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Aberration corrected scanning transmission electron microscopy was used to demonstrate
the feasibility of imaging individual Pd atoms that are highly dispersed throughout the vol-
ume of activated carbon fibers. Simultaneous acquisition of high-angle annular dark-field
and bright-field images allows correlation of the location of single Pd atoms with micro-

structural features of the carbon host material. Sub-Angstrém imaging conditions revealed

that 18 wt% of the total Pd content is dispersed as single Pd atoms in three re-occurring
local structural arrangements. The identified structural configurations may represent
effective storage sites for molecular hydrogen through Kubas complex formation as dis-
cussed in detail in the preceding article.

© 2011 Elsevier Ltd. All rights reserved.

Nanostructured carbon materials are considered as solid
state storage materials for hydrogen, and storage capabilities
can significantly be enhanced by adding transition metals to
their microstructure [1]. For instance, activated carbon fibers
(ACFs) modified with Pd nanoparticles have shown a signifi-
cant enhancement of H, adsorption at room temperature [2].
Following the hypothesis of spillover [3], the source of H atoms
in the Pd-ACF system is the H-rich phase of Pd-hydride
(B-PdHoe6) that is readily formed in presence of hydrogen.
Release of hydrogen atoms from B-PdHyee particles to the
ACF microstructure is controlled by the interface between
the particles and the carbon support, which destabilizes the
hydride phase [4]. However, isolated transition metal atoms
dispersed in the carbon microstructure may have the potential
to contribute significantly to hydrogen storage via the forma-
tion of Kubas complexes, i.e. the reversible bonding of up to
six H, molecules to the individual metal atom [5,6]. In this
letter, we report how atomic resolution scanning transmission
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electron microscopy (STEM) can be used to obtain detailed
information about the ACF microstructure in the presence of
both nanoscale Pd catalyst particles and single Pd atoms
dispersed throughout the volume of the ACFs.

ACFs containing 2.55wt.% Pd were synthesized from a
mixture of isotropic pitch precursor and palladium acetylace-
tonate by melt-spinning, followed by stabilization and a com-
bined carbonization and activation process [7,8]. Room
temperature hydrogen sorption isotherms showed signifi-
cantly larger hydrogen uptake than in the absence of Pd
despite comparable surface areas [8]. Furthermore, the
experimentally determined hydrogen uptake was 25-30%
higher than expected for a case in which the entire Pd content
is converted to f-PdHpeg [9]. The objective of this letter is to
report the feasibility of localization of individual heavy metal
atoms and their bonding configuration with the surrounding
carbon microstructure. A detailed quantitative analysis of
the hydrogen absorption isotherms and possible storage
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mechanisms based on the microstructural characterization
presented in this letter is provided in the preceding article
in this issue [10].

For STEM investigations, fibers were ground in a methanol
slurry and drop deposited onto holey carbon film mounted on
TEM specimen grids. High-angle annular dark-field (HAADF)
STEM images form by incoherent electron scattering and are
sensitive to heavy elements with the scattering cross-section
roughly proportional to the squared atomic number Z? of the
scattering element [11]. Bright-field (BF) images are sensitive
to lighter elements and provide similar information as high

Fig. 1 - Pair of simultaneously acquired HAADF (a) and BF (b)
STEM images. The bright image contrasts in (a) represent Pd
particles. The BF image shows quasi-parallel graphene
layers (arrowed). Circles mark the locations of two Pd
nanoparticles with diameters well below 5 nm.

resolution TEM images. The simultaneous acquisition of
HAADF and BF signals in the STEM however provides pixel-
to-pixel correlation between the two image signals, which
makes this technique highly efficient for the investigation of
carbon microstructures in the presence of catalytic Pd parti-
cles. Experiments were carried out using aberration-corrected
dedicated STEM instrumentation operated at 300 keV with
electron probe sizes below 1 A [12]. HAADF STEM imaging re-
vealed a median Pd particle diameter of (9.66 +1.50) nm
throughout the volume of the fibers with roughly 66% of the
metal particles smaller than 5nm. Fig. 1 shows a pair of
simultaneously acquired HAADF and BF images exhibiting a
Pd nanoparticle with a diameter of roughly 2 nm. The BF im-
age (Fig. 2b) reveals lattice fringes for the ACF. In some areas,
local short-range ordering with up to five quasi-parallel
graphene sheets can be observed, while in other areas image
contrasts indicate disordered or even amorphous carbon.
When the projected specimen thickness is sufficiently small,
HAADF STEM images revealed highly localized areas with
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Fig. 2 - Pair of simultaneously acquired HAADF (a) and BF
(b) images. (a) exhibits single Pd atoms embedded in the
ACF microstructure. A section of the HAADF micrograph is
color-coded to enhance contrast. (b) shows microstructural
information for carbon. Pd atom locations extracted from
(a) are marked but show no consistent image contrast.
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Fig. 3 - Through-focal series of seven (a) HAADF and (b) BF images that were simultaneously acquired. The defocus is

calibrated with respect to Gaussian focus. The calculated CTF for BF STEM imaging is shown in (c). The inverse lattice distance
for graphene layers is marked to guide the eye. Pd atoms are visible within the thinnest areas displayed in the HAADF image
for slightly positive defocus values. Surrounding graphitic layers are represented by bright contrasts in the corresponding BF

images.

bright intensities and diameters below 1A (see Fig. 2a). A
quantitative analysis of image intensities combined with
through-focal series image acquisition unambiguously identi-
fied such image intensities to represent single Pd atoms dis-
persed in the carbon microstructure. The simultaneously
acquired BF-STEM image (Fig. 2b) offers detailed information
about the carbon microstructure that supports the isolated
catalyst atoms. Image interpretation requires simulations to
assess contrast reversal due to the partially coherent imaging
conditions [12]. Through-focal series acquisition was used to
deduce the association of dark image contrasts in the BF im-
age with carbon atom locations. Seven pairs of ADF and BF
images are displayed in Fig. 3. Images were extracted from a
through-focal series, which contains a total of 61 image pairs
recorded with defocus increments of 1 nm between two sub-
sequent pairs. Image intensities are varying with changes in
defocus (Fig. 3b) and eventually undergo contrast reversal in
the Gaussian image plane, with respect to which the relative
defocus df was calibrated (i.e. df= 0nm). For the scattering
angles contributing to the acquired bright field signal, image

intensities are considered mostly coherent. The contrast can
thus be interpreted on the basis of the contrast transfer func-
tion (CTF), which was calculated for different values of defo-
cus df for the 300keV STEM used in this study (Fig. 3c),
considering the size of the bright field detector corresponding
to acceptance semi-angles of « = 10 mrad and typical electron
optical parameters of Cs=-0.037 mm, Cs=100 mm and an
energy spread of 0.3 eV. Seven CTFs were calculated for defo-
cus values between +15nm and —15 nm for direct compari-
son to the BF images. A more positive defocus value refers
to the electron probe focused closer to the source; positive
values for the CTF refer to bright image intensities while neg-
ative values refer to dark intensities in the bright field image.
At an inverse distance of 2.8 nm (marked in Fig. 3c), corre-
sponding to the lattice spacing of 0.36 nm between two
graphene sheets, the CTF reverses image contrast from bright
to dark intensity at a defocus of approximately +0.5 nm.
Hence, graphene layers appear with dark contrast in Fig. 2b.
Most excitingly, graphene layers can even be observed in
the ADF-STEM image in areas with very small specimen
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Fig. 4 - BF STEM image of ACFs recorded from an area that shows three re-occurring structural arrangements of the ACFs in
the presence of individual Pd atoms (encircled). Regions of interest marked in (a) are reproduced in panels (b-d).

thickness (see Fig. 3a). For better visualization, part of the ADF
intensities were color coded in Fig. 2a, and confirm the loca-
tion of graphene layers.

Due to the reduced depth of field after aberration correc-
tion [13], through-focal series acquisition of HAADF micro-
graphs allows location of individual Pd atoms in the vertical
direction of the sample to discriminate atoms embedded in
the volume from those located on the sample surface. The
three dimensional analysis of image intensities revealed that
those Pd atoms embedded in the volume of the ACF remained
stable during image acquisition while atoms that were ex-
posed to the surface of the ACF flakes during TEM specimen
preparation were highly mobile under the electron beam.
Quantitative image analysis of three dimensional sample vol-
ume resulted in a concentration of roughly 0.05 Pd atoms per

nm?, i.e. about 18% of the palladium content is dispersed as
single atoms throughout the volume of the ACF. Analysis of
many areas on multiple TEM samples revealed three re-
occurring structural arrangements of the carbon microstruc-
ture surrounding individual Pd atoms. Fig. 4a shows a BF
image in which all three segments are observed. The micro-
graph was recorded at a positive defocus setting with graph-
ene layers represented by bright image contrast. Fig. 4b
shows a configuration with an isolated Pd atom located
within a disordered region of the ACF that is either
amorphous or contains graphitic flakes tilted far from the
beam direction. Another Pd atom resides in an open volume
between two diverging graphene sheets with a third graphene
layer terminating at the Pd atom site. Fig. 4c shows a Pd atom
surrounded by multiple almost concentric graphene layers,
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similar to onion-type configurations with a small pore in its
center. A third configuration (Fig. 4d) places individual Pd
atoms in between two quasi-parallel sheets with slightly
increased interplanar spacing at the site of the Pd atom.
The identified pore structures sketched in Fig. 4 have sizes
between 0.6 and 1nm and may therefore represent highly
efficient building blocks for the physisorption of hydrogen
[14].

In this communication we have reported that the simulta-
neous acquisition of HAADF and BF image signals with aber-
ration-corrected STEM is an ideal tool for the quantitative
microstructural characterization of heavy catalytic particles
that are dispersed within activated carbons. The identifica-
tion of single Pd atoms embedded in the volume of the ACFs
indicates that Kubas binding of hydrogen to isolated metal
atoms is a viable mechanism in addition to hydride formation
and physisorption, while the role of hydrogen spill-over may
be smaller than previously estimated. A detailed quantitative
assessment of the contributions of each mechanism to the
overall observed hydrogen adsorption is provided in a sepa-
rate publication [10].
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