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Abstract

Halloysite nanotubes (HNTs) can be used as stable support materials for gold and silver nanoparticles
(Au/Ag-NPs) without distinction given to the morphology of the tubular HNTs, i.e. polygonal
prismatic or cylindrical. The present study aimed to use direct visualization techniques to observe and

compare the adsorption sites and behaviors of the two tubular morphologies with both Au- and Ag-
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NPs. Au/Ag-NPs were surface engineered with methyl-, carboxylate-, or phosphonate-terminated
linker groups and reacted with halloysite nanotubes with two different morphologies, forming
composite materials HNTs@Au-NPs and HNTs@Ag-NPs. Transmission electron microscopy (TEM),
selected area electron diffraction (SAED), X-ray photoelectron spectroscopy (XPS), and Fourier
transform infrared (FTIR) spectroscopy were used to investigate the sorption reactions. Au-NPs
disperse well into individual particles while the Ag-NPs show a tendency to agglomerate, making
them less suitable probes for adsorption onto HNTs. The results also indicate that polygonal prismatic
HNTs show greater sorption than cylindrical HNTs, where NPs were detected on the external walls of
the nanotubes. This sorption is suggested to occur at the steps and edges of the particles, at the termini
of the tubes, and in the hollow inner lumina. For the varying linker groups, carboxylate- and
phosphonate-derivatized Au-NPs show similar sorption behavior on HNTs, while no surface sorption
was observed for the methyl-terminated linkers. This justifies the hypothesis that the carboxylate and
phosphonate moieties chemisorb to the hydroxyls of the aluminol groups at the edge sites, steps, and
lumina of polygonal prismatic HNTs, identifying these as key anion bonding sites on HNTs, while
non-ionic, methyl-terminated Au-NPs do not adsorb. Identification of these specific anionic bonding
sites on two different HNT morphologies highlights the importance of HNT morphology in their use
as stable support materials in applications such as catalysis, anion sorption, and drug delivery,

amongst others.

Keywords

Halloysite nanotubes; Au nanoparticles; Ag nanoparticles; TEM

(Level 1) Introduction

Halloysite is an aluminosilicate clay mineral, commonly formed in rocks and weathered soils
worldwide (Joussein et al., 2005) with the ideal unit formula Al,Si,0sOH4.nH>O (n = 0-2). Halloysite
is a nanosized clay which ranges between 40 and 12700 nm in length with diameters of between 20
and 600 nm (Hillier ef al., 2016). This nanomaterial occurs naturally in a variety of morphologies,

namely platy, spheroidal, and as nanotubes, with halloysite nanotubes (HNTs) being the most
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common (Joussein et al., 2005). Scientific and technological interest (Atyaksheva and Kasyanov,
2021; Boraei et al., 2024; Calvino et al., 2025; Danyliuk ef al., 2020; dos Santos et al., 2017; Lin et
al., 2017; Mazloumi et al., 2025; Wang et al., 2023; Yuan et al., 2015) in HNTs has increased
significantly in recent years, due primarily to their attractive physical and chemical properties such as
nanotubular shape, high-aspect ratio, nanoscale hollow central lumina with openings at both ends of
the tubes, high length-to-diameter ratio and low toxicity (dos Santos et al., 2017; Vergaro et al.,
2010). Furthermore, the presence of aluminol surfaces in the inner layer and hollow cores of the
nanotubes and external siloxane sheets results in contrasting positively charged hollow central lumina
and negatively charged external surfaces (Massaro et al., 2017). Such unique properties allow
selective modification and result in the use of HNTs and HNT nanocomposites for the controlled
release of functional compounds (Lvov ef al., 2016) with potential applications in bionanocomposites

(Bertolino ef al., 2020) and drug delivery (Melnyk et al., 2025; Sharifzadeh et al., 2016).

Looking specifically at the polygonal prismatic or cylindrical morphologies (Hillier et al., 2016),
cylindrical HNTs are characterized by their smaller particle size, in both length and diameter, with
curved external surfaces, whilst their polygonal prismatic counterparts are larger in size with planar
external surfaces. Recent work has shown that, in contrast to the simplistic model of halloysite
nanotubes typically presented, multiple additional edge sites are present due to an abundance of steps
and edges on the external siloxane surface (Gray-Wannell et al., 2023). This is most noted in
nanotubes with a polygonal prismatic tubular morphology. A previous study of phosphate sorption by
cylindrical and polygonal HNTs (Gray-Wannell ef al., 2020) reported that, when normalized for
surface area, the smaller cylindrical HNTs show greater sorption capacity than the prismatic HNTs,
though direct observation of the sorption sites on the HNTs (e.g. by spectroscopic methods) was not
conclusive due to the to low sorption thresholds. The approach reported here, using phosphonate-
functionalized metal nanoparticles such as Au and Ag, suggests that the phosphonate-terminated
chains will adsorb to the halloysite surfaces in the same sites as phosphate anions (PO4*") (Gray-
Wannell ez al., 2020). This approach enables visual detection of sorption sites on HNTs through

observation of the attached Au/Ag nanoparticles via high-resolution TEM imaging. Furthermore, as
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the potential effect of morphology has not been specified in other sorption studies using HNTs, the
present study further aimed to determine whether any effect of morphology can be observed using

TEM for functionalized Au/Ag-NP sorption.

In a wider context, this work has further application in that Au- and Ag-NPs are known to be thermally
stable and efficient catalysts (Massaro et al., 2019). As a result, they are frequently applied in a myriad
of nanotechnologies as antibacterial (Burridge et al., 2011; Jana et al., 2017), antiviral, and anti-
inflammatory agents (Zhang et al., 2016), as well as in catalytic reactions (Mallick et al., 2006), as
optical devices (Qu et al., 2002; Rao et al., 2019), and in electrochemical sensing applications (Cao et
al., 2012). However, attractive forces between the NPs often result in the formation of clusters, which
reduces their potential chemical and physical activity. This problem can be overcome by using stable
support materials as anchors, reducing the required loading of these expensive metals whilst
maintaining their potential chemical and physical efficiency. Selected support materials include zeolites
(Riahi et al., 2002), silica (Zhang et al., 2011), carbon nanotubes (Shi et al., 2009), and halloysite
nanotubes (Burridge et al., 2011; Jana et al., 2017; Massaro et al., 2019; Sayfutdinova et al., 2023)

which were the focus of the current study in terms of the fundamental aspects of their location.

In the present study, three different linker molecules were combined with Au/Ag-NPs, forming
HNTs@Au-NPs/HNTs@Ag-NPs composite materials, to study HNT sorption sites by direct
visualization using TEM. All three linker molecules had a thiol group at one end of an alkyl chain to
bond to the Au/Ag-NPs. At the other end of the alkyl chain, two had an anionic group (carboxylate or
phosphonate) to probe HNTs sorption sites and the other featured a methyl group to act as a control.
Typically, when HNTs are considered for use as stable support materials they are functionalized by
linker molecules prior to addition of metal nanoparticles (Kornilova et al., 2021; Kumar-Krishnan et
al., 2016; Massaro et al., 2019; Philip et al., 2017). In contrast, the preset study first synthesized the
Au/Ag-NPs, then reacted them with the linker molecules before introducing the HNTs as stable
support materials. This enabled direct visualization of surface sites and ensured that any Aw/Ag

observed on the surfaces of the HNTs is present from sorption of the anionic group which is pre-
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adsorbed to the Au/Ag nanoparticles and not due to the electrostatic interaction between the Au/Ag

1ons and HNT surface sites.

While previous works may have studied the sorption behaviors of Au/Ag-NPs onto HNTs (Goswami
et al.,2019), a primary aim of the present study was to address the differences, if any, in behavior
between the two tubular HNTs morphologies with both Au/Ag-NPs. The present authors suggest that
the carboxyl- and phosphonate-terminated chains will adsorb directly onto the surface of the HNTs at
the sites identified by previous work (Gray-Wannell et al., 2020) with the objective of further
highlighting previous distinctions in behavior of these two morphologies (Hillier et al., 2016; Gray-

Wannell et al., 2020).

(Level 1) Materials and methods

(level 2) Chemicals

Dodecanethiol (methyl group, 98% purity, CAS — 112-55-0), 12-mercaptododecylphosphonic acid
(phosphonic acid, 97% purity, CAS — 159239-33-5) and 11-mercaptoundecanoic acid (carboxylate,
95% purity, CAS 71310-21-9). polyvinylpyrrolidone (CAS — 9003-39-8), and dimethylformamide
(CAS — 68-12-2) were obtained from Alfa Aesar. Silver nitrate (CAS — 7761-88-8)
chloro(triphenlyphosphene)gold(I) (CAS — 14243-64-2) and butyl borane (CAS — 7337-45-3) were

obtained from Sigma-Aldrich.
(level 2) Halloysite nanotubes (HNTSs)

Both HNTs morphologies used in this study have been well characterized previously by Hillier et al.
(2016) and Gray-Wannell et al. (2023) where they were identified as 4Ch and 17US. In brief, the
cylindrical HNTs (4Ch) are from China and have a purity of 98.5 wt.%, as determined by X-ray
powder diffraction, and a specific surface area of 80.4 m?/g. The polygonal prismatic sample (17US)
originates from the USA, has a purity of 99.0 wt.% and specific surface area of 30 m*/g. X-ray
diffraction patterns, infrared spectra, chemical compositions, and images from various microscopies

for both samples can be found in the aforementioned publications.

(level 2) Synthesis of Au-NPs
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Au-NPs were synthesized as described in a previous study (Li et al., 2012). For the initial Au-NP
experiments on both HNT morphologies, either dodecanethiol (48 pL; 0.2 mmol) or 12-
mercaptododecylphosphonic acid (0.06 g, 0.2 mmol) was added. The two flasks were then stirred for
15 min, the contents transferred to sample vials and stoppered until ready for addition to the

halloysites.

For the second experiment, on the polygonal prismatic HNTs with both phosphonic acid and
carboxylate functional groups, the Au-NPs were synthesized in the same way. After the Au-NPs
solution was divided between two flasks, 12-mercaptododecylphosphoric acid (0.0303 g; 1.07 mmol)
was added to flask 1, while 11-mercaptoundecanoic acid (0.0224 g; 1.04 mmol) was added to flask 2.
The two flasks were stirred for 15 min, the contents transferred to sample vials and stoppered until

ready for addition to the halloysites (Fig. 1).
(level 2) Synthesis of Ag-NPs

For the Ag-NP synthesis, the capping agent, polyvinylpyrrolidone (PVP, 3.44 mol), was dissolved in
200 mL of dimethylformamide (DMF) which acted as both the solvent and reducing agent (Pastoriza-
Santos and Liz-Marzan, 1999). To this solution, silver nitrate (2.5 g, 0.015 mol) was added, and the
mixture was heated under reflux in an oil bath at 90°C for 6 h until the solution turned a deep yellow.
The yellow color coincided with the formation of the Ag-NPs with particle size of ~5-10 nm (Van
Hyning and Zukoski, 1998). An aliquot of 1 mL of solution was pipetted into an Eppendorf centrifuge
tube and 0.2 mL of ethanol added. The samples were centrifuged for 30 s, the supernatant decanted off
and replaced with a further 1 mL of ethanol. The suspension was hand shaken. The preceding stage
required splitting of the solutions between two separate, round-bottomed flasks where the solution from
20 Eppendorf tubes was rinsed into each flask and were further diluted with 20 mL of ethanol. Linker
molecules were added to each flask where flask 1 contained the phosphonic acid linker, 12-
mercaptododecylphosphonic acid (0.0303 g, 1.07 mmol), while, to flask 2 the carboxylate linker, 11-
mercaptoundecanoic acid (0.0227 g, 1.04 mmol) was added. Both flasks were stirred for 15 min after

the addition of the linker molecules before being stoppered.
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(level 2) Addition of HNTs to Au/Ag-NP solutions to form HNTs@Au-NPs/HNTs@Ag-NPs

composite materials

100 mg of each halloysite was weighed out and mixed with 3 mL of nanoparticle/linker solution along
with 3 mL of ethanol. Each sample was sonicated in a sonic bath at room temperature for 10 min and
left to settle overnight. The following day the samples were sonicated for a further 10 min and

centrifuged. All samples were dried under vacuum.
(level 2)Analytical techniques

The size of the Au-NPs was measured using a Perkin Elmer Lambda 35 UV/Vis spectrometer
(Supplementary information, Fig. S1) with a scan range of 250—700 nm and after heating the UV lamps

for 15 min.

Fourier Transform infrared (ATR-FTIR) analysis was conducted on all vacuum-dried samples using a
Bruker Vertex 70 Fourier Transform infrared spectrometer in the mid-infrared region from 4000 to
400 cm™! with a scan rate of 200 scans per spectrum. The samples were dry-air purged during analysis

to reduce interference from water and carbon dioxide.

X-ray photoelectron spectroscopy (XPS) analysis (using a KRATOS AXIS SUPRA instrument with a
monochromated AlKa source and a beam footprint of 700 um on the x-axis and 300 um on the y-
axis) was used in the first set of experiments to identify the presence of phosphorus, gold, and sulfur
groups on the external surfaces of the halloysites. Samples were loaded as vacuum-dried powders
onto carbon strips and evacuated in situ before analysis. Survey scans at a pass energy of 160 eV were
used to identify individual elements present, with a typical set of high-resolution spectra then run at a
pass energy of 40 eV and step size of 0.1 eV, with a minimum dwell time of 1000 ms. Both the dwell
time and the number of sweeps were increased as necessary to improve the S:N ratio for elements
with small atomic concentrations. The integral charge neutralizer was used throughout and peaks were
calibrated to the main hydrocarbon (contamination) peak at 284.8 eV; the data was analyzed using
CASAXPS version 2.3.26PR1.0. Peak areas were estimated by applying Shirley backgrounds, except

in the case of P(2p) where a negative gradient to the control background made use of a linear
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background more appropriate. Where peaks were fitted, the GL(30) lineshape was used.

Quantification used the KratosPlus sensitivity factor library.

Simultaneous Thermal Analysis (STA) was conducted using a Perkin-Elmer STA 6000 instrument
which had been calibrated to the melting points of indium and silver. An air-flow rate of 19.8 mL/min
was used for a continuous run from 30 to 600°C with a 10°C/min ramp rate. The STA data were

recorded for samples with gold nanoparticles with either phosphonic acid- or methyl-terminated linkers.

A ThermoFischer Titan Themis TEM instrument was used to record bright field images of the surfaces
of the HNTs@Au-NPs and HNTs@Ag-NPs. The samples were dispersed in methanol and drop cast
onto an amorphous holey carbon film mounted on a 3 mm copper grid. The TEM was operated at
300 kV and was fitted with a monochromator enabling control over the electron dose. The high
sensitivity of HNTs to the electron beam resulted in a beam current of ~0.5 nA being employed. In situ
EDX spectroscopy confirmed the presence of the Au/Ag-NPs and in situ SAED patterns were recorded
to verify the dehydrated state of the halloysite nanotubes and the presence of gold. The EDX data were
collected using a Super-X EDX system with a 4-windowless design and further processed using
Velox©. Images and diffraction patterns were captured using a Gatan Oneview 16-megapixel CMOS
digital camera. The TEM CMOS camera employed comprises 4k by 4k pixels and the image pixel size
used for sizing the nanoparticles varied between 0.0625 and 0.0450 nm, depending on the exact image

magnification.

(level 1) Results

(level 2) Confirmation of Au-NPs on the surface of cylindrical and polygonal prismatic HNT's

The following methods: XPS, FTIR, SAED, and TEM, were used to establish the sorption of the Au-

NPs via their linker molecules onto the halloysite surface of the two HNT morphologies.

X-ray photoelectron spectroscopy (XPS) confirmed the presence of gold (1.3 at.%, 1.4 at.%), sulfur
(0.2 at.%, 0.3 at.%) and phosphate groups (0.9 at.% and 1.2 at.%) on the external surfaces of both the
cylindrical and polygonal prismatic nanotubes, respectively, when the Au-NPs with phosphonic acid-

terminated linkers were used (Table 1, Table S1, Figs S2-S9).
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Fourier transform infrared (FTIR) spectroscopy of the two HNT morphologies with Au-NPs
derivatized either with phosphonic acid- or methyl-terminated linkers showed subtle differences in
their spectra (Fig. 2, Fig. S10). For the control experiment, no evidence was found of methyl-
terminated linkers adsorbed to the surfaces of either cylindrical or polygonal prismatic HNTs despite
this linker molecule (dodecanethiol) possessing a similar number of C—H bonds to 12-
mercaptododecylphosphonic acid. This suggests that chemisorption through the phosphonate anion is
the key binding mode for these linkers and that the methyl-terminated Au-NPs do not have a strong

affinity for the HNTs.

Simultaneous thermal analysis (STA) simultaneously measures thermogravimetry (TGA) and
differential scanning calorimetry (DSC). The TGA analysis of the polygonal prismatic HNT with Au-
NPs and methyl terminated linkers (Fig. S11) showed a smaller mass loss (15.0%) while the
polygonal prismatic HNT sample with Au-NPs and phosphonic acid-terminated linkers (Fig. S12)
showed a 17.0% mass loss. Given that the XPS data which indicated only the phosphoric acid-
terminated Au-NPs sorb onto halloysite, this suggests that 2.0% of the total sample mass can be
attributed to the Au-NPs with the phosphate linker as the composite material HNTs@Au-NPs was
formed.

In line with this, the TGA data indicated that the cylindrical sample HNT with Au-NPs and methyl-
terminated linker showed a lower mass loss of 15.5% over the same temperature range (Fig. S13), whilst
the sample cylindrical HNTs with Au-NPs and phosphonic acid terminated linker (Fig. S14) showed an
18.0% mass loss over the temperature range 30—800°C. Again, considering the XPS data, where it
appeared that only the Au-NPs with phosphonic acid-terminated linkers sorb onto the external halloysite
surface, suggests that 2.5% of the sample mass of the phosphonic acid-terminated linker sample can be

attributed to the Au-NPs and linker.

The TEM and SAED were conducted on both the untreated nanotubes and those reacted with the Au-
phosphonic-acid moiety (Fig. 3). The presence of gold was confirmed from the d spacings measured at

1.2 and 0.9 A in Fig. 3b,d (Table S2).
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Imaging by TEM was employed to visualize the distribution of Au/Ag-NPs as they scatter electrons
strongly relative to HNTs support. From the images obtained (Figs 4, S15), the observed features on
the HNTs surfaces have been confirmed as Au-NPs using in situ EDX spectroscopy (Fig. S16). Analysis
of the TEM images suggested that the Au-NPs were present as spheres and the /mageJ software was
used to measure their size as 1.88 + 1.00 nm (n = 819). The average size of the Au-NPs was confirmed

using UV-vis spectroscopy which measured the Au-NPs size as between 1 and 2 nm (Fig. S1).

Given the greater visibility of Au-NPs on the polygonal prismatic HNTs it was considered that the
subsequent experiments should focus on this morphology only and expand on the NPs and linker
molecules studied. Hence, TEM and FTIR analysis were conducted on a further set of polygonal
prismatic HNTS which had been treated with Au-NPs and Ag-NPs with both phosphonic acid- and

carboxylate-terminated linkers.

(level 2) Comparison of phosphonic- and carboxylate-terminated linker sorption on polygonal

prismatic HNTs using both Au- and Ag-NPs

The presence of polyvinylpyrrolidone in the Ag-NP spectra (Huang et al., 2019) with a C=0 band at
~1662 cm™!, C-N bands between 1288 and1435 cm™' and a broad N-H peak at ~3336 cm™! (Fig. 5b,c)
all indicated the presence of the Ag-NPs. The FTIR analysis of the samples with phosphonic acid- or
carboxylate-terminated linkers on polygonal prismatic HNTs again showed evidence of chemisorption
via phosphonate or carboxylate esters, respectively. For example, after Au-NPs sorption, a reduction in
intensity of up to 50% was calculated for the 3670 cm™' Al-OH stretching band (Fig. 5d,5¢), indicating
sorption at these sites. For the Ag-NPs with both carboxylate and phosphonic acid-terminated linkers
the peak at 3670 cm™! was indistinct and therefore impossible to measure.

An interesting observation can be made about the different behaviors of the Au- and Ag-NPs as
observed by TEM (Fig. 6), where, for the HNTs@Au-NPs, the NPs appeared clearly to adsorb onto the
surface of the halloysite nanotubes at distinct sites. From Fig. 6, there is little or no visible distinction
in frequency and distribution of Au-NPs when the two types of linker molecule, phosphonic acid (Fig.
6a,b) and carboxylate (Fig. 6¢,d), are compared. Due to the natural variation in the sizes of Au-NPs,

some of the individual HNTs showed the nanoparticles on the surface more clearly than others. This

10
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can be seen by comparing Figs 6¢ and 6d. The data measured using the /mageJ software showed two
nanotubes from the same sample but the average nanoparticle sizes in Fig. 6¢ are 2.66 = 1.03 nm (rn =
99) compared to 1.71 + 0.60 nm (n = 95) measured in Fig. 6d. The images in Fig. 7 again suggested
that the aluminol sites at the termini of the nanotubes and those in the inner lumina and at steps and
edges on the external surfaces are where the chemisorption occurs.

As for the Au-NPs, the Ag-NPs are observed to be primarily spherical in shape, and their diameter was
measured as an average of 3.11 + 1.89 nm (n = 64). In contrast to the apparent individual sorption
behavior displayed in the HNTs@Au-NPs composite materials with phosphonic acid- and carboxylic
acid-terminated linkers, the HNTs@Ag-NPs with both phosphonic acid- and carboxylate-terminated
linkers showed agglomeration. These agglomerates resulted in clusters that contain hundreds of Ag-

NPs (Fig. S17).
(level 1) Discussion

In the XPS analysis, phosphorous was shown by XPS to be in two distinct chemical states in the Au-
NP-treated samples: one peak was consistent with metal-phosphate, and the other with a less oxidized
phosphorus which resembled a metal-coordinated PR; organic species (Fig. S7). This could also be
explained by some phosphate which has reacted, lost oxygen and formed a new chemical bond. The S
2p position matched that of an Au-S-R chemical bond. For the control experiments using methyl-
terminated linker, the data showed zero or trace gold levels (0.0, 0.1 at.%) for the cylindrical and
polygonal prismatic HNTs, respectively. Given that XPS sensitivity is ~0.1 at.% the gold levels on the
methyl-terminated linker for the polygonal prismatic HNTs were seen as being at, or below, the limit
of detection. Hence, as expected, it can be assumed that surface sorption was not occurring at a
detectable level with the methyl-terminated linkers. These control experiments supported the hypothesis

that only the anionic phosphate linkers can chemisorb to the halloysite surface (Fig. 1).

The subtle differences in FTIR spectra of the two HNT morphologies with Au-NPs derivatized either
with phosphonic acid- or methyl-terminated linkers (Fig. 2, Fig. S10) can be explained partially because
the HNTs dominated the spectra relative to the trace amounts of derivatizing linker molecules present

(the Au or Ag-NPs will be IR inactive) but also, by the metal-surface selection rule, only groups where

11
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the oscillating dipole moment is perpendicular to the surface will be observed (Greenler et al., 1982).
Hence, not all adsorbed bands will be observed depending on the linker-to-surface orientation which
typically defaults to parallel to the surface (Le Ru et al., 2011). Bearing these factors in mind, the weak
bands at ~1440 cm™! and 2954 cm™! were assigned as the scissoring mode of alkyl-chain CH, groups
(Yah et al., 2012) and C-H alkyl stretching bands, respectively. Their presence was observed for both
morphologies of HNTs@Au-NPs composites using phosphonic-acid linker molecules (Fig. S10). This
was consistent with the sorption of the linker molecules (and hence the Au-NPs) on the surface of the

HNTs.

The present study was able to establish that for the polygonal prismatic sample, normalization to the
Si—O band height reduced the intensity of the 3670 cm™' intermediate AI-OH stretching band by up to
50%, suggesting that chemisorption to produce phosphonate esters (Fig. 2, Fig. S10) took place at these
sites. These OH-stretching bands (Fig. 2) are further explained in the polygonal morphology by out-of-
phase stretching which is split due to an imperfect three-fold symmetry, a phenomenon which is also
observed in some kaolinites (Farmer, 1974; Hillier ef al., 2016). For the cylindrical morphology (Fig.
S10), this effect was less apparent as only two O—H stretching bands are observed in this region at
3620 cm™! and 3690 cm™!, as the cylindrical morphology is less crystalline (Hillier et al., 2016).
Furthermore, it was not possible to determine the linker-binding mechanism (i.e. mono- or bi-dentate)
to the HNTs by FTIR. This is explained when the weak intensity of the much more prevalent C—H-
related bands is considered (Fig. S10). For example, there are 24 C—H bonds to one phosphonate group
in this linker molecule (12-mercaptododecylphosphonic acid) and the C—H modes are very weak.
Hence, the anticipated phosphonate binding groups are below the limit of detection by FTIR. The bands

observed at ~3550 cm™! can be assigned to ‘hole’ water as discussed by Hillier ef al. (2016).

The concentric rings observed in the cylindrical HNT sample by SAED can be explained by the reduced
crystallographic ordering between adjacent planes of atoms due to their curved layers. By comparison,
the polygonal prismatic sample is likely to show more crystallographic ordering due to the planar nature
of its external layers leading to greater long-range order, in turn resulting in the spots observed in the

electron diffraction patterns. Similar effects can be seen in XRD when comparing cylindrical and
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polygonal prismatic nanotubes (Hillier ef al., 2016) showing that multiple analytical methods can be

employed to distinguish between the two HNT morphologies.

Comparing the TEM data for Au-NPs sorption onto the cylindrical or polygonal prismatic HNTs, the
data showed that for both morphologies the HNTs@Au-NPs composites displayed Au-NPs on the
surface of the internal lumina, at the tube termini and on the external surfaces of the tubes. This would
appear to be in agreement with previous studies that have shown that the sorption of phosphonic acids
occurs on the inner lumina of halloysites, the primary location exposing the aluminol groups (Taroni et
al., 2019). We can conclude, therefore, that the Au-NPs observed on the external surface may be
indicative of steps and edges along the external surfaces of the HNTs. These features were reported
recently using atomic force microscopy (AFM) (Gray-Wannell et al., 2023), which demonstrated that
the polygonal prismatic samples appeared to have a greater number of steps and edges, and hence edge
aluminol sites, on their outer surfaces when compared to cylindrical samples. In this current study, it is
also evident that the polygonal prismatic nanotubes had a greater density of Au-NPs visible on the outer
nanotube surfaces and the lumina, whereas the cylindrical nanotubes were much sparser in terms of Au-
NPs decoration (Fig. 4). The exceptions to this occurred when the halloysites themselves had lots of

defects (Fig. 4c,d) where defects are present as fracturing of nanotubes, for example.

Previous work on solution-sorption experiments (Gray-Wannell et al., 2020) revealed that when
normalized to the surface area, cylindrical nanotubes had greater phosphate-sorption capacity than their
polygonal prismatic counterparts due to their smaller size and hence greater surface area. The lesser
extent of Au-NPs sorption observed here is probably due to the larger size of the Au-NPs relative to
phosphate anions such that, on the smaller cylindrical HNTs, Au-NPs sorption results in greater steric
repulsion between the Au-NPs. In turn, this led to the appearance of more Au-NPs on the larger
polygonal prismatic HNTs. Given that the TEM data are qualitative as opposed to quantitative, a clear
conclusion can be drawn that, when phosphonate groups are anchored to Au-NPs, the polygonal
prismatic HNTs showed greater affinity for sorption than their cylindrical counterparts as depicted in

Fig. 4 and, graphically, in Fig. 7.
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The TEM analysis showed the difference in behavior between the Au and Ag nanoparticles, where the
Ag nanoparticles in the HNTs@Ag-NPs formed agglomerates containing hundreds of NPs. There were
several possible explanations for this. The first considered that the PVP/Ag ratio used in the NP-linker
synthesis was too high (Wiley et al., 2005). A second hypothesis considered that due to the harder Lewis
acid nature of silver in comparison to gold, the Ag-NPs was more attracted to the phosphonic
acid/carboxylate anions than the aluminol surface groups on the halloysite nanotubes, which resulted in
agglomerates between Ag-NPs and linker molecules of nearby Ag-NPs. The third hypothesis suggested
that the loading of the linker molecule may also have an effect where, after a certain loading
concentration, the linker molecules began to link Ag-NPs, as opposed to adsorbing onto the halloysite
surface, as demonstrated by the oxalate linkage in TiO, nanoparticles (Charbonneau et al., 2015). The
significance of the different behaviors of the Au- and Ag-NPs in the HNTs@Au-NPs and HNTs@Ag-
NPs composites was highlighted when considering the practical applications of this type of work;
further work is required to determine whether changing the experimental conditions would result in a
different Ag-NPs dispersion on the HNTs surfaces, particularly by determining whether larger Ag-NPs

may result in less agglomeration (Jana ef al., 2017).

(Level 1) Conclusions

The present study has presented a method for the direct observation of surface sorption sites on two
different morphologies of HNTs by combining the resolving power of TEM of HNTs@Au-
NPs/HNTs@Ag-NPs, which have been surface engineered, with pendant phosphonate or carboxylate
linker groups to mimic phosphate or carboxylate sorption, respectively. The data show that the presence
of Au-NPs on the external surfaces, inner lumen, and edge sites of the HNTs depend on the polygonal
or cylindrical HNT morphology. Interestingly, polygonal prismatic HNTs, which have been shown
previously to have more external surface features (Gray-Wannell et al., 2023), displayed greater
Au-NPs sorption. By comparison, the smaller cylindrical HNTs displayed less Au-NPs sorption which
can be hypothesized as due to steric effects of the Au-NPs. In the present study, for the HNTs@Ag-
NPs, the Ag-NPs formed clusters/agglomerations at the surfaces of the polygonal HNTs. The data

suggested that the polyvinylpyrrolidone and DMF used in the Ag-NPs synthesis complicated the
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interaction of the linker groups with these metal nanoparticles. The sorption of carboxylate or
phosphonic acid functionalized Au-NPs, but not for the methyl-terminated linker groups, also
supporting the suggestion that chemisorption was being measured via the formation of ester groups with
surface hydroxyls rather than physisorption. In summary, the present work highlighted the fundamental
importance of understanding the detailed effect of the morphology of the nanotube (Gray-Wannell et
al., 2023) which impacts on the efficacy of halloysite nanotubes as stable support materials for use in
catalytic technologies for Au-NPs, pollutant sorption or drug delivery and/or antibacterial functions
when Ag-NPs are considered.
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399  Figure 2. FTIR spectra showing the out-of-phase stretching Al-OH bands present in the polygonal

400  prismatic HNTs in the discreet hydroxyl region from 3400-3800 cm™' of: (a) polygonal prismatic

401 HNTs@Au-NPs with a phosphonic acid terminated linker; (b) polygonal prismatic HNTs after reaction

402  with Au-NPs and a methyl terminated linker; and (c) original polygonal prismatic HNT material.
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405  Figure 3. SAED images for: (a) cylindrical HNT; (b) cylindrical HNTs@Au-NPs; (c) prismatic HNT;

406  and (d) prismatic HNTs@Au-NPs.

407

17



408

409  Figure 4. TEM images of the cylindrical and polygonal prismatic halloysite nanotubes in their untreated

410  form and after treatment with Au-NPs and a phosphonic acid terminated inker: (a) cylindrical HNT
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415  material; (b) HNTs@Ag-NPs with a carboxylate terminated linker; (c) HNTs@Ag-NPs with a
416  phosphonic acid terminated linker; (d) HNTs@Au-NPs with a carboxylate terminated linker; and (e)
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428

Figure 6. TEM images of polygonal HNT: (a—b) HNTs@Au-NPs and a phosphonic acid-terminated
linker; (c—d) HNTs@Au-NPs and a carboxylate-terminated linker; (¢) HNTs@Ag-NPs and a

phosphonic acid-terminated linker; and (f) HNTs@Ag-NPs and a carboxylate-terminated linker.
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Figure 7. Graphical depiction of the distinction between the: (a) cylindrical and (b) polygonal prismatic

HNTs@Au-NPs sorption with phosphonic acid linkers, with the crystalline structure of each HNT layer

indicated.

Table 1. XPS data (elements shown as at.% and normalized to the removal of carbon)

HNT scaffold Au nanoparticles
Sample Al Si Na | Oox | Oorg | Au | Puet | Porg | S
Polygonal prismatic HNT 143 | 16.0 | 0.6 | 59.2 | 10.0 | 0.0 | 0.0 | 0.0 | 0.0
Cylindrical HNT 15.1 | 16.1 | 04 | 61.3 | 7.1 0.0 | 0.0 | 0.0 | 0.0
Polygonal prismatic HNT
Au-NP methyl-terminated linker 156 | 17.1 | 0.0 | 634 | 3.8 0.1 0.0 | 0.0 | 0.0
Au-NP phosphate-terminated linker| 13.5 | 15.5 | 0.0 | 59.3 | 8.8 14 | 04 | 0.8 | 03
Cylindrical HNT
Au-NP methyl-terminated linker 17.1 | 183 | 0.1 | 61.7 | 2.8 0.0 | 0.0 | 0.0 | 0.0
Au-NP phosphate-terminated linker| 169 | 18.2 | 0.1 | 55.8 | 6.6 1.3 1 05|04 |02

Si from SiO4 groups, O« = metal oxide, Qo = organic, Pmet = M-phosphonate, P = PX3 organic, S

from thiol groups
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Table S1. XPS quantification, data prior to C-normalization. The following peaks were analysed: C

Is, Al 2p, Si 2p, O 1s, P 2p, Na 1s, Au 4f.

Elements from halloysite scaffold (atom%o)

Elements from Au NPs

(atom%o)
Sample Si 0 P P S
Al O Mox C Na Au
$104 organic phosphonate | organic | thiol
Pristine halloysite
Polygonal prismatic | 194 | 93 38.6 65 | 348 | 04 | ND | ND | ND | ND
Cylmdrical ANT 1 455 | 143 57.9 67 | 56 | oa | \o | N0 | ND | D
Polygonal prismatic HNT after sorption
Au-NP-methyl
terminated linker 16.0 14.6 59.3 3.6 6.4 ND 0.07 ND ND ND
Au-NP-phosphate
terminated linker 11.8 10.3 452 6.7 237 0.0 1.06 0.32 0.61 021
Cylindrical HNT after sorption
Au-NP — methyl
terminated linker 17.1 16.0 57.6 2.6 6.5 0.1 0.02 ND ND ND
Au-NP — phosphate
terminated linker 15.0 13.9 45.9 5.4 17.7 0.1 1.03 0.43 0.33 0.18

The results (atomic %) were calculated using the program CASAXPS©. ND = not detected
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Figure S1. UV-Vis spectra of Au-NPs.
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Figure S2. (a) Cylindrical HNTs — Al 2p XPS spectra; (b) polygonal prismatic HNTs — Al 2p XPS

spectra.
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Figure S3. (a) Cylindrical HNTs — Au 4f XPS spectra; (b) polygonal prismatic HNTs — Au 4f XPS

spectra.
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Figure S4. (a) Cylindrical HNTs — C 1s XPS spectra; (b) polygonal prismatic HNTs — C 1s XPS

spectra.
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Figure S5. (a) Cylindrical HNTs — Na 1s XPS spectra; (b) polygonal prismatic HNTs — Na 1s XPS

spectra.
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Figure S6. (a) Cylindrical HNTs — O 1s XPS spectra; (b) polygonal prismatic HNTs—O 1s XPS

spectra.
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Figure S7. (a) Cylindrical HNTs — P 2p XPS spectra; (b) polygonal prismatic HNTs — P 2p XPS

spectra.
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Figure S8. (a) Cylindrical HNTs — S 2p XPS spectra; (b) polygonal prismatic HNTs — S 2p XPS

spectra.
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Figure S9. (a) Cylindrical HNTs — Si 2p XPS spectra; (b) polygonal prismatic HNTs — Si 2p XPS

spectra.
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Figure S10. (a) Cylindrical HNTs@Au-NPs with phosphonic acid-terminated linker; (b) cylindrical
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Table S2. Selected area electron diffraction data (SAEDP) from TEM and powder X-ray diffraction

(XRD) for selected halloysite samples

Halloysite d spacings (A)

Gold d spacings (A)

(001) (02,11) (002) (02,13) Not indexed (06,33)
Sample ID
a a a a a a a a =] a a a a
el 2| 9=~ g | 2~ = 2~ g |3~ = 2~ = g2~
%) ” w s % s % # %) ” %) » n
Pristine halloysites
Polygonal 2.3-
prismatic 7.2 7.2 43 44 3.7 3.6 23 - - 15 1.5 - - -
2.6
Cylindrical 2.3-
HNT 7.2 7.2 46 44 3.6 3.6 23 1.8 1.7 1.6 1.5 - - -
2.6
Polygonal prismatic HNT after sorption
Au-NP-
phosphate 2.3-
terminated 7.2 - 45 - - - 25 - - 15 1.5 - 12 0.9
linker 2.6
Cylindrical HNT after sorption
Au-NP-
phosphate 2.3-
terminated 7.6 - 45 - 3.6 - 2.6 - - 15 24 1.2 -
Iiker 2.6
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Figure S11. STA analysis of polygonal prismatic HNTs@Au-NPs with methyl-terminated linker.



102

100

Calculated weight (%)

98

96

94

92

90

88

86

84

82

80

100

200

300

400 500
Temperature (°C)

600

700

800

900

250

200

—
17}
<

=~
[(—)
Heat flow endo up (mW)

wn
<

Figure S12. STA analysis of polygonal prismatic HNTs@Au-NPs with phosphonic acid-terminated

linker.
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Figure S13. STA analysis of cylindrical HNTs@Au-NPs with methyl-terminated linker.
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Figure S14. STA analysis of cylindrical HNTs@Au-NPs with phosphonic acid-terminated linker.
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Figure S15. Magnified TEM images of: (a) cylindrical HNTs@Au-NPs; and (b) polygonal prismatic

HNTs@Au-NPs.
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Figure S16. Graph obtained using EDX spectroscopy of polygonal prismatic HNTs@Au-NPs with

phosphonic acid-terminated linker.

Figure S17. Labeled TEM images of: (a) HNTs@Ag-NPs and phosphonic acid-terminated linker; (b)

HNTs@Ag-NPs and carboxylate-terminated linker.
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