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A B S T R A C T

Transmission electron microscopy (TEM) is an essential and irreplaceable technique for studying the micro-
morphology and microstructure of clay minerals. However, observing layer stacking and detecting the interlayer
spaces of clay minerals by TEM are still major challenges, due to the difficulty of finding suitable fields of view
for clay planes along the [00l] direction. A simple and effective sample pretreatment method was proposed here
for TEM characterization of clay mineral stacking structures and interlayer spaces. Using this method, clay
mineral-bearing ultrathin slices, in which clay minerals particles showed an orientated arrangement, were
prepared based on the resin embedding method. The (00l) plane of clay minerals was exposed toward electron
beams during TEM analysis, and fields of view along the [00l] direction were observed, accordingly. This method
is thus particularly useful for the observation of stacking information and detection of interlayer regions in clay
minerals. The validity of this method is exemplified by its application to pure kaolinite and clay mineral-rich
shale samples which contains several clay minerals and the clay mineral-organic matter complexes.

1. Introduction

Transmission electron microscopy (TEM) is a powerful technique for
clay mineral analysis and has been widely used for more than half a
century (Brown and Rich, 1968; Wenk, 1976; Marcks et al., 1989;
Clinard et al., 2003). TEM enables direct observation of the micro-
morphology and microstructure of clay minerals. In particular, high-
resolution (HR) TEM with an X-ray diffraction (XRD) spectrometer can
provide abundant information on unique microstructural character-
istics of clay minerals, such as interstratification, mixed layer struc-
tures, atomic arrangements, and crystal defects (Brown and Rich, 1968;
Marcks et al., 1989; Leapman and Hunt, 1991; Murakami et al., 1999;
Kogure et al., 2001, 2002; Clinard et al., 2003; Chen et al., 2004; Chen
and Wang, 2007a, 2007b; Hong et al., 2014).

The stacking structure is one of the most important structural
characteristics of clay minerals, and HRTEM observation of stacking
provides plentiful information of clay minerals, such as polytypes and
stacking faults (Gareth and Goringe, 1979; Kogure and Banfield, 1998;
Kogure et al., 2001, 2002). Moreover, the interlayer structure of many
types of clay minerals (such as swelling clay minerals) is very im-
portant, because the characteristics of the interlayer structure are

highly relevant to the reactivity of the clay minerals. For example, the
interlayer distance of clay minerals strongly affects the porosity of clay
minerals and is closely related to the adsorptive properties of clay mi-
nerals. (Yuan et al., 2008; Brigatti et al., 2013). In addition, the inter-
layer region of clay minerals is an important place for hosting guest
molecules such as metal cations or organic matter (OM), which are
highly relevant to some key geological processes, including hydro-
carbon generation driven by clay minerals and to the development of
novel clay-based materials (Xi et al., 2005; Theng, 2012, 2018; Wu
et al., 2012; Zhang et al., 2012; Liu et al., 2013b; Yuan et al., 2013; Lv
et al., 2015; Jiang et al., 2016; Bu et al., 2017). Gas molecule adsorption
in the interlayer space of clay minerals has also been demonstrated (Liu
et al., 2013a).

TEM characterization of the stacking structure or interlayer struc-
ture of clay minerals is highly desirable for all of the abovementioned
properties or applications of clay minerals. However, HRTEM ob-
servation for layer stacking and the interlayer space of clay minerals is
still a challenge. Normally, views of layer arrangement observed by
TEM are (hk0) planes of clay minerals rather than (00l) planes, due to
the random arrangement of clay mineral particles when using con-
ventional powder deposit or resin embedding methods (Wenk, 1976;
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Iijima and Buseck, 1978; Kogure et al., 2006, 2011). Therefore, looking
for a suitable particle that occasionally shows the (00l) planes parallel
to the incident direction of electron beams is usually time-consuming.

Furthermore, clay minerals have very low electron-beam-resistance
(Kogure, 2013). Damage and even deconstruction of the local structure
of clay minerals readily occur by knock-on damage and/or radiolytic
damage as the sample undergoes electron beam radiation (Clinard
et al., 2003; Kogure et al., 2006, 2011; Lutterotti et al., 2010). There-
fore, slow operation easily misses the chance to record images because
of the damage resulting from electron beams (Drits et al., 2012). The
strategy commonly adopted to avoid or reduce the damage induced by
the electron beam is shortening the time for observing suitable views.
This strategy can decrease the exposing time of clay minerals under
irradiation. However, as mentioned above, quickly finding the suitable
views along the [hk0] direction of clay minerals is very difficult based
on the preparation of HRTEM samples. To solve this problem, a sample
pretreatment method allowing rapid location of the target views of the
stacking structure is needed.

In this work, a novel resin embedding method for TEM sample
preparation was proposed. This method significantly increases the
probability of observing the (00l) planes and lowers the difficulty of
detecting the layer stacking and interlayer space of clay minerals. The
unique property of preferred orientation of clay minerals is utilized in
the method, whereby a thin clay mineral-film with an orientated ar-
rangement is tiled between two prepared solidified resin pieces.
Kaolinite and the clay minerals in clay-rich shale samples were selected
as models for evaluating the applicability of the sample preparation
method to pure clay minerals and clay-rich rocks.

2. Materials and methods

2.1. Kaolinite and shale samples

A high-purity kaolinite (denoted Kaol) sample, obtained from
Maoming in Guangdong Province, China, was used as received without
further purification. The chemical composition (wt%) of kaolinite was
as follows: SiO2, 46.75; Al2O3, 39.15; Fe2O3, 1.02; MgO, 0.10; CaO,
0.21; K2O, 0.25; Na2O, 0.26; MnO, 0.01; TiO2, 0.32; P2O5, 0.04; and
loss on ignition, 11.92.

Raw shale samples collected from the Yanchang shale area in the
Ordos Basin, north-central China were selected as a model to evaluate
the TEM preparation method. The Yanchang shale area is one of the
most important petroleum resources in China. (Zhang et al., 2007; Guo
et al., 2014). The shale samples obtained in this study have high total
organic carbon contents (2.02 wt%) and several minerals, mainly in-
cluding kaolinite, montmorillonite, illite, illite-smectite mixed-layer
mineral, and quartz.

2.2. Preparation of samples for TEM characterization

A plastic mold with a size of 5.0× 2.0× 1.0 cm was used as a
holder, and Spur resin (SPI Supplies, Shanghai, China) was injected
until half the volume of the mold was reached. Solidification of the
resin-containing mold was performed in an electric oven at 70 °C for
15 h.

Kaolinite or shale samples were ground before treatment.
Gravitational settling in a column of water was then used to obtain
particles with sizes< 2 μm for the HRTEM analysis. A dispersion was
prepared by mixing 10.0 mg of particles with 1.0 mL of water. An ul-
trasonic process was then carried out in order to disperse the minerals
well. The dispersion was dropped onto the abovementioned solidified
resin slide to form a thin film of clay minerals (with thickness of 1mg/
1 cm2) through sedimentation. After the dispersion was air-dried, Spur
resin was injected into the mold again and then solidified. The solidified
samples were cut along the smallest plane and vertically to the largest
plane with a diamond knife (Microstar Standard) using the Leica EM

UC7 Ultramicrotome. Ultrathin sections with thicknesses of 50–80 nm
were placed on copper grids without carbon film coating for TEM
characterization, whereby the (00l) planes of clay particles were pre-
ferentially oriented parallel to the incident direction of electron beams
(Fig. 1).

2.3. TEM analysis

HRTEM analysis was performed using an FEI Talos F200S field-
emission transmission electron microscope with an accelerating voltage
of 200 kV. The high-resolution electron energy loss spectroscopy (EELS)
study was performed using Gatan Quantum EELS accessory with vol-
tage of 200 kV. Line scans were recorded by the electron beams with
steps of 0.5 nm.

3. Results and discussion

Several views of ultrathin sections of kaolinite and shale samples
were selected and observed by TEM to exemplify and to show the va-
lidity of the sample pretreatment for observing the stacking structure of
clay minerals (Fig. 2 for kaolinite and Fig. 3 for shale). Moreover,
HRTEM observations combined with EELS analysis were performed to
assess the feasibility of this pretreatment method for the detection of
OM in interlayer space.

3.1. HRTEM observation for Kaol

For the Kaol sample, many stacking views of kaolinite layers can be
observed in one randomly selected region (4.7× 3.2 μm) of the ultra-
thin section (Fig. 2a). The presence of such suitable views indicates that
finding the views along the [hk0] direction of clay minerals using the
proposed sample preparation method is easy. Consequently, observa-
tion can be rapidly performed, which significantly decreases the elec-
tron beam damage during TEM analysis.

Two randomly selected domains in the view of the ultrathin section

Fig. 1. Schematic representation of the steps for preparation of TEM samples.
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were selected to investigate the layer stacking information of Kaol
(Fig. 2b and c). Dark stripes and bright stripes appear alternately and
represent the layers and the interlayer spaces, respectively. IFFT was
conducted and more distinct images are displayed (yellow rectangles in
Fig. 2b and c). The distance between two adjacent dark stripes is
0.72 nm which agrees well with the ideal basal spacing of kaolinite
(Brigatti et al., 2013). The stacking micromorphology characteristics of
Kaol corresponded to the well-ordered arrangement of kaolinite layers
along or nearly along to the c-axis. These results show the high effi-
ciency of the preparation method for TEM observation of kaolinite
stacking structures.

3.2. TEM observation for clay minerals in shale samples

Fig. 3a and c display two typical TEM images of ultrathin sections of
the shale sample. Similarly, a randomly-selected domain is magnified to

observe the stacking information of clay minerals, showing abundant
views of layer stacking (Fig. 3b). This result demonstrates that our
method is also appropriate for preparing the natural clay-bearing shale
samples for TEM observation of clay mineral stacking structures.

Based on the interlayer distances in the one-dimensional lattice
fringe, kaolinite (Kaol, ~0.72 nm), illite (I, ~1.0 nm), and illite-smec-
tite (IeSm, ~2.3 nm) mixed-layer minerals are clearly identified
(Fig. 3b1–b3) (Brigatti et al., 2013). Some layer stacking information
about these clay minerals is obtained; for example, the IeSm mixed-
layer mineral composed of two illite layers with a smectite layer be-
tween them shows a layer unit of ~2.3 nm.

Fig. 3d presents a near atomic-resolution image of the layer stacking
of kaolinite in the shale sample, which is identified by the interlayer
distance of 0.72 nm. The kaolinite particle displays a basic stacking
sequence with a well-crystallized structure, showing that dark spots and
bright spots are alternately present. A clearer image (the area marked

Fig. 2. (a) A TEM image of ultrathin section of Kaol; (b) and (c) HRTEM images of selected domains of (a) further magnified, and the corresponding inverse fast
Fourier transforms (IFFT) images (in rectangles of (b) and (c)). Dark and bright stripes represent the layers and the interlayer spaces, respectively.

Fig. 3. (a) TEM image of an ultrathin section of a shale
sample; (b) HRTEM images of one selected domain of (a)
(marked by the yellow circle) further magnified; (b1-b3)
HRTEM images of selected domains of (b) and the corre-
sponding IFFT images (in yellow rectangles; dark and bright
stripes represent the layers and the interlayer spaces, respec-
tively); (c) Another TEM image of an ultrathin section of shale
samples; (d) A HRTEM image of a selected domain of (c)
(marked by the yellow circle) further magnified and IFFT
images of the selected areas (in yellow parallelogram) with
the corresponding simulated crystal structure of illite. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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by a parallelogram in Fig. 3d) is obtained after IFFT analysis. The image
displays the ordered layer stacking, and no evident stacking faults and
crystallized defects are present. This result indicates that the method is
also beneficial for observing the atomic arrangements of clay mineral
structures.

These results show that the simple preparation process makes lo-
cating the layer stacking of various clay minerals along the c-axis in
natural shale samples easy. The method is effective for HRTEM ob-
servations of the stacking micromorphology of clay minerals and of the
polytypes and even atomic arrangements of the layer units.

3.3. TEM analysis for interlayer OM of clay minerals in the shale sample

Complexes of clay minerals and OM occur widely in soil and in
source rocks, and the interlayer space of clay minerals is believed to be
the main storage region of OM (Theng, 2012; Liu et al., 2013b; Yuan
et al., 2013). Direct detection of the OM existing in the interlayer space
is important not only for identifying OM occurrence but also for eval-
uating the complexation properties of the OM-clay complex. However,
few reports refer to the analysis of interlayer OM using TEM. This lack is
mainly due to difficulty of determining the anticipated fields of view of
layer stacking.

Shale samples collected in this study possess high OM contents and
may contain OM-clay complexes. Thus, the detection of interlayer OM
in shale samples based on the pretreatment method confirm the feasi-
bility of HRTEM analysis for interlayer matter of clay minerals and
ascertain the interlayer OM occurrence in clay minerals in such shale.

The results indicate that, using the proposed sample preparation
method, TEM detection of the interlayer OM is easy. Fig. 4a and b
display an HRTEM image of montmorillonite from the selected domain
of the ultrathin section of the shale sample and an IFFT images of a
magnified selected area, respectively. EELS was used here due to its
higher sensitivity for C detection (Leapman and Hunt, 1991). A single
montmorillonite particle appears in a selected field of view (inset
Fig. 4a). The one-dimensional lattice fringe image of montmorillonite
shows clear stacking information of montmorillonite along the [00l]
direction with basal spacing of> 2.0 nm (Fig. 4a). Performing the high-
resolution IFFT, layers (dark stripes) and interlayers spaces (bright
stripes) are more clearly distinguished (Fig. 4b). Based on the EELS
analysis of the selected domain, the elemental distribution of Si (yellow
lines in Fig. 4b) is shown, which corresponds to montmorillonite layers
(dark stripes), which indicates the attribution of Si to the SieO tetra-
hedral; meanwhile, C (red lines) appears accompanied with bright
stripes (Fig. 4b) and is attributed to OM because no other carbon source
exists on copper grids without carbon film coating. This result de-
monstrates the applicability of the proposed method for revealing the
existence of interlayer OM in OM-rich shale samples.

4. Conclusions

In this study, a novel sample preparation method is developed for
TEM observation/analysis of clay minerals for their stacking structures.
A thin clay mineral-film with an orientated arrangement of clay mineral
particles was tiled between two solidified resin pieces. Then ultrathin

slices for TEM observation were obtained after cutting and loading on
the copper grid, whereby views of layer arrangement of clay minerals
along the c-axis are easily observed. Using this method, layer stacking
information of various natural clay minerals can be rapidly obtained.
Identification of the types and/or polytypes of clay minerals and of
stacking faults in clay minerals could benefit from the proposed
method. Moreover, detection of the interlayer organic matter in clay
minerals by TEM combined with elemental analysis is simple based on
the pretreatment method. Therefore, this TEM sample pretreatment
method is promising and could be widely used for the studies on the
stacking microstructures and the interlayer spaces of clay minerals.
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