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Abstract

Nine halloysite nanotubes (HNTs) have been examined using scanning electron microscopy (SEM), atomic force microscopy (AFM) and
(cross-sectional) transmission electron microscopy (TEM) to evaluate details of their external and internal morphologies. The samples
span morphologies within the cylindrical to prismatic-polygonal framework proposed by Hillier et al. (2016). The ‘carpet roll’ model
assumed in the conceptualization of most technological applications of HNTs is shown to be far too simplistic. Both cylindrical and
prismatic forms have abundant edge steps traversing their surfaces that, by analogy with plates of kaolinite, correspond to prism
faces. The mean value for the diameter of the central lumen of the tubes is 12 nm. Numerous slit-like nanopores, with diameters up
to 18 nm, also occur between packets of layers, particularly in prismatic forms at the junction between a central cylindrical core and
outer packets of planar layers. These pores expose aluminol and siloxane surfaces, but unlike the lumen, which is assumed only to expose
an aluminol surface, they do not extend along the entire length of the nanotube. Edge steps seen most clearly by AFM correspond in
height to the packets of layers seen in TEM. TEM cross-sections suggest that tube growth occurs by accretion of a spiralled thickening
wedge of layers evolving from cylindrical to polygonal form and reveal that planar sectors may be joined by either abrupt angular
junctions or by short sections of curved layers. A more realistic model of the internal and external morphologies of HNTs is proposed
to assist with understanding of the behaviour of HNTs in technological applications.
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Halloysite nanotube (HNT) clay minerals (Al2SiO2(OH)4.nH2O)
are found in abundance in many rocks and soils worldwide
(Joussein et al., 2005). HNTs are differentiated structurally from
their kaolin subgroup relatives, namely kaolinite, dickite and
nacrite, by a naturally occurring interlayer of water molecules
(Santagata & Johnston, 2022). The presence of this water layer
gives halloysite a 10 Å layer spacing, but the water layer is readily
and irreversibly lost to produce the more commonly observed
dehydrated 7 Å form. Halloysite also occurs in a variety of
morphologies: platy, spheroidal and tubular, with the most com-
mon being the tubular form (Joussein et al., 2005). Even though
morphology is not a defining feature of a mineral, the predomin-
ance of this tubular morphology in halloysite compared to the
platy morphology of kaolinite is, in essence, another distinguish-
ing feature of halloysite. The curved layers of the halloysite
tubular form probably reflect the basic requirement to correct
the lateral misfit between the smaller octahedral and larger tetra-
hedral sheets of the fundamental kaolin 1:1 layer (Bates et al.,

1950), with rolling of the layers being one of several ways to
alleviate this misfit. Concerning tubular halloysites, two distinct
morphologies have been identified: cylindrical and prismatic-
polygonal. Nanotubes of cylindrical morphology have a circular
or ovoid cross-section and are typically smaller in length and
diameter than prismatic-polygonal forms (Hillier et al., 2016),
which have planar external surfaces reflecting an internal
arrangement of ‘sectors’ (Chukhrov & Zvyagin, 1966; Kogure
et al., 2013).

Due to their nanotube shape, high aspect ratio, natural abun-
dance and low toxicity, technological interest in halloysite has
increased enormously in recent years (Churchman et al., 2016),
and they have been applied in a wide variety of industries, fulfill-
ing various functions in drug-delivery systems (Lvov et al., 2016;
Massaro et al., 2017), polymer nanocomposites (Du et al., 2008;
Pasbakhsh et al., 2013), historical site restoration (Cavallaro
et al., 2020) and lithium sulfur batteries (Lin et al., 2017), with
ever-increasing additional applications. Fundamentally, the use
of halloysites in these technologies relies on an understanding
of their surface chemistry and surface reaction sites. This is in
terms of both the behaviour of these sites as well as the distribu-
tion of different sites in relation to the details of nanotube
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morphology. Additionally, this understanding has implications
for their potential to be functionalized in various application-
specific ways.

In many, if not most, of the suggested technological applica-
tions, a rather simplistic morphological model of HNTs is pre-
sented or implied. Typically, this is one of a smooth outer
siloxane surface with minimal external surface edge sites, an
inner aluminol surface to the so-called central ‘lumen’ (i.e. the
hollow core of the tube) and pH-dependent tube terminus silanol
and aluminol group edge sites. The following publications are
illustrative (Yuan et al., 2015; Kim et al., 2017, Gkouma et al.,
2021; Grylewicz & Mozia, 2021), but thousands of recent publica-
tions that assume this model could be cited. Although this sim-
plistic model of halloysite (schematic shown as in Fig. 1) has
been assumed in a multitude of studies, especially in relation to
technological applications, there is rare acknowledgement that
the outer surface of the HNT should not simply be considered
as a smooth continuous siloxane surface but, in reality, will be
more complex. For example, authors such as Yuan et al. (2008)
observed defects on the surface of halloysite using atomic force
microscopy (AFM) and noted that these could account for extra sur-
face hydroxyl sites available for reaction. Additionally, it has been
known for some time that the central lumen is not necessarily the
only type of nano-confined pore space present in halloysite with
tubular morphology (Churchman et al., 1995) and that additional
pores may occur as gaps and separations between the rolled layers.

Imaging techniques such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and AFM can
be used to analyse various features of the surface and internal
structure of tubular halloysites and to differentiate between their
distinct morphologies. However, problems can be encountered
when attempting to take high-resolution images of halloysite sam-
ples due to issues such as their beam sensitivity (Kogure et al.,
2011) and small size. Several authors have studied halloysites
using some or all of the above microscopy techniques (e.g.
Bates & Comer, 1957; Dixon & McKee, 1974; Kohyama et al.,
1978; Kogure et al., 2011, 2013).

The aim of the present study was to use SEM, AFM and TEM
imaging on the same suite of samples to provide some additional
observations upon which to base an improved conceptual model
of the real internal and external morphological features of HNTs.
The observations were made within the framework of the cylin-
drical–prismatic-polygonal scheme of the physical and mineral-
ogical properties of HNTs, as proposed by Hillier et al. (2016)
and elaborated on by Drits et al. (2018).

Materials

Nine samples of HNTs originating from a variety of localities in
the USA, China, Türkiye, and Scotland were studied (Table 1).
The mineralogical and physical properties of six of these samples
are documented in Hillier et al. (2016), including purity as esti-
mated using X-ray powder diffraction methods. The halloysite
contents of three additional samples (22US, 23US and 24US),
all from the USA, were determined specifically for the present
study. Samples were selected to cover a range of dominant
prismatic-polygonal vs dominant cylindrical morphologies, and
some are obvious mixtures of the two morphological types.
Cylindrical forms have the highest specific surface areas, whereas
the best developed prismatic-polygonal forms have the lowest.
Specific surface area is correlated with the so-called Cylindrical/
Prismatic ‘CP’ index as measured from the characteristics of the
(20,13) X-ray diffraction band (Hillier et al., 2016). Hereafter, the
two different types will simply be referred to as ‘cylindrical’ and
‘prismatic’. All samples are largely dehydrated and therefore in
the so-called 7 Å form.X-ray diffraction patterns of all nine samples
are shown in Fig. S1, deposited as supplementary material.

Methods

Scanning electron microscopy

Samples were prepared for SEM analysis using one of two meth-
ods. For those samples available as intact pieces, the first method
involved drying of the sample in an oven at 105°C for several days

Figure 1. Simple ‘carpet roll’ morphological model of HNTs
formed as a spiralled 7 Å (1:1 kaolin layer) as currently assumed
in most technological applications. The kaolin layer is composed
of octahedral (light blue) and tetrahedral (dark blue) sheets as
illustrated by the polyhedral models. The layering depicts a sin-
gle 7 Å kaolin layer.
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then breaking to expose a fresh fracture surface that was platinum
coated before analysis. The second method involved initial gentle
crushing and homogenization of the intact or powdered sample,
∼10 mg of which was weighed into a beaker to which 100 ml of
deionized water was added along with two drops of Calgon to
aid dispersion. The suspension was sonicated for 5 min to ensure
even dispersion and a single drop immediately deposited on a sili-
con wafer supporting a 3 mm nickel grid. The grid ensured that
the droplet dried to produce a more even distribution of particles
across the surface of the silicon wafer. Once dry, the samples were
platinum coated to reduce charging. SEM images for both types of
sample preparation were taken using a Carl Zeiss Sigma VP field
emission scanning electron microscope (FEG-SEM), operated
between 10 and 20 kV.

Atomic force microscopy

Samples were prepared for AFM by dispersion of the halloysite in
deionized water and pipetting onto a mica surface, which was
placed into an oven to dry. AFM images were acquired using a
Multimode AFM, Nanoscope V, Multimode 8, which operates at a
frequency of ∼2 Hz. The instrument was operated in PeakForce™
scanning mode, which allows extreme tip-to-sample force control,
making it ideal for small crystals and soft samples as it minimizes
any direct tip–sample interaction (i.e. it reduces the chances of the
sample being moved or disturbed by the tip). Bruker Scanasyst-air
probes, with a spring constant of 0.4 Nm–1 and a nominal tip radius
of 2 nm were utilized. Analysis of the AFM images was conducted
using ImageJ (Rueden et al., 2017), JPK SPM Data Processing
Analyser version 6.1.79 and NanoScope Analysis 1.5.

Cross-sectional analysis by transmission electron microscopy

Samples representative of both cylindrical and prismatic HNTs
were embedded in TAAB Lemix L029 resin for cross-sectional
analysis by TEM. Approximately 50 mg of sample was mixed
with 2.5 mL of Lemix A, and the samples were gently sonicated.
The dispersion was then mixed with 5.5 mL Lemix B, 0.2 mL
Lemix C and 2 mL Lemix D, and the material was thoroughly
shaken and gently sonicated. The samples were hand shaken
and syringed into modified pipette tips that had an area cut out
to allow for air contact before being cured overnight at 70°C in
an oven. The cured resin samples were prepared as sections for
analysis by TEM using microtome sectioning. TEM analysis was
conducted on a FEI: Titan Themis instrument operated at an
accelerating voltage of 300 kV. Halloysites are highly beam

sensitive, and so a beam current of 0.5 nA was used throughout
to help reduce beam damage. Measurements on the TEM images
were conducted using ImageJ (Rueden et al., 2017).

Results

By way of introduction to the microscopy results, within the vac-
uum environment of the SEM and TEM the HNTs will naturally
dehydrate, reducing any existing (hydrated) 10 Å interlayer spa-
cings to (dehydrated) 7 Å spacings. In general, we assume no
change in morphology or surface features as a result of any
such dehydration. Additionally, many of the samples we have
analysed have been exposed to ambient laboratory conditions
for an extended time (months to years), which typically means
that they will already have been in predominantly 7 Å form
prior to examination by the various microscopies, as no special
handling was employed to attempt to preserve the primary 10 Å
forms.

Scanning electron microscopy

A simple comparison of the two morphological types – cylindrical
and prismatic – is shown by the collection of SEM images in
Fig. 2. Distinction between the two morphological types in
terms of particle size, shape, form and features is readily made.
Thus, the cylindrical examples (Fig. 2a–c) are clearly of smaller
diameter than the prismatic forms, and their outer surfaces
appear continuously curved, with circular or oval tube ends.

By contrast, the outer surface of the prismatic particles
(Fig. 2d–f) appears divided into a series of flat faces. The faces
meet at well-defined angles, forming obvious linear intersections,
which, together with the faces, are arranged parallel to the long
axis of the tubes, thus defining their prismatic form. In the pris-
matic forms, most of the linear edges where faces intersect appear
to represent an abrupt kinking or bending of a contiguous surface.
For the prismatic examples, it is not easy to ascertain the total
number of flat faces using SEM because typically not all sides
are visible together. However, for the samples examined as intact
specimens where complete circumferences can be seen, some
appear as five-sided polygons (Fig. 2f). Additionally, for most
other particles of prismatic type, the restricted number of sides
that are visible in SEM images and their arrangement on the
part of the tube that can be seen suggest that the total number
of faces is also limited to a similar small number. Another type
of edge, defined by a clear step in height, along with a more
irregular, angular path along the surface of the particles (e.g.
Fig. 2d), defines various layer terminations (hereafter ‘step

Table 1. HNT sample details.

Sample ID Location Dominant morphology Halloysite (wt.%) SA (m2 g–1) ‘CP’ index

4Cha Defang, China Cylindrical 98.5 80 0.354
5Cha Bifa, China Cylindrical 99.8 69 0.326
11Sca Elgin, Scotland Prismatic 99.4 16 0.083
12Tua Türkiye Cylindrical 88.0 61 0.339

17USa Dragon Mine, USA Prismatic 99.0 30 0.213
21USa Bovill Deposit, USA Prismatic 93.5 28 0.172
22US Wagon Wheel Gap, USA Prismatic 98.0 26 0.149
23US Dragon Mine, USA Prismatic/cylindrical 86.9 59 0.247
24US Dragon Mine, USA Prismatic/cylindrical 98.1 49 0.264

aData from Hillier et al. (2016).
SA = specific surface area (determined using N2 adsorption and the Brunauer–Emmett–Teller (BET) equation).
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edges’) arranged along the lengths of the tubes. Additionally,
spindle-like particles are common in many samples (e.g.
Fig. 2d–f), where the thicker parts of the tubes are the shortest
parts and a thinner portion of the tube protrudes from one or
both ends. In many cases, this change in tube thickness appears
to occur in several ‘telescopic’ steps down to successively thinner
inner tubular forms. Furthermore, examination of the ends of the
telescopic sections corresponding to the thicker parts of the tubes
often shows termination in a half pseudo-hexagonal form, such
that the terminal edge face is normal to the axis of the tube

(Fig. 2d,e). Finally, as can also be seen in many of the images
in Fig. 2, although each sample may be predominantly either
cylindrical or predominantly prismatic, the samples are not
homogeneous populations of morphological types, and the reality
for most is some mixture of the two distinct morphologies.

Atomic force microscopy

In agreement with the SEM images, prismatic samples (Fig. 3d–f)
in AFM display rectangular flat faces along the axis of the

Figure 2. SEM images of small cylindrical and larger prismatic HNTs. For sample IDs, refer to Table 1.
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nanotubes with well-defined boundaries between adjacent flat
faces. Indeed, AFM images provide the clearest illustrations of
the prismatic morphology. The additional edges traversing
along the length of the tubes that are associated with a step change

in the height of the tube surface are also more readily apparent in
the AFM images. These step edges are not singularly linear in
form, and the AFM images reveal that many have an obvious
‘saw tooth’ arrangement. Attempts to measure the angles between

Figure 3. AFM peak force error images of HNTs. For sample IDs, refer to Table 1.
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adjacent ‘teeth’ indicate values close to 120°. Furthermore, these
edges and the angles along them also show a regular arrangement
with respect to the tube axes, indicating that they are consistently
orientated in relation to the underlying symmetry of the halloysite
crystal structure (Fig. 3d,e). Generally, these ‘saw tooth’ termina-
tions on different faces are arranged pointing in the same direc-
tion around the tube; however, occasional examples were noted
where ‘teeth’ can be found pointing in opposite directions on a
given tube.

Attempts to measure the heights of the steps from the AFM
images on a variety of prismatic examples showed them to
range from 4.2 to 24.9 nm, with clustering at ∼7 nm and
12–14 nm (Fig. 4). Additionally, measurements of five rectangular
areas on one prismatic sample (17US) gave an average ratio of
edge length to the area over which the edges were distributed of
0.0083 ± 0.0036.

In addition to the edge steps on the surface of the HNTs
observed with AFM, the ends of the prismatic tubes often display
a staggered and stepped shortening (e.g. Fig. 3e) with respect to
the arrangement of successive layers (or packets of layers – see
below). Sometimes this extension is extreme, creating the spindle-
like structures, as seen most readily in the SEM images, but AFM
also shows that there is often a gradual progression, such that the
ends of the tubes show a closely spaced ‘staircase’ arrangement of
steps up to progressively shorter sections of the tube. At these
ends, as was indicated in SEM images, the edge terminations
are orientated normal to the tube axis (Fig. 3d,e), which, again,
as with the consistent orientation of the ‘saw tooth’ edge steps
along the faces of the tube, indicates an underlying control over
their arrangement by the halloysite crystal structure and its orien-
tation with respect to the long axis of the nanotubes. Due to the
orientation of the samples in AFM, it was not possible to count
the total number of sides of prismatic samples, but the number
of flat faces visible is in some cases suggestive of there being
more than the approximately five or so sides that appeared to
be common in the SEM images.

Clear AFM images of the cylindrical HNTs were much more
difficult to obtain, primarily due to their much smaller size,
which often resulted in the samples moving around during ana-
lysis. Nevertheless, edge steps are still clearly visible on the surface
of the cylindrical nanotubes (Fig. 3a–c), with those that were mea-
sured indicating step heights of ∼7 nm (n = 3). It was also noted
that the edge steps typically traverse the surface of the nanotubes

at acute angles to the axis of the tube. Angle measurements sug-
gest clusters near ±30° and ±60° with respect to an arbitrarily
selected positive direction for the tube axis. However, other angles
are also apparent – for example, where the tube form is distorted
towards that of a cone in some of the tubes shown in Fig. 3c. As
with the prismatic nanotubes, edges or steps parallel to the tube
axis, as depicted in the schematic of Fig. 1, were not apparent.
Although samples 4Ch and 5Ch shown in Fig. 3a–c are predom-
inantly cylindrical samples, larger prismatic nanotubes were also
noted in these samples, indicating that, as with the SEM observa-
tions, even though a sample may be dominated by one morph-
ology, examples of the other morphology are typically present
amongst the population of tubes.

Transmission electron microscopy

TEM analysis of the microtome cross-sections of a range of pris-
matic and cylindrical halloysites resulted in the successful acqui-
sition of many useful images, some of which are illustrated in
Fig. 5 (cylindrical) and Fig. 6 (prismatic). As with both SEM
and AFM analyses, it was clear that although a given sample might
be considered as predominantly cylindrical or prismatic in morph-
ology, all samples contained examples of the other morphology.

TEM cross-sectional images of the cylindrical halloysites
(Fig. 5) appear to indicate a simple structure with continuous
and seemingly even layer (1:1) spacing, with no obvious segrega-
tion into packets of layers by intervening pores. Where it could be
assessed, in all cases the tubes appear to be constructed of layers
arranged in a spiral rather than in a concentric manner. However,
further addition of layers to the central part of the cylinders seems
often to emanate from a point by addition of a thickening wedge
of successive spiralling layers (e.g. Fig. 5a,e).

Most cross-sections from the prismatic samples also show
clear evidence of a cylindrical core at the centre of the nanotube
(Fig. 6), and in both types of nanotube measurements of the
diameter of the central lumen show very similar sizes, with an
average of 12.1 nm (standard deviation = 4.1, n = 24) for the pris-
matic samples compared to 12.3 nm (standard deviation = 2.7,
n = 25) for the cylindrical ones. Both types also show similar
ranges of diameter measurements for the central lumen, varying
from 7.5 to 24.1 nm for prismatic and from 8.0 to 18.7 nm for
cylindrical examples.

Figure 4. Histogram of measured edge step sizes on the surface of HNTs
(height in nanometres) from AFM images of three different prismatic sam-
ples. Total number of steps measured = 33.
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Another feature shown by the cross-sections of the prismatic
forms are the clearly defined, polygonal linear outlines of their
flat external faces, along with frequent, often very thin linear junc-
tion zones that extend radially from the interior in straight lines

towards the external corners of the polygonal cross-sections.
However, in addition to these abrupt junctions, there are also
many examples where sectors of flat layers in the prismatic sam-
ples are joined by short sections of curved layers (Fig. 6c,e).

Figure 5. TEM images of the cross-sections of a variety of cylindrical HNTs. For sample IDs, refer to Table 1.
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Counting the number of external faces on the prismatic forms
indicated that out of 45 individual nanotubes counted, 30 had
5 sides, 13 had 4 sides and (because the distinction between some
sides was unclear) 2 were judged to have between 4 and 5 sides.

Difficulty distinguishing some sides may be the result of mechanical
distortion during sectioning. Additionally, the angles of intersection
between sides were measured and range from an acute 57° to an
obtuse 159°, with a mean of 117° and a mode of 122°.

Figure 6. TEM images of the cross-sections of a variety of prismatic HNTs. For sample IDs, refer to Table 1.
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Another essentially ubiquitous feature of the prismatic exam-
ples is a division in cross-section images into packets of (1:1)
layers separated by slit- or triangular-shaped pores, with up to
four such layer packets observed in some samples. Analysis of
17 prismatic HNTs across the range of samples shows that the
average total number of layers in prismatic samples is 39
(Table 2), with the average number of layers in individual layer
packets ranging from 12 to 41. There is also a large variability
in the size of the prismatic halloysites, which displayed an average
diameter of 135.2 nm (n = 25), the largest measured having a
diameter of 420.3 nm and the smallest having a diameter of
43.6 nm. By contrast, the cylindrical nanotubes had an average
diameter of 57.5 nm (n = 26). The data in Table 2 reflect a general
trend for layer packet thickness to increase with increasing HNT
diameter.

Measurements of the pores that occur between the packets in
prismatic examples indicated a wide range of lengths between 0.88
and 18.1 nm, with an average width of 4.5 nm (n = 15). Overall,
these pores occur most commonly at the boundary that marks
a change from an inner cylindrical core of curved layers to a suc-
ceeding packet of planar layers. Two of the prismatic tubes had
outlying largest pore diameters of 16.8 and 18.1 nm, respectively,
highlighting the large variation in pore size that may occur.
However, it is also important to point out that where prismatic
tubes were seen in section along their length (e.g. Fig. 6b), it is
apparent that the slit-like pores do not run along the entire length
of the tube. In summary, cross-sectional TEM analysis revealed
the occurrence of pores in all of the prismatic samples, which sug-
gests that they are a common feature in the prismatic morphology
of HNTs.

Discussion

The present study has focused on the analysis of the morpho-
logical features of a series of HNT samples using three compli-
mentary microscopies, namely SEM, AFM and TEM. Analysis
was framed in the context of the dominant type of HNT morpho-
logical form in the different samples (i.e. cylindrical vs prismatic),
and the primary question driving the study was the validity of the
simplistic morphological model of HNTs that is used as the basis
of the conceptualization and design of many technological appli-
cations of HNTs.

Images from all three microscopies revealed that although a
sample may be classified as predominately either prismatic or
cylindrical, at an individual level the particles in any given sample
are not exclusively of one morphological type, and examples of
prismatic forms can be found in predominantly cylindrical
samples and vice versa. This is not surprising given that the inter-
mediate values of characteristics such as specific surface area and

‘CP index’ (Table 1) of some samples indicate that they should be
composed of a mixture of prismatic and cylindrical forms (Hillier
et al., 2016), but it is nonetheless useful to note that diversity of
form can be readily observed with the various microscopies,
even in samples that are close to the poles of the morphological
types. The simple division into predominant nanotube type is
reflected in major differences in nanotube size as evidenced dir-
ectly in the illustrated examples for each of the three microscopies
(Figs 2, 3, 5 & 6) and most clearly in the present investigation by
the TEM cross-sectional images (Figs 5 & 6).

Analysis of the TEM cross-sections confirms that cylindrical
nanotubes are of much smaller diameter compared to prismatic
types. This finding was also emphasized in Hillier et al. (2016)
based on measurements made using image analysis methods of
tube diameters in SEM images. However, despite the large differ-
ences in external diameter between the two morphologies, direct
measurements of the diameter of the central lumen in the TEM
cross-sections indicate an essentially identical lumen size for
both types at 12.1 nm (standard deviation = 4.1, n = 24) for the
prismatic samples as compared to 12.3 nm (standard deviation
= 2.7, n = 25) for the cylindrical examples. These diameters are
in the same range as the average lumen diameters of 13.5 nm
measured by differential pore-volume plots by Hillier et al.
(2016) for a range of cylindrical and prismatic HNTs. In both
forms the central lumens are also similarly circular or oval in
cross-section. However, oval shapes may well reflect examples
where the tube cross-sections are aligned obliquely to the axis
of the tubes, as there is no guarantee that the sections observed
were cut normal to the tube axis and no attempt was made to
try to determine whether this were the case, such as from TEM
lattice fringes or diffraction contrasts. The TEM images also
revealed that the cylindrical samples are most frequently com-
posed of a single coherent packet of layers averaging some 15
(1:1 unit) layers thick. This corresponds well to the 10–15 layers
often quoted in the literature with reference to cylindrical
HNTs (e.g. Lvov et al., 2016). However, the polygonal cross-
sections of prismatic forms are more complex, often divided by
pores of various shapes and sizes into up to four distinct packets
of layers averaging 12–41 (1:1 unit) layers thick. This is a feature
that was also observed in the early pioneering study by Dixon &
McKee (1974), who noted up to six packets with intervening layer
separations within a single particle.

Perhaps the most significant observation from the cross-
sectional TEM images of the present study is that most prismatic
samples also contain a central core that is cylindrical in form.
Presumably, this feature is also reflected in the SEM images of
the spindle-like particles observed most readily in samples pre-
pared as dispersions, wherein the smallest tube diameter, often
protruding in a telescopic-arranged succession of tubes from

Table 2. Layer measurements taken from TEM cross-sections.

Tubular morphology Layer position n Average number of layers Standard deviation

Cylindrical All 15 15 3.8
Prismatic Average total layers 17 39 23.2
Prismatic Innermost layer packet 17 12 3.9
Prismatic First successive layer packet 14 19 10.1
Prismatic Second successive layer packet 6 19 4.2
Prismatic Third successive outer layer packet 2 41 8.0

Note: Layer packets are defined as distinct segments of the HNT separated by a change in morphology/slit-like pores or voids in the structure. The innermost packet of layers in the prismatic
samples corresponds to the central core of the HNT cross-sections.
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shorter and much thicker prismatic parts, exhibits the curved sur-
face of a cylindrical form of tube. Occasionally, cylindrical cores
are also indicated in the morphologies of tube ends seen in frac-
ture surface SEM images (Fig. 2f), although such details are easily
obscured by the application of coatings applied to reduce charging
in such specimens. The TEM cross-sections, however, represent
the clearest evidence that a central cylindrical core, with dimen-
sions that match ‘free’ cylindrical HNTs, is a common feature
in the larger prismatic forms.

This observation is an important one in relation to any debate
about the origin of prismatic forms of HNTs. In this context,
Kogure et al. (2013) suggested that polygonal prismatic forms
of HNTs may be a result of dehydration of an original cylindrical
form. However, Hillier et al. (2016) later speculated that the larger
size of prismatic forms suggested that they were the result of a
change from cylindrical to planar growth, with this change occur-
ring as HNTs increased in size, eventually to beyond the point
where layer curvature was an energetically favourable way to
accommodate the fundamental misfit between tetrahedral and
octahedral sheets in the 1:1 kaolin unit layer. The TEM cross-
sections provide direct evidence that a change in growth form,
from cylindrical to polygonal, is a plausible scenario. It is, however,
interesting to note that not all junctions between sectors of planar
layers in polygonal forms are angular, and a proportion are formed
of small, curved sections. As such, the cylindrical core is frequently
not the only portion of a prismatic form that shows layer curvature.

Regardless of the origin of these curved vs planar arrange-
ments, the internal change in morphology is also likely to be an
important factor for understanding the porosity characteristics
of HNTs, because many of the nanopores observed in polygonal
forms occur at the junction between the inner cylindrical core and
the outer polygonal layers. In addition to the study by Dixon &
McKee (1974), the slit-like pores that separate the layer packets
in prismatic samples have been previously noted in earlier studies
of halloysite using TEM methods – for example, by Kohyama
et al. (1978) and by Churchman et al. (1995). In those studies,
the presence of pores in the prismatic samples was attributed to
layer packing or to the shrinkage of the halloysite layers upon
transformation of hydrated (10 Å) halloysite to dehydrated
(7 Å) halloysite, which Kohyama et al. (1978) observed using an
environmental cell. More recently, Berthonneau et al. (2015)
used TEM on a hydrated and dehydrated spheroidal halloysite
to ascertain that the pores were only observed in the dehydrated
specimens, supporting the supposition that the pores are formed
upon dehydration. Nonetheless, the sizes of several of the pores
observed in the samples studied here (e.g. Fig. 6f) suggest that
some pores may be formed during growth of the nanotubes, as
opposed to solely being attributed to changes upon dehydration.
This may be especially relevant for those pores that are situated
at the interface between the central cylindrical core and the first
polygonal layer packet. A note of caution is warranted, however,
as it is difficult to exclude the possibility that some aspects of
the internal architecture that is observed for prismatic HNTs
may have been mechanically distorted by the microtome process
used to obtain the sections and/or due to damage caused by the
electron beam in the TEM, although a beam damage origin is
thought to be unlikely, as no changes were observed during focus-
ing. Nonetheless, irrespective of whether they have a primary or a
secondary origin, such pores will undoubtedly be of some import-
ance for most technological applications of HNTs because the raw
halloysite (HNT) materials used in these applications are inevit-
ably materials that have been refined and dried (dehydrated) at

various stages and to various degrees during their mining, refining
and other industrial processing.

Another important point that is raised by the observed pore
structure of HNTs is that in contrast to the central lumen,
which should in theory expose an exclusively aluminol surface
(excluding any layer edges that may be exposed; Fig. 1), the slit-
like pores that characterize prismatic forms must expose both alu-
minol and siloxane surfaces on opposing sides of the pore ‘roof’
and pore ‘floor’, respectively. This may impart a certain polarity
in terms of their adsorption properties and thereby have import-
ant implications for technological applications that tacitly assume
that the central lumen is the only site that exposes the aluminol
surface and that the siloxane surface is only exposed on the exter-
ior of the particles. Indeed, it seems probable that the slit-like
pores may well have specific characteristics in terms of their
adsorption or nano-containment properties compared to the
more uniform environment (both in terms of size and surface
reactivity) that is expected for the central lumen. Additionally,
for applications that require specific pore sizes, use of prismatic
forms will undoubtedly present a wider variation in pore size
compared to cylindrical forms for which the porosity will be
lumen-dominated, although the accessibility of the slit-like
pores requires further assessment. The dominant cylindrical vs
prismatic form of halloysites can be readily determined from
X-ray diffraction patterns (‘CP index’ of Hillier et al., 2016),
and this is probably the easiest way to assess individual samples
and new deposits of halloysite for industrial applications in rela-
tion to dominant nanotube type.

In terms of similarities and differences in the external surface
features of the cylindrical and prismatic types of HNTs, these
were best revealed by the SEM and particularly the AFM images.
In general, edge steps were more difficult to observe on the surface
of the smaller cylindrical forms, although it was clear that such
steps are omnipresent but smaller in height on cylindrical tubes
as compared to those on prismatic forms, where they reached
up to 25 nm in height. In both cases, the steps traverse the
tubes mainly at acute and obtuse angles. Their orientation with
respect to the long axis of the tubes and the crystallographic dir-
ection of rolling, as confirmed by Drits et al. (2018), suggest, by
analogy with plates of kaolinite (e.g. Flegmann et al., 1971),
that the edges observed on both types of tubes correspond to
the prism faces that may be indexed as (110) and (�110). The
re-entrant angles of the ‘saw tooth’ arrangements are also indica-
tive of twinning, as is commonly observed in fine particles of kao-
linite (Mansfield & Bailey, 1972). Additionally, the layers with the
‘saw tooth’ edges are seen to extend contiguously around the
arrangement of planar sectors; they do not just represent pseudo-
hexagonal plates epitaxially arranged on the surface of a planar
sector, although complete platy forms with such an appearance
are sometimes observed, particularly in SEM images. From the
AFM analyses, edge-step sizes were measured across a variety of
cylindrical and prismatic samples and ranged from 4.2 to
24.9 nm (Fig. 4). Assuming the layers are dehydrated and there-
fore close to 0.7 nm in thickness, this represents edges
from∼6–35 (1:1 unit) layers in height. This range is similar to
the range in the number of layers making up layer packets as
observed in the TEM images and presumably indicates a corres-
pondence between the observations from the two microscopies.
Both observations suggest growth in tube diameter by a mechan-
ism that effectively adds multiple 1:1 unit layers to the surface of
the HNTs. As mentioned earlier, such an assembly of packets of
layers was first noted by Dixon & McKee (1974). Furthermore, the
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thickening wedge-like arrangements seen in some TEM cross-
sections (e.g. Fig. 5e) also suggest that tube growth is likely to pro-
ceed via a mechanism that continuously adds new layers to the
surface. It should also be emphasized that planar edges running
parallel to the tube axes (i.e. traversing along the length of the
tubes, as in the schematic of Fig. 1) were not observed, and the car-
toon illustrations in many publications that show them are inaccur-
ate. Additionally, the ends of the halloysite tubes often terminate in
faces normal to the long axis of the tube that, by similar analogy to
kaolinite for the ‘saw tooth’ faces, may be indexed as (010).

Overall, the frequent occurrence of layer edges traversing the
external surface of the nanotube and at tube termini, as highlighted
by the AFM images for the prismatic nanotubes, are likely to be of
some considerable importance for understanding the surface
reactivity of HNTs. For instance, Yuan et al. (2008) suggested that
the morphological details of the surface of HNTs suggested more
surface hydroxyl groups than generally supposed. Additionally,
Gray-Wannell et al. (2020) proposed that prismatic nanotubes dis-
played a slightly higher phosphate adsorption capacity as compared
to cylindrical nanotubes when normalized to surface area, speculat-
ing on the presence of proportionally more pH-dependent edge
adsorption sites on prismatic forms. Attempts tomeasure the extent
to which steps traverse the surface of one prismatic example indi-
cated a step/edge density of 0.0083 ± 0.0036 m per m2 of surface.
In combination with the typical heights of the steps, this provides
some further evidence that the larger prismatic nanotubes are likely
to have proportionally more available edge sites compared to the
smaller cylindrical forms. In this context, it is also pertinent to
note that platy kaolinites also show a well-established trend
for the relative proportion of the mean edge surface area to the
total surface area to increase with increasing mean particle (plate)
thickness (Nadeau, 1985). Presumably, this suggests some further

commonalities in terms of the crystal growth mechanisms of both
platy (kaolinite) and tubular (halloysite) kaolin forms.

Finally, it is interesting to note the analogies between prismatic
forms of halloysite and so-called Povlen or polygonal serpentines
(Cressey & Zussman, 1976; Baronnet & Devouard, 2005) that
have been documented for numerous occurrences of the serpentine
mineral chrysotile. The latter often display a fivefold axial sym-
metry, which is suggested also for many of the prismatic halloysites
observed in the present study, although prismatic halloysites appear
possibly less regular in form. Thus, in the prismatic halloysites, the
angles at which the adjacent sides connect is seen to vary consid-
erably, highlighting that they are not uniform in shape. However,
a certain degree of caution should be noted regarding these mea-
surements from the cross-sections. Indeed, Berthonneau et al.
(2015) stressed that since TEM images are projections of the sam-
ple, shifts in the alignment of the sample may result in a distorted
view of observed angles, which would also apply to measurements
of nanotube widths. Kogure et al. (2013) also obtained cross-
sectional images of prismatic HNTs where four to five major sec-
tors were noted in some prismatic tubes, and one nanotube con-
tained 18 sectors, as verified using selected area electron
diffraction. Again, the number of flat faces observed in a minority
of AFM images suggests that some of the halloysites examined in
the present study may also have multiple sectors in similarity to
polygonal serpentines, for which 15 and 30 sectored polygonal
forms are commonly observed (Baronnet et al., 1994).
Additionally, Baronnet et al. (1994) noted that the larger polygonal
serpentine fibres are almost always found in the presence of smaller
cylindrical fibres, and there is also well-documented evidence of a
cylindrical chrysotile core in the interior of many of the polygonal
forms (Cressey & Zussman, 1976). This is all suggestive of some
further commonality in terms of either growth or transformation

Figure 7. Summary of actual morphological features of HNTs
and their surface sites. The layering depicts packets of layers,
each packet consisting of multiple 7 Å (1:1) layers (when in
largely dehydrated form). Surface sites indicated by octahedral
sheet (light blue) and tetrahedral sheet (dark blue) polyhedral
models.
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mechanisms for the two minerals, notwithstanding that in chryso-
tile the octahedral sheet is of larger dimensions than the tetrahedral
sheet, which is the opposite to that of the kaolins, meaning that the
inner and outer surfaces are reversed. It is also interesting to con-
sider that the tendency towards the unusual 2M1 polytypic layer
stacking sequence that is uniquely observed in some HNTs, par-
ticularly those of prismatic form, might in some way be related
to periodic changes in hydrogen bonding as a consequence of
the spiral rolling of layers in a similar manner to the polytype alter-
nations that have been documented in polygonal serpentines
(Baronnet et al., 1994).

Conclusions

The conclusions of the present study in terms of the actual mor-
phological and surface chemistry features of HNTs, as revealed by
a combination of SEM, AFM and TEM images collected from
nine different samples, are summarized schematically in Fig. 7.
Both the smaller, cylindrical and larger, prismatic forms of
HNTs have abundant edge sites traversing their outer surfaces.
The orientation of the edges indicates that they correspond to
the equivalent {110} and {011} kaolinite faces; additionally, the
ends of the tubes commonly terminate in the equivalent {010}
faces. The intersection of the faces on the tube surface of the lar-
ger particles gives a ‘saw tooth’ appearance indicative of twinning.
The heights of the edge steps measured by AFM indicate that they
correspond to the packets of tens to several tens of (1:1) layers, as
best seen in the TEM cross-sections. The TEM data also revealed
that the prismatic forms of halloysite typically have a cylindrical
core. This is in good agreement with the interpretation of the
powder diffraction patterns of prismatic samples put forward by
Drits et al. (2018), which requires an integral component with
the structural disorder of a cylindrical form. However, the TEM
images also show that curved sections of layers can occur at the
junction of planar sectors in the more external portions of pris-
matic samples. For both cylindrical and prismatic forms, the
diameter of the central lumen averages ∼12 nm. The central
lumen with an aluminol surface is the primary nano-confined
pore space in cylindrical HNTs, but in prismatic forms additional
slit-shaped pores of a wide variety of sizes are present between
layer packets, particularly at the interfacial junction between the
cylindrical core and the outer planar sectors. These more variably
sized pores must also expose both aluminol and siloxane surfaces.
However, cross-sections of the long axes of the tubes indicate that,
unlike the lumen, the slit-like pores do not extend along the com-
plete length of the tube. The prismatic forms are also likely to
have proportionally more edge sites per unit surface, such that,
overall, the surface and nanopore properties of prismatic varieties
of HNTs are more heterogeneous than HNTs that are predomin-
antly of cylindrical form. Finally, the simple and paramount point
we wish to make is that it should be very apparent from the work
presented herein that the popularized model of HNTs as a ‘carpet
roll’ nanotube is far too simplistic, and many technological appli-
cations that seek to functionalize HNTs might benefit from con-
sidering the more realistic model presented herein.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1180/clm.2023.37.
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