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Free-Standing Single-Atom-Thick
Iron Membranes Suspended in
Graphene Pores
Jiong Zhao,1,3 Qingming Deng,2 Alicja Bachmatiuk,1,3,4 Gorantla Sandeep,1 Alexey Popov,2

Jürgen Eckert,1,5 Mark H. Rümmeli3,6*

The excess of surface dangling bonds makes the formation of free-standing two-dimensional (2D)
metals unstable and hence difficult to achieve. To date, only a few reports have demonstrated
2D metal formation over substrates. Here, we show a free-standing crystalline single-atom-thick
layer of iron (Fe) using in situ low-voltage aberration-corrected transmission electron microscopy
and supporting image simulations. First-principles calculations confirm enhanced magnetic
properties for single-atom-thick 2D Fe membranes. This work could pave the way for new
2D structures to be formed in graphene membranes.

The success and promise of atomically thin
carbon–namely, graphene (1)–has triggered
enormous enthusiasm for the study of oth-

er two-dimensional (2D) materials such as hBN,
MoS2, and MoSe2 (2, 3). These 2D films are
able to be reduced to atomically thin layers while
still maintaining mechanical integrity, because
they are layered structures where the bonding

within a layer is covalent whereas the interlayer
bonding occurs through weak van der Waals in-
teractions, thus allowing individual layers to be
easily separated.With bulk metals, at first glance,
the nature of metallic bonding and their 3D struc-
ture prohibit them from existing as a monoatomic
layer. The only reports for atomically thin me-
tallic layers, thus far, are heteroepitaxial struc-
tures in which the metal atoms bond with the
underlying substrates (4, 5). On the other hand,
because of nondirectional metallic bonding and
the excellent plasticity ofmetals, at the nanoscale,
one can build few-atom or even single-atom
bridges (6, 7). Many single atomic metallic layers
(e.g., Fe, Co, and Mn) are attractive due to their
inherent magnetic properties. For the case of 2D
Femonolayers, themagnetic moment is expected
to be 3.1 mB, which is markedly higher than its
bulk counterpart (2.2 mB), and, in addition, 2D Fe
should have a large perpendicularmagnetic anisot-

ropy (8). Hence, 2D magnets could be promis-
ing for magnetic recording media. Most of what
is known about 2D magnets is based on theoret-
ical investigations. These studies point to their
magnetic properties being highly sensitive to their
structure (9). Face-centered cubic (FCC) Fe and
body-centered cubic (BCC) Fe ultrathin films
have been grown on Cu,W, SiC,MgO, and other
surfaces (9–13). However, these structures inter-
act with the underlying substrate. Free-standing
2Dmetal films do not suffer from substrate-based
influences, thus preserving coordination and
electron confinement.

Experimental and theoretical works have fo-
cused on the interactions between graphene and
single metal atoms (including Fe atoms) (14–16)
or clusters (17). We show that porous graphene
under electron-beam irradiation can be extended
to enable Fe atoms and clusters to entirely seal
small perforations in graphene and form a single
atomic crystalline Fe layer.

In our in situ investigation, a low-voltage
spherical aberration-corrected transmission elec-
tron microscopy (LVACTEM) operating with an
acceleration voltage of 80 kVwas employed (18).
The graphene samples were grown by chemical
vapor deposition (CVD) over Ni/Mo substrates
(19). The as-produced monolayer graphene was
then transferred on to standard lacey carbon (TEM)
grids using an FeCl3 etching solution to detach
the graphene (20). The transferred samples typically
consist of large areas of monolayer graphene in
which some regions contain remnant material
from the transfer process, including remnant Fe
species from decomposed FeCl3 (20). Under
close inspection, pure Fe can be found as small
nanocrystals forming on the surface of the
graphene, as single atoms or small clusters at the
edge of pores in clean graphene, or as 2D crys-
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talline membranes suspended across perforations
in the graphene. Typical examples are provided
in Fig. 1. In the case of nanocrystalline structures
forming on the surface of the graphene (Fig. 1, B
and C), the measured lattice constants obtained
from the Fourier domain from numerous micro-
graphs indicates that they are either BCC or hex-
agonal close-packed (HCP) Fe structures. These
structures match image simulations of BCC and
HCP Fe nanocrystals as, for example, shown in
the insets of Fig. 1, B and C, in which both the
stick-and-ball models and image simulations are
provided. In general, the Fe nanocrystals contain
200 to 1000 Fe atoms. Local electron energy-loss
spectroscopy (EELS) spectra highlight the pres-
ence of pure Fe clusters (figs. S1 and S2). De-
tailed investigations at the local scale exclude

other possible compounds—e.g., carbides and
oxides—and confirm the presence of pure Fe
nanostructures. Representative studies are pro-
vided in figs. S3 to S6.

In the case of individual Fe atoms or few-
atom clusters, they tend to get trapped in small
vacancies and pores in the graphene and are
easily visible due to their high contrast relative
to the graphene lattice. Typical examples are pro-
vided in Fig. 1D (Fe cluster in a pore) and Fig. 1E
(individual atoms trapped at pore edges). Typi-
cally, these atoms are mobile around the edges
when irradiated with electrons. These observa-
tions have been reported by others (14), so we do
not elaborate further.What we do focus on here is
the ability of larger numbers of Fe atoms to get
trapped within a pore and form an ordered 2D

crystalline lattice. Examples of such 2D Fe crys-
talline structures can easily be seen in Fig. 1, F
andG,where the high-contrast Fe atoms fill a pore
with the atoms arranging themselves, for the most
part, in an ordered manner. The lattice constant
for the observed nanocrystals is 2.65 T 0.05 Å,
which is appreciably larger than that for the
(200) Miller-index plane distance for the FCC
phase or the (110) plane distance for BCC Fe.

Figure 2A shows a higher-magnification TEM
micrograph of one of these Fe membranes sus-
pended in a graphene pore. Figure 2B shows the
corresponding micrograph after Fourier trans-
form filtering (to reduce noise), and Fig. 2C
shows an image simulation of a 2D Femembrane
suspended in graphene. Initial visual inspection
shows strong similarities. Figure 2D shows the

Fig. 1. LVACTEM images of graphene perforations and various Fe
clusters. (A) Graphene perforations (highlighted). (B) BCC Fe nanocrystal,
with atomic structure and image simulation as an inset. (C) HCP Fe nano-
crystal, which has a step on it. The atomic structure and an image simulation

are provided in the inset. (D) A several-atom cluster embedded in graphene.
(E) Many individual Fe atoms residing on the edges of graphene. (F and G)
Two typical monoatomic Fe layers suspended in a perforation in graphene.
Scale bars, 1 nm.

Fig. 2. Characterization
of monoatomic Fe layer.
(A) LVACTEM micrograph of
a monoatomic Fe layer with
the square unit cell. The in-
set highlights the interatomic
spacing of the square unit
cell. (B) Smoothed image of
(A). (C) Image simulation of
a monoatomic Fe layer. (D)
Fast Fourier transform of the
structure in (A) that shows
the lattice relationship be-
tween the graphene (red) and
the monoatomic Fe layer
(white). (E) Normalized in-
tensity profiles from the im-
age simulation (black line)
and experimental image (red
line), corresponding tomarked
profiles in red dashed lines
in (B) and (C). The intensity profiles match, confirming that the Fe membrane is a single atom thick. (F) Atomic structure of a suspended mono/atomic Fe layer in
a graphene pore. All scale bars, 0.6 nm.

www.sciencemag.org SCIENCE VOL 343 14 MARCH 2014 1229

REPORTS



Fourier transform of Fig. 2A. The inner reflexes
correspond to the (100) plane of Fe. The outer
reflexes arise from the (1-100) plane of graphene.
In addition, the (110) plane for Fe almost over-
laps the (1-100) graphene planes. This indicates
preferential alignment of the Fe(110) plane with
the graphene (1-100) plane. This preferential align-
ment was observed for all the examined struc-
tures. We also compared the relative intensity
variation between the graphene basal plane and
the Fe structure filling the pore for both the ex-
perimentally obtained micrographs and the im-
age simulations. An example is provided in Fig.
2E. The two profiles match each other extremely
well. The image simulation is formed from a
single atomic layer of Fe atoms (Fig. 2F) and so
confirms that the suspended Fe structure we mea-
sure experimentally is a single-atom-thick Fe layer
with a square lattice (see fig. S7 for more detail
on thickness determination). EELS studies show
only Fe peaks and no carbon or oxygen signa-
tures, confirming that the monolayer membranes
are made only of Fe.

To better comprehend thesemonolayer Fe struc-
tures,we conducted density functional theory (DFT)
calculations based on the generalized gradient ap-
proximation with the Perdew-Burke-Ernzerhof

function (21). The calculations show that the
in-plane square lattice of monolayer Fe is en-
ergetically favored over the other possible 2D con-
figurations, including tetragonal, hexagonal, and
so forth. The calculations suggest the most stable
lattice constant for monolayer Fe is ~2.35 Å,
which is smaller than our experimental value of
2.65 T 0.05 Å; however, the calculated energy
difference between 2.35Å and 2.65Å is not large
(0.2 eV per atom) (table S1). In addition, some
physical aspects not considered in the calcula-
tions could lead to a larger lattice constant. For
example, the effect of spin-orbit coupling and
perpendicular magnetic anisotropy in atomically
thin films will lead to energy variations. More im-
portant, strain due to lattice alignment and mis-
match between graphene and 2D monolayer Fe
cannot be ignored, particularly because our cal-
culations show that the in-plane Young’s mod-
ulus of monolayer iron is ~160 GPa, which is an
order of magnitude smaller than that of graphene
(1 TPa). Figures S8 to S11 and their accompany-
ing discussion in the supplementary materials
illustrate the effect of strain on the lattice spacing.
Moreover, the phonons in monolayer Fe will
differ from bulk 3D Fe (22) because the fraction
of anharmonic vibrations increases with the re-

duction of thin-film thickness, which leads to a
larger thermal expansion. To investigate this, an
additional self-consistent lattice dynamics calcu-
lation or ab initio molecular dynamics calculation
would be required (23).

One can get a sense of local strain effects by
first looking at the interface between iron atoms
attached to different graphene edges. Two pos-
sible binding configurations are possible between
Fe atoms and graphene, namely, binding to the
basal plane or at an open end or edge. In practice,
binding at the basal plane is relatively common,
whereas metallic atom binding at the open edges
is rare even though such binding has been theo-
retically proposed (24). In our observations, the
Fe atoms always bind at open graphene edges—
for example, at the edges of a pore as shown in
Fig. 3, A to C. We also study such Fe atom
attachments using first-principle DFT calcula-
tions. Because the most stable edge terminations
for graphene are the armchair and zigzag con-
figurations (25), we investigated six possible con-
figurations for single Fe atoms at armchair or
zigzag edges, including an arrangement in which
Fe atoms replace the first two rows of carbon
atoms at an open edge (Fig. 3, D to I). The bond-
ing energies of the Fe atoms for these config-

Fig. 3. The interface between amonoatomic Fe layer and graphene and
local strain mapping. (A) LVACTEM image of the Z1 configuration as il-
lustrated in (D). The insets show the highlighted edge structure, with carbon
(black) atoms and Fe (orange) atoms highlighted. (B and C) LVACTEM images of
the Z2 and A1 configurations [(E) and (F), respectively]. The insets show the
highlighted edge structure with carbon (black) atoms and Fe (orange) atoms
highlighted. Scale bars in (A) to (C), 1 nm. (D to I) First-principle calculation
results showing top and cross-section views of different single-Fe atoms binding
to different graphene-edge configurations. The insets for (D) to (F) show the

corresponding image simulations from the stick-and-ball structure provided in
themain panels. (J andK) The Fe(110) with armchair edge visible in a LVACTEM
image and first-principle-calculated configuration, respectively. Scale bar in (J),
0.5 nm. (L) Schematic diagram showing the relationship between the (100) and
(110) Fe edges and the zigzag (Z) and armchair (A) edges from graphene. (M to
P) Calculated local von Mises-strain-invariant plots of two single-atom Fe layers.
The atom positions are taken from the micrographs provided in Fig. 1, F and G;
(M) and (O) provide the hydrostatic strain plots, and (N) and (P) show the shear
strain plots. The color of each atom refers to the values in the vertical scale bar.
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urations are provided in table S2. Despite the
bonding energies not being at a minimum in the
substitution configuration in which an Fe atom
replaces a single carbon atom in a hexagonal ring
(configurations Z1, Z2, and A1 in Fig. 3, D to F,
respectively), as compared to configurations Z3,
A2, and A3 (Fig. 3, G to I, respectively), they are
favored because upon removal of an Fe atom, an
incomplete hexagon structure is left, which is en-
ergetically unfavorable (as compared to zigzag or
armchair terminations). Thus, the reaction barrier
for the removal of substitution Fe atoms is high.
Indeed, this is what we observe experimentally,
where for the most part, Fe atoms are imaged as
substituting a C atom in a benzene ring at the
edge of graphene, as shown in Fig. 3, A to C. For
comparison, image simulations based on the struc-
tures used for the first-principles calculations are
provided as insets in Fig. 3, D to F.

Although substitution configurations are more
stable, the formation of an Fe monoatomic layer
occurs with a continuous placement of Fe atoms
along the edges that are not always set in a sub-
stitution configuration. For example, linking con-
figurations such as Z3 (Fig. 3G) andA2 (Fig. 3H)
are also found, as can be seen in Fig. 3J. The
linking formation shown in Fig. 3I is rarely ob-
served; this is due to its reduced bonding energy.
Linking formations are observed in monolayer
Fe-graphene junctions, as illustrated in Fig. 3J;

the corresponding calculated structure is also
given (Fig. 3K).

Another aspect to consider at the Femembrane-
graphene interface is the preferential alignment of
Fe atoms. For example, considering the graphene
zigzag and armchair edges and the lattice con-
stant for monolayer Fe, the best lattice match is
twice the Fe(110) plane distance (1.9 Å) with an
armchair edge (2.1 Å). This configuration pro-
vides the lowest mismatch strain and interfacial
energy and is an alignment configuration that we
observe in our experiments, as can be seen in the
diffraction information shown in Fig. 2D. How-
ever, if an Fe(110) plane to armchair configu-
ration exists, then the only other match is for the
Fe(110) plane to align with a zigzag edge (Fig.
3L). In effect, in a membrane interface, mis-
matches lead to distortions at the interface (within
15°). The interfacial distortions can be seen more
clearly on local strain maps, as illustrated in Fig. 3,
M to P. The atomistic positions are obtained by
the Gaussian fitting of atom locations taken from
experimental micrographs. The local 2D atomis-
tic strains are then calculated (26). The shear strain
components and hydrostatic strain components
are provided in Fig. 3, M and O, and Fig. 3, N
and P, respectively, for two actual images (Fig. 1,
G and F, respectively). Examination of the strain
maps show lower shear at the center of an Fe mem-
brane than at the edges. This is concomitant with

the hydrostatic strain, which appears homogeneous
at the center of the membrane. (See the supple-
mentary materials for further discussion.)

We now turn to the formation and stability of
single-atom-thick Fe membranes while under elec-
tron irradiation. Typically, Fe atoms on the sur-
face of the graphene are mobile while exposed to
electron irradiation. If they encounter a small hole
(a few nm wide), the atoms collect and rearrange
themselves within it to form a monolayer crys-
talline Fe membrane. The formation process
usually occurs in a matter of seconds. Figure 4A
shows a hole in the graphenewith a number of Fe
atoms perched by an edge. After 3 s of electron
irradiation (1 pA/nm2), the Fe atoms have moved
into the hole and arranged themselves neatly into
a crystalline 2D Femembrane (Fig. 4B). (Amore
detailed set of images and the formation of a
suspended Femonolayer by etching the graphene
beneath can be found in figs. S12 to S14.) Once a
suspended Femembrane has formed in a graphene
pore, it is relatively stable in that it can sustain
electron irradiation for several minutes, after
which it starts to collapse (Fig. 4, C to J). Closer
examination shows that the Fe monolayer edge
disconnects first from a zigzag edge, whereas Fe
(110) membrane-armchair interfaces tend to re-
main stable for far longer before forming an amor-
phous particle (see circled regions in Fig. 4, E and
F). This is in agreement with our analysis above,
in which armchair interfaces are shown to be the
most stable configurations.

We also studied the diameter-stability depen-
dence. By investigating the energy difference,
DE, between a suspended Fe monolayer and a
nanoparticle using the equivalent number of Fe
atoms, one can estimate the largest stable Fe
membrane that can form. DE is given by

∆E = EFe-C + EMLFe-EFe (1)

where EFe-C is the binding energy between the Fe
membrane and graphene interface, EMLFe is the
total energy of the Fe monolayer, and EFe is the
total energy of the Fe nanoparticle, including
the surface energy. Neglecting the effects of
lattice instabilities and using energy values de-
termined in our previous DFT calculations, we
find the largest stable membrane to be ~12 atoms
wide (fig. S15) or 3 by 3 nm2. This is in excel-
lent agreement with our experimental observa-
tion, in which the largest observed diameters are
~10 atoms.

Finally, we examined the band structure of a
freestanding monolayer Fe membrane through
spin-polarized DFT calculations using the exper-
imentally derived lattice constant (2.65 Å) and
compare it to the (calculated) band structure of
bulk BCCFe. Some obvious differences between
the two can be seen, as shown in fig. S16. By
comparing the partial density of states, one can
see that for the spin-up (majority) orbitals, the
dz

2 orbital for 2D Fe is appreciably smaller than
for bulk BCC Fe. This is primarily due to the
2D nature of the Fe membrane, because the dz

2

Fig. 4. The formation and collapse of a suspended single-atom Fe layer under electron
irradiation. (A) An Fe cluster at the edge of a graphene pore (highlighted). (B) After 3 s, the Fe atoms
move in to the perforation and form a single-atom Fe membrane sealing the entire graphene pore. (C to J)
Continued electron irradiation leads to the collapse of the 2D Fe membrane. The Fe(110)–armchair
graphene interfaces are the most stable and are highlighted in (E) and (F). All scale bars, 1 nm.
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orbital is out of plane whereas the dxy orbital is in
plane. The first-principles calculations show a con-
siderably enhanced magnetic moment for single-
atom-thick Femembranes (3.08 mB) as compared
with bulk BCC Fe (2.1 mB), in good agreement
with previously calculated values (8). The total
magnetic moment is slightly decreased by the
Fe-C boundary effect but is still much larger the
bulk value (fig. S17).

In summary, the existence of free-standing
monoatomic suspended Fe membranes is dem-
onstrated. These 2D Fe nanomembranes are di-
rectly imaged and are shown to have a square
lattice with a 2.65 Å lattice constant at room tem-
perature. These studies provide valuable data for
further more accurate and in-depth theoretical in-
vestigations. The potential of perforated graphene
as a support for 2D membranes is shown, and
one can anticipate new 2D structures from a va-
riety of elements to emerge.
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Main-Group Compounds Selectively
Oxidize Mixtures of Methane, Ethane,
and Propane to Alcohol Esters
Brian G. Hashiguchi,1* Michael M. Konnick,1 Steven M. Bischof,1 Samantha J. Gustafson,2

Deepa Devarajan,2 Niles Gunsalus,1 Daniel H. Ess,2* Roy A. Periana1*

Much of the recent research on homogeneous alkane oxidation has focused on the use of
transition metal catalysts. Here, we report that the electrophilic main-group cations thallium(III)
and lead(IV) stoichiometrically oxidize methane, ethane, and propane, separately or as a one-pot
mixture, to corresponding alcohol esters in trifluoroacetic acid solvent. Esters of methanol, ethanol,
ethylene glycol, isopropanol, and propylene glycol are obtained with greater than 95% selectivity
in concentrations up to 1.48 molar within 3 hours at 180°C. Experiment and theory support a
mechanism involving electrophilic carbon-hydrogen bond activation to generate metal alkyl
intermediates. We posit that the comparatively high reactivity of these d10 main-group cations
relative to transition metals stems from facile alkane coordination at vacant sites, enabled by
the overall lability of the ligand sphere and the absence of ligand field stabilization energies in
systems with filled d-orbitals.

Theworld is undergoing a revolution in raw
hydrocarbon feedstock supply with the dis-
covery of increasingly abundant sources

of natural gas in shale and offshore gas fields (1).
Although natural gas is primarily methane, natu-
ral gas—particularly from shale—also has sub-
stantial amounts of ethane and propane (2). The
conversion of methane, as well as these higher
alkanes in natural gas, into liquid fuels and com-
modity chemicals such as methanol, ethylene, etha-

nol, ethylene glycol, isopropanol, and propylene
glycol at lower costs than the current multistep,
capital-intensive processes could reduce emissions
and our dependence on petroleum, as well as in-
crease the value of natural gas.

An important approach that has emerged in
the past few decades is the design of molecular
(homogeneous) catalysts for the oxidative func-
tionalization of alkanes based on the CH acti-
vation reaction. This involves selective reaction
of an M-X catalyst with a hydrocarbon CH bond
(R-H) under relatively mild conditions without
the involvement of radicals in order to generate a
M-R intermediate that is converted to the desired
R-X product with regeneration of M-X (Eq. 1).
There has been considerable effort in this area of

research with homogeneous (3–23) as well as
heterogeneous catalysts (24–26), and substantial
progress has been made in recent years. Most of
the work on the homogeneous systems have been
primarily based on transition metals (with un-
filled d-shells, d<10) such as Pt (3, 4, 16), Pd
(14, 17–19, 23), Rh (20–22), and Ir (7–10). In
contrast, relatively few studies have been directed
toward the classic main-group elements with a
filled d-shell (d10). In 1993, we reported an ex-
ample of a main-group metal cation, HgII, in the
superacid concentrated H2SO4 for direct conver-
sion of methane to methanol esters (15). In spite
of the simplicity of the HgII system, it was not
further developed because of lack of reaction
in more practical, weaker acid media such as
CF3CO2H (TFAH),CH3CO2H (HOAc), or aqueous
acids with which product separation could be prac-
tical. Another key issue was that the reactions of
ethane and propane were unselective with the
HgII system. We originally proposed an electro-
philic CH activation mechanism for the HgII sys-
tem. However, later work by Sen, based on the
observation of products resulting fromC-C cleav-
age reactions with higher alkanes, suggested that
Hg(II) in superacid media was sufficiently oxi-
dizing to initiate free-radical reactions (5)

M-X +R-H→M-R→M-X+R-X (1)

This possibility for unselective radical reactions
with higher alkaneswas also considered byMoiseev
and co-workers in the early 1990s on the reaction
of alkanes in TFAH with strongly oxidizing salts
that were known to be effective for oxidizing hy-
drocarbons through free-radical mechanisms
(27, 28). The initial report showed high yield and
selectivity for the stoichiometric reactions of
CoIII withmethane toMe-TFA (27). Carrying out

1The Scripps Energy and Materials Center, Department of Chem-
istry, The Scripps Research Institute, Jupiter, FL 33458, USA.
2Department of Chemistry and Biochemistry, Brigham Young
University (BYU), Provo, UT 84602, USA.

*Corresponding author. E-mail: rperiana@scripps.edu (R.A.P.);
dhe@chem.byu.edu (D.H.E.); bhashigu@scripps.edu (B.G.H.)

14 MARCH 2014 VOL 343 SCIENCE www.sciencemag.org1232

REPORTS


