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Atomic scale characterization of the surface structure of powder catalysts is essential to the identification
of active sites, but remains a major challenge in catalysis research. We described here a procedure that
combines atomic force microscopy (AFM), operated in air, and scanning tunneling microscopy (STM),
operated in UHYV, to obtain the atomic structure and local electronic properties of powder catalysts. The

atomically dispersed Fe-N-C catalyst was used as an example, which was synthesized by low temperature

ball milling methods. We discussed the effect of solvents in the dispersion of powder catalysts on a planar

g?l/l‘iv;qﬁ;ng support, which is key to the subsequent atomic characterization. From the morphology, atomic structure
AFM and local electronic properties of the Fe-N-C catalyst, our combined measurements also provide an insight
STM for the effect of ball milling in the preparation of atomically dispersed metal catalysts.

Nitrogen-doped graphene
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1. Introduction

Highly dispersed metal atoms or sub-nanometer clusters con-
fined on a solid support could often demonstrate superb catalytic
activity and selectivity in chemical reactions [1-4], which has led
to a general interest in catalysis and chemical research. The design
and synthesis of these atomically dispersed catalysts have thus
been suggested as an effective strategy to develop highly efficient,
yet cost-effective catalyst that could meet with our current energy
and environmental needs [5]. However, there are very few tech-
niques that can resolve the structural and electronic properties of
these metal centers or clusters at the atomic level, which has ham-
pered our understanding and thus the design of these atomically
dispersed supported catalysts.

Transmission electron microscopy (TEM) has often been used to
resolve the structure of the above mentioned catalysts. But a few
drawbacks were also mentioned that the technique is not sensitive
to surface structure and could modify small metal clusters while
imaging due to the beam damage. Scanning tunneling microscopy
(STM), anondestructive imaging technique, could avoid these prob-
lems, but were rarely employed to study powder catalysts [4],
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because of its sensitivity to atomic contaminants and the diffi-
culty in characterizing samples with high surface corrugations.
In this case, atomically dispersed metal catalysts, when properly
treated and dispersed on a planar surface, could be suitable for
STM characterization. Here, we report the combination of atomic
force microscopy (AFM) and STM methods to achieve atomic-scale
characterization of atomically dispersed metal catalysts. AFM oper-
ated under the ambient environment allows the quick examination
of the dispersion of powder catalyst on a planar support, as well
as the morphology and mechanic properties of the catalyst sam-
ple. On this basis, STM on the well-dispersed sample surface could
readily resolve further the atomic structure and local electronic
property. In this paper, we report a study on the Fe-N-C catalyst,
which consists of graphene nanosheets (GNs) modified by Fe and
N atoms. While inorganic oxides such as alumina and silica were
conventionally used as the catalyst support, carbon-based mate-
rials have emerged in recent years and exhibit excellent catalytic
performance in both thermo- and electro-catalysis [6,7], when the
carbon matrix is doped with main group heteroatoms and metal
centers. Substitutional doping of heteroatoms, such as N or B, in
the carbon matrix is considered a requirement to anchor the active
metal center and tune its reactivity [8]. The efforts to synthesize
isolated metal centers embedded in a graphene matrix have been
tremendous. Typically, pyrolysis [7,9,10] or ball milling [1] meth-
ods were used to prepare the Fe-N-C catalyst, while the former
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Fig. 1. AFM and STM images of the HOPG substrate. Height and phase images of the same area of HOPG could be obtained simultaneously by typical tapping mode AFM and
displayed in (a) and (b), respectively. (c) is the constant current STM image of HOPG. The step height of HOPG is about 3.3 A, corresponding to monoatomic step height of
HOPG. Inset shows the step height of HOPG. (d) shows the atomic resolution STM image of HOPG.

method could often produce metal nanoparticles because of the
high temperature treatments involved.

Ball milling, as a low temperature preparation method, has
made significant progress in catalyst synthesis in recent years. In
addition to its application in preparing catalytic nanomaterials,
ball milling has also been used for facilitating chemical reac-
tions, leading to the development of a research area, termed as
mechanochemistry [11,12]. How ball milling affects nanomaterial
synthesis, however, still requires an atomic level understanding on
the ball-milled catalysts. Using the Fe-N-C catalyst as an example,
we discuss the effect of ball milling in the synthesis of GN-based
nanocatalysts and described a procedure to obtain the surface
structure and electronic properties of the Fe-N-C catalyst, which
should be generally applicable for the characterization of powder
catalysts.

2. Experimental

The preparation of the Fe-N-C catalyst has been described in
details in our previous work [1]. Briefly, the sample was prepared
by high-energy ball milling of the mixture of iron phthalocyanine
(FePc) and GNs, where the mass fraction of FePc is 15%. GNs were
obtained by ball milling the graphite flakes (GFs, 99.8%, Alfa Aesar)
as described previously [13]. For AFM and STM characterization,
the synthesized Fe-N-C catalyst was diluted by petroleum ether or
methanol solution at the concentration of 0.1 g/L. After ultrasound

sonication, drops of the solution were casted onto a freshly cleaved
highly-oriented pyrolitic graphite (HOPG) substrate (1cm x 1 cm;
ZYA grade, NT-MDT) by the pipette. The liquid droplet covered
the entire surface area of HOPG. HOPG was chosen as the support
because: a) it exhibits atomically flat terraces suitable for scanning
probe characterization. b) it is easy to obtain a clean HOPG surface
using Scotch tape.

After the vaporization of solvent, the HOPG sample was trans-
ferred to AFM or STM for characterization. The HOPG sample on
the sample plate was marked by a grid with ~3 mm interval, such
that AFM and STM tips could be positioned at approximately the
same surface area. Tapping-mode AFM measurements were con-
ducted using a Bruker Metrology Nanoscope III-D atomic force
microscrope operated under ambient conditions. Commercial tap-
ping mode tips made of phosphorus(n) doped Si were supplied
from Veeco with 115-135 pm long cantilevers, with resonance fre-
quencies of 293-387KHz and spring constants of 20-80N/m. After
AFM measurements, the sample was transferred into a Createc
low-temperature STM system, which is operated under ultrahigh
vacuum (UHV). The base pressure of the STM chamber is below
4 x 10~ mbar and an electrochemically etched W tip was used
for STM measurements. STM images, as well as scanning tunneling
spectroscopy (STS), were taken at liquid nitrogen (LN;) or liquid
helium (LHe) temperatures and processed using the SPIP software
from Image Metrology.
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3. Results and discussion

The fresh HOPG surface prepared by Scotch tape is flat with ter-
race width ranging from a few ten nm to over a hundred nm (Fig. 1).
In AFM images, both the height image (Fig. 1a) and the phase image
(Fig. 1b) give the clear height difference among the different surface
carbon layers. The step heights of HOPG are measured to be 3.3 A,
which is consistent in AFM and STM measurements. Atomically
resolved STM images of HOPG (Fig. 1d) shows an ordered hexago-
nal lattice, with a lattice constant at 2.4 A, suggesting only half of
the surface carbon atoms were resolved as bright protrusions. This
is consistent with previous study [14] that the electronic states of
carbon atoms, which are located right on top of carbon atoms at
the lower layer, are moved away from the Fermi level. Only carbon
atoms, located above the center of the hexagonal carbon ring in the
second layer, could be resolved as protrusions in the STM.

The selection of solvents was found key to the dispersion of
the catalyst sample. Two types of solvents, petroleum ether and
methanol, were used to examine the effect of solvents in the dis-
persion of the Fe-N-C catalyst on HOPG. Fig. 2 shows typical AFM
images, which compare the dispersion of the Fe-N-C catalyst after
drop casting the methanol or petroleum ether solution on HOPG.
Fig. 2a and 2b show the methanol solution deposits some bright
protrusions, which were distributed randomly on HOPG. In con-
trast, the petroleum ether solution leaves large nanoflakes on the

HOPG surface (Fig. 2c-d). In the phase images, the morphology of
deposited sample could be easily distinguished from the HOPG sub-
strate, since the mechanic properties of the deposited sample is
drastically different from that of HOPG.

Note that, the Fe-N-C catalyst is derived from ball milling the
mixture of FePc precursors and GNs. One would expect flake-like
structures when the catalyst was deposited on HOPG. As petroleum
ether could distribute graphene sheets homogeneously on HOPG,
methanol solution shows poor solubility for GNs and thus fails the
dispersion of the Fe-N-C catalyst. Thus, we expect nonpolar solvents
or solvents with low polarity index are suitable for the dispersion
of GN-based catalyst. The polarity of dispersion solvents is vital for
the deposition of catalyst sample on HOPG.

Using petroleum ether as the dispersion solvent, we then inves-
tigated the surface morphology of the Fe-N-C catalyst, as a function
of its deposition amount on HOPG. Fig. 3 shows clearly that the
surface coverage of GN flakes increases with the increasing num-
bers of droplets that were casted onto HOPG. We found that GNs
tend to disperse homogeneously on HOPG, rather than stacking
onto each other, at the initial stage of deposition. As GNs gradually
cover almost the entire HOPG surface (Fig. 3c-d), the dispersion
of overlayer GNs remains homogenous, rendering a relatively flat
surface suitable for scanning probe characterization. When HOPG is
fully covered by a few layers of GNs (Fig. 3e-f), bright mounds with

Fig. 2. Effect of solvents on the dispersion of the Fe-N-C catalyst on HOPG. Methanol or petroleum ether were used to disperse the Fe-N-C catalyst and tapping mode AFM
were used to characterize the drop-casted Fe-N-C catalyst on HOPG in (a-d). (a) and (b) display height and phase images of the same area after the catalyst was dispersed
by methanol and casted onto HOPG. Bright protrusions could be observed and distribute homogeneously on HOPG. (c¢) and (d) display height and phase images of the same
area after the catalyst was dispersed by petroleum ether and casted onto HOPG. Graphene nanosheets were found to deposit homogeneously on the HOPG substrate.
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Fig. 3. Surface morphology of the drop-casted Fe-N-C catalyst on HOPG as a function of deposition amount. The corresponding surfaces of HOPG after the deposition of
petroleum ether solution, containing Fe-N-C catalysts, were characterized by tapping mode AFM. (a), (c) and (e) display height images of the surfaces casted with 12 L, 24 pL
or 60 L solution. (b), (d) and (f) show the corresponding phase images of (a), (c) and (e), respectively. All images have the same size at 5 wm x 5 um. Graphene nanosheets
(GNs) tend to disperse homogeneously on HOPG at the initial stage of deposition. The HOPG substrate is almost covered by the stacks of GNs in (c) and fully covered by

multilayers of GNs in (e).

a width around 10-20nm could also be observed at the domain
boundaries of GNs.

We checked over the HOPG surface after the solution depo-
sition and found a similar dispersion of GNs across the whole
surface. Subsequently, the sample of Fig. 3a was transferred into the
UHV chamber for STM characterization at cryogenic temperatures.
Fig. 4 shows the morphology and structure of the Fe-N-C catalyst
deposited on HOPG. The formation of wrinkles on GN (Fig. 4a) is
a typical character of the solution deposited sample. In our sam-
ple, wrinkles can be caused by the evaporation of trapped solvent
molecules upon deposition. The structure of wrinkles formed on
the graphene sheet has been studied in details previously [15,16].

On the planar surface of GN, bright dots could be observed which
distribute randomly on the surface and shows a higher density
around the wrinkle. Fig. 4b shows the atomic structure of a bright
dot. To rule out the possible contamination adsorbed on HOPG, the
sample has been annealed in UHV prior to STM characterization.
We further used tip manipulation trying to see whether the bright
spot could be removed as the tip approached the surface. But these
bright dots remained stable during manipulation or under harsh
scanning conditions. From bias-dependent STM images (Fig. 4b-d),
the apparent heights of these bright dots did not show drastic dif-
ferences, indicating that the electronic structure of the bright dots
are strongly hybridized with that of the graphene matrix, such that
the local density of states (LDOS) at the bright spots are continuous
at near the Fermi level. In another word, the bright spot appears
embedded in the graphene lattice, i.e. the introduction of substitu-
tional heteroatoms. Around the bright dot, the neighboring atomic
spots also appear brighter, indicating the modification of electronic
structure at neighboring sites.

Besides the structural characterization, LDOS of the Fe-N-C cat-
alyst could also be measured by STS. Fig. 4e shows the STS spectrum

taken on GN, which gave no distinct peaks at near the Fermi level.
However, dI/dV spectrum over the bright dot gave a sharp peak at
about —630 meV below the Fermi level. Macrocycle molecules with
the FeN4 center, e.g. FePc, usually have a large gap between their
highest occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO). Consequently, when deposited on
graphene, the adsorbed molecule typically exhibits sharp electronic
states, corresponding to their HOMO and LUMO levels, which are
1.5-2 eV away from the Fermi level. In Fig. 4e, the sharp resonance
state at —0.63 eV below the Fermi level indicates that an isolated
FeNy center strongly interacts with the graphene lattice and intro-
duces a new electronic state, which does not come from N doping
or adsorbed FePc molecules [17,18]. DFT calculation suggested that
an FeN4, moiety was embedded into the GN (Fig. 4f), resulting the
molecular-orbital-like peak structure in the dI/dV spectra (Fig. 4e).
Compared with the large gap between HOMO and LUMO in FePc
molecules, the calculated density of states (Fig. 5) show a few res-
onance states of Fe 3d at 0.4-0.8 eV below the Fermi level and a
sharp resonance state at 0.2 eV above the Fermi level.

We have also investigated the edge structure of these GNs and
found no decoration of metallic clusters or centers (Fig. 6). Note
that high energy vacancies or defects, such as carbon vacancies
[19] and pentagon-heptagon pairs [20], were rarely observed on
GN. Previous studies have expected that ball milling would intro-
duce more defects to graphene sheets while reducing their size
[13]. Our studies show that, other than the increase of edge densi-
ties and edge functionalization, ball milling does not promote the
formation of high energy vacancies in the planar surface. The func-
tionalization of edges of GN was also not obvious from AFM or STM
images, which explains the poor solubility of our catalysts in the
polar solvents. Combining AFM and STM, we obtained local atomic
structure of the Fe-N-C catalyst and verified the functionalization
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Fig. 4. The structure and electronic property of the Fe-N-C catalyst on HOPG. (a) Large scale STM image of the Fe-N-C catalyst with image size at 70 nm x 70 nm. (b) Atomic
resolution STM image of the Fe-N-C catalyst, i.e. FeNy species embedded in the GN matrix. (c) and (d) display the atomic structure of the Fe-N-C catalyst at different bias
conditions. Scanning parameters: (c) Us=—1.0V,1=0.3nA, (d) Us=1.0V, 1=0.2 nA. The center bright spot and neighboring atomic spots were enlightened, regardless the bias
polarity. STS spectra taken on GN and at the bright dot of the GN were displayed in (e). The atomic structure of bright dot has been attributed by DFT calculations as the FeNy4

moiety embedded in the graphene matrix, whose structure is illustrated in (f).
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Fig. 5. Calculated density of states of the Fe-N-C catalyst. Spin polarization is included in the calculation and the Fermi level is aligned at OeV. The structural model is
proposed as the FeN4 moiety embedded into the graphene skeleton. Fe, N and C atoms are represented by pink, blue balls and black sticks, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of GN via ball milling methods. Our study thus provides not only an
atomic insight to the Fe-N-C catalyst, but also a procedure for the
atomic characterization of powder catalysts using surface science
approach.

4. Conclusion

Combining AFM (operated in air) and STM (operated in UHV),
we described a procedure that enables the atomic characteriza-

tion of powder catalyst. Using the Fe-N-C catalyst as an example,
we demonstrated that the selection of solvent is key to the homo-
geneous dispersion of powder catalyst on a planar support, which
subsequently enables atomic characterization by UHV STM. The Fe-
N-C catalyst, as a GN-based nanomaterial, can be homogeneously
dispersed onto HOPG by a solvent of low polarity, such as petroleum
ether, but did not disperse well by polar solvent, such as methanol.
GN, when deposited from the solution, grew homogeneously on
HOPG, indicating a weak interaction among GN. Local atomic and
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Fig. 6. STM image on the edge structure of the Fe-N-C catalyst. No decoration of metal clusters was found at the edge. Image size of (a) is 7 nm x 7 nm and scanning parameters
are: Us=0.1V, 1=3.6 nA. Since the step edge interacts with the STM tip during scanning, distorted rows caused by tip change were observed at the top part of (a). The lattice
spacing was measured at the bottom part of (a), which displays a hexagonal lattice. (b) shows the line profile marked by the bule line in (a) and displays a lattice spacing of

~2.46A.

electronic structure of the Fe-N-C catalyst could be obtain by STM
and STS. In combination with theoretical calculations, the results
suggested the FeN4 moiety was embedded into the graphene lat-
tice via ball milling, which provides an insight for the use of ball
milling in the functionalization of two dimensional materials.
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