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I Nanoporous Carbon

Topological Defects: Origin of Nanopores and Enhanced
Adsorption Performance in Nanoporous Carbon

Junjie Guo, James R. Morris, Yungok Ihm, Cristian I. Contescu, Nidia C. Gallego,
Gerd Duscher, Stephen J. Pennycook, and Matthew F. Chisholm*

A scanning transmission electron microscopy investigation of two nanoporous carbon
materials, wood-based ultramicroporous carbon and poly(furfuryl alcohol)-derived
carbon, is reported. Atomic-resolution images demonstrate they comprise isotropic,
three-dimensional networks of wrinkled one-atom-thick graphene sheets. In each
graphene plane, nonhexagonal defects are frequently observed as connected five- and
seven-atom rings. Atomic-level modeling shows that these topological defects induce
localized rippling of graphene sheets, which interferes with their graphitic stacking and
induces nanopores that lead to enhanced adsorption of H, molecules. The poly(furfuryl
alcohol)-derived carbon contains larger regions of stacked layers, and shows significantly
smaller surface area and pore volume than the ultramicroporous carbon.

1. Introduction

A variety of novel structures can be constructed with carbon
atoms, stemming not only from different orbital hybridiza-
tions of carbon but also from various geometries. Nano-
porous carbons have sparked high scientific interest due
to their remarkable surface area and abundant nanopores,
which are attractive features for applications ranging from
hydrogen storage to adsorptive separations.'*] Recent
work reported a relatively high level of hydrogen uptake of
0.8 wt% in ultramicroporous carbon (UMC) at 25 °C and
2 MPa.l'l This property is believed to originate from narrow
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pores centered at a size of =0.5 nm,*3! which is consistent
with the theoretical optimum pore size between 0.6 and
0.7 nm.[*38] Because of the disordered, three-dimensional
nature of the bulk materials, an accurate representation of the
local structure and defect content, critical for understanding
the adsorption performance of nanoporous carbon and for
further material design, requires information that can only
be obtained through atomic-resolution electron microscopy.
Herein, we report a scanning transmission electron micros-
copy (STEM) investigation of two nanoporous carbon mate-
rials: wood-based UMC and poly(furfuryl alcohol)-derived
carbon (PFAC).

Local structures of nanoporous carbon materials have
been studied previously,* 3! yet the link between atomic-
scale structure and measurable bulk properties remains elu-
sive. Suggested local structures range from highly ordered
“slit pores”, consisting of parallel graphitic planes, to glasslike
structures with a global amorphous state.”'!] Intermediate
versions have been suggested, such as a fullerene-related
building block made up of graphene fragments with local
curvatures caused by randomly arranging five- and seven-
fold rings in the hexagonal network.!'>13] Such a model could
explain the microporosity of the carbon and many of its
properties. Indeed, a recent aberration-corrected microscopy
study has provided evidence of the presence of pentagonal
carbon rings.' Herein, we show that for the two nanoporous
carbons we investigated, their three-dimensional structure
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larger than 0.335 nm, the (0002) planar
spacing of graphite,['’! which presum-
ably reflects the presence of a high
density of slit-shaped pores or chan-
nels that have long been attributed to
nanoporous carbon. For weakly scat-
tering materials such as graphene, the
image intensity is directly proportional
to the number of carbon atoms under
the beam.l') We estimated the num-
bers of carbon atoms contained in each
bright fringe seen in Figure 1. As shown
in the sectional profiles of thin areas in
UMC (Figure 1c) and PFAC (Figure 1d),

Figure 1. ADF images obtained from thinner edge areas of UMC (a) and PFAC (b). There is a
variation in intensities across the image because of the changes in sample thickness. The
images show the presence of a dense network of nanometer-scale pores surrounded by highly
curved, predominantly single-layer carbon. The intensity profiles of UMC (c) and PFAC (d)
show the carbon numbers contained in each fringe.

does indeed comprise graphene sheets containing connected
five- and seven-atom ring defects. Combined with atomic-
level simulation, the results show that nonhexagonal defects
in graphene sheets give rise to sheet corrugation and conse-
quently affect the stacking of graphitic layers, which in turn
determines macroscopically measurable properties such as
specific surface area and pore volume distribution.

2. Results and Discussion

Small crushed particles of both nanoporous carbon sam-
ples often had very thin (down to a single carbon layer)
regions at their edges. Annular dark-field (ADF) images
obtained from the edge area of UMC (Figure 1la) and
PFAC (Figure 1b) indicate that these
nanoporous carbon materials are com-

the fringes have higher intensities than
the single-layer area, which means more
carbon atoms. The brightest fringes with
atom numbers slightly larger than 10
indicates that the fragment along the
beam direction is less than 5 nm. The lat-
eral extent of the graphene sheets near
the edge has a similar dimension, which
indicates that nanoporous carbon mate-
rials have isotropic three-dimensional
networks of graphene sheets.

Further evidence that the thicker
regions are composed of these single layers
of well-ordered carbon atoms comes from
electron energy loss spectroscopy (EELS). Figure 2 shows
EELS spectra of the carbon K-edges obtained from regions
of varying thickness in both the UMC and PFAC materials.
No changes in the spectrum are seen between the single
layers, few-layer regions, and thick regions of the samples.
In all cases, the sharp n* peak at 285 eV followed by the o*
peak at =292 eV and above are observed. The presence of
amorphous carbon or sp>-bonded carbon would be expected
to depress both the sharp 7* peak and the peak at the leading
edge of the o* peak. These features are in good agreement
with the previously reported spectra recorded from graphite
and graphene.'’”!8] The n* peak at 285 eV is associated
with the presence of sp?-bonded carbon in both UMC and
PFAC. It is seen that this sharp 7* peak and the peak at the
leading edge of the o* peak do not change appreciably with
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Figure 2. EELS carbon K-edges obtained from regions of varying thickness in UMC (a) and
PFAC (b). No differences in the spectrum are seen between the single layers, few-layerregions,
and thick regions of the samples.
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Figure 3. ADF STEM images of UMC (a,b) and PFAC (c,d) processed to remove high-frequency
noise and probe tail effects. The in-plane carbon atoms are clearly resolved, and large areas
of hexagonal lattice (marked in blue) with a few five- and seven-atom ring defects (marked

in red) can be seen.

thickness, which indicates that these two nanoporous carbons
are homogeneous and constructed from the same sp>bonded
carbon building block.

Over a hundred images revealing the atomic structure of
single-layer areas were recorded. The results reveal the struc-
tural details of the building blocks comprising these nanopo-
rous carbons. After processing to remove high-frequency noise
and probe tail effects, '] the in-plane carbon atoms are clearly
resolved as shown in Figure 3. Atomic-resolution images
of nearly two-dimensional regions in UMC (Figure 3a,b)
and PFAC (Figure 3c,d) reveal that the nanoporous car-
bons consist of curved, defective graphene sheets. That is,
the building blocks are composed mostly of the hexagonal
lattice of carbon with nonhexagonal defects. From Figure 3,
these defects are identified as five- or seven-atom ring defects
(colored in red). Indeed, at this scale, the materials are very
similar. The defects are dominated by energetically favorable
adjacent five- to seven-ring pairs, which form a dislocation
core in the graphene structure. Moreover, these defects are
highly correlated with each other, typically being found within
one or two rings of another five- to seven-ring pair structure.
This is similar to what has been observed in grain bounda-
ries, where the dislocation cores align to minimize their strain
energy.['¥] In addition, the carbon layers in the edge area are
often seen to contain localized ripples (especially obvious in
the bottom right corner of Figure 3d). These ripples in the
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defective graphene layers must result in
irregularly shaped pores in the bulk mate-
rial. The very thin regions also reveal small
patches of stacked layers each with their
c-axis roughly parallel to the electron
beam (Figure 3c,d). Graphitic stacking of
these layers was not seen in our recorded
images. Instead, the layers are randomly
rotated. This conclusion is also supported
by pair distribution function characteriza-
tion using X-ray and neutron scattering,
which showed limited in-plane coherence
(about 1.4 nm) and incoherent stacking of
graphene layers in UMC.[2]

The UMC and PFAC materials appear
to be indistinguishable at the atomic
scale. However, images at slightly lower
magnification of thin areas of these
materials do show differences. As seen
in Figure 4, the most obvious difference
in both the ADF and bright-field (BF)
images of these materials is the areal
density of regions of curved and twisted,
but roughly parallel lines representing
the edge-on view of stacked defective
graphene layers. The bright features in
the ADF images arise from a locally
higher atomic density that would indi-
cate layers viewed on edge, or the curled
edges of individual layers. The images
from the UMC material (Figure 4a,b)
show few parallel lines in the stacks that
comprise this form of nanoporous carbon,
while in the PFAC material many of the stacks are seen
(Figure 4c,d) to be composed of several parallel lines. X-ray
and neutron diffraction studies of these materials indicate
strong disorder of stacking along the c-axis in PFAC and
almost complete loss of coherence between stacked sheets
in UMC.[?°21 Our images show that the spatial extent of
this layer stacking is very different in the two materials. The
PFAC contains much larger regions of stacked layers, and
shows significantly smaller surface area and pore volume than
UMC. Perfect regions of coherently stacked layers close to
graphite-like microstructures contribute little to surface area
and porosity. On the contrary, imperfectly stacked graphenes
with curled and rippled shapes increase the surface area and
porosity and enhance adsorption properties. This is verified
by UMC, with a smaller areal density of stacked layers, having
significantly higher N, uptake capacity than PFAC (Figure 5),
which indicates higher surface area and pore volume.

To understand the effect of these local structures, we
simulated defective graphene sheets with similar local defect
structures. To generate such a sheet, a two-dimensional
arrangement of purely repulsive particles was simulated at
high temperatures to generate a random structure. When
quenched rapidly to a zero-force configuration, the particles
are predominantly ordered, forming a triangular mesh with
each particle having six nearest neighbors. However, there
are grain boundaries between the ordered regions, with local
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Figure 4. ADF and BF images of UMC (a,b) and PFAC (c,d). PFAC material shows more stacks
of defective graphene layers than UMC material.

structures dominated by pairs of atoms with five and seven
near neighbors (see figures in Reference [22] for examples).
From this predominantly close-packed structure, a defective
graphene sheet may be constructed by forming a “dual” of
this structure, by placing a carbon atom in the center of each
triangle formed by near-neighbor triplets. In this fashion,
the repulsive particles with six near neighbors become the
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Figure 5. Nitrogen adsorption isotherms at 77 K on UMC and PFAC
showing the higher N, uptake capacity of UMC.

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Guo et al.

centers of hexagons, and the five- and
seven-coordinated atoms form five- and
seven-fold rings, respectively. Equiva-
lently, a Voronoi tessellation of this struc-
ture is formed, similar to the construction
described in Reference [23]. This initially
two-dimensional carbon structure was
then fully relaxed by molecular dynamics,
using the Tersoff interatomic potential.>
A section of such a sheet (with a total of
20 000 atoms) is shown in Figure 6. In this
construction, the five- and sevenfold cores
typically occur together and are highly
correlated. As can be seen in Figure 6a,
the local structures are clearly similar to
what we observed under the microscope.
The colors of the carbon atom rings cor-
respond to atomic energies, with blue indi-
cating the lowest and red the highest. It is
easily observed that the local defects have
higher energies than the hexagonal rings.
This is reasonable, since the solid is not at
its thermodynamic minimum as a result of
the pyrolysis process.

The fully relaxed three-dimensional
structure is shown in Figure 6b. As can be
seen, significant distortions occur near the
defect areas in the graphene sheet. While
individual five- and seven-fold rings are
topological defects causing local positive
and negative curvature, adjacent five- and
seven-fold cores do not contribute to the macroscopic cur-
vature, but cause significant local distortions.[?>2%] This is
consistent with previous reports?’28] showing that arrays of
local cores can produce “folds” in the lattice in addition to
typical grain boundary rotations. Accordingly, random local-
ized ripples in the hexagonal network of carbon atoms, which
are clearly seen in our microscope images as shown in Figure
3, would destroy the stacking of graphene fragments, thus
leading to irregularly shaped nanopores and nanochannels.

Hydrogen adsorption at 25 °C and 2 MPa measured by
a gravimetric method on UMC reaches 0.8 wt%, which is
much higher than the 0.2 wt% on PFAC.I?!l To explore the
effect of the topological defects on the adsorption ability,
the H, adsorption energy was calculated at different posi-
tions. As shown in Figure 7a, a “geographic map” (with red
atoms being lowest and blue atoms highest) clearly shows the
“folds” in a relaxed defective graphene sheet. Locally, these
distortions in the graphene sheet create favorable physisorp-
tion sites, identified by calculating the H, adsorption energy
at different positions using a H,—C potential developed based
on quantum chemistry calculations!®! (see comments on the
parameters for this potential in Reference [6]). In Figure 7b,
we show sites for H, molecules where the adsorption ener-
gies are greater than 80 meV molecule™ (up to =120 meV
molecule™), that is, binding strengths in excess of 900 K.
These are clearly located in “folds” where the adsorbed mol-
ecules can interact with more carbon atoms. In contrast, the
flatter regions show no such strong adsorption, typically with
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Figure 6. Segment of a simulated defective graphene sheet, with
five to seven dislocation structures arranged similarly to microscopy
observations. Colors indicate atomic energies, with blue representing
the lowest and red the highest. a) Close-up of a region, projected along
the z-axis (perpendicular to the initial plane of the unrelaxed structure).
b) The entire periodic simulation cell, oriented at an angle to show the
height variations.

adsorption energy between 60 and 70 meV molecule™. Such
weak binding of H, on individual graphene sheets cannot
support significant storage at ambient temperature.

Figure 7. a) Relaxed structure of simulated defective graphene sheet. Colors
indicate height (red = lowest, blue = highest). b) The same sheet, with areas
of strongest H, adsorption indicated by colored spheres. Only areas with
adsorption energies stronger than 80 meV molecule™ are shown.
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Indirectly, the local distortions of each individual sheet
limit the “packing” of the sheets, that is, they cannot pack
as well as perfect graphene sheets. Larger distortions of the
sheets will presumably interfere with the packing, assuming
that defects in one sheet are uncorrelated with the next.
While the typical graphite interlayer spacing is too close to
permit hydrogen adsorption, some adsorption would be pos-
sible if the interlayer spacing between graphene sheets is thus
expanded due to the distortions.['?] The as-formed voids
between graphene sheets, which are the most noticeable fea-
ture of nanoporous carbon, are therefore physisorption sites
for hydrogen storage.’"] Thus, the localized rippling induced
by topological defects influences the stacking of the graphene
sheets and therefore affects the porosity and H, adsorption
performance of the nanoporous carbon materials. A similar
trend is expected for physisorption of other small molecules
(such as N,, CH,, and CO,) under supercritical conditions.

3. Conclusion

In conclusion, we have investigated the atomic structure and
defect configurations of UMC and PFAC nanoporous car-
bons by aberration-corrected STEM and have demonstrated
that their building blocks are randomly wrinkled graphene
sheets. The observed nonhexagonal defect rings of carbon
atoms produce curvature of the graphene sheets, which
expands the average interplanar spacing by approximately
10% and creates nanopores. Accordingly, the adsorption per-
formance of nanoporous carbon is strongly affected by these
defects. The two nanoporous carbons we observed show very
different spatial extents of the stacked defective graphene
sheets. The smaller these regions are, the larger the surface
area and porosity measured by gas adsorption. These results
imply that limiting the size of the stacked defective graphene
sheets, perhaps through doping of edge sites, could further
enhance the porosity of nanoporous carbons.

4. Experimental Section

The two kinds of nanoporous carbons studied herein were derived
from different carbon sources. UMC is a wood-based activated
carbon that has a high surface area (Sger = 2540 m? g™%) and high
pore volume (V,o, = 1.42 cm>-g™1). PFAC was obtained by pyrolysis
of the synthetic polymer poly(furfuryl alcohol) and has lower sur-
face area and pore volume than UMC (Sger = 1530 m? g7%; V=
0.99 cm? g1). Details of the synthesis procedure and additional
information on properties can be found elsewhere.h2211 N,
adsorption was performed at 77 K with an Autosorb 1C instrument
from Quantachrome Corp.

The two nanoporous carbons were characterized by ADF
imaging and EELS using an aberration-corrected scanning trans-
mission electron microscope. Specimens were prepared for elec-
tron microscopy by grinding particles of the nanoporous carbon in
ethanol and depositing the crushed particles onto holey carbon
support films. The microstructures were studied using a Nion-
UltraSTEM100 instrument operating at a low accelerating voltage
of 60 kV (below the knock-on threshold of sp?-bonded carbon in
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graphenel!6:3132) The achievable spatial resolution using this
fifth-order aberration-corrected microscope at 60 kV was ~1.1 A.
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