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Abstract: Building easy-to-handle bulk materials with nanoproperties is crucial for
many nanotechnology-based real-world applications. Here, we describe a simple one-
pot method based on nanoparticle self-assembly of pickering emulsions and in-situ
polymer deposition for preparing particles consisting of a rigid micro-polymer core
covered in exposed surface layers of nanoparticles, which we have named nano-
micro-particles (NMPs). Unlike simple colloids, these NMPs can be filtered off from
the aqueous suspensions in which they are prepared and dried to form free-flowing
powders which, most importantly, retain the properties of the constituent
nanoparticles in the surface layer. These NMPs can be stored for extended periods but
then used either in the dry state or be re-suspended into liquid media as required. The
preparation method is very general and can be readily extended to assemble various
types of nanoparticles regardless of their material composition or morphology. In
addition, functional components, such as magnetic particles or fluorescent tags, can be
encapsulated within the polymer core. This method is a platform technology for
building nanoparticles into bulk materials with nano-functionalities tailored towards
real-life applications. This is illustrated with examples of the preparation of NMPs
suitable for rapid and low-cost on-site water monitoring and remediation.

1. Introduction

One of the main challenges in nanotechnology is to build nanoscale
components into bulk materials which are suitable for real world applications without
losing the functionality of their nanoscale constituents. A possible elegant solution to
this problem is to start with nanoparticle (NP) building blocks and arrange them into
bulk 2D or 3D assemblies. These NP assemblies often display intriguing catalytic,
magnetic and plasmonic properties that stem from both the properties of the
individual NP building blocks and the electron coupling between neighboring NPs [1-
4]. In this work, we present a facile method based on room-temperature self-assembly
to fabricate bulk quantities of 3D nanoarrays in the form of solid microparticles with
exposed nanoparticle surfaces which are large and strong enough for routine handling
but also exhibit useful nanoproperties. Importantly, the method can be readily
extended to various different types of NP building blocks regardless of their
morphology and material composition, thus adding to the generality and utility of our
approach. Here we show examples of different functionality that can be incorporated
into these assemblies and their application in a complex real-life system,
contaminated river water, where particles which were optimised for on-site trace-
detection or for photodecomposition of contaminants in the water were demonstrated.



3D NP assemblies have been widely investigated due to their potential in a
variety of applications such as sensing, drug release and catalysis [5-7]. One way to
build 3D structures is by attaching colloidal NPs onto pre-formed micro-particle cores
to produce satellite structures [8-11]. In this case, the core particle acts as a hard
template during fabrication and provides additional physical robustness to the final
3D structure. However, this method requires multiple sophisticated chemical
functionalization steps which often results in a sparse NP loading. Alternatively,
densely packed 3D NP arrays such as pickering emulsions and colloidosomes can be
fabricated through bottom-up self-assembly by using liquid-liquid interfaces (LLI) as
soft-templates [12-15]. While these materials exhibit excellent functionalities they
lack the physical and chemical robustness which is crucial for many real-world
applications. Therefore, various methods such as thermal annealing, interparticle
crosslinking, gel trapping etc. have been proposed to strengthen the structure of such
interfacial 3D NP arrays [16-19]. However, these methods either induce significant
changes to the structure of the particle layers, which severely compromises their
activity, or they require chemical functionalization steps which are inconvenient and
material-specific.

Ideally, what is required is a simple method that can be used to arrange various
types of NPs into robust 3D materials which are strong enough for routine handling
while retaining their nanoproperties. Previously, we have shown that charged
colloidal NPs of various morphologies and material compositions can be induced to
self-assemble into densely packed 2D arrays at the LLI using oppositely charged
promoter ions to provide charge screening [20,21]. In the current work we extend our
approach for assembling 2D arrays to the assembly of densely packed interfacial 3D
arrays, this is then combined with in-situ polymer deposition to form suspensions of
NP/polymer hybrid materials consisting of exposed and densely packed NP surface
layers fixed on solid polymer micro-particle cores. Since neither the self-assembly nor
polymer deposition process involves material-specific chemical reactions, our
approach can be readily used to generate robust 3D materials with various types of
hydrophilic NP surface layers ranging from metals to oxides and even composites.
Moreover, since the polymer core forms at the organic side of the liquid-liquid
interface and the NPs partly penetrate into the organic layer, in the product the NPs
are firmly anchored onto the polymer core while being both physically and chemically
exposed to their surroundings. As a result, our material can be dried into bulk powders
which can be easily stored and then dispersed into various complex systems for nano-
applications and then recovered by filtration, centrifugation etc. We have named this
new class of nano-powder material — nano-micro-particles (NMPs).

2. Results and Discussion
NMP preparation

The entire procedure for fabricating NMPs is illustrated in Figure 1. Here,
colloidal Au NPs were used for the convenience of illustration but the method can be
readily applied to form NMPs from various types of NP building blocks, as shown
below. When a mixture of aqueous Au colloid and a highly water immiscible oil such
as dichloromethane (DCM) is emulsified to form oil-in-water emulsions, the NPs are
spontaneously driven to the interface to lower the energy of the LLI. However, since
hydrophilic NPs are inherently charged, the NPs will not accumulate at the LLI (due
to the increasing Coulombic repulsion that occurs) unless oppositely charged
promoter ions are added to provide charge screening between adjacent particles (Fig.
la and b). This promoter based approach provides a general method for reducing the



electrostatic repulsion between the NPs at the interface without the need to perform
inconvenient material-specific surface modifications. The processes which occur
subsequent to particle localization depend on the experimental conditions, specifically
whether there are sufficient particles to cover the whole LLI of the emulsion. If the
number of Au NPs is low (Fig. 1b), the initially formed emulsion droplets will be only
partly covered with NPs and will thus coalesce to minimize the surface energy by
reducing the interfacial surface area, finally forming a smooth reflective 2D film
which encloses the coalesced oil phase i.e. a metal liquid-like film (MeLLF), as
shown in Figure 1c and d. As the number of particles present increases, a critical point
is reached where there are enough NPs to fully cover the coalesced oil phase. If the
number of NPs in the system exceeds this critical value, the emulsion droplets become
completely covered in particles before they have fully coalesced to form a MeLLF
(Fig. 1e and g). However, simply having a high NP surface coverage at the LLI is not
enough to stabilize the droplets and stop the emulsions from coalescing. In addition,
the NPs need to be sufficiently hydrophilic to stabilize the water meniscus between oil
droplets [22]. In our case, this was not a problem since we used aqueous colloids,
which meant that most of the NPs were already sufficiently hydrophilic (see Fig. 1
and Table 1 in ref. [23] for detailed mechanism). Under these conditions, the particle
covered emulsion droplets remain separated long enough for the dichloromethane
(DCM) in the droplet to evaporate. During this evaporation the pre-dissolved
polystyrene precipitates at the organic side of the LLI, which leads to the formation of
a suspension of rigid polymer microspheres with densely packed NP layers anchored
on the surface i.e. NMPs (Fig. 1f). Since the NPs are firmly anchored on the polymer
core, they are prevented from aggregating even when dry. This means that the NMPs
can be dried into bulk powders, which can be redispersed into solution during
application (Fig. 1h). Even on the bench scale, multigramme batches of NMPs can be
produced. Fig. 1h shows a ca. 0.5 g batch of NMPs prepared from just 50 mL of
colloidal gold.
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Figure 1. Schematic illustration of Au nanoparticles (NPs) assembling at the
liquid-liquid interface (LLI). When a low concentration of NPs is used for self-
assembly, the NPs migrate to the LLI during emulsification to form Pickering
emulsions, which quickly coalesce to form a smooth reflective MeLLF (a)-(c).
Pickering emulsions formed with densely packed hydrophilic NPs remain stable and
can therefore be transformed into nano-micro-particles (NMPs) after complete
evaporation of dichloromethane (DCM) (e)-(f). Optical images of MeLLFs, Pickering



emulsions and NMPs formed with Au NPs are shown in (d), (g), (h), respectively. The
scale bar in (h) corresponds to 1 mm.

NMP characterization

The morphology of the NMPs was found to be dependent on the concentration
of polystyrene in the oil phase at a given colloid-oil ratio, and fell into the four
morphology categories described by Feng [24]. Smooth NMPs were obtained at a
higher polystyrene concentration while wrinkled NMPs were more likely to be
observed at lower polystyrene concentration (Fig. 2a and b). These morphologies
indicate that the particle layers on the outside of the emulsion droplets behave like
thin continuum elastic shells during the buckling caused by DCM evaporation [25].
More specifically, the NP array at the LLI is jammed together to form a multilayer
particle shell of a certain thickness during the initial stage of oil evaporation. The
thickness of the particle shell is set by the point when it becomes robust enough to act
as an elastic membrane. Beyond this point, further evaporation of the encapsulated oil
phase only causes the shell to distort or buckle, rather than grow thicker. Indeed, SEM
images of thin cross-sections (Fig. 2c and d) and surfaces (inset images of Fig. 2a and
b) of smooth and wrinkled NMPs show that the particle shells had similar thickness
and micro-morphology in both, which is consistent with this elastic shell model.
Figure 2a and b show two extreme cases where the morphology of the dried NMP is
totally smooth or completely buckled. However, since the buckling of the outer shell
is halted when evaporation reaches the point where the polystyrene precipitates out to
form the rigid inner core, the morphology can be fixed at any desired stage in between
these extremes by altering the concentration of the polystyrene in the original mixture
(see Fig. 2 in ref. [23])
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Figure 2. Scanning electron microscopy (SEM) images showing NMPs exhibiting
different morphologies: (a) smooth, (b) wrinkled. Insets show high magnification
images of the NMPs’ surfaces. (c), (d) show SEM images of a thin section of a

smooth NMP at low magnification. Insets show their corresponding high



magnification images. (e)-(g) are optical images of gold emulsions corresponding to
different colloid-oil ratios: 5:1, 5:1.5, 5:2 before evaporation. Scale bars in (a)-(d)
correspond to 30 um. Scale bars in the insets of (a)-(d) correspond to 250 nm. Scale
bars in (e)-(g) correspond to 1 mm.

For real world applications it is useful to be able to tailor materials with
optimized physical properties. One of the important benefits of our approach is that
the size as well as the morphology of the product NMPs can be controlled by
changing the droplet size of the parent emulsions. This can be achieved by simply
altering the colloid-oil ratios, as shown in Figure 2e-g. Obviously, lower colloid-oil
ratio will result in larger emulsion droplets, leading to the formation of larger NMPs
and vice-versa. Therefore, NMPs from 10’s to 100’s of um in diameter can be
prepared this way. The relationship between the product NMP size and the
experimental variables can be derived from simple geometrical considerations and is
given by Equation 1:

R=ax3.77xvx%/(d2><n) Q)

where R is the radius of NMPs; o is a correction factor to compensate for the
increased surface area due to wrinkling; d is the diameter of constituent NPs; v is the
volume of oil phase; n is the number of NPs added and c is the polymer concentration.
The derivation of this expression and representative 3D plots showing how the radius
of NMPs change with variations in NP-oil ratio and polymer concentration are shown
in Figure 4 in ref. [23].

The data above used Au NPs as an example but the promoter-induced self-
assembly method is extremely versatile since it allows the assembly of hydrophilic
particles at LLIs independent of their morphology and chemical composition. This has
allowed us to prepare NMPs from a broad range of NPs while still retaining the key
structural features of a rigid polymer core with a densely packed surface layer of
exposed particles. For illustration, here we show further examples of NMPs with Ag,
Pt, TiO,, SiO; and Fe3O4 (magnetite) NP surface layers (Fig. 3a-e) but there is no
fundamental reason why the approach could not be extended to any type of
hydrophilic particle of interest or even mixtures of different particles, such as Ag and
Au, as shown in Figure 3f. These examples were chosen to show the same basic
approach can be used to create NMPs with very different types of functionality
depending on the NPs used as the shell. For example, NMPs with plasmonic
absorption are prepared with Au or Ag, while the TiO, NMPs are colorless but
photocatalytically active; the magnetite particles have a high magnetic susceptibility
and the Pt NMPs are catalytically active.



Figure 3. SEM images of the surfaces of NMPs made with various NPs including:
(@) Ag, (b) Pt, (c) SiOy, (d) FesOs, (e) TiOy, (f) mixed Au and Ag. Insets show
corresponding optical images of the dry NMPs. Scale bars in SEM and optical images
correspond to 500 nm and 250 pum, respectively.

Encapsulation of functional materials

Since the rigid cores of the NMPs are created by solvent evaporation, they can
be readily used to encapsulate additional functional components by dispersing them in
the oil phase of the stabilized emulsion droplets. To illustrate this aspect of the
method, TiO, covered NMPs were prepared from dichloromethane containing either a
fluorescent dye (Rhodamine 6G) or hydrophobic (oleic acid capped) magnetic
particles, along with the required concentration of polystyrene. TiO, particles were
used for the surface NP layer because they are colorless and therefore allowed both
the incorporation of the brown magnetic particles and the red fluorescence of the dye
to be observed optically (Fig. 4a and b). The magnetic NMPs prepared with
encapsulated hydrophobic magnetite NPs could be attracted to the side of a vessel
with a permanent magnet. To confirm that the oleic acid capped magnetic particles
were indeed located in the core, rather than at the surface (as was the case for the
hydrophilic FesO4 NMP shown in Fig. 3d), the NMPs were sonicated for 12 hours to
remove all the surface particles (see Fig. 3 in ref. [23]). Subsequent inspection showed
that they were still brown and magnetic and therefore that the magnetic particles were
located in the core.

NMPs for water monitoring and remediation

An example which illustrates the versitile functionalities of NMPs is shown in
Figure 4, where plasmonic Au NMPs and photocatalytic TiO, NMPs were used to
both detect and remove organic pollutants in river water. Organic compounds are used
in numerous human activities and consequently have become ubiquitous pollutants in
natural water resources, which poses a serious threat to the ecosystem even at



extremely low concentrations. [26,27]. Despite the various methods which have been
developed to combat this problem water pollution has remained a global issue [28-30].
Recently, surface-enhanced Raman spectroscopy (SERS) has emerged as a potential
candidate for rapid and low cost on-site water monitoring [31-34]. However, the
application of SERS to on-site water monitoring has not been straightforward due to a
lack of suitable enhancing substrates. Conventional colloidal NP substrates are well-
known to give strong signal enhancements but a combination of difficulty with
storage, the need for liquid handling steps and matrix interference with particle
aggregation makes them unsuitable for on-site measurements. In contrast, Au NMPs
retain the strong signal enhancement of colloidal Au NPs due to their exposed
plasmonic surface, they can be conveniently stored until required and they can be
easily dispersed into and recovered from solution like any bulk material. Figure 4c
shows the SERS signals of river water samples spiked with various concentrations of
crystal violet (CV) which were obtained using individual magnetic Au NMPs (i.e. Au
NMPs with magnetite particles in the core). In each case a single magnetic Au NMP
was dropped into the samples and agitated for 60s before being recovered using a
permanent magnetic, rinsed with water and analyzed. The signal of CV can be clearly
seen even at 107 M, which is below the FDA standard limit for cationic dyes in
drinking water [35]. Since the plasmonic particle layer on the surface of NMPs is
exposed, this means that they can be pre-functionalized with a SERS standard such as
4-mercaptobenzoic acid (MBA) to normalize signal uniformity between different
NMPs and allow accurate and reproducible quantitative analysis, as shown in the inset
of Figure 4c. Moreover, the high physical robustness and chemical stability of the
NMPs allows them to function even in more complex and challenging sampling
environments, such as muddy river water, in which (see Figure S1) CV has been
detected <10° M, exceeding the detection limit of conventional colloidal substrates by
several orders of magnitute.
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Figure 4. NMPs for water monitoring and remediation. Optical images of TiO,
NMPs with (a) magnetic particles or (b) dye molecules encapsulated in their polymer
cores. Inset in (a) shows TiO, NMPs with a magnetic core being attracted to the wall
of the vessel by a magnet. Inset in (b) shows the dye encapsulated TiO, NMPs
observed using a fluorescence microscope. Scale bars in (a) and (b) correspond to 250
pum. (c) SERS spectra of river water samples spiked with crystal violet (CV) and
measured using single magnetic Au NMPs capped with 4-mercaptobenzioc acid
(MBA) internal standard (1076 cm™). Inset shows the liner relationship between
SERS intensity of the starred CV peak and CV concentration. (d) Illustration of
photocatalysis using magnetic TiO, NMPs to photo-oxidize CV. The time-dependent
plots show the reactivity of a single batch of NMPs throughout repeated
photocatalytic cycles. (e) The photo-degradation of CV in a river water sample using
TiO, NMPs which has been monitored via SERS using single magnetic Au NMPs as
the enhancing substrates.

Figure 4d shows the photodegradation of CV in river water using magnetic
TiO, NMPs monitored by UV/vis absorption. In this case the NMPs again have the
considerable advantage over colloidal particles that they can be handled as bulk
materials and added as a powder to the reaction mixture, they can also be easily
separated and recovered after use. Importantly, since the catalytic particle layers are
fimly anchored on the surface of the micro-polymer core, the catalytic efficiency of
the NMPs showed no decrease even after four 80-minute photocatalysis/particle
recovery cycles, despite the prolonged reaction time and extensive handling in
between. The data in Figure. 4d were recorded for illustrative purposes using a high
(10 M) CV concentration, which gave a strongly colored purple solution, and with a



small amount of photoactive TiO, NMPs (100 mg of NMP for 5 mL of CV solution).
Figure 4e shows a more practical case where the concentration of CV pollutant is 10°®
M. Using the same amount of magnetic TiO, NMPs and CV solution the dye was
degraded to within FDA approved standards in ca. 30 s. This degradation could be
conveniently measured using the Au NMP SERS method that was shown in Figure 4c.
Based on these experiments, it is anticipated that in practice, 1 L of river water
polluted with 10® M of CV can be identified and then purified using only 100 mg of
NMP-powder in less than 1.5 hours. Of course, the TiO, NMPs have general
photoactivity towards other organic pollutants. Figure S2, shows the photo-
degredation of 2-naphthalenethiol monitored by SERS. However, we would stress that
all the above were enabled by just 2 variants on the general NMP structure. Therefore,
we would anticipate development of numerous other applications based on other
combinations of surface NP layers and functional cores.

3. Conclusion

In summary, we have described a general and convenient one-pot method to
produce robust NMPs, which are micro-powders carrying functional NP layers on the
surface. The method combines a promoter induced charge-screening method for
forming NP arrays at the liquid-liquid interface with solvent evaporation induced
polymer deposition. This approach allows the size and surface morphology of the
final micro-particles to be controlled and multigramme amounts to be produced using
conventional bench scale apparatus. Importantly, since polymer deposition only
occurs at the organic side of the interface, the NP layer in the product is physically
exposed and chemically active but at the same time tightly anchored onto the rigid
polymer core. Since neither the mechanism for promoter-induced particle self-
assembly nor evaporation-induced polymerization deposition involves material-
specific surface functionalization, the method can be generally applied to produce
nano-powder materials carrying various different hydrophilic NP surface layers, even
including composites. Moreover, functional components such as magnetic or
fluorescent materials can be incorporated into the polymer core to add functionality
(e.g. magnetization for easy handling, fluorescence for particle tracking) without
compromising the nanoscale properties of the surface layer of NPs. Here, we showed
that magnetic Au NMPs and TiO, NMPs could be used in conjunction for rapid,
convenient and low cost water monitoring and remediation. However, these are just
two of many possible applications since our approach constitutes a simple method for
creating tailored NMPs in which selected nanoscale and microscale properties can be
rationally combined.

Methods

Silver nitrate (99.9999%), gold (I11) chloride trihydrate (99.9999%), chloroplatinic
acid hexahydrate, trisodium citrate, tetrabutylammonium nitrate (TBANO3), 2-
naphthalenethiol, crystal violet, methyl orange, 4-mercaptobenzoic acid
dichloromethane (DCM), polyvinylpyrrolidone (PVP, M.W.=40,000), 3-
Mercaptopropionic acid, sodium borohydride, ascorbic acid, benzyl ether, oleic acid,
iron (111) acetylacetonate, thioglycolic acid, 2-mercapto-5-benzimidazolesulfonic acid
sodium salt dihydrate, 3-mercapto-1-propanesulfonate, 3-mercaptopropionic acid and
screw-cap polypropylene centrifuge tubes were purchased from Aldrich Ltd.
Polystyrene (M.W.~100,000) was purchased from BDH chemicals Ltd. 50 nm silica
nanospheres (10 mg/mL) and 20 nm magnetite nanoparticles (20 mg/mL) were
purchased from nanoComposix. TiO, colloid (8x10™ mol/mL) was a kind gift from



Professor A. Mills. All chemicals were used without further purification. Water used
throughout all experiments was low total organic content (<3.0 ppb) 18.2 MQcm
water. River water was collected from the river Lagan in Belfast, N.I.

Instrumentation: SEM used a Quanta FEG 250 at an acceleration voltage of 20 kV
with standard SEM copper tape or carbon tape as background. SEM images of gold,
silver, and platinum NMPs were taken under high chamber vacuum (8x10™° mbar)
while images of oxide NMPs were taken under low chamber vacuum (0.9 mbar). Zeta
potential measurements were carried out on a Zetasizer Nano ZS (Malvern
Instruments Ltd., U.K.). All the optical images were taken using a SMZ800 Zoom
Stereomicroscope (Nikon Instruments Europe B.V. United Kingdom). Particle
concentrations were determined using a Nanosight NS300 (Malvern Instruments Ltd.,
U.K.). SERS spectra were collected with a Perkin ElImer RamanMicro 200 Raman
Microscope equipped with a 785 nm diode laser (60 um spot diameter at sample)
using a total accumulation time of 20 s and 200 mW laser power.

Colloid preparation: Citrate-reduced silver colloid was prepared via the Lee and
Meisel method [36]. 30 nm citrate-reduced gold colloid was prepared via Turkevich-
Frens method with slight modifications [37]. Briefly, 50 mg gold (Ill) chloride
trihydrate dissolved in 50 mL of DDI water in a round bottom flask was heated to
boiling at reflux under vigorous stirring. Then 8 (5.6) mL of aqueous sodium citrate (1
wt%) solution was added into the reaction mixture all at once, which gives 25 nm
gold nanoparticles and 50 nm gold nanoparticles, respectively. The solution was
allowed to react for 30 min before being cooled down to room temperature. Oleic acid
capped magnetic particles were prepared by the thermal decomposition method
described in literature and dispersed in 10 mL of DCM [38]. Pt colloid was prepared
following literature methods [39]. The final concentration of TiO,, SiO, and
commercial magnetite colloid was 3.5x10" particles/mL, 1.7x10™ particles/mL and
9.1x10™ particles/mL, respectively. The concentration of citrate-reduced gold, silver
and platinum colloid was 2x10*2, 5.8x10™ and 1.2x10" particles/mL, respectively.

NMP fabrication: Au and Ag NMPs were prepared by vigorously shaking 5 mL of
aqueous colloid with 1 mL of polystyrene/DCM solution, 100 uL of capping agent
and 100 pL of 10° M TBA" for 1-3 min (Au/Ag hybrid NMPs were prepared by
using 3 mL of Au colloid and 2 mL of Ag colloid, respectively). Commercial
magnetite, TiO,, and SiO, NMPs were prepared using the same ratio except that no
additional capping agent was required. Platinum NMPs were prepared at a different
colloid and polystyrene/DCM solution ratio glo:l) in the presence of 100 pL of
capping agent (PVP) and 50 pL of TBA® (10 mol/L). Magnetic encapsulated TiO,
NMPs were prepared by mixing 1 mL of oleic acid capped magnetic particles, 9 mL
of polystyrene/DCM solution (0.08g/mL) and 40 mL of TiO; colloid. The agitated
mixture was poured immediately into a polypropylene bowl and subsequently formed
emulsions which were left to evaporate for several days at room temperature to form
NMPs.

Functionalization of Au NMPs with 4-mercaptobenzoic acid (MBA): 50 nm PVP
capped Au nanoparticles were used for preparing Au NMPs. MBA was first
introduced as an internal standard by mixing 0.5 mL of 10 uM MBA solution with 20



mg of Au NMPs for 1 min. Au NMPs were then washed with DDI for 5 times and
dried in the oven for further use.

Degradation of organic pollutants catalyzed by magnetic TiO, NMPs: (1) Crystal
violet (CV) degradation in river water: In a typical experiment, 100 mg of as-prepared
magnetic TiO, NMPs were dispersed in 5 mL of 1x10° M CV solution and
continuously stirred under UV irradiation. A UV-LED (LedEngin Inc.) mounted onto
a 50x20 mm heatsink (Intelligent LED solutions) was used, which had a peak
wavelength of 365 nm. The LED was operated with a forward voltage (VF) of 3.5
dcV and a forward current (IF) of 0.3 A, which gave an overall power of 1.05 W. For
UV monitoring samples (1 mL) were removed and analysed using a Carry 300
scanning UV visible spectrophotometer with a scan rate of 400 nm/min in the range
200-800 nm. For stability measurements the NMPs were collected every 80 mins by a
neodymium magnet washed with DDI before being re-suspended in a fresh dye
solution and irradiated for another 80 min cycle. 2-naphthalenethiol degradation
experiments were carried out using the same procedures starting with 5 mL of 1x10”
M 2-naphthalenethiol solution.

SERS analysis carried out on MBA functionalized Au NMPs: During photocatalytic
degradation of organic pollutant (CV and 2-naphthalenethiol), 1 mL of samples were
taken at each time interval into which a single MBA functionalized Au NMP was
added. The mixture was then brought to sonication for 1 minute to allow analyte
absorption. The Au NMP were extracted and washed with DDI for three times before
being used for SERS analysis. All spectra shown were averaged from 5 spectra unless
otherwise stated.
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