-cost
means to upgrade existing water filtration membranes to tackle
molecular entities in the water stream. Finally, considering that
the total weight percent of BMO in polymer-modified Lap-
BMO is a mere 13.46% (with 9.23 and 2.1 wt % of Bi and Mo
per BS-C sample), this represents a cheap and efficient means
of producing highly adsorbent photocatalysts.
Because the products of photocatalytic degradation are

relatively benign,54,55 this fouling mitigation approach, apart
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from reducing operational costs, also minimizes secondary
pollution. Aside from water decontamination, the same sorbent
particle system could potentially be adapted for nutrient and
metal mining from the waste stream.56−58 A better under-
standing of adsorption and controlled desorption of molecules
at the {100}-facet-rich Bi2MoO6 particle surface may also
provide avenues toward applications in separation and
controlled release. Finally, such efforts in water decontamina-
tion and molecular separation may benefit from combining
both sorbent activity at specific crystalline facets and
nanofiltration approaches utilizing 2D materials.59
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Chapter 5

Layered Double
Hydroxide-Bismuth Molybdate
Hybrids toward Water
Remediation via Selective
Adsorption of Anionic Species

This chapter has been published as: Jatav, S.; Herber, M.; Xiang H.; Hill,
E. H. Layered Double Hydroxide-Bismuth Molybdate Hybrids toward Wa-
ter Remediation via Selective Adsorption of Anionic Species. ACS Applied
Materials & Interfaces. 2022, 14 (46), 51921-51930.

One of the shortcomings of the laponite-Bi2MoO6 photocatalytic hybrids
explored in chapters 3 and 4, was their inability to sequester anionic species
as effectively as their cationic counterparts. Hence, the aim of this subsequent
study was to extend the applicability of clay-Bi2MoO6 hybrid towards the
sorption of anionic molecules. Herein, the Bi2MoO6 growth was templated
using the organically modified cationic clay-like particles called Co-Al layered
double hydroxides (LDH). This substitution to a cationic template for an
anionic clay, laponite, resulted in the formation of LDH-Bi2MoO6 hybrids,
which selectively adsorbed anionic species from aqueous medium.
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ABSTRACT: The steady release of anthropogenic toxins into the biosphere is
compromising water security globally. Herein, CoAl layered double hydroxide, a clay-
like layered material with a cationic surface charge, was organically modified and used to
template the growth of Bi2MoO6. The resulting nanohybrid selectively removed the
anionic dye methyl orange from aqueous solution and showed an enhancement of greater
than 300% in the maximum adsorptivity (1.95 mmol/g) compared to modified CoAl
layered double hydroxide (0.42 mmol/g). Interestingly, the observed improvement in
adsorption occurs without any significant increase in the surface area of the hybrids.
Furthermore, these hybrids exhibit increased broadband visible light absorption, and their
photoactivity is slightly improved compared to CoAl layered double hydroxide. This
study demonstrates that composites of clay-like materials with Aurivillius oxides are promising sorbent materials for water
decontamination and photocatalytic antifouling membranes and shows that the synthetic strategy that was first established with an
anionic layered silicate nanoclay can be generalized to other ionic layered materials.
KEYWORDS: Bi2MoO6, dye adsorption, clays, layered double hydroxides, environmental remediation

■ INTRODUCTION
Rampant anthropogenic pollution, sluggish screening protocols
for evaluating chemicals, and a high rate of production of novel
chemicals have led to the breaching of the “planetary
boundary” for chemical pollution.1 The most recent estimate
of the global chemical inventory showed that more than
350,000 chemicals have been registered for production and
use.2 Many chemicals and their breakdown products end-up in
reservoirs, rivers, oceans, and even percolate through to the
water table, thereby polluting them.3,4 Many chemical
contaminants are non-biodegradable, which can result in
bioaccumulation, as has been reported with pesticides,
synthetic organic dyes, and perfluoroalkyl substances, among
others.5−8 Some of these chemicals act as endocrine disruptors,
which can adversely affect the development of a wide array of
organisms even at trace concentrations.9,10 For instance, in the
case of estradiol, a natural estrogen, organisms are sensitive to
variations in the concentration of the order of few parts per
trillion.11−13 It is a significant and increasing concern that such
chemicals can cover great distances and accumulate even in the
most remote pockets of the planet.14

Conventional water treatment processes have many
limitations. For instance, biological methods require large
areas, and oxidative processes are energy-intensive, expensive,
and not able to degrade recalcitrant compounds.15 Further-
more, physicochemical processes, in addition to being energy-
intensive, can result in the formation of highly polluting
sludge.16 Most conventional water filtration/decontamination
systems do not primarily focus on the removal of molecular

species.17 These shortcomings can be overcome by employing
adsorption-based methods, which have several advantages over
such conventional water decontamination processes. Since
adsorption is a spontaneous process, apart from being
energetically favorable, adsorption onto a solid surface also
provides an avenue for the selective removal of chemical
species and allows for the realization of multiple function-
alities.18,19 Moreover, most water treatment plants use chlorine
to remove pathogens from the water, but chlorine can react
with the natural organic matter present in the water and form
toxic products.20,21 Such scenarios can be circumvented by
employing adsorption onto a solid surface for disinfecting and
filtering water.22 Considering the different anthropogenic
processes that leave behind varying chemical species,
adsorption provides an effective strategy to develop sorbents
that can selectively sequester the target compound(s).
In previous studies, we established that the organically

modified interlayer of layered silicate clays can be exploited for
the templated growth of semiconductors for realizing enhanced
catalysis and photocatalysis.23−27 Layered double hydroxides
(LDHs) are clay-like particles, composed of brucite-type layers
of mixed metal hydroxides.28 The isomorphic substitution of
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bivalent cations (M2+ sites) by trivalent cations impart a
positive charge to the brucite layer.29 The positive charge of
the brucite layer is balanced by the presence of counterions
such Cl−, (CO3)2−, etc., which can be exchanged with other
anionic species.30 The major advantage of LDHs is the
plethora of combinations of different elements that can be
incorporated in the LDH structure. Hence, unsurprisingly,
LDHs have been used in applications ranging from controlled
drug release31 to water decontamination.32 For the present
study, CoAl LDH was chosen since it has been used previously
for removing anionic species for water decontamination.32−34

Moreover, apart from being good sorbents, LDHs are also
photocatalytic, which allows for the possibility of photo-
catalytically degrading the adsorbed dye.35 Bismuth-based
materials in general, and oxides in particular, have garnered
immense interest recently due to their visible light photo-
catalytic properties.36,37 Bismuth molybdate, Bi2MoO6
(BMO), the simplest Aurivillius oxide, is composed of
alternating layers of (Bi2O2)2+ and (MoO4)2−. This layered
structure, apart from conferring high oxide ion mobility,38 can
also absorb light in the visible region of the spectrum.39 This
has motivated several studies exploring the photocatalytic
behavior of BMO and its hybrids with different materials.40−42

Lately, composites of BMO with other LDHs such as
NiAl,43 ZnAl,44 and ZnTi45 have been explored in the vein of
photocatalytic water remediation. However, the aforemen-
tioned studies overlook the fact that LDHs as clay-like
materials are also good sorbents of molecular entities.46

Hence, it is also possible to employ sorption in tandem with
photocatalysis for the purpose of water remediation. In our
previous work, the anionic layered silicate nanoclay Laponite
was organically modified to template the growth of bismuth
molybdate, resulting in the formation of highly sorbent
Laponite−Bi2MoO6 hybrids, which could be reused by
photocatalytically degrading the adsorbed dye.26 Herein,
organically modified cationic platelets of CoAl LDH were
used to template the growth of Bi2MoO6. The resulting LDH−
Bi2MoO6 hybrids were found to selectively adsorb anionic dye
and showed an enhancement of greater than 3× in their dye
adsorption capacity compared to organically modified LDH. A
detailed investigation of the adsorption performance of the
different LDH−Bi2MoO6 hybrids revealed that this emergence
and enhancement of adsorption capacity only occurs when the
synthesis is carried out with [Bi/Mo]:[LDH] of 0.315 to 1.58
mmol:g and near neutral pH. Furthermore, O vacancies can be
introduced in Bi2MoO6 in the composites by varying the pH of
the reaction. This allows for the broadband absorption of the
light by these LDH−Bi2MoO6 composites, and retention of
photoactivity was shown by photo-electrochemical measure-
ments. This work signifies that this synthetic strategy can be
generalized to other clay-like or layered materials to obtain
high-performance functional composites.

■ EXPERIMENTAL SECTION
Materials. Sodium molybdate, Na2MoO4·2H2O (99%), bismuth

nitrate, Bi(NO3)3·5H2O (99%), NaOH pellets (99%), methylene blue
(MB) and methyl orange (MO), and butyl acrylate (99%) were
obtained from Sigma-Aldrich and used without further purification.
Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, ≥98%) was
obtained from Honeywell, cobalt nitrate hexahydrate (Co(NO3)2·
6H2O, ≥98%), polyvinyl alcohol, (PVA, molecular weight: 88,000−
97,000 g/mol, 87−89% hydrolyzed), and sodium dodecyl sulfate
(SDS, 99%) were obtained from Alfa Aesar. Hexamethylenetetramine
(HMT, ≥99%) was obtained from PanReac AppliChem. Sodium

sulfate (Na2SO4,>99%) and nitric acid (HNO3, >65%) were procured
from Chemsolute. Millipore-filtered water with a resistivity of 18.2
MΩ·cm was used in all experiments.
Hydrothermal Synthesis of Co-Al LDH. Al(NO3)3·9H2O (0.70

g, 1.87 mmol), Co(NO3)2·6H2O (1.64 g, 5.63 mmol), and HMT
(0.91165 g, 6.50 mmol) were added to 50 mL of N2-degassed Milli-Q
water. This was then stirred until complete dissolution of the powders
(∼15 min). The mixture was transferred to a Teflon-lined autoclave
(BR-100, Berghof Instruments, Germany) and degassed with N2 for
10 min prior to sealing the reactor. The autoclave was inserted in a
heating block and placed on a heating plate set to achieve a
temperature of 140 °C inside the autoclave (monitored with a
thermocouple inside the reactor). The reaction was carried out under
stirring for 12 h, after which the reactor was allowed to cool to room
temperature. The product was washed with water and collected by
centrifugation (6000 rpm, 10 min) five times followed by drying at 60
°C for 24 h.
Hydrothermal Synthesis of CoAl-BMO Composites. A

dispersion of CoAl LDH (11 mL, 5 mg/mL) was added to a 50
mL Teflon vessel containing 17 mL of deionized water. The
dispersion of LDH was prepared by adding 55 mg of LDH to 11
mL of water followed by sonication for 10−15 min (until complete
dispersion). Under magnetic stirring, SDS (0.560 mL, 0.1 M) was
added to the LDH dispersion, allowing pillaring of CoAl-LDH. After
10 min of stirring, a previously prepared solution of Na2MoO4 (3 mg/
mL) and Bi(NO3)3 (10 mg/mL) was added to the dispersion to reach
final Bi concentrations of 0.5, 1, 2.5, or 5 mM, always keeping the
Bi:Mo molar ratio constant at 1.64:1. This solution was prepared by
adding the desired amount of Bi2MoO6 precursors to 7 mL of water
and subsequently sonicating it for 10 min. After the addition of BMO
precursors to the CoAl-SDS dispersion, the vessel was sonicated for
10 min. These samples have been labeled as CAB-0.1x, CAB-0.2x,
CAB-0.5x, and CAB-1x, respectively. The Teflon vessel was then
inserted into the hydrothermal autoclave (DAB-2, Berghof Instru-
ments, Eningen, DE). The autoclave was placed in an oven over a
heat-resistant magnetic stirring plate (MIXdrive 6, 2mag, Muenchen,
DE) stirring at 720 rpm. The temperature was maintained at 180 °C
for 18 h, after which the reactor was allowed to cool to room
temperature. The dark gray or yellow precipitates were rinsed seven
times with water and two times with ethanol and centrifuged at 7500
rpm for 10 min, and the cleaned product was then dried at 60 °C for
24 h. The synthesis of BMO with LDH is depicted in Scheme 1.

A BMO control was synthesized following the same procedure as
that for CAB-1x without the addition of LDH, and it is labeled as
BMO. SDS-pillared CoAl was synthesized following the same
procedure without the addition of precursors and hydrothermal
treatment, and it is labeled as CAS. For studying the influence of pH
on the growth, CAB-0.2x samples were synthesized at pH values of
2.81, 6.3, and 11.9, adjusted using 5 M HNO3 and 5 M NaOH. An
identical pH study was done using CAB-1x. A series of CAB-0.2x
samples were also synthesized at different SDS concentration of 0, 0.4,
0.8, 1.6, and 3.2 mM. They have been labeled as CAB-0S, CAB-0.25S,
CAB-0.5S, CAB-1S (same as CAB-0.2x), and CAB-2S, respectively.
The yields of CAB-0.1x, CAB-0.2x, CAB-0.5x, CAB-1x, and CoAl
LDH were 59.2, 58.5, 41.7, 49.8, and 30.1%, respectively.

Scheme 1. Hydrothermal Synthesis of LDH−BMO
Composites
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Characterization. UV−vis absorbance spectra were obtained
using a Cary 60 UV−Vis spectrometer (Agilent, Santa Clara, CA,
USA). Diffuse reflectance UV−vis spectra were measured on a Cary
5000 spectrometer (Agilent, Santa Clara, CA, USA). Transmission
electron microscopy was carried out on a JOEL JEM 1011 (Tokyo,
Japan) to investigate the morphologies of the different samples. High-
resolution transmission electron microscopy (Talos F200X, FEI,
USA) was also used to investigate the morphologies of the different
samples and to obtain high-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) images and
electron-dispersive X-ray spectroscopy (EDX) mappings. The crystal
structure of the as-prepared samples was determined using a
PANalytical X’PERT Pro diffractometer (Phillips, Netherlands).
Zeta potentials were measured using a Malvern Zeta-sizer Nano ZS
(Malvern Instruments, UK). Fourier transformed infrared (FTIR)
spectra were recorded on a Bruker Invenio R using golden gate ATR;
128 scans were averaged and recorded at a resolution of 4 cm−1. N2
adsorption−desorption isotherms were measured on an Autosorb iQ
automated gas sorption analyzer (Quantacore instruments, Boynton
Beach, FL, USA). Samples were degassed at 150 °C for 6 h prior to
commencing N2 adsorption, and 100−150 mg of powder was used for
the analysis. The isotherms were obtained at 77 K, and the surface
area was estimated using Brunauer−Emmett−Teller (BET) equation
by choosing 11 points on the isotherms between 0.05 to 0.30 relative
pressure values to ensure a good fit.
Dye Adsorption. MB and MO dyes were used to study the

adsorption behavior of LDH-BMO particles. Sorbent dispersions were
prepared by first sonicating 20 mg of the powder in 2 mL of deionized
(DI) water for 15 min. For a given experiment, 0.2 mL of particle
dispersion was added to an aqueous solution of MB (75 μM) and a
solution of MO (1 mM) to achieve a final sorbent concentration of 1
mg/mL. These dispersions were left undisturbed in the dark for 36 h,

following which their UV−vis spectra were recorded. Concentrations
of MB (λ = 664 nm, ε = 95,000) and MO (λ = 466 nm, ε = 25,100)
were calculated using the Beer−Lambert law. MB and MO
supernatants were diluted 4× and 20×, respectively, before recording
the UV−vis spectra. To study the kinetics of dye adsorption, UV−vis
spectra were recorded at specific time points after the addition of the
particles (1 mg/mL) with MO (250 μM). At specific time points, 2
mL aliquots were withdrawn from the dye suspension and centrifuged
at 5500 rpm for 2 min to remove any suspended particles, after which
the spectrum was recorded. The supernatants were diluted 10 times
before recording the spectra. The isotherm experiments were
conducted between the [MO] range (0.1 mM to 4 mM) using a
fixed amount of adsorbent (2 mg, 1 mg/mL) with an equilibrium time
of 36 h.
Photoelectrochemical Characterization. Samples were pre-

pared by dispersing 3 mg of powder in 1.5 mL of PVA (10 mg/mL)
by ultrasonication for 10 min. A total of 0.75 mL of this dispersion
was dropped onto a clean fluorine-doped tin oxide (FTO) substrate.
These substrates were then left for drying overnight under ambient
conditions. Ag paint was applied on the edges of these substrates to
ensure proper contact with the cell. A Zahner Zennium XC
electrochemical workstation (ZAHNER-Elecktrik GmbH & Co. KG,
Germany) was used for characterizing the photoelectrochemical
response of the samples. A three-electrode cell was used with Ag/
AgCl, Pt wire, and 0.2 M Na2SO4 as the reference electrode, counter
electrode, and electrolyte, respectively. Samples were illuminated with
a solar simulator (SS-F5-3A, Enli Tech Company, Taiwan) with a
power of 110 mW/cm2 at 400 nm and no applied voltage bias.
Electrochemical impedance spectroscopy (EIS) was carried out at
sinusoidal AC perturbation of 10 mV over the frequency range of 0.1
to 106 Hz.

Figure 1. Normalized UV−vis DRS spectra of the (a) LDH−BMO composites prepared with varying amounts of BMO precursors (1x = 5 mM Bi)
while keeping the [LDH] and [SDS] constant. (b) CAB-0.2x samples prepared at different pH values. X-ray diffractograms of the (c) precursor
series and (d) pH series. Peaks belonging to the LDH in the composites have been indicated by horizontal red arrows.
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■ RESULTS AND DISCUSSION
Figure 1a shows the UV−vis spectra of the different LDH−
BMO hybrids along with the control samples. The absorption
edges of CAB-0.5x and CAB-1x match closely to that of the
BMO control, which lies at ∼490 nm. In contrast, CAB-0.1x
and CAB-0.2x, prepared at low [Bi/Mo], absorb light across
the entire visible spectrum, which in the case of CAB-0.1x,
extends into the near-infrared region. The LDH alone, both
pillared and pristine, absorbs strongly between 450 and 550
nm. The color of the hybrids’ changes from gray to yellow with
the increase in [Bi/Mo] (right panel of Figure 1a). This
dependence of color on the [Bi/Mo] was hypothesized to be
due to the change in the reaction pH, caused by the hydrolysis
of the Bi precursor, Bi(NO3)3. Hence, to test this hypothesis,
samples CAB-0.2x and CAB-1x were synthesized at different
pH values.
The UV−vis spectra of CAB-0.2x prepared at different pH

values show that a reaction pH > 6 results in the formation of
composites with broadband light absorption (Figure 1b). For
CAB-1x, broadband absorption manifested only at a reaction
pH of 6.3 (Figure S1a). This change in color from light yellow
to gray has been previously observed and was attributed to the
presence of O vacancies in BMO.47−49 This change in color
suggests a relationship between reaction pH and the formation
of O vacancies in BMO in the hybrids. Interestingly, this color
change with variation of pH was not observed in our earlier
study of the composites of BMO with Laponite.26 Thus, apart
from the reaction pH, the template particle also seems to play a
role in defect formation in BMO. This suggests a role of ion
leaching from the template particle to BMO, which has been
previously observed in the growth of ZnIn2S4 in Laponite.25

Figure 1c shows the X-ray diffractograms of the samples
synthesized with SDS-modified LDH using different amounts
of BMO precursors and the BMO control. Diffraction peaks
from the LDH lie at 11.56 and 23.27° and are due to the
reflections from the (003) and (006) crystallographic planes,
respectively (Figure S2). These same peaks are also seen in
CAS and can also be seen in CAB-0.1x and CAB-0.2x
synthesized at low [Bi/Mo], whereas samples prepared at
higher precursor amounts show no peaks from the LDH.
Interestingly, CAS shows a broadening of both (003) and
(006) peaks, most likely resulting from the intercalation of
SDS molecules (Figure S2). In contrast to a previous study,50

no visible shift in these peaks to lower angles was observed.
This discrepancy can be attributed to the three times higher
SDS:LDH weight ratio used in ref 49 compared to the present
study.
The peaks at 10.89, 28.28, 32.64, 33.13, 36.04, 46.83, 47.12,

55.60, 56.23, and 58.5° correspond to the reflections from the
(020), (131), (200), (060), (151), (202), (062), (331), (133),
and (262) planes of BMO, respectively.39 These peaks
correspond to γ-Bi2MoO6 (γ-BMO). Interestingly, when
BMO was synthesized with only cetyltrimethylammonium
bromide (CTAB), the intensity ratio of (060) to (200/002)
peaks was 0.55,26 whereas in the present case of BMO
synthesized with SDS, the intensity ratio of the same peaks is
2.24. This difference in growth direction could plausibly be due
to the different charges of CTAB (cationic) and SDS
(anionic), which may facilitate the adsorption of these
surfactants onto different facets of BMO. Strangely, such a
difference in the crystal structure of BMO due to SDS and
CTAB has not been reported.51,52 Among the composites,

both the (003) and (006) peaks of LDH shift to lower angles
in CAB-0.1x and CAB-0.2x, indicating expansion of interlayer
spacing. In CAB-0.5x and CAB-1x, peaks of LDH are not
observed, which could be due to the high amounts of BMO
masking the signal of LDH. Also, the SDS-modified LDH
seems to completely inhibit the growth of the (002, 200)
crystallographic planes of BMO in all the LDH−BMO hybrid
samples with the exception of CAB-0.2x (Figure 1c), where the
intensity of this peak is reduced compared to the BMO
control.
Since differences in optical properties were observed with

reaction pH in the hybrids, its effect on the underlying crystal
structure was also investigated. When CAB-0.2x was
synthesized at pH 2.8, the (060) peak of BMO becomes the
most prominent reflection (Figure 1d). LDH diffraction peaks
decreasing at pH 2.8 compared to the other pH values suggest
that acidic conditions may degrade the LDH. At pH 6.3 (CAB-
0.2x) and pH 11.9, peaks from both the LDH and BMO can be
identified. In the latter sample, the (006) peak of the LDH
shifts from 23.07 to 20.13°, implying an expansion of d(006) by
0.27 Å compared to CAS. In the case of CAB-1x synthesized at
different reaction pH values, the peaks from the LDH appear
only at the pH of 6.3, and the (060) peak of BMO is the most
prominent reflection (Figure S1b). Comparing the pH series of
CAB-0.2x and CAB-1x, it can be seen that the reflections from
BMO are always more prominent in the latter regardless of the
pH, likely due to the increased amount of BMO present.
The anionic surfactant SDS was used in this study to pillar

the LDH. A series of samples were also synthesized to explore
the effect of [SDS] by keeping the concentrations of LDH and
BMO precursors the same as that used for CAB-0.2x. Upon
increasing the [SDS] during the reaction, both the (003) and
(006) reflections of the LDH shift toward lower angles (Figure
S3). This is starkly seen between 0.25S and 0.5S, where [SDS]
was doubled and the (003) and (006) planes of LDH shift
from 11.58 to 10.03° and 23.36 to 20.06°, respectively. Hence,
it can be inferred that increasing [SDS] increases the interlayer
spacing, which allows more Bi/Mo precursor to access the
interlayer space of the LDH.
To investigate the presence and fate of LDH after the

hydrothermal growth of BMO, FT-IR spectroscopy was
performed (Figure S4). The characteristic −OH peak of the
LDH between 3000 and 3700 cm−1 is present in all samples
except the BMO control. For the pristine LDH, peaks below
800 cm−1 can be ascribed to the M-O vibrations and M-O-H
bending.34 The presence of the peak at 1358 cm−1 suggests the
presence of NO3

− in the interlayer spacing of LDH.50 This is
reasonable given that Al(NO3)3 was used as the precursor in
the synthesis of LDH. The peak at 1591 cm−1 could be due to
the H2O bending vibration. In the SDS-modified LDH, the
peaks at 2924 cm−1 could be attributed to SDS and are also
seen in CAB-0.2x. For the hybrids, peaks due to BMO can be
seen at 835 and 791 cm−1, with the exception of CAB-0.2x,
where only the former peak is visible. These peaks can be
assigned to the symmetric and asymmetric stretch of MoO6
octahedra relating to the motion of apical O.53,54 The higher
intensity of the 835 cm−1 peak in CAB-0.5x and CAB-1x
indicates higher amounts of BMO in these hybrids compared
to CAB-0.2x. The peak at 1084 cm−1 seen in all the composite
samples can be attributed to the presence of Al(OH)3.

55 The
absence of this peak in the LDH control points toward some
degradation of LDH during the hydrothermal growth of BMO
with the LDH.
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The TEM images of the CAB particles and BMO control are
shown in Figure 2. In the case of BMO control synthesized
with SDS, particles form in a regular squarish manner, similar
to the regular square sheets of BMO that were obtained with
CTAB.26 Moreover, the BMO control shows additional
protrusions jutting out partially from the edges (Figure 2a
and Figure S6). The LDH control crystallizes into irregular
circular disks ranging from ∼100 nm to more than 500 nm in
size (Figure S5). In the case of samples CAB-0.1x and CAB-
0.2x, darker BMO particles can be seen resting atop larger (and
lighter) platelets of LDH. In contrast to the control BMO
sample, the structure of CAB-0.5x particles seems to be more
elongated.
HAADF-STEM mappings were performed to identify the

regions belonging to BMO and LDH in CAB-0.2x. When
synthesized at pH 6.3, BMO particles grow atop the LDH,
which is shown by the separated localization of elements
belonging to BMO and LDH (Figure 3). The high-

magnification HAADF-STEM image clearly shows that the
BMO crystal rests atop the larger LDH platelets (Figure 3).
When synthesized at pH 2.8, a mixture of anisotropic particles
composed of elements belonging to both LDH and BMO, and
BMO particles atop LDH showing no co-localization of the
elements, were observed (Figure S8a,b). At the pH of 11.9, the
weak Mo signal in EDX contrasts with the results of Figure 1d,
where peaks belonging to BMO could be clearly observed
(Figure S8c).
Dye Adsorption. In the case of MO adsorption, clear

water is observed after the sedimentation of CAB-0.2x particles
(Figure 4a). However, with the cationic dye MB, dye can still

be seen in the solution. The controls CAS and BMO remove
∼47 and 0%, respectively, from the MO solution ([MO] = 1
mM). Among the hybrids, CAB-0.1x, CAB-0.2x, and CAB-0.5x
remove 80, ∼100, and ∼92% of the MO, respectively, whereas
CAB-1x does not adsorb MO (Figure 4b,c). Hence, the
adsorption performance of these hybrids improves with
increasing concentration of BMO precursor at first, which
then peaks for CAB-0.2x and declines with a further increase in
[Bi/Mo] thereafter (Figure 4b). This indicates that the onset
of sorbent activity is sensitive to the [Bi/Mo]:[LDH] and that
maximum sorbent action is seen when the aforementioned
ratio is 0.63 mM:mg/mL. Interestingly, a similar ratio was
found to be the critical value for the best sorbent action in
Laponite−Bi2MoO6 hybrids.

26

In the case of MB, samples CAS, BMO, CAB-0.1x, CAB-
0.2x, CAB-0.5x, and CAB-1x adsorbed 8, 26, ∼6, 6, 9.5, and
∼10% of MB, respectively (Figure 4c). Hence, it can be
inferred that the LDH−BMO composites are ineffective
toward the removal of cationic species from aqueous solution.
CAB-0.5x has specific adsorption values of 0.92 mmol/g and
7.5 μmol/g for the dyes MO and MB, respectively. Similarly,
CAB-0.2x shows specific adsorption values of 1 mmol/g and
3.27 μmol/g for MO and MB, respectively. Interestingly, as the
concentration of the precursor is doubled from 0.5 mmol
(CAB-0.1x) to 1 mmol (CAB-0.2x), the adsorption of MO
increases, whereas that of MB decreases. Since CAB-0.1x,
CAB-0.5x, and CAB-0.2x uptake negligible amounts of MB,
they essentially function as a selective sorbent of anionic
species and might be useful toward ionic separation of
chemical entities.
The adsorption of MO on CAB-0.2x was further investigated

by examining the kinetics of the adsorption (Figure 4d and
Figure S10a). For CAB-0.2x, close to 22% of MO is adsorbed
in the first few minutes, and by 35 min, MO has been
completely sequestered from the solution. In the case of
sample CAS, only 28% of MO is removed by the end of the
experiment. Dye adsorption kinetics were estimated by
calculating psuedo-first-order rate constants. From Figure 4d,
it can be seen that CAB-0.2x shows more than a 20× increase
in the dye adsorption rate constant. Hence, CAB-0.2x not only
adsorbs more dye, but it also adsorbs it quicker than the CAS
control. However, CAB-0.2x exhibits sluggish adsorption
kinetics compared to the Laponite−BMO hybrids, which
were able to instantaneously adsorb MB,26 likely due to the

Figure 2. TEM images of LDH−BMO hybrids prepared at different BMO precursor concentrations with [LDH] and [SDS] fixed. (a) BMO
control prepared with SDS and no LDH. CAB samples prepared at (b) 0.5 mM, (c) 1 mM, (d) 2.5 mM, and (e) 5 mM BMO precursor
concentrations (Bi basis) using SDS-pillared LDH. (f) HR-TEM image of CAB-1x particles (images on the right show zoomed-in lattice planes).
(g) HR-TEM image of CAB-1x with the (020) stacking plane of BMO indicated. (h) HR-TEM image of CAB-0.2x. Scale bars in (a)−(e) are 200
nm.

Figure 3. HAADF-STEM mappings of CAB-0.2x (pH 6.3). A
zoomed-in elemental mapping of the circled region is shown in the
bottom panel. Elements Bi, Mo, Co, and Al are shown from left to
right. The corresponding EDX spectra are shown in Figure S7.
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absence of porosity in the LDH−BMO composites (Figure
5c).
As SDS was used to pillar the LDH, the effect of [SDS] on

the MO adsorption performance was also examined. The
adsorption performance of these CAB hybrids was found to be
sensitive to [SDS] (Figure S11a). Even though CAB-0S
(synthesized without SDS) adsorbs less MO than the CAS
control, the introduction of SDS into the reaction improves the
sorbent action of the CAB hybrids. Between CAB-0S and
CAB-0.25S, the MO removal increases from ∼10% in the
former to 25.7% in the latter. As the [SDS] is doubled further
(sample CAB-0.5S), 91.1% of MO is removed from the
solution. The sorption performance of the CAB hybrids then
peaks at the [SDS] = 1.6 mM (sample CAB-1S/ CAB-0.2x),

where ∼100% of the dye is sequestered from the solution.
With a further increase in the SDS concentration to 3.2 mM
(sample CAB-2S), the removal of MO decreases slightly to
92.8%, thereafter. Hence, the pillaring of LDH with SDS is
critical to the formation of highly sorbent LDH−BMO
composite particles, where excessive SDS above the anion
exchange capacity of the LDH can reduce sorption, likely due
to the nontemplated BMO growth. From the above results, it is
clear that BMO growth with pillared LDH is crucial for
enhancing adsorption. This may result from the maximized
interface between BMO and LDH when synthesized in this
manner. Consequently, the contact between BMO and LDH
could result in the redistribution of charges at the interface,
which might aid the sorption process.

Figure 4. (a) Photographs of cuvettes showing adsorption of methyl orange (top) and methylene blue (bottom). (b) Adsorption of MO (1 mM)
and MB (75 μM) by the LDH−BMO hybrids prepared by varying [Bi/Mo]. (c) Specific adsorptivity of the different composites shown in (a). (d)
Kinetics of methyl orange adsorption, [MO] = 250 μM. (e) Effect of reaction pH on the adsorption of dyes; [MO] = 1 mM, [MB] = 75 μM. The
[particle] = 1 mg/mL in all the above experiments.
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Samples synthesized at different pH values were also
investigated for MO adsorption capacity. Sample CAB-0.2x
sequestered 7, ∼100, and 18% of MO when synthesized at
reaction pH values of 2.8, 6.3, and 11.9, respectively (Figure
4e). CAB-1x removes 69% of MO when synthesized at a
reaction pH of 6.3, whereas at pH 2.8 and 11.9, it adsorbs ∼0
and 2% of MO from the solution, respectively. Thus, it can be
inferred that the adsorption performance of these CAB hybrids
not only depends on the amount of the precursors used but is
also sensitive to the reaction pH, where pH values close to
neutral conditions favor optimal sorbent performance.
Since particle surface properties are pertinent to the action

of a sorbent, these hybrids were further characterized for their
surface zeta potential and surface area. In Figure 5a, it can be
seen that LDH, CAS, and all the CAB hybrids show a positive
zeta potential with the exception of BMO, which has a highly
negative zeta potential (−30 mV). As the LDH is pillared with
the anionic surfactant SDS, the zeta potential drops from 44.4
to 12.8 mV, indicating the impregnation of LDH with the
surfactant molecules. Among the CAB hybrids, the zeta
potential decreases from 12.8 mV in CAB-0.1x to 3.7 mV in
CAB-0.2x and CAB-0.5x and CAB-1x have zeta potentials of
29.5 and 29.7 mV, respectively. Hence, the surface charge in
these hybrids is dominated by the charge of the LDH. Hence,
by comparing the results of MO adsorption (Figure 4b,c) and
zeta potential, it can be inferred that the adsorption of MO is
not solely driven by the surface charge of these hybrids.
The surface areas of LDH, CAS, BMO, CAB-0.1x, CAB-0.2x,

CAB-0.5x, and CAB-1x were found to be 48.8, 15, 7, 21.3, 19.9,
9, and 30.5 m2/g, respectively (Figure 5b). Hence, BMO

growth with LDH results in a decrease in the surface area of
the composites as compared to pristine LDH. The lack of
prominent hysteresis in the adsorption−desorption isotherms
suggests a nonporous nature for both controls and composites
(Figure 5c). From the present and previous study,26 it can also
be inferred that at low [Bi/Mo]:[Clay/LDH], the BMO
growth does not alter the inherent porosity profile of the
template particles. It is interesting to note that the sample with
the greatest adsorptivity (CAB-0.2x) possesses a surface area
that is only ∼33% greater than that of CAS. Since an increased
surface area cannot be solely responsible for the improved
adsorption capacity (of over 300%), this suggests that the
growth of BMO at the LDH interface enhances adsorption.
The comparison of the sorption capacity of the different

LDH-based sorbents is shown in Table S2. The adsorptivity of
CAB-0.2x (1.95 mmol/g, calculated by the Langmuir−
Freundlich model (Figure S10b)) lies on the order as those
of the best performing LDH-based materials (∼6 mmol/g).32

Interestingly, the growth of BMO with SDS-modified LDH
enhances the adsorptivity of the composite by 338% compared
to CAS. To compare the sorptive activity of the surface of the
different sorbents, the adsorption capacity was normalized to
the surface area. Based on this metric, CAB-0.2x shows a
specific adsorption of 0.098 mmol/m2 and is surpassed by only
two other LDH-based sorbents.
In the previous study, the nanoclay-BMO sorbents were

reused by photocatalytically degrading the adsorbed dye.26 For
this system, it was not feasible to evaluate the photocatalytic
performance of CAB-0.2x by dye degradation experiments
because the characteristic absorption band of MO is lost

Figure 5. (a) Zeta potential of the LDH−BMO hybrids; (b) BET surface area; and (c) N2 adsorption−desorption isotherms measured at 77 K.

Figure 6. (a) Transient photocurrent response of CAB-0.2x along with the controls (the highlighted region is shown on the right). (b) EIS Nyquist
plots of the same samples.
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behind the broadband absorption of the sample (Figure S12).
Therefore, the photoactivity of the samples was examined by
chopped light voltammetry. The BMO control shows an order
of magnitude higher photocurrent density (0.81 μA/cm2) than
the LDH control (0.017 μA/cm2) and CAB-0.2x (0.023 μA/
cm2) (Figure 6a). CAB-0.2x shows a slightly higher photo-
current than the pristine LDH. Since the photocurrent of the
composite is of the same order as the LDH, it seems that the
photocurrent in CAB-0.2x is dominated by the LDH. The
interfacial charge-carrier transfer of these samples was
characterized by EIS. BMO shows the smallest arc radius
followed by CA, and CAB-0.2x exhibits the highest radius, thus
indicating that CAB-0.2x shows the highest interfacial charge
transfer resistance followed by CA and BMO controls. Hence,
from these measurements, it can be surmised that the growth
of BMO on LDH slightly improves the photocurrent and also
increases the interfacial charge transfer resistance. This
indirectly proves that the LDH−BMO hybrids can potentially
be used for photocatalytic degradation of the adsorbed dye.

■ CONCLUSIONS
The CoAl LDH−BMO hybrids synthesized in this work
exhibited improvement in their adsorption capacity over that
of pillared LDH, which are known sorbents of molecular
species. The best performing sample, CAB-0.2x, showed an
improvement of ∼337% in maximum adsorptivity compared to
the SDS-modified LDH. The selective sorption of anionic dye
demonstrates the potential of this system for ionic separation
of molecular species dissolved in aqueous media. The
adsorption performance of these composites was found to be
sensitive to the reaction pH, presence of pillaring agent, and
[Bi/Mo]:[LDH]. Furthermore, the reaction pH influenced the
optical properties of the hybrids significantly, where broadband
light absorption could be achieved in the samples synthesized
at pH ∼ 6.
Our previous26 and present studies taken together point

toward a general propensity of Aurivillius oxides grown onto
pillared clays (or clay-like materials) to enhance adsorption
capacity of the pillared substrate. This enhancement in
adsorptivity peaks at the [clay]:[Bi/Mo] of 0.63 mmol:g.
Since at low [Bi/Mo]:[clay/LDH], the BMO crystal growth
initiates from the basal sites of LDH (or clay) where
surfactants are adsorbed, this proximal growth of BMO is
suspected to be pivotal in enhancing the adsorption capacity of
these composites compared to pillared LDH or clay. Also, due
to the small amount of BMO grown, the porosity profile of the
template remains conserved. Interestingly, the reaction pH and
[Bi/Mo] did not change the direction of BMO growth in the
composites compared to the growth of BMO in Laponite.26

This implies that only the amount of BMO grown, rather than
the specific orientation of the crystal, is crucial for the
enhancement observed in these composites. Since the surface
area of CAB-0.2x is slightly greater than that of the pillared-
LDH, it is to be noted that the improvement in sorption is
most likely due to the change in the nature of the surface of the
composite compared to the LDH.
Further improvements in the present system can be achieved

by studying the dependence of dye adsorption on the
morphology of the template particles (LDHs in this case).
As has been shown previously, the adsorptivity of the LDHs is
closely related to their morphology.33,34 Hence it seems likely
that by growing BMO on LDH possessing high adsorptivity,
the sorption performance of LDH−BMO hybrids can be

boosted even further. Moreover, the photogenerated current in
CAB-0.2x indicates that these particles can potentially be
reused by photocatalytically degrading the adsorbed dye.
Previous work has also established that the sorption perform-
ance can be further enhanced by encapsulation with a thin
polymer shell.56 The choice of LDH, apart from improving the
adsorption performance, can also influence the optical
properties of the composite and heterojunction formation,
which could further enhance photocatalytic performance.
Furthermore, ion leaching from the LDH may be responsible
for defect formation in BMO, particularly O vacancies, as such
leaching-induced defect formation has been previously
observed in the growth of ZnIn2S4 in Laponite.25 If ion
leaching from the LDH substrate can be exploited for
controlling the doping or formation of defects in BMO, this
might also result in interesting photophysical properties. Thus,
this work demonstrates that not only can the selectivity and
adsorptivity of clay-based Aurivillius oxide sorbent composites
be enhanced but also that the synthetic strategy of organic
modification to template growth at interfaces can be
generalized to other ionic layered materials.
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Chapter 6

In2S3 Growth Templated by
Aluminogermanate Nanotubes
towards Efficient Visible Light
Photocatalysts

This chapter has been published as: Jatav, S.; Xiang H.; Herber, M.; Paineau
E.; Hill, E. H. In2S3 Growth Templated by Aluminogermanate Nanotubes
towards Efficient Visible Light Photocatalysts in Solar RRL, 2023, 7 (4),
2200947.

The chapters 2–5 examined the (photo)catalytic nanohybrids in which
semiconductor growth was templated using discoidal clays, namely, laponite
and CoAl layered double hydroxide. This chapter presents an investigation
of photocatalytic nanohybrids prepared using a tubular clay, imogolite and
a different semiconductor, namely, In2S3.
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In2S3 Growth Templated by Aluminogermanate
Double-Walled Imogolite Nanotubes Toward Efficient
Visible Light Photocatalysts

Sanjay Jatav, Hongxiao Xiang, Marcel Herber, Erwan Paineau,* and Eric H. Hill*

1. Introduction

Less-energy-intensive means for water decontamination are
being sought due to increasing demand, dwindling fossil fuel
reserves, and problems associated with their use.[1,2] In this
vein, solar means of decontaminating water are becoming
attractive.[3,4] Indium sulfide, In2S3, is a III–V semiconductor

which has been studied for its photocatalytic
and photovoltaic properties.[5–7] Apart from
possessing interesting optical properties,
In2S3 is also appealing because of its low tox-
icity and stability under ambient settings.[8,9]

One of the strategies for improving the per-
formance of In2S3 is to combine it with
other materials. For instance, composites
with graphene,[10] ZnO,[11] and MnS[12] have
shown improvement in photocatalytic per-
formance over pristine In2S3. In a previous
study, we reported that in addition to con-
ventional carbon-based materials (graphene,
nanotubes), metal sulfides, and oxides,
layered silicate clays can also be used to
enhance the photophysical properties of
In2S3.

[13] Such laponite–In2S3 nanohybrids,
comprising thin layers of In2S3, showed an
order of magnitude enhancement in photo-
current generation and photocatalytic effi-
ciency compared to the In2S3 control. The
possibility of templating In2S3 growth using
a 1D template nanoparticle, and the result-
ing photocatalytic properties, led to the

growth of In2S3 on aluminogermanate double-walled imogolite
nanotubes (GWINTs).

Imogolite is a clay nanotube with a general structural formula
(OH)3Al2O3X(R) (with X¼ Si, Ge; R¼OH, CH3…), which appears
as a promising 1D template.[14,15] INTs have the advantage to pres-
ent a well-defined minimum in their strain energy,[16] resulting in
nanotubes with monodispersed diameters.[17,18] In addition, the
synthesis process is relatively straightforward, enabling to control
the morphology (single vs double-walled structures, aspect ratio…)
and the surface properties of the inner cavity by changing the
nature of the precursors.[19–21] Thanks to their unique colloidal
properties,[22] INTs have demonstrated their ability to effectively
stabilize metal nanoparticles on their external surface[23–25] but,
to date, the growth of semiconductor nanowires with INTs has
not been truly explored.

Herein, the hydrothermal growth of In2S3 was performed in
the presence of the colloidal dispersion of INT to obtain photo-
catalytic INT-In2S3 composites. By carefully controlling the
reaction conditions, the tubular morphology of INT could be
preserved and the In2S3 growth confined exclusively onto these
tubes. These In2S3-decorated INTs exhibited a fourfold
enhancement in their photocatalytic dye degradation rate
compared to the pristine In2S3, even though the former has
a wider bandgap. In addition, the mechanism responsible for
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Different strategies combining semiconductors and nanomaterials have been
explored to enhance the performance of visible light photocatalysts. This work
reports the hydrothermal growth of In2S3 on the aluminogermanate double-
walled imogolite nanotubes and the photocatalytic properties of the resulting
composites. The reaction conditions are optimized to ensure the linear growth
of In2S3, while preserving the tubular structure of imogolite nanotubes. The
imogolite–In2S3 composites show enhanced photocatalytic degradation of
methyl orange compared to the control In2S3, exhibiting a fourfold increase in the
photocatalytic dye degradation rate constant. Interestingly, these composites
present a negative photocurrent response, indicating the generation of mobile
holes, whereas both In2S3 and imogolite by themselves exhibit typical positive
photocurrent behavior. The improvement in the photocatalytic dye degradation
and the negative photocurrent response is attributed to the interface formation
between In2S3 and imogolite in these composites and the p-type character of the
latter. Templating the colloidal synthesis of semiconducting nanoparticles in
confined spaces could bring a step change in the design of catalytic and
photocatalytic materials.
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the negative photocurrent response of the composite, which
contrasts with the photocurrent response of the pristine INT
and In2S3 control samples, has been proposed.

2. Results

XRD was performed in order to verify the effective growth of
In2S3 and the presence of INT. The diffraction peaks from
In2S3 cannot be observed in the composites, which implies
the presence of scant amount of In2S3 in the composites
(Figure 1a). Due to the finite radial dimensions of the nanotubes,
the related diffractograms display large oscillations between 5°
and 15° 2θ that are typical of the form factor of double-walled
nanotubes.[26]In the case of composites, the signature of INTs

is still present but the nanotubes undergo structural transforma-
tion after being exposed to hydrothermal conditions during the
reactions. By the 3-h time point, the appearance of additional
peaks indicates the formation of another phase. In particular,
the peak at 14.3° matches well with the (020) crystal plane of
boehmite.[27,28] All the composites show the increase of a broad
peak centered at 2θ� 62° with increasing reaction time, which
can be ascribed to the (080) plane of boehmite.[27] Thus, from
XRD, it can be surmised that the hydrothermal transformation
of INT to boehmite can be controlled by varying the reaction
duration.

These samples were further characterized by FTIR spectros-
copy. The sharp peak at 795 cm�1 and the presence of a broad
band between 2800 and 4000 cm�1 can be assigned to the
Ge–O–Al stretch and to the υ stretching mode and bending mode
of hydroxyl groups in water alongside the stretching vibrations of
–OH groups belonging to INT, respectively (Figure 1b).[29,30]

These bands are present in all the INT–IS composites except
INT-IS_5h. The bands at 750, 1063, 1150, 3080, and
3288 cm�1 correspond to the torsional mode of Al–O, symmetric
Al–O–H δ stretch, asymmetric Al–O–H δ stretch, symmetric
Al–OH υ stretch, and asymmetric Al–OH υ stretch, respectively.
These bands indicate the formation of boehmite.[31] The
1063 cm�1 band is also present in the INT-IS_3h sample,
however with diminished intensity compared to INT-IS_5h.
The bands in IS control seen at 1036 and 1094 cm�1 are due
to the S–O stretch and υ stretch of CS present in the S source
thioacetamide.[32,33] The absence of these bands in the
composites indicates a relatively low amount of In2S3 present
in these samples. Overall, FTIR characterization corroborates
the observations from XRD.

The UV–vis–DRS spectra of the samples show that the light
absorption in the composites is primarily due to the presence of
In2S3, since INT has negligible absorption in the wavelength
range measured (Figure 1c). Interestingly, the composites pres-
ent a blueshift of the absorption band edge compared to the IS
control, the largest blueshift being observed in INT-IS_1h. This
blueshift is plausibly due to the small size of In2S3 particles
present in these composites (Figure 2).[34] The bandgap of the
samples was calculated using the Kubelka–Munk method
(Figure 1d).[35,36] The bandgaps of IS, INT-IS_1h, INT-IS_3h,
and INT-IS_5h were found to be 2.27, 2.59, 2.54, and 2.53 eV,
respectively.

Pristine IS forms irregularly shaped sheets (Figure 2a), with a
thickness of �5 nm (Figure S1, Supporting Information). The
INT sample shows tubes having a diameter �4.5 nm and an
average length �88 nm (Figure 2b), similar to those reported

Figure 1. a) X-Ray diffractograms of the INT-In2S3 composites. *repre-
sents peaks belonging to boehmite. b) FTIR spectra. c) DRS UV–vis spec-
tra of the INT–In2S3 composites. d) Tauc plots of the INT–IS composites.
Dotted lines show the bandgap calculated by the Kubelka–Munk method.

Figure 2. a) Bright-field TEM image of IS. HAADF–STEM images of b) INT, c) INT-IS_1h, d) INT-IS_3h, and e) INT-IS_5h. All scale bars are 100 nm.
Additional images of these samples are presented in Figure S1, Supporting Information.
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previously.[21] In the case of the sample INT-IS_1h, the tubular
morphology of INT is largely preserved, but the tubes seem to be
linked together into bundles after In2S3 growth (Figure 2c, S1,
Supporting Information). The brighter spots represent In2S3,
due to the increased atomic number of In relative to Ge and
Al. In the presence of INT, In2S3 grows atop INT; however,
the reaction time drastically affects the morphology of the grown
In2S3. Furthermore, as the reaction time is increased to 3 and 5 h,
the INT’s tubular morphology is transformed into elongated
sheets (Figure 2d,e and S1, Supporting Information). The
XRD and FTIR results suggest that this change in morphology
is due to the transition from imogolite to boehmite at longer reac-
tion times. The absence of isolated In2S3 particles in the hybrids
suggests that the surfactant modification of the INT surface as
well as the In and S precursor concentrations chosen ensured
the nucleation of In2S3 crystals on the INT.

HAADF–STEM EDX mappings were performed on the sam-
ples for a closer examination of In2S3 growth on INT and state of
INT after the hydrothermal reactions (Figure 3). In the case of the
sample INT-IS_1h, the continuous growth of In2S3 along the
tube axis was observed, in addition to the growth of separate
In2S3 particles along the tube length (Figure S1, Supporting
Information). From the EDX spectra, it can be seen that peaks
belonging to all the constituent elements are present for the sam-
ple INT-IS_1h (Figure S2a, Supporting Information). However,
for the sample INT-IS_5h, the characteristic peaks of Ge (Kα and
Lα) have almost disappeared, indicating the transformation of
INT to boehmite (Figure S2a, Supporting Information). From
above mappings of the same sample, it can also be evidenced
that after 5 h, the slender tubes seen in INT-IS_1h are trans-
formed into elongated sheets, which signifies the conversion
of INT into boehmite.

Photocatalytic performance of these composites was evaluated
by photocatalytic degradation of the dye MO in visible light
(>400 nm). MO is used as it does not photolyze upon illumina-
tion in the visible region. INTs also afford no dye degradation
under visible light illumination (Figure 4a). The photocatalytic
degradation of MO by IS is significantly lower than that of
INT-IS_1h. The former could degrade �50% of the dye in
2 h, whereas the latter, having the same amount of In2S3 as

IS, degraded �90% MO in the same time. The analysis of the
dye degradation kinetics shows that the pseudo-first-order rate
constant is enhanced by almost four times for INT-IS_1h
compared to the IS control (Figure 4a). Since [In2S3] was identical
during the photocatalytic dye degradation with the samples
INT-IS_1h and IS control, these results suggest that the introduc-
tion of INT induces a synergetic effect which enhances the photo-
catalytic activity of In2S3. It is to be noted that this improvement
in photocatalysis occurs even with INT-IS_1h having a �14%
larger bandgap than IS control. Laponite–In2S3 composites
reported by Liu et al also showed improved photocatalysis despite
a drastically increased bandgap.[13] Upon comparison, the INT-IS
hybrids show a 19% increase in photocatalytic dye degradation
rate compared to laponite–In2S3 composites. Moreover, the
INT-In2S3 composite after 1 h of growth shows increased
photocatalytic dye degradation compared with the boehmite-
dominated sample synthesized with 5 h of growth (Figure S4a,
Supporting Information). This suggests that the transformation
of INT into boehmite is detrimental to the photocatalytic perfor-
mance of the INT-IS hybrids. Also, the photocatalytic activity of
INT-IS_1h decreased significantly after three reuse cycles, point-
ing to photodegradation of the hybrid during use (Figure S4b,
Supporting Information). While this may result from loss of
particles during the recovery step, it may also result from the
photodegradation of the hybrid. The photoactivity was further
investigated using chopped light voltammetry with a solar
simulator as the light source.

Samples INT and IS generate similar amount of photocurrent
upon illumination (Figure 4c). It was noted that INT showed no
photocatalytic activity upon illumination with only visible light,
suggesting that INT is photoactive only in the UV region of the
spectrum due to its low light absorption in the visible range
(Figure 1c). INT and IS by themselves showed a typical positive
photocurrent response; however, the composite INT-IS_1h dis-
played a negative photocurrent response. This points toward some
effect of the interface between INT and IS, which allows increased
mobility of photogenerated holes. A similar negative photocurrent
response was observed in the composites of reduced graphene
oxide (RGO)–WS2 by Rath et al.[37] They attributed this behavior
to the p-type nature of RGO and the formation of diffusion barrier

Figure 3. HAADF–STEM EDX mappings of a) INT-IS_1h and b) INT-IS_5h. EDX spectra of these mappings are presented in the Figure S2, Supporting
Information.
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between the valence band of RGO and conduction band of WS2.
As INT exhibits p-type characteristics,[38] it seems plausible that a
similar mechanism might be operating in INT-IS_1h. Interfacial
charge transfer resistance was examined by EIS. Since the radius
of the arc corresponds to the resistance, it can be seen that
INT-IS_1h shows the lowest interfacial charge transfer resistance
followed by IS and then INT. The low interfacial resistance might
be one of the factors contributing toward enhancing the photoca-
talytic dye degradation performance of INT-IS_1h.

3. Conclusions

By optimizing the reaction conditions, the growth of In2S3 was
templated by surfactant-modified INT. The morphology of In2S3
changed from anisotropic platelets to a mix of linear growths
along the INT particles after 1 h of growth, to small particles
along the INT/boehmite structure at longer reaction times.
These In2S3-decorated INT exhibited a �400% enhancement
in the photocatalytic dye degradation rate of MO over pristine
In2S3, even though the bandgap was increased by 14% in the
composite. Moreover, the p-type character of INT and the forma-
tion of the interface with In2S3 also engendered a negative pho-
tocurrent response not seen in the parent constituent materials
themselves. The increased photocatalytic performance of the
INT-IS can be attributed to the high mobility of photogenerated

holes, which can then directly lead to oxidative reactions of MO.
The present study revealed that just like the discoidal clay, lapon-
ite, a tubular clay, imogolite, can also template the growth of
In2S3, enhancing the resulting photocatalytic properties. This
work shows that such morphology-based templating approaches
can be utilized in a more general sense and will encourage
further research into the composites of functional materials with
clays in general and imogolite in particular. While further
systematic studies are required to elucidate the role of the
interface in enhancing photocatalysis, previously reported
clay-templated syntheses of photocatalysts such as Bi2MoO6,

[39]

BiOI,[40] ZnIn2S4,
[41] and MoS2

[42] suggest that there is yet a rich
landscape of imogolite-based nanohybrid photocatalysts left to
explore.

4. Experimental Section

Chemicals: Tetraethoxygermane (TEOG), urea (CO(NH2)2), dodecyltri-
methylammonium bromide (DTAB), thioacetamide (TAA), indium chlo-
ride (InCl3.5H2O), and methyl orange (MO) were purchased from
Sigma-Aldrich Chemical Reagent Co., Ltd. Aluminum perchlorate nonahy-
drate (Al(ClO4)3·9H2O) and polyvinyl alcohol (PVA, molecular weight
88 000–97 000 gmol�1, 87–89% hydrolyzed) were procured from Alfa
Aesar and Na2SO4 (>99%) was obtained from Chemsolute.

Synthesis: Ge Double-Walled Imogolite Nanotubes (GDWINT):
Aluminogermanate double-walled nanotubes were synthesized according
to previously reported methods.[43]Typically, 50 mL of 0.2 M Al(ClO4)3 and

Figure 4. a) Photocatalytic dye degradation of MO (corresponding UV–vis spectra are shown in Figure S3, Supporting Information), b) apparent first
order rate constant for MO photodegradation, ([MO]¼ 15.25 μM, [particles]¼ 0.25mgmL�1), c) transient photocurrent response, and d) Nyquist plots
of the composite and controls.
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50mL of 0.2 M CO(NH2)2 were mixed under stirring in a PFTE beaker.
1.11mL of TEOG was added to obtain a molar ratio
[Ge]:[Al]:[urea]¼ 1:2:2. The mixture was then transferred in an acid diges-
tion bomb (Zeoclave, Maximator, France). The hydrothermal treatment
was performed under autogenous pressure at 140 °C for 5 days. After cool-
ing down the autoclave, the resulting dispersion was dialyzed with ultra-
pure water (resistivity 18MΩ cm) using semipermeable membranes
(Spectra/Por, 10 kDa). The final solid concentration in GDWINT was deter-
mined by weight loss upon drying.

Synthesis: Hydrothermal In2S3 Growth on INT: An aqueous dispersion of
GDWINT (1.5 mL, 10mgmL�1) was added to 23.5 mL deionized water in
a 50mL Teflon beaker. Subsequently, DTAB (78 μL, 0.1 M) was added to
the above GDWINT dispersion under stirring. A previously prepared 5mL
solution of TAA (11mg) and InCl3.5H2O (5.43mg) was added to the
Teflon beaker and stirred for 5 min. Then this beaker was sonicated for
5 min and sealed in a hydrothermal autoclave (DAB-2, Berghof
Instruments, Germany). The reaction was carried out at 180 °C for 1, 3,
and 5 h. These samples were labeled as INT-IS_1h, INT-IS_3h, and
INT-IS_5h, respectively. In2S3 control was prepared using 50 times the
amount of In and S precursor used for synthesizing the composites.
The In2S3 control was labelled as IS. All the above samples were washed
five times with water and two times with ethanol and then dried at 60 °C for
24 h. The synthesis scheme is shown (Scheme 1).

Characterization: Crystal structure of the samples was determined by
X-Ray diffraction (XRD) on a PANalytical X’PERT Pro diffractometer
(Philips, Netherlands) using Cu Kα radiation (1.54 Å). Fourier-transform
infrared (FTIR) spectra were measured on a Bruker Invenio R using golden
gate ATR. 128 scans were averaged and recorded at a resolution of 4 cm�1.
A Cary 5000 UV–vis–NIR spectrometer (Agilent Inc., Santa Clara, CA, USA)
was used for measuring diffuse reflectance UV–visible spectra of the sam-
ples with an integrating sphere. High-resolution transmission electron
microscopy (HRTEM), high-angle-annular dark-field scanning transmis-
sion electron microscopy (HAADF–STEM), and electron-dispersive
X-ray spectroscopy (EDX) mapping were performed on a Talos F200X
(FEI, USA) equipped with four silicon drift EDX detectors.

Photocatalytic Dye Degradation: 5 mg of the composite was added to a
solution of methyl orange (15.25 μM, 20mL), resulting in the final photo-
catalyst concentration of 0.25mgmL�1. This dispersion was illuminated
with a 300W Xe lamp (LSE340, LOT-Oriel GmbH & Co. KG, Germany)
using a >400 nm long-pass filter (FEL0400, Thorlabs, Newton, NJ,
USA) to remove UV light. Before illumination, the dye suspension was
stirred for 30 min to reach adsorption–desorption equilibrium. 1.5 mL ali-
quots were withdrawn at specific time points and centrifuged (4500 rpm,
10min), after which the UV–vis absorbance spectra were recorded using a
Cary 60 UV–vis spectrometer (Agilent Inc., Santa Clara, CA, USA). The
same amount of INT was used in the control dye degradation experiments.
For the In2S3 control experiments, an equivalent amount of In2S3 to that
present in the composite was used (0.84mg).

Photoelectrochemical Characterization: A Zahner Zennium XC electro-
chemical workstation was used for photoelectrochemical measurements.
A three-electrode setup was used with an FTO photoanode, Ag/AgCl, and
platinum wire functioning as working, reference, and counter electrodes,
respectively. Chopped light voltammetry was carried out at an applied
potential of 0 V (vs Ag/AgCl) with light pulse period of 20 s. Solar

simulator (SS-F5-3 A, Enli Tech Company, Taiwan) was used as the illumi-
nation source. Electrochemical impedance spectroscopy (EIS) was carried
out with a sinusoidal AC perturbation of 10mV applied over the frequency
range of 0.1–1MHz. The samples were prepared by dispersing the pow-
ders (0.84mg for IS and 5mg for INT-IS_1h and INT) in 1.5 mL of PVA
(10mgmL�1) and then drop casting 0.75mL of the dispersion on the FTO
substrate.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Chapter 7

Epilogue and Outlook

7.1 Summary

The different clay-semiconductor composites examined in this thesis demon-
strates that clays can act as suitable substrates for synthesizing high per-
formance functional hybrids for wastewater remediation. Interestingly, not
only did clays improve the catalytic and photocatalytic performance of MoS2

and In2S3, in the composites of Bi2MoO6 with laponite and LDH, Bi2MoO6

growth improved the adsorption capacity of these clays. Interestingly, these
improvements in the performance of the semiconductor-clay hybrids were
contingent upon the organic modification of the clays prior to the reaction.
This in-turn indicates the criticality of surfactants for achieving the optimum
templating of the semiconductor growth during the hydrothermal reaction.

In addition to improving the (photo)catalytic performance, these clays
affected the semiconductor crystal growth in two ways: by confining the
crystal growth (seen in MoS2 and In2S3) or by altering the usual crystal
growth direction as seen in the case of Laponite-Bi2MoO6 composites. In
laponite-MoS2 layered nanohybrids, since MoS2 growth was confined to the
interlayer spacing of laponite particles, this reduction in size increased the
number of catalytic edge sites on MoS2 and resulted in improving the cat-
alytic degradation of dyes. In addition to enhanced catalytic activity, these
laponite-MoS2 hybrids also showed improved dispersibility and stability in
aqueous medium compared to pristine MoS2. Hence, the clay, laponite was
not only able to confine and isolate MoS2 monolayer growth, but also able to
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provide aqueous stability and dispersibility to these hybrids. The sandwich
structure of these hybrids proposed in chapter 2 ([110]) was supported by
the X-ray scattering and electron microscopy studies. However, the presence
of isolated monolayers of MoS2 in the hybrids was most spectacularly man-
ifested in the observation of photoluminescence from these hybrid (Fig 7.1),
since photoluminescence is only observed for monolayer MoS2.[72]

The In2S3 growth on surfactant-modified imogolite resulted in enhancing
the photocatalytic performance of these composites, just like previously re-
ported laponite-In2S3 nanohybrids.[111] Although, the reduced size of In2S3

in imogolite-In2S3 nanohybrids increased the bandgap by 14%, it did not
hinder the photocatalytic performance. Moreover, the formation of inter-
face between the p-type imogolite nanotubes and In2S3 elicited a negative
photocurrent response, which was not observed in the individual constituent
materials.

In clay-Bi2MoO6 hybrids, the carefully controlled growth of Bi2MoO6 on
surfactant-modified laponite and CoAl layered double hydroxide (LDH) re-
sulted in the formation of photocatalytic hybrids with enhanced adsorptivity
compared to only surfactant-modified clays.[112, 113] For laponite-Bi2MoO6

hybrids, the emergence of enhanced sorption capacity was concomitant with
a change in the crystal growth habit of Bi2MoO6. The surfactant-modified
laponite enabled a change in the crystal growth direction from [100] to
[010] direction. This resulted in the preponderance of 100-facet dominated
Bi2MoO6 in the laponite-Bi2MoO6 photocatalytic hybrids. The sorption en-
hancement and faceting were observed only in the cases when [Bi]:[laponite]
was in the range of 0.16–0.63 mM:mg/mL. Also, these hybrids exhibited near-
spontaneous adsorption of dye which prompted their use in a filtration setup.
In a follow-up study, we reported the filtration of dye contaminated water
by these laponite-Bi2MoO6 particles deposited onto a cellulose acetate mem-
brane filters and found that a thin cross-linked shell of polymer blend of butyl
acrylate and styrene can improve their dye adsorption capacity further.[114]

Furthermore, by switching from a cationic laponite to an anionic CoAl
LDH substrate, LDH-Bi2MoO6 photocatalytic sorbent composites were ob-
tained, which were proficient at selective adsorption of anionic species (chapter-
4).[113] However, in contrast to laponite-Bi2MoO6, no drastic change in the
growth direction of Bi2MoO6 was observed in these LDH-Bi2MoO6 compos-
ites . The optical properties of the LDH-Bi2MoO6 hybrids were sensitive
to the reaction pH, in contrast to their laponite counterparts; where broad-
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band light absorption could be achieved in the former at reaction pH ∼6.
Where the dye sorption behavior is concerned, both the clay-Bi2MoO6 hy-
brids showed enhancements compared to their surfactant-modified clay tem-
plates. Also, both the hybrids showed peak adsorption performance at the
[Bi]:[clay] of 0.63 mmol:g. However, they differed substantially where the
kinetics of dye adsorption were concerned. The laponite-Bi2MoO6 showed
near-instantaneous adsorption of entire dye in the solution, whereas for LDH-
Bi2MoO6 hybrids that was not the case. This might be due the much higher
surface area of laponite compared to the LDH. And the reuse of these parti-
cles can be achieved by photocatalytic degradation of the adsorbed dye.

It is also to be noted that since the synthesis of these hybrids was car-
ried out in aqueous media without any harmful solvents, the hydrothermal
method provides an environmentally benign approach for obtaining high
performance clay-semiconductor hybrids. In addition, incorporating clays
reduces the amount of semiconductor required in the composite; therefore,
allowing for less use of metallic precursors and rendering the production of
such composites cheap.

7.2 Future Research Avenues

The work covered in this dissertation gave rise to many interesting lines of
research. In this section some of those lines of research are emphasized and
based on that some recommendations for future research are pointed out
below.

Piezoresponse of Laponite-MoS2 Layered Particles

One of the interesting properties associated with MoS2 is the emergence of
photoluminescence (PL) in the monolayer limit.[72] In this thesis the presence
of monolayer/few-layers MoS2 separated by laponite particles was supported
by XRD and HRTEM in [110]. Additionally, the presence of isolated MoS2

mono-layers in these nanohybrids was further confirmed by PL spectroscopy
(Fig 7.1). Another interesting phenomenon associated with few/mono-layers
of MoS2 is the emergence of piezoelectricity.[115] Piezoelectricity refers to the
generation of voltage under the application of mechanical stress. This has
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been studied previously by operating atomic force microscopy in the piezo
force mode. Hence, it would be interesting to investigate piezoelectricity in
these laponite-MoS2 layered nanohybrids and study their efficacy as trans-
ducers or mechanical sensors.

Figure 7.1: Left, photoluminescence spectra of laponite-MoS2 and prisine
MoS2. Middle, confocal PL image of laponite-MoS2 and right, confocal PL
image of MoS2.

Sorbent Photocatalytic Imogolite-In2S3 Hybrids

The imogolite-In2S3 nanohybrids reported in Chapter 6 [116] were explored
further. Previously, in [116], only the surfactant DTAB was used during the
synthesis of imogolite-In2S3, which showed enhanced photocatalytic activ-
ity compared to pristine In2S3. These subsequent experiments focused on
the effect of surfactant chain-length used during the synthesis on the photo-
catalytic performance of imogolite-In2S3 nanohybrids. The surfactants used
were C8TAB (OTAB), C12TAB (DTAB) and C16TAB (CTAB). The hybrids
prepared with C12TAB performed slightly better than the ones prepared
using C8TAB during the photocatalytic degradation experiments. Interest-
ingly, the imogolite-In2S3 hybrids synthesized with C16TAB showed enhanced
adsorption of methyl orange (Fig. 7.2b). Henceforth, the focus of the investi-
gation was narrowed onto these the imogolite-In2S3 hybrids synthesized with
C16TAB. Further studies revealed that the adsorption performance of these
hybrids was sensitive to the [CTAB] used during the synthesis of these hybrids
(Fig. 7.2b). The bulk of future work will focus on the structural and mor-
phological characterization of these CTAB-based imogolite-In2S3 hybrids. In
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addition, the performance stability of these hybrids will be assessed by the
adsorption-photocatalytic cyclic reuse of these hybrid particles.

Figure 7.2: (a) Methyl orange (MO) adsorption by imogolite-In2S3 hy-
brids prepared using different surfactants. (b) Adsorption isotherms of the
imogolite-In2S3 hybrids prepared at different [CTAB]; 1x = 0.26 mM.

Incorporating 2D Materials in Laponite-Bi2MoO6 Filtration Mem-
branes

A more practical and efficient way to use photocatalytic sorbent hybrids
would be to incorporate them onto a membrane substrate. Previously, we ac-
complished this using surface modified laponite-Bi2MoO6 particles deposited
on cellulose acetate membranes.[114] Although these hybrid particles modi-
fied membranes were effective at filtering dyes out of their solution and could
be reused by photocatalytically degrading the adsorbed dye, hence providing
a facile means to defoul these membranes. However, the flow rate achieved
through these was very low (2mL/min) to be of any practical significance.
Incorporating 2D materials like g-C3N4 in the design of the aforementioned
filtration membranes might be helpful toward attaining high flow-rate water
filtration membranes. In addition, g-C3N4 nanosheets can be functionalized
readily, which allows for tuning their interlayer distance.[117] This strategy
can be exploited to tailor channel dimensions or pore size in these hybrid
water filtration membranes and hence provide a means to control flow-rate.
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Appendix A

Chemicals

Chemicals Pictogram Hazard Precautionary
Statements Statements

302-315 273-280-

Thioacetamide 319-350-412 305+350+338
302+352

272-315-319- 221-280-302+

Bi(NO3)3 335 352-304+340-
305+351+338
260-280-321

InCl3 302-314 303+351+338-
305+351+338

Al(NO3)3 272-315-319 220-280-302+352-
305+351+338

272-302-317- 201-220-273-280-

Co(NO3)2 318-334-341- 304+340-
350i-360F-410 342+311

II



Chemicals Pictogram Hazard Precautionary
Statements Statements

Methyl orange 301 270-301+310

Methylene blue 302 270-301+312
264-270-273-

Rhodamine B 302-318-412 280-301+312-
305+351+338

(CH2)6N4 228-317 210-280
333+313

Sodium dodecyl 228-302+332- 210-261-280-

sulfate 315-318-335 302+352-305+
412 351+338-312

302-315-318- 273-280-302+

C19H42BrN 335-373-410 352-305+351+
338-310

Ammonium 272-302-315- 261-280

persulfate 317-319-334- 305+351+338-
335 302+352

III



Chemicals Pictogram Hazard Precautionary
Statements Statements
226-304-315- 210-260-331-301+310

Styrene 319-332-361d- 302+352-305+351+
372 338-370+378

226-319-315- 280-271-260-280-210

Butyl 332-317 273-243-241-272-264-242-240
Acrylate 335-303+313- 312-305+351+338-304+340-

412-401 303+361+353
Methylenbis- 301-312+332 260-280

(acrylamide) 340-350-361fd 301+310
372 302+352

IV



List of H- and P-statements

H-statements

H226 Flammable liquid and vapour
H228 Flammable solid
H272 May intensify fire; oxidizer
H301 Toxic if swallowed
H302 Harmful if swallowed
H304 May be fatal if swallowed and enters airways
H312 Harmful in contact with skin
H314 Causes severe skin burns and eye damage
H315 Causes skin irritation
H317 May cause an allergic skin reaction
H318 Causes serious eye damage
H319 Causes serious eye irritation
H332 Harmful if inhaled
H334 May cause allergy/ asthma symptoms/

breathing difficulties if inhaled
H335 May cause respiratory irritation
H340 May cause genetic defects
H341 Suspected of causing genetic defects
H350 May cause cancer
H350i May cause cancer by inhalation
H360F May damage fertility
H361d Suspected of damaging the unborn child
H361fd Suspected of damaging fertility.

Suspected of damaging the unborn child
H372 Causes damage to organs through prolonged or repeated exposure
H373 May cause damage to organs through prolonged or repeated exposure
H401 Toxic to aquatic life
H410 Very toxic to aquatic life with long-lasting effects
H412 Harmful to aquatic life with long-lasting effects
H302+H332 Harmful if swallowed or if inhaled
H312+H332 Harmful in contact with skin or if inhaled
H303+H313 May be harmful if swallowed or in contact with skin

V



P-statements

P201 Obtain special instructions before use
P210 Keep away from heat, hot surfaces, sparks, sources

open flames and other ignition
P220 Keep away from clothing and other combustible materials
P221 Take any precaution to avoid mixing with combustibles
P240 Ground and bond container and receiving equipment
P241 Use explosion-proof equipment
P242 Use only non-sparking tools
P243 Take precautionary measures against static discharge
P260 Do not breathe dust/fume/gas/mist/vapours/ spray
P261 Avoid breathing dust/fume/gas/mist/vapours/ spray
P264 Wash thoroughly after handling
P270 Do not eat, drink or smoke when using this product
P271 Use only outdoors or in a well-ventilated area
P272 Contaminated work clothing should not be

allowed out of the workplace
P273 Avoid release to the environment
P280 Wear protective gloves/protective clothing
P301 IF SWALLOWED:
P302 IF ON SKIN:
P305 IF IN EYES:
P310 Immediately call a POISON CENTER or doctor/physician
P312 Call a POISON CENTER/doctor if you feel unwell
P321 Specific treatment
P301+P310 IF SWALLOWED: Immediately call a POISON CENTER/doctor
P301+P312 IF SWALLOWED: Call a POISON CENTER/

doctor if you feel unwell
P302+P352 IF ON SKIN: Wash with plenty of water
P304+P340 IF INHALED: Remove person to fresh air and

keep comfortable for breathing
P333+P313 If skin irritation or rash occurs: Get medical advice/attention
P342+P311 If experiencing respiratory symptoms:

Call a POISON CENTER/doctor
P370+P378 In case of fire: Use. . . to extinguish
P303+P351+P338 IF IN EYES: Rinse cautiously with water for several minutes.

Remove contact lenses if present and easy to do

VI



P303+P361+P353 IF ON SKIN (or hair): Take off immediately all contaminated
clothing. Rinse skin with water [or shower]

P305+P350+P338 IF IN EYES: Rinse cautiously with water for several minutes.
Remove contact lenses, if present and easy to do

VII
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Supporting Information: Heterostructured Monolayer MoS2 Nanoparticles Toward Water-
Dispersible Catalysts 

Sanjay Jatav, Kaline P. Furlan, Junying Liu, Eric H. Hill*
Institute of Advanced Ceramics, Hamburg University of Technology, Hamburg 21073; 
eric.hill@tuhh.de

Contents: 

Figure S1 – UV-Vis spectra of Lap-MoS2 and MoS2 before and after settling for 48 hours

Figure S2 – TEM images of control particles

Figure S3 – TEM images of Lap-MoS2 particles synthesized without stirring

Figure S4 – TEM images of MoS2 control sample

Figure S5 – TEM images of individual Lap-MoS2 particles including electron diffraction patterns

Figure S6 – TEM images of Laponite®-RD

Figure S7 – Statistics of measured interlayer spaces from TEM

Figure S8 – AFM characterization of particle thickness

Figure S9 – Full range of EDX spectra shown in Figure 4

Figure S10 – Additional EDX maps of Lap-MoS2 particles

Figure S11 – UV-Vis spectra of Methylene Blue with MoS2 control

Figure S12 – Catalysis control experiments 

Figure S13 – UV-Vis spectra taken over the course of catalysis



S2

Figure S1. UV-Vis spectra of Lap-MoS2 synthesized at different Mo:Lap precursor ratios by 
mass, in aqueous dispersion before and after 48 hr. Filled symbols indicates initial spectrum 
and empty symbols with dotted lines indicates samples after 48 hr of settling. 



S3

Figure S2. Lap-MoS2 synthesized hydrothermally (a) with, and (b) without stirring during 

reaction, and controls for (c) MoS2 and (d) Laponite®-RD.



S4

Figure S3. HRTEM images of Lap-MoS2 synthesized without stirring, with corresponding 
electron diffraction patterns and EDX spectrum.



S5

Figure S4. HRTEM images of the MoS2 control samples synthesized without Laponite-RD®.



S6

Figure S5. TEM images of Lap-MoS2, including electron diffraction patterns showing (100) and 
(110) planes of MoS2.

Figure S6. HRTEM images of Laponite-RD® control.
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Figure S7. Distribution histogram of 48 interlayer spacings measured by HRTEM.

Figure S8. (a) Height-map of Lap-MoS2 particles on Si wafer. (b) Height profiles of the lines 
shown in (a). (c) Distribution plot of Lap-MoS2 heights measured by AFM, with a total of 217 
particles measured.

Figure S9. Full range of EDX spectra of Lap-MoS2, MoS2, and Lap (from left to right) shown in 
Figure 4. 



S8

Figure S10. HAADF-STEM EDX mappings of Lap-MoS2 particles. Silicon is visible in the 
background in some cases due to the presence of typical vacuum greases which can 
contaminate the sample during prolonged electron beam exposure. 

Figure S11. Absorption spectra and corresponding photograph of a 10 µM methylene blue 
solution with increasing amounts of MoS2. 



S9

Figure S12. Control catalytic experiments: (a) MO (67 µM) with 20 µg/mL catalysts and (b) 4-
NA with 10 µg/mL catalysts; Those with catalysts have no NaBH4, NaBH4 trace includes no 
catalyst.

Figure S13. UV-Visible spectra at different timepoints of catalytic degradation by NaBH4: 4-NA 
(0.12 mM) by 10 µg/mL (a) Lap-MoS2 and (b)MoS2; MO (67 µM) by 20 µg/mL (c) Lap-MoS2 and 
(d)MoS2
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Supporting Information 

Facet Engineering of Bismuth Molybdate via Confined Growth in a Nanoscale 

Template toward Water Remediation 
Sanjay Jatav, Junying Liu, Marcel Herber, Eric H. Hill* 

*e-mail: eric.hill@chemie.uni-hamburg.de 

 Institute of Physical Chemistry, University of Hamburg, Grindelallee 117, 20146 Hamburg, Germany  

 The Hamburg Centre for Ultrafast Imaging (CUI), Luruper Chausee 149, 22761 Hamburg, Germany 

 

 

 

Figure S1. (a) X-ray diffractograms of BMO prepared with 2.5x increased concentration of all 

reactants, keeping the ratio of [BMO precursor]:[CTAB-Lap] unchanged. (b) Intensity ratio of 

(060):(002,200) peaks for the different samples. Lap-BMO refers to the sample prepared using 

unpillared Lap (no CTAB).  
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Figure S2.  HRTEM micrograph of (a) BMO control; PLB samples prepared at (b) 0.25 mM, (c) 

0.5 mM BMO precursor concentration (Bi basis) using CTAB-pillared Lap. 

 

 

Figure S3.  Selected area electron diffraction image from the sample PLB-0.2x. 
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Figure S4.  Selected area electron diffraction patterns, corresponding transmission electron 

micrographs, and additional micrographs (from top to bottom) of PLB-0.2x synthesized with 

reaction times of (a) 30 min; (b)1 hour; (c) 3 hours; (d) 5 hours. Scale bars are 500 nm. 
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Figure S5.  (a) X-ray diffractograms of PLB-0.2x samples synthesized for different durations.  
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Figure S6.  (a) X-ray diffractograms from the pH series of samples. TEM micrograph of PLB-

0.2x synthesized at a pH of (b) 2.04, (c) 4.24, (d) 6.3 and (e) 8.24. 

 

 

Figure S7. EDX spectra corresponding to the HAADF-STEM EDX maps of PLB-0.2x shown in 

(a)Figure 3a; (b) Figure 3b; (c) Figure 3c. * refers to Cu peaks from the TEM grid. 
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Figure S8. UV-vis spectra from the adsorption kinetics study. Panels (a), (b) and (c) show the 

different dyes absorbed by BiMo, PL and PLB-0.2x, respectively over a span of 30 mins. The 

[dye]= 75 µM and [particles]= 1 mg/mL. 

 

Figure S9. UV-vis spectra recorded 36 hours after the addition of Lap (a) MB (b) RhB (c) MO. 
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Figure S10. UV-vis spectra from the recycling experiments of PLB-0.2x sample using 5 µM RhB. 

(a-e) shows RhB photodegradation of over subsequent cycles using PLB-0.2x particles as 

photocatalysts. (e) Photodegradation of 5 µM RhB in light. (f) Amount of dye adsorbed after every 

adsorption cycle. 
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Figure S11. (a) UV-vis diffuse reflectance spectra of PLB-0.2x and BMO control sample. (b) 

Amount of dye degraded during different cycles, (c) kinetics of photodegradation using PLB-

0.2x at different cycles. 

 

 

 

Figure S12. (a) X-ray diffractograms of of PLB-0.2x before after 5 cycles of photodegradation. 

(b) TEM image and corresponding SAED pattern of the PLB-0.2x sample after 5 cycles of 

photocatalytic RhB degradation. HRTEM and SAED pattern of PLB-0.2x is shown in Figure S4. 
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Figure S13. SEM micrographs of (a) BMO control (b) PLB-0.1x (c) PLB-0.2x (d) PLB-0.5x (e) 

PLB-1x (f) PLB-2x. Scale bars in top and bottom panel are 2 and 1 µm, respectively. 

 

Table S1: Comparison of dye adsorption capacity. 150 µM RhB and MB were used for 

determining the given dye capacities of PLB-0.2x. 

Material Dye Adsorption capacity 

 (µmol/mg) 

Ref 

Bi2MoO6 MB 7.6 1 

AgI- Bi2MoO6/Vermiculite Malachite 

green 

57.3 2 

Bi2MoO6 RhB 4.82 3 

PLB-0.2x RhB 77.37 This work 

PLB-0.2x MB 106.84 This work 

Zr-Pillared 

Montmorillonite 

MB 109.42 4 

Al-Pillared 

Montmorillonite 

MB 37.51 4 

 

 

 

 

 

 



10 
 

 

References 

(1)  Zhang, L.; Xu, T.; Zhao, X.; Zhu, Y. Controllable Synthesis of Bi2MoO6 and Effect of 

Morphology and Variation in Local Structure on Photocatalytic Activities. Appl. Catal. B Environ. 

2010, 98 (3–4), 138–146.  

(2)  Zhu, P.; Wang, R.; Duan, M.; Chen, Y.; Hu, M.; Luo, X.; Teng, H. Efficient Adsorption and 

Photocatalytic Degradation of Dyes by AgI-Bi2MoO6/Vermiculite Composite under Visible 

Light. ChemistrySelect 2019, 4 (41), 12022–12031.  

(3)  Yang, Z.; Shen, M.; Dai, K.; Zhang, X.; Chen, H. Controllable Synthesis of Bi 2 MoO 6 

Nanosheets and Their Facet-Dependent Visible-Light-Driven Photocatalytic Activity. Appl. Surf. 

Sci. 2018, 430, 505–514.  

(4)  Gil, A.; Assis, F. C. C.; Albeniz, S.; Korili, S. A. Removal of Dyes from Wastewaters by 

Adsorption on Pillared Clays. Chem. Eng. J. 2011, 168 (3), 1032–1040.  

 



Appendix D

Supplementary Information for
Chapter 4

Surface-Encapsulated Bismuth Molybdate-Layered

Silicate Hybrids as Sorbents for Photocatalytic

Filtration Membranes

XXIX



 1 

Supporting information 

Surface Encapsulated Bismuth Molybdate – Layered Silicate Hybrids as Sorbents for 

Photocatalytic Filtration Membranes  

Sanjay Jatav†, Marcel Herber†, Hongxiao Xiang†, Eric H. Hill*†‡ 

†Institute of Physical Chemistry, University of Hamburg, Grindelallee 117, 20146 Hamburg, 

Germany 
‡The Hamburg Center for Ultrafast Imaging (CUI), Luruper Chausee 149, 22761 Hamburg, 

Germany 

*eric.hill@chemie.uni-hamburg.de 

 

Table S1: %Organic content estimated from TGA. 

Sample Name % Organic content 

Lap-BMO 13.25 

BA 17.64 

BS-C 38.703 

M-BS-C 32.87 

 

Table S2: Specific adsorption of MB per Lap-BMO calculated from Figure S6a,b. 

Sample Name MB adsorbed 

(µmol/g) 

MO adsorbed 

(µmol/g) 

Lap-BMO 95.12 56.78 

BS 89.69 26.67 

BS-C 124.98 52.81 

M-BS-C 112.96 31.77 
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Figure S1: The filtration setup 

 

Figure S2: The photodegradation setup and the fixture used to hold the filter paper in place. 
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Figure S3: Calibration curve (absorbance at 664 nm) for estimating the quantity of MB 

adsorbed on filter membranes via diffuse reflectance UV-Vis spectroscopy. 

 

Figure S4: SEM image of filter coated with Lap-BMO particles. (a) Top view and (b) cross-

sectional view. Scale bar in both images corresponds to 3 µm. 
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Figure S5: HAADF-STEM EDX elemental maps of the polymer encapsulated Lap-BMO 

particles. All scale bars correspond to 50 nm. 
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Figure S6: UV-vis spectra from the dye adsorption experiments presented in Figure 3. (a) 

MB adsorption, (b) MO adsorption. (c) UV-vis spectra for the samples prepared using 

different BA:Sty ratios and (d) different amount of crosslinker concentration. 20 mL of 53.4 

µM dye solution was poured through all the samples. 

 

 
Figure S7: (a) Photocatalytic degradation of MB in aqueous solution, (b) UV-vis spectra 

corresponding to (a). [MB] = 13.35 µM. 
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Figure S8: (a) FTIR spectra and (b) TGA curves for the sample BS-C before and after 5 

hours of illumination. 
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Figure S9: MB removal by BS-C-NoLB. [MB] = 53.4 µM and concentration of [BS-C-

NoLB] = 1 mg/mL. 

 

 

 

 

Table S3: Comparison with of adsorption capacity with other materials  

Material Membrane/ 

Substrate 

Model 

Pollutant 

Conc. (µM)/ 

[volume used 

(mL)] 

Dye 

adsorbed 

(µmol/g) 

Ref. 

BS-C Cellulose acetate MB 53.4/ [100] 191.83 This work 

Ti3C2Tx Poly amide MB 6.25  131.31 1 

Activated carbon Poly amide MB 6.25 171.87 1 

TiO2/ Graphene 

oxide (GO) 

Polyether Sulfone 

(PES) 

RhB 20.876/ [14] 48.61 2 

PVDF PVDF Crystal 

Violet 

24.51/ [25] 3.35† 3 

Meldrum acid-

CNF 

PVDF Crystal 

violet 

24.51/ [25] 9.765† 3 
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Ca-Alignate/ 

MWCNTs 

PHB nanofibers Brilliant 

Blue 

63.06/ [10] 23† 4 

 GO-MnO2 - MB 468.9/ [50] 550† 5 

Arginine- 

activated carbon 

- MB 46.89 / [250] 690† 6 

 
†Specific adsorption not measured under flow conditions 
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Table S1. Sample names and reaction pH 

Sample name pH 

BMO 2.4 

CAB-0.1x 6.4 

CAB-0.2x 6.3 

CAB-0.5x 3.7 

CAB-1x 2.8 

 

Table S2. Amount of BMO in composites 

Sample Max. BMO content (%) 

CAB-0.1x 9.01 

CAB-0.2x 16.37 

CAB-0.5x 33.11 

CAB-1x 49.75 
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Figure S1: (a) Normalized UV-vis spectra, (b) X-ray diffractograms of the of CAB-1x 

prepared at different pH. 

 

Figure S2: X-ray diffractograms of LDH and SDS-pillared LDH. 
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Figure S3: X-ray diffractograms of the of CAB-0.2x samples prepared at different [SDS]. 
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Figure S4: FTIR spectra of the CoAl-BMO samples prepared at different [Bi/Mo] precursor. 

 

 
Figure S5: TEM image of the CoAl LDH. 
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Figure S6: TEM images of the BMO control. 

 

Figure S7: EDX spectra of the HAADF-STEM mapping shown in Figure 3 (a) top panel, (b) 

bottom panel. * refers to the peaks due to Cu. 
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Figure S8: HAADF-STEM mappings of samples CAB-0.2x samples prepared at pH of (a, b) 

2.8, (c) 11.9. and corresponding EDX spectra (d) of (a), (e) of (b), and (f) of (c). * refers to 

the peaks due to Cu. 
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Figure S9: (a-b) UV-vis spectra of the samples shown in Figure 4b, c. (c-d) UV-vis spectra 
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from the adsorption kinetics experiment (Figure 4d). (e-f) UV-vis spectra of the samples 

shown in Figure 4e. 

 

Figure S10: (a) Kinetics of methyl orange adsorption, [MO] = 250 µM; (b) Adsorption 

isotherm, [CAB-0.2x] = 1 mg/mL. 

 

 
Figure S11: (a) MO removal and (b) UV-vis spectra of the samples prepared at different 

[SDS]. 
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Figure S12: UV-vis spectra before and after MO adsorption on CAB-0.2x. Diffuse 

reflectance spectrum (DRS) of CAB-0.2x is shown in blue. 

 

 

 

Table S3: Comparison of adsorption capacity with other materials  

Material Model 

Pollutant 

Charge Dye 

adsorbed 

(mmol/g) 

Dye 

adsorbed 

(mmol/ m2) 

Ref. 

CoAl w/ SDS MO Anionic 0.42 0.009 This work 

CAB-0.2x MO Anionic 1.95 0.096 This work 

Flower-like hollow CoAl MO Anionic 6.69 0.049 1 

Flower-like solid CoAl MO Anionic 6.04 0.019 1 

CoAl platelet MO Anionic 3.72 0.216 1 

CoAl w/ Cl- MO Anionic 2.45 0.123 2 

CoAl Eriochrome Black T Anionic 0.91 0.022 3 

MgAl ” Anionic 1.17 0.017 3 

Surface Modified Laponite-

BMO 

MB Cationic 0.19 0.003 4 

Ti3C2Tx MB Cationic 0.13 0.014 5 

Activated carbon MB Cationic 0.17 - 5 

 GO-MnO2 MB Cationic 0.55 0.021 6 

Arginine- activated carbon MB Cationic 0.69 - 7 

MOF-235 MO Anionic 1.46 - 8 

Porous Ionic Polymer MO Anionic 2.98 - 9 
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Figure S1. Additional TEM images of the samples. 
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Figure S2. EDX spectra of the HAADF-STEM mappings corresponding to (a) Figure 3(a); 

(b) Figure 3(b). 

 

Figure S3. UV-vis spectra from photocatalytic dye degradation experiments shown in Figure 

4a. (a) Methyl orange (b) INT control (c) IS control and (d) INT-IS_1h. 

 



   

S3 
 

 Figure S4. (a) Photocatalytic degradation of MO (b) Photocatalytic recycling of INT-IS_1h. 

[MO] = 15.25 µM, [particles] = 0.25 mg/mL. 
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