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The successful isolation and remarkable properties of graphene have recently triggered investigation of
two-dimensional (2D) materials from layered compounds; however, one-atom-thick 2D materials
without bulk layered counterparts are scarcely reported. Here we report the structure and properties of
novel 2D copper oxide studied by experimental and theoretical methods. Electron microscopy obser-
vations reveal that copper oxide can form monoatomic layers with an unusual square lattice on graphene.
Density functional theory calculations suggest that oxygen atoms at the centre of the square lattice stabil-
izes the 2D Cu structure, and that the 2D copper oxide sheets have unusual electronic and magnetic pro-
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Introduction

Two-dimensional (2D) and quasi-2D materials have attracted
increasing attention since the discovery of graphene, a one-
atom-thick carbon sheet with a honeycomb structure, obtained
by exfoliation of bulk graphite."” Single-layer graphene can
maintain its structure because of strong covalent bonding
within a layer, whereas the weak van der Waals forces acting
between the layers allow its isolation. In the same way, 2D
hexagonal boron nitride (A-BN)** and quasi-2D sheets of tran-
sition metal dichalcogenides (TMDs)’ and metal oxides,
including perovskite-based oxides,”” have been found so far,
and reported to exhibit unique and attractive properties. These
materials have their bulk counterparts with layered structures.

In contrast to the above reports, non-layered materials
with wurtzite® and cubic® crystal structures were theoretically
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perties different from 3D bulk copper oxide.

predicted to form 2D layers, and this possibility is important
as it significantly widens the range of potential 2D materials.
Recently, graphene-like 2D zinc oxide clusters'® and 2D iron
clusters with a square lattice’* have been observed by aberra-
tion-corrected transmission electron microscopy (TEM). In
both cases the 2D layers were in the small pores in graphene,
and their edges can be stabilized by bonding with carbon,
whereas such geometry limits the size and properties of 2D
materials.''? On the other hand, 2D zinc oxide sheets were
also observed on metal surfaces by scanning tunnelling
microscopy,>'* indicating that large 2D sheets without bulk
layered counterparts can be grown on a suitable substrate.

Here we report the structure and properties of a novel 2D
material, copper oxide on graphene, studied by experimental
and theoretical methods. The sample was prepared by the con-
ventional deposition technique, and observed by aberration-
corrected scanning transmission electron microscopy (STEM)
combined with electron energy loss spectroscopy (EELS). In
contrast to TEM images using bright field phase contrast,'®'*
annular dark-field (ADF) STEM images are directly interpret-
able and useful for determining the chemical species and
number of atoms. In STEM images, we observed one-atom-
thick Cu clusters with a square lattice, while EELS analysis
revealed that the 2D clusters contain oxygen. Density func-
tional theory (DFT) calculations indicate that oxygen atoms
play a key role in stabilizing the square 2D Cu lattice. We also
predict that 2D copper oxide sheets have unusual electronic
and magnetic properties, namely, wide band gap and anti-
ferromagnetic ground state, as opposed to the semiconducting
and paramagnetic behaviours of bulk copper oxides.

This journal is © The Royal Society of Chemistry 2017
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Results
STEM-EELS observations

Fig. 1a and b show the ADF-STEM images of Cu clusters and
atoms on graphene observed at room temperature; we coloured
the STEM images to enhance the intensity contrast. The
darker blue area corresponds to single-layer graphene, brighter
blue area corresponds to graphene with amorphous carbon
contamination, isolated red dots are Cu atoms, and yellow to
white parts correspond to 3D nanoparticles. The intensity of
ADF-STEM images increases with the atomic number Z as
about Z'°™"® and is proportional to the sample thickness."® In
our images, Cu atoms were ~12 times brighter than C atoms
of graphene. All atoms in the thinnest Cu clusters, highlighted
by the yellow box in Fig. 1a and the green arrow in Fig. 1b, had
almost the same intensity as single Cu atoms dispersed on gra-
phene. This indicates that the clusters are composed of a 2D
Cu sheet with one-atom thickness.
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Fig. 1c and d show the low-pass filtered images as the
yellow and light-blue boxed areas in Fig. 1a, respectively. The
intensity line-profiles shown in Fig. 1e were taken along the
white dashed lines in Fig. 1c and d. As illustrated in Fig. 1e,
the 2D cluster in Fig. 1d had several additional Cu atoms on
the top of Cu atoms in the first Cu layer, judging from the fact
that the intensities of the brighter dots on the dashed line
were twice as large as that of the single Cu atom. In addition, a
part of the edge of the 2D cluster in Fig. 1b is arranged along
the edge of the thin amorphous carbon layer on graphene
(white dashed curve). Such edges or defects in graphene could
have acted as a nucleation site of the 2D clusters, although
further research is required to make their roles clear.

We performed EELS analysis for the 2D copper oxide
cluster marked by the green arrow in Fig. 1b. Fig. 1f shows the
experimental spectra of the 2D copper oxide cluster (green)
and 3D Cu nanoparticle (black), together with the reference
spectra of bulk CuO and Cu.'® In the green spectra, we can see
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Fig. 1 STEM-EELS analysis of 2D copper oxide on a graphene sheet. (a, b) Coloured STEM images of 3D nanoparticles, 2D clusters, and single Cu
atoms on a graphene sheet. The white dashed curve in (b) indicates boundaries between the clean and contaminated (with amorphous carbon)
areas of graphene. (c, d) Magnified and low-pass-filtered images of the 2D clusters marked by the yellow and light blue boxes in (a). (e) Line-profiles
with schematic illustration of the 2D copper oxide and graphene sheet taken through the white lines marked in (c) and (d). (f) The top green EEL
spectrum was obtained from the 2D copper oxide cluster marked by the green arrow in (b), and the second black spectrum was obtained from pure
copper nanoparticles. The bottom two spectra are the reference spectra of copper oxide and pure copper.®
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the oxygen K-edge and sharp copper L, and L; threshold
peaks. Such sharp Cu threshold peaks, so-called white lines,
indicate a partial emptying of the Cu 3d band caused by
chemical bonds with oxygen."'”'® Although the black spectra of
pure Cu also contain small oxygen peaks originated from resi-
dues, they do not show sharp Cu threshold peaks. It is also
noteworthy that the carbon K-edge was detected in the same
areas, and it exhibited the typical features of sp> coordinated
carbon. These results allow us to conclude that the 2D clusters
consist of one-atom-thick copper oxide supported on a gra-
phene sheet.

We measured the distances between the Cu atoms in the
2D cluster in Fig. 1a. The 2D clusters had a square lattice with
a different lattice spacing from that of a top-left 3D nano-
particle. The Cu-Cu distance in the 2D copper oxide cluster
(vellow square in Fig. 1a) was 2.83 + 0.06 A, while that of the
3D nanoparticle was 2.13 + 0.01 A. The latter value is identical
to the lattice spacing of the (200) plane of bulk Cu,O; hence
we identify it as Cu,O. Meanwhile the former value does not
fit into any lattice spacing of bulk Cu, Cu,O or CuO.

Structural determination by DFT calculation and image
simulation

DFT calculations were performed to further investigate the
structure and stability of 2D clusters. We designed models of
2D copper oxide, pure copper, and copper carbide with square
lattices according to the experimental STEM image in Fig. 1b.
DFT calculations revealed that only the copper oxide cluster
could maintain its square lattice on graphene (Fig. 2a), while
other structures collapsed into an amorphous state even at 0 K
(further details are given in ESI Fig. S1}). The Cu-Cu distance
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in the relaxed 2D copper oxide model was 2.76 + 0.02 A, in
excellent agreement with the experiment.

Our calculations show that the oxygen atoms tend to locate
at the centre of the Cu squares; they strengthen the square
lattice and suppress out-of-plane distortion. This configuration
is unusual and might be intrinsic to 2D metal oxides. The
position of oxygen atoms in 2D copper oxide was also con-
firmed by STEM. Fig. 2b and c are the experimental and simu-
lated ADF-STEM images, and the intensity line profiles in
Fig. 2d were obtained along the white dashed lines. The experi-
mental line profile agrees well with the simulated one both for
Cu and O atoms represented by the large and small peaks,
respectively.

We calculated the activation energy and total energy
change for the transformation between the 2D infinite sheets
of copper oxide and pure copper (see ESI Fig. S2t), and found
that oxygen atoms can easily fill in the square Cu lattice
without an energy barrier, whereas desorption of oxygen
requires huge energy penalty. These results explain how
oxygen can stabilize 2D copper oxide, although we used sim-
plified models not taking into account the effect of the
underlying graphene substrate. DFT calculations further
suggest that oxygen atoms at the cluster edges additionally
stabilize the 2D square lattice. The edges of the 2D copper
oxide cluster bind with graphene only when the graphene
sheet has vacancy defects, and even in that case the other
parts of the cluster can maintain its structure without strong
bonding with graphene. This is in contrast to the edges of
pure copper and copper carbide clusters, which are unstable
and bind with the underlying graphene surface by distorting
their structures.
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Fig. 2 Comparison between the experimental and simulated data for the 2D copper oxide cluster. (a) Top and side views of the atomic model of
the 2D copper oxide cluster after the DFT relaxation at 0 K. (b) Magnified and low-pass-filtered STEM images of the 2D cluster in Fig. 1b. (c)
Simulated STEM image using the model of (a). (d) Line-profiles through the white lines marked in (b) and (c). In the simulated line profiles, the posi-
tions of Cu, O, and C atoms are illustrated by red, blue, and gray balls, respectively. The dashed line profile in (d) indicates the intensity of the separ-

ately simulated image of the graphene sheet without the 2D cluster.
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Properties of 2D copper oxide

The unusual atomic geometry of 2D copper oxide leads to
unexpected electronic and magnetic properties. 2D copper
oxide is predicted to have semiconducting properties with a
band gap of 2.7 eV, and major contributions of Cu states at the
bottom of the conduction band and O states at the top of the
valence band (see ESI Fig. S3f). In contrast, bulk CuO is a
semiconductor with a band gap of ~1.5 eV.'® Furthermore, 2D
copper oxide has an antiferromagnetic ground state (see ESI
Fig. S47), whereas bulk Cu and CuO are paramagnetic.

We also estimated the in-plane stiffness of 2D copper oxide
to be 123.7 N m™" by ab initio calculation, which is lower than
that of graphene (340 N m™'),>® but comparable to those of
TMD materials (123-180 N m™" for single-layer MoS, and
WS,).>'** 2D copper oxide has a high stiffness because Cu
and O atoms in the 2D sheet form strong covalent bonds with
the binding energy of 4.07 eV. In addition, the mechanical
stability of the 2D cluster against bending was examined by
comparing the total energy of flat 2D copper oxide with copper
oxide nanotubes and was studied at the DFT-PBE level (see ESI
Fig. S5a and bt). Calculations by this approach show that the
copper oxide nanotube with a finite radius (>0.5 nm) is energe-
tically more stable than the 2D sheet, implying the necessity of
graphene as a supporting material of the 2D copper oxide.

Molecular dynamics (MD) simulations further suggest that
a small 2D copper oxide cluster (~1.4 nm in lateral size) on
graphene has a curved structure slightly displaced from the
graphene surface by keeping its square lattice at 300 K (see ESI
Fig. S5c¢t). The MD simulation at 600 K also shows that 2D
copper oxide cluster on graphene started to melt in a short
time (~0.25 ns). These results explain the experimental fact
that the 2D copper oxide clusters were observed in the present
study at room temperature, but not observed when the sample
was heated at 300 °C.

Conclusions

We have demonstrated and characterized one-atom-thick 2D
copper oxide clusters with an unusual square lattice on gra-
phene. STEM-EELS observations and DFT modelling reveal
that oxygen is located at the centre of the square Cu lattice and
thereby stabilizes it. Calculations show that 2D copper oxide
has wide-gap semiconducting properties and antiferro-
magnetic spin ordering different from bulk copper oxide. We
believe that the present results will pave the way for the investi-
gation of novel 2D nanostructures with an unusual lattice
geometry.

Methods

Sample preparation

Single-layer graphene on Cu foil was transferred onto TEM
grids using the previously reported poly(methyl methacrylate)
support method.>**> The grids were made of gold covered
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with an amorphous carbon film with 2 pm diameter holes
(Quantifoil®, Quantifoil Micro Tools GmbH). To avoid metallic
impurities we etched the Cu foil with a metal-free (NH,),S,04
solution. Cu was then deposited using an ion beam etching
system (PECS, Gatan Inc.). The samples were exposed to the
atmosphere before STEM experiments, which consequently
leads to incorporations of oxygen and hydrocarbon species.
These were attracted as contamination to the region where the
focused electron beam was irradiated, therefore, further con-
tamination was suppressed by wide-area electron-beam
irradiation of the sample inside the microscope prior to high-
resolution observations. The number of graphene layers was
confirmed by dark-field TEM imaging®® prior to STEM, and we
selected the single-layer region.

STEM-EELS experimental conditions

An aberration-corrected microscope (JEM-ARM200F, JEOL Ltd)
was operated at a low voltage of 80 kV to reduce knock-on
damage to the sample. The angular range of electrons col-
lected in the ADF detector was about 46-161 mrad. The inci-
dent beam current was ~55 pA, and a typical dose was ~10°
electrons per A> per image. All the results about 2D copper
oxide were obtained at room temperature, while the EEL spec-
trum of 3D pure Cu in Fig. 1f was obtained at 300 °C in TEM-
mode (beam irradiated area was ~20 nm in diameter). Such
annealing reduced oxygen and led most of the Cu aggregates
into 3D nanoparticles (~5 nm in diameter). To improve the
signal-to-noise ratio, STEM images shown in Fig. 1c, d, and 2b
were low-pass filtered, and the green EEL spectrum of 2D
copper oxide in Fig. 1f was spatially averaged.

STEM image simulation

Image simulation was performed using multislice software
(XHREM™, HREM Research Inc.) under the following con-
ditions: the aperture radius (convergence semi-angle)
28.4 mrad, third- and fifth-order spherical aberration coeffi-
cients 5 pm, ADF detector angle 46-161 mrad, and probe size
0.8 A. Simulations included thermal diffuse scattering absorp-
tion with the Debye-Waller factors of each element taken from
the literature.>”>°

First-principles calculations

All calculations of the atomic structure and stability of the 2D
copper oxide were performed using DFT within the Perdew-
Burke-Ernzerhof (PBE) functional.’® We used the projector
augmented wave method®' approximation with the periodic
boundary conditions and a Vienna Ab initio Simulation
Package.?> The plane-wave energy cut-off was set to 450 €V.
To calculate the equilibrium atomic structures, the Brillouin
zone was sampled according to the Monkhorst-Pack scheme?®
with a 16 x 16 x 1 grid in the k space. The structural relaxation
was performed until the forces acting on each atom became
less than 0.001 eV A™. The model of the 2D copper oxide
cluster on graphene consisted of 161 carbon atoms, 22 copper
atoms and 24 oxygen atoms, including atoms at the cluster
edges. The cell size was larger than 15 A to avoid the inter-

Nanoscale, 2017, 9, 3980-3985 | 3983
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action between the clusters. The evolution of the CuO cluster
structure at the finite constant temperature was described in
the framework of the MD simulations using the Nosé-Hoover
thermostat.>”*® The temperature was set at 300 K and 600 K to
match the experimental conditions. The total time of the simu-
lations was 0.45 ns with a time step of 1 fs. The atomic struc-
ture was written after every ionic step. For investigation of the
stability, elastic, electronic and magnetic properties, we used
infinite models with the unit cell consisted of 4 copper atoms
and 4 oxygen atoms. The electronic properties of the CuO layer
were studied using the DFT+U approach suggested by Dudarev
et al.*®

Note added in proof

After the work was submitted, the paper dealing with CuO
monolayer observation appeared. Yin et al*® independently
investigated the specific atomic structure of the 2D CuO using
STEM and DFT methods with results generally supporting our
conclusions.
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