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a b s t r a c t

We present an atomic resolution transmission electron microscopy (TEM) and scanning TEM (STEM)
study of the local structure and composition of graphene oxide modified with Ba2þ . In our experiments,
which are carried out at 80 kV, the acquisition of contamination-free high-resolution STEM images is
only possible while heating the sample above 400 1C using a highly stable heating holder. Ba atoms are
identified spectroscopically in electron energy-loss spectrum images taken at 800 1C and are associated
with bright contrast in high-angle annular dark-field STEM images. The spectrum images also show that
Ca and O occur together and that Ba is not associated with a significant concentration of O. The electron
dose used for spectrum imaging results in beam damage to the specimen, even at elevated temperature.
It is also possible to identify Ba atoms in high-resolution TEM images acquired using shorter exposure
times at room temperature, thereby allowing the structure of graphene oxide to be studied using
complementary TEM and STEM techniques over a wide range of temperatures.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of graphene, a huge effort has been made to
study graphene oxide (GO), as it is the most promising precursor for
producing graphene on a large scale at low cost. In addition, GO and
reduced graphene oxide (rGO), inwhich the C:O ratio is higher than in
as-synthesised GO, are versatile and functional materials in themselves
for a number of applications that include catalysis, sensing, optical
imaging for biological applications and solar cells [1–5].

GO is usually described as a distribution of individual sheets of
graphene with oxidised domains, where oxygen-containing func-
tional groups (such as alcohols, epoxy groups, carbonyl groups,
hydroxyl groups, carboxylic acids, peroxide, ketones and quinones)
are anchored to both sides of the sheet [6,7]. The functionality of
GO and rGO results from the extensive presence of these groups,

which are suitable for chemical functionalisation [6]. The presence
of functional groups necessarily implies that there are defects in
the hexagonal graphene lattice, which act as anchoring sites for
atoms or groups other than C. At such defect sites, the sp2

hybridisation of the graphene lattice is not preserved. In general,
GO and rGO are considered to be non-stoichiometric materials
because the density of oxygenated functional groups and defects
cannot be controlled [8–11]. As the high reactivity of GO allows for
additional manipulation by controlled chemical functionalisation
[12], a broad variety of possibilities that involve non-covalent,
covalent or coordinate bonding are available for tailored applica-
tions. For example, modification of GO with cations by coordinate
bonding has been used to enhance its mechanical properties [13]
and to produce gel-like 3D structures [14,15].

Despite its importance, the chemical structures of GO and rGO
are still unclear, in part because the compositions and distribu-
tions of the functional groups depend on the specific conditions
and synthesis methods that are used. The chemical compositions
and spatial distributions of the functional groups are of particular
importance because they determine most of the properties of both
GO and rGO. Most previous work has involved the use of spectro-
scopic techniques, which provide information that is averaged
over a large area of the specimen. For example, it has been
reported using infrared and X-ray photoelectron spectroscopies
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that thermal reduction of GO occurs in vacuum, changing the C:O
ratio [16–18]. More recently, ultrafast optical spectroscopy has
been used to determine that GO consists of graphene-like domains
surrounded by oxygen-rich areas [8].

High-resolution transmission electron microscopy (TEM) and
scanning TEM (STEM) can be used to reveal the presence of both
ordered regions and amorphous materials in GO. The amorphous
areas are assumed to be highly defective regions in the substrate,
to which functional groups are anchored [19,20]. However, the
direct identification of individual functional groups has not been
possible, as it is not straightforward to distinguish them from
amorphous contaminants or to identify individual C and O atoms.

One approach that can be used to identify functional groups in GO
and to map their positions is to modify the GO using metal ions, such
as Ba2þ or Csþ , which interact selectively with specific oxygen-
containing groups. Barium ions can form complexes with oxygen-
containing groups either on their own [21] or in combination with
carboxylates [22] or carbonyl groups [23]. The complexes with
carboxylate groups are strong enough to build coordination polymers
[24]. Therefore, it is likely that Ba2þ ions attach by interactionwith the
carbonyl, epoxy and carboxylate groups on the surface of GO, but are
more strongly attached to the carboxylate groups, making selective
staining of these groups possible. The distribution of the heavy atoms,
which provide distinct contrast in both high-angle annular dark-field
(HAADF) STEM and high-resolution transmission electron microscope
(HRTEM) images, rather than the functional groups themselves, can
then be imaged. Although Bai et al. [15] modified GO with heavy ions
such as Agþ and Pb2þ , we believe that the results that we present
below provide the first example of the modification of GO using heavy
atoms specifically for the purpose of attempting to visualise oxyge-
nated groups in GO. Moreover, the chemical natures of Ba2þ and Csþ

make it very unlikely they will be reduced to metal (to form
nanoparticles), whereas Agþ and Pb2þ are reduced more easily.

Here, we show how a combination of complementary TEM
techniques can be used to identify Ba atoms on graphene oxide and
to determine their positions with atomic spatial resolution. From their
locations, it is in principle then possible to infer the positions of the
oxygenated functional groups to which they are attached. It is also of
interest to examine how the distributions of the functional groups
change with increasing temperature, as the more weakly bound
functional groups should then be lost, together with any Ba atoms
that are attached to them, allowing the functional groups to be
identified. For this reason, we used a highly stable single tilt specimen
holder based on microelectromechanical systems (MEMS) technology
(DENSsolutions, Delft, The Netherlands), which allows specimens to be
heated in situ in the TEM to temperatures of up to 1000 1C with no
significant loss of spatial resolution and negligible specimen drift.
While contamination of the specimen by adsorbed hydrocarbons was
always a problem during the examination of GO using STEM imaging
and spectroscopy at room temperature, it was discovered during
heating experiments that contamination was completely eliminated
above a specimen temperature of 400 1C, allowing STEM spectrum
images to be acquired over periods of �15mins. It is not clear why
such high temperatures were required to completely eliminate con-
tamination. Only a small region near the centre of the specimen is
heated, so one possibility is that significant hydrocarbons can still
migrate from the lower temperature region surrounding the heated
area. Without the elimination of contamination by heating the speci-
men, the experiments that are described below would not have been
possible.

2. Experimental details

GO was synthesised from graphite flakes (Sigma-Aldrich)
by using an improved method developed by Marcano et al. [25].

Briefly, 9.0 g of KMnO4 was added to a 9:1 mixture of concentrated
H2SO4/H3PO4 (180:20 mL) while stirring. Then, 1.5 g of graphite
flakes was added to form a uniform suspension, which was further
stirred and heated to 50 1C for 12 h. The reaction mixture was
cooled to 5 1C and poured onto ice (200 mL) with 30% H2O2

(1.5 mL). The filtrate was centrifuged at 3000 rpm for 1 h and
the remaining yellow solid was washed in succession using a 30%
HCl solution several times and three portions of water-free ethanol
(100 mL). The resulting solid was further washed with Type I
water (18 MΩ-cm, ELGA, Purelab Classic) and put into a 10%
solution of the trisodium salt of ethylenediaminetetraacetic acid
(EDTA) at a pH of �8 to remove the divalent ions. The mixture was
then dialysed against an aqueous solution of HCl (0.05 M) for 24 h
and dialysed (Viking C65, diameter 6.5 cm, cut-off 6000–8000 Da)
against Type I water for 72 h. The purified solid was added to a
solution of BaCl2 (0.01 M, pH �11), stirred for 24 h and dialysed
against Type I water for 72 h, with water changes twice per day to
remove residual non-bonded ions.

TEM specimens were prepared by diluting the solution with
Type I water and then dropping it onto silicon nitride membrane
chips that were designed for a MEMS-based heating specimen
holder. The membranes each contained a number of holes, across
which the GO sheets could be suspended. All experiments were
carried out using an FEI Titan 60–300 “Pico” microscope equipped
with a probe CS corrector, a combined image CS and CC corrector
and a Gatan imaging filter (GIF). A low accelerating voltage (80 kV)
was always used to minimise electron beam induced damage. The
CC corrector allows energy-loss TEM images to be acquired using
large (e.g., 450 eV) energy-selecting slit widths with no signifi-
cant loss of spatial resolution. The acquisition of energy-loss
images with a spatial resolution of 0.1 nm at 80 kV using a non-
CC-corrected microscope would require the use of a narrow
energy-selecting slit, resulting in a very small signal at the energy
losses that are of interest here. The image CS corrector allows a
point resolution of 0.08 nm to be achieved at 80 kV, while the
probe CS corrector allows the same resolution to be achieved for
HAADF STEM images.

3. Experimental results

3.1. TEM of graphene oxide

Fig. 1a shows a low magnification bright-field TEM image of a
typical region of the GO specimen acquired at 800 1C. The brighter
areas, e.g., at the top of the image, correspond to thinner regions
that were identified using electron diffraction to consist of either
one or a few C layers that were aligned in the same orientation.
Darker areas in the image correspond to regions where the carbon
layer folded over onto itself during specimen preparation. The
detailed examination presented below was carried out on the
thinner regions. The image shown in Fig. 1a was acquired slightly
underfocus to increase the contrast from the functional groups,
which are likely to produce the mottled contrast that varies
spatially on a length scale of a few nm. Samples that were imaged
at room temperature were consistently found to contaminate,
with the source of contamination determined to be the GO itself,
as other samples imaged under similar conditions did not exhibit
similar problems. A contaminated area, resulting from earlier
STEM examination, is visible just to the right of the centre of
Fig. 1a. Fig. 1b shows an HRTEM image of the same specimen
acquired a few nm underfocus. The image shows a distribution of
dark dots that are each presumed to correspond to Ba atoms (see
below). However, very little contrast is visible from the functional
groups on the GO surface.
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Fig. 2 shows an electron energy-loss (EEL) spectrum acquired
from a large area (tens of micrometres in diameter) of the same
specimen. A strong C K edge is visible at 284 eV. Also present are
edges from Ca L2,3 at 346 eV, O K at 532 eV and Ba M4,5 at 781 eV.
The Ba edge is more easily seen in a background-subtracted
spectrum, which is overlaid in red onto Fig. 2 above 500 eV. The
spectrum confirms that O is present, as expected for GO, with
approximately 8 at% O present on average in the thin region
analysed. The fine structure of the O K edge shows no distinct
features apart from a small shoulder just before the edge, indicat-
ing the absence of significant order of the O atoms. This observa-
tion is consistent with the random attachment of oxygen atoms to
the graphene layer during the oxidation process. It is also con-
sistent with the conventional belief that O-containing functional
groups tend to agglomerate to form highly oxidised domains that
are surrounded by areas of pristine graphene [26]. The presence of
a clear Ba edge in Fig. 2 (corresponding to 0.15 at% Ba) shows that
Ba is present on the GO. Just as for the O edge, no fine structure is
observed above the Ba white lines, suggesting that the Ba atoms
are distributed in an aperiodic manner (although in this case the
low signal means that any structure on the Ba edge could be lost
in noise). In all of our samples, we also find a small amount
(�1.5 at%) of Ca, which may originate from traces of Ca2þ in the
water that was used during the preparation and/or dialysis
process. The Ca2þ ions interact with the functional groups as
counter-ions or via coordinate bonding. Despite the effort that was
made to remove any remaining divalent cations after the oxidation
step by reaction with the strong complexing agent EDTA, it
appears that it was not possible to remove all of the Ca2þ . Future
studies will address the possibility of eliminating residual cations.

Attempts were made to image the distribution of each element
using energy-filtered TEM (EFTEM) with a GIF. However, the high
beam intensities and long exposure times (typically 30 s) that
were required, even when using a large (50 eV) energy-selecting
slit, resulted in severe damage to the specimen. As a result, the
spatial resolutions of the energy-loss images were then limited to
�10 nm or worse and beam damage between exposures meant
that the specimen changed during acquisition of each set of three
images required to use the standard three-window method for
background subtraction. While the use of uniform illumination in

EFTEM has advantages for avoiding the effects of contamination,
which then occurs mostly at the outer edge of the illuminated area
just outside the field of view, for the present specimen it means
that the structure must remain drift-free and damage-free over
multiple 30 s exposures.

3.2. Atomic resolution STEM spectrum imaging

Given the difficulties that resulted from loss of spatial resolu-
tion due to beam damage during EFTEM imaging in TEM mode,
STEM spectrum imaging was used. The technique involves scan-
ning a finely focused electron beam across the area of interest and
acquiring an EEL spectrum and an annular dark-field (ADF) image
at each pixel. Drift or damage of the specimen results in distortion
of the image rather than blurring. In addition, as all energy losses

Fig. 1. (a) Low magnification bright-field TEM image of graphene oxide modified with Ba2þ , imaged slightly underfocus to enhance the contrast. The lighter regions (e.g., at
the top) consist of one or a few layers of graphene oxide. The darker regions (e.g., at the bottom left and right) are areas where the graphene oxide has folded over onto itself.
The nanometre-scale contrast is thought to be associated with the presence of the functional groups. The dark area to the right of the centre of the image is a patch of
contamination that formed during the acquisition of an earlier STEM image. (b) High-resolution TEM image of a thin area of graphene oxide acquired from a region similar to
that shown in (a). Both images were acquired at a specimen temperature of 800 1C and at an accelerating voltage of 80 kV.

Fig. 2. EEL spectrum recorded from a large area of graphene oxide containing Ba at
a specimen temperature of 400 1C, with the C K, Ca L2,3, O K and Ba M4,5 edges
marked. Also shown in red are the O K and Ba M4,5 edges after applying background
subtraction to the O K edge. Quantification of the areas under the edges indicates
that the average composition of this region of the specimen is approximately 90 at%
C, 8 at% O, 1.5 at% Ca and 0.15 at% Ba. (For interpretation of the references to colour
in this figure caption, the reader is referred to the web version of this paper.)
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are acquired simultaneously, motion of the specimen does not
affect background subtraction (to first order). Although the use of
a focused probe in STEM experiments greatly enhances contam-
ination, it was possible to eliminate this effect in the present
experiments by heating the specimen above 400 1C.

STEM spectrum images were acquired at specimen tempera-
tures of 400 and 800 1C in the form of arrays of 200�200 spectra
(17�17 nm) using a dwell time of 0.02 s per spectrum. A relatively
large spot size (spot size 6, convergence semi-angle 24 mrad) was
used, in order to obtain a strong enough energy-loss signal. As a
result, the graphene lattice was not resolved in the recorded
spectrum images. The lowest camera length (29.5 mm) was used,
together with a 5 mm entrance aperture, to maximise the EEL
spectrum collection angle (�40 mrad) and thus the signal. At each
point in the spectrum image, an EEL spectrum was acquired with
an energy range of 202 to 1025 eV using 2048 channels and a
dispersion of �0.4 eV/channel. Maps showing the Ba, O and Ca
edge intensities were then calculated by subtracting a standard
AE–r power law background, as shown in Fig. 3. The fitting ranges
used for calculating the maps were; Ba M4,5, background fit
window 580–773 eV, signal integration window 779–805 eV; O
K, background fit window 429–526 eV, signal integration window
530–539 eV; Ca L2,3, background fit windows 339–344 and 358–
364 eV, signal integration window 346–356 eV. Small bright dots
are visible in the Ba map (Fig. 3a), while larger regions of bright
intensity are visible in the O and Ca maps, which are noisy.

In order to reduce the noise in the elemental maps, the main
spectral components were extracted from the EEL spectra using
vertex component analysis (VCA) [27–29]. Briefly, the elemental
map was divided into three energy ranges, each containing a
significant absorption edge: 700–1000 eV for Ba, 450–550 eV for O
and 320–520 eV for Ca. The elemental signals were then separated
from the background by systematically projecting the 40,000
spectra in the three energy ranges, both with and without pre-
Poissonian normalisation of the initial data, onto between 3 and
5 components. Each original spectrum was then expressed as a
linear combination of these components. One component from
each of the three energy ranges contained the energy-loss edge of
interest, as shown in Fig. 4, while the other components contained
background signals. The weight of each component (in the present
case, the component that contains the signature of the edge of
interest) could then be plotted as a function of position in order to
obtain a less noisy elemental map.

Fig. 3. Spectrum images corresponding to the (a) Ba M4,5, (b) O K and (c) Ca L2,3 edges, obtained by subtracting a standard AE–r power law background from EEL spectra
acquired at each pixel. The following parameters were used: (a) background fit window 580–773 eV, signal integration window 779–805 eV, (b) background fit window 429–
526 eV, signal integration window 530–539 eV and (c) background fit windows 339–344 and 358–364 eV (the background was fitted both before and after the Ca L2,3 white
lines to reduce noise), signal integration window 346–356 eV. The spectra were acquired at a specimen temperature of 800 1C in an array of 200�200 spectra using a dwell
time of 0.02 s per spectrum. A convergence semi-angle of 24 mrad, a collection semi-angle of �40 mrad and an energy dispersion of �0.4 eV/channel were used. The total
acquisition time, including the readout time for each spectrum, was approximately 15 mins. The images should be compared with those shown in Fig. 5, which were
calculated using VCA. (See text for details).

Fig. 4. Spectral components extracted using VCA, corresponding to the following
core-loss edges and energy-loss ranges: (a) Ba M4,5 and 700–1000 eV, (b) O K and
450–550 eV, (c) Ca L2,3 and 320–520 eV. The other spectral components in each
energy range contained only background signals.
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Elemental maps obtained using optimal VCA parameters from
the same experimental spectra that were used to generate Fig. 3
are shown in Fig. 5c–e, alongside a C map that was calculated
using standard power law background subtraction (Fig. 5b) and an
annular dark-field image (Fig. 5a) that was acquired simulta-
neously with the spectrum image using a Gatan ADF detector
surrounding the entrance aperture to the imaging filter (inner
radius �40 mrad). Comparison of the VCA-treated elemental
maps (Fig. 5c–e) with the standard background-subtracted maps
shown in Fig. 3 highlights the fact that the VCA-treated maps are
much less noisy. The features that are present in the VCA-treated
maps (Fig. 5) are also present in the standard background-
subtracted maps (Fig. 3), suggesting that they are not artefacts
introduced by the VCA algorithm.

Examination of the C map (Fig. 5b) shows that there is a range
of thicknesses of C present. The areas each appear to be of uniform
thickness, suggesting that they correspond to either individual
graphene layers or uniform thicknesses of functional groups. Even
the darkest (i.e., thinnest) area, near the top right of Fig. 5b, shows
some C signal, suggesting that it is not a hole, but comprises a few
layers of graphene. The layers have on average approximately
14,000, 18,000, 24,000 and 30,000 counts from darkest to bright-
est, which is consistent with thicknesses of two to five graphene
layers. Some of the thicker areas contain structures that are
outlined by bright rings (e.g., slightly above the middle on the left
of Fig. 5b; the same bright ring is visible in the ADF image shown
in Fig. 5a). This contrast may be associated with graphene layers
viewed edge-on, fullerenes or related structures.

Fig. 5. (a) ADF image and (b–e) spectrum images obtained from the same EEL spectra that were used to generate Fig. 3. The ADF image was acquired at the same time as the
EEL spectra using a Gatan ADF detector with an inner radius of �40 mrad. The spectra were acquired at a specimen temperature of 800 1C in an array of 200�200 spectra
using a dwell time of 0.02 s per spectrum. The spectrum images correspond to the (b) C K, (c) Ba M4,5, (d) O K and (e) Ca L2,3 edges. The C K spectrum image was calculated by
subtracting a standard power law background, while the Ba, O and Ca spectrum images were calculated using VCA (see text for details). The bright areas in the ADF image
correspond to the bright areas in the Ba map, indicating that they correspond to the positions of Ba atoms. The Ca atoms are visible as clusters rather than as individual atoms
and exhibit much fainter contrast than Ba in the ADF image shown in (a). (f) EEL spectrum extracted from a 3�3 pixel (0.25�0.25 nm) part of the spectrum image centred
on the Ba atom marked by the arrow. Quantification of the spectrum indicates that the average composition in this region is 5 at% Ba and 95 at% C.
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The Ba map shown in Fig. 5c contains both isolated bright dots
and clusters of bright dots on a uniform background. An EEL
spectrum extracted from a small area of size 3�3 pixels
(0.25�0.25 nm) around one of the dots is shown in Fig. 5f. The
Ba M4,5 edge is clearly visible in the spectrum and quantification
shows that it contains �5 at% Ba and �95 at% C. Allowing for the
probe size increasing the irradiated area to approximately
0.3�0.3 nm and assuming that there are three layers of graphene,
a value of 9 at% Ba from a single atomwould be expected. The area
examined may contain additional C from functional groups. In
addition, it is unlikely that a Ba atom would remain stationary
under the intense electron probe for the full 0.02 s exposure time.
Taking all of these factors into account, we believe that the
individual bright dots in Fig. 5c correspond to single Ba atoms.
The distribution of bright dots in Fig. 5c matches closely with that
in the ADF image (Fig. 5a), as would be expected given the high
atomic number of Ba. This correlation is important, as it allows the
bright dots that are visible in HAADF images to be identified as
single Ba atoms.

The signal from O (Fig. 5d) is rather faint, but is concentrated in
irregularly shaped areas that are each approximately 2 nm in size.
These areas appear to have little correlation with the Ba atom
positions, while they do have some correlation with the thinner
areas of the C map. However, they do not seem to be distributed
around the edges of the thin areas, as is the case for Ba. Fig. 5e
shows that the Ca is correlated with the O, suggesting that Ca is
bonded to some of the O and may therefore be used as a marker

for O. Given that the O signal is faint and that there is more O
present than Ca, it is possible that some O is associated with Ba,
although at a level that is too low to measure.

The relative distributions of the different species can be seen
more clearly when the images are displayed in the form of
composite colour maps. Fig. 6 shows the Ba, O and Ca maps
together with the C map, which is displayed as a blue background.
The Ba and C maps in Fig. 6a confirm that the Ba atoms are
concentrated around the edges of the areas where the C is thinner,
while very few Ba atoms are seen on the areas where the C is
suspected to be �4 layers thick. The O/C and Ca/C composite
maps, which are shown in Fig. 6b and c, respectively, confirm that
a significant proportion of the O is associated with Ca and that
both elements are present in the thinner areas of the specimen.
The Ba/Ca/C composite map in Fig. 6d suggests that Ba and Ca are
usually not associated with each other.

3.3. High-angle annular dark-field images

Fig. 7a and b shows two HAADF STEM images, which were
collected before and after the spectrum images shown in Figs. 3,
5 and 6. The most prominent contrast in the HAADF images takes
the form of bright dots, which are highly likely to correspond to
single Ba atoms, based on the correlation between bright dots
visible in ADF images (Fig. 5a) and Ba maps (Fig. 5c) presented
above. This hypothesis appears to be confirmed by the uniform
intensity and shape of the more isolated bright dots, as pairs of Ba

Fig. 6. Composite colour images created from a selection of the spectrum images shown in Fig. 5, which were acquired from graphene oxide with Ba imaged at a
temperature of 800 1C. The images show the spatial relationships between the elements, corresponding to the following colours: (a) Ba red and C cyan; (b) O red and C cyan;
(c) Ca red and C cyan; (d) Ba red, Ca green and C blue. The spectrum images from Fig. 5 were smoothed using a Gaussian filter of radius 1 pixel and scaled in intensity in order
to create the colour images, which show that Ba, O and Ca are present mostly in the areas where the C is thinnest and that Ca and O have very similar distributions. (For
interpretation of the references to colour in this figure caption, the reader is referred to the web version of this paper.)
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atoms would be expected to be resolved and to have elongated
shapes.

A greyish background of varying intensity, which is expected to
correlate with the thickness of the GO film, is also visible. The ring-
like structures that were seen in the C map are also present in the
box that marks the area used for the spectrum image (arrowed in
Fig. 7b). Although there was a small amount of specimen drift to
the left during the 15 min spectrum image acquisition time, the
GO that surrounds the spectrum image area is similar before
(Fig. 7a) and after (Fig. 7b) acquisition. Although some changes
have occurred, such as a thinning of the GO to the bottom left of
the spectrum image area, this observation indicates that the GO
itself is relatively stable over this time period at the temperature
(800 1C) at which the film was held. Closer examination indicates
that the positions of the clusters of Ba atoms outside the spectrum
image area remain relatively unchanged, while most of the
individual Ba atoms within the clusters moved slightly during
the time over which the spectrum image was recorded.

Examination of the area of the spectrum image (within the
box) in Fig. 7a and b reveals considerable changes to this region of
the specimen. The dark hole and the bright ring to the left of the
spectrum image area can be recognised in both images, but most
of the other features have either changed or are unrecognisable.
This difference suggests that great care is required when inter-
preting both the relative positions of atoms in the spectrum image
and their EEL signal, as the beam rearranges their structure.
Nevertheless, as the elemental map and ADF image are acquired

simultaneously at each pixel, the correlation between the maps
still holds and it is possible to state that the bright dots in the ADF
image correspond to Ba atoms and that the Ba atoms do not
correlate strongly with the O or Ca signals.

Fig. 7d shows a bright-field STEM image that was acquired
simultaneously with the HAADF image shown in Fig. 7c. Both
images were acquired immediately after recording Fig. 7b. The
bright dots in the HAADF image correspond to the dark dots in
the bright-field STEM image. As the contrast in a bright-field
STEM image is inherently related to the contrast in a TEM
high-resolution image (such as that shown in Fig. 1b) by recipro-
city, the dark dots in the TEM images are interpreted to be single
Ba atoms.

4. Conclusions

The structure and composition of graphene oxide modified
with Ba2þ have been characterised using several complementary
TEM techniques at an accelerating voltage of 80 kV. An elevated
specimen temperature was found to reduce electron beam
induced contamination, in particular when acquiring electron
energy-loss spectrum images. Ba atoms were identified spectro-
scopically and correlated with contrast recorded at the same time
in high-angle annular dark-field STEM images. The measurements
also show that Ca and O occur together.

Fig. 7. (a, b) HAADF STEM images acquired at a specimen temperature of 800 1C (a) before and (b) after recording the spectrum image shown in Figs. 5 and 6, whose
approximate area is marked by the box. While the area surrounding the box is relatively unchanged after acquiring the spectrum image (except for a small amount of drift
and local distortion of the graphene oxide film), the area from which the spectrum image was acquired has changed significantly. (c) and (d) show simultaneously acquired
HAADF and bright-field STEM images, respectively, recorded after the spectrum image. The bright dots in the HAADF image correspond to the dark dots in the bright-field
STEM image.
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The electron dose that is required to obtain an EFTEM image or
an EEL spectrum image with atomic spatial resolution from O or Ba
on graphene oxide was found to cause significant beam damage,
whether TEM or STEM mode was used. As a result of this damage,
in our experiments atomic resolution spectrum imaging of gra-
phene oxide was only possible in STEM mode and then only with
the specimen heated above 400 1C in a stable heating holder to
prevent contamination.

Despite the presence of beam damage, bright spots in HAADF
STEM images of graphene oxide could be identified as single Ba
atoms using EELS. Similarly, dark spots in underfocus high-
resolution TEM images of the same material were also inferred
to be single Ba atoms. As it is possible to acquire high-resolution
TEM images with a much lower dose than spectrum images, even
in the presence of contamination, they can be used to map the
distribution of Ba atoms with little beam damage or contamination
over the full range of specimen temperatures. The positions of Ba
atoms attached to functional groups on graphene oxide could
therefore be mapped with atomic spatial resolution by using a
combination of STEM and TEM techniques. The fact that Ca was
observed to correlate strongly with O suggests that it could be
used as a marker for the positions of O-containing groups.
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