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We employ ultra-high vacuum electron microscopy to investigate the interaction of metal nanoparticles
through graphene. The nanoparticles attract those on the other side of graphene in the systems of Ag/
graphene/Ag and Cu/graphene/Cu. In contrast, the system of Au/graphene/Au manifests the repelling
interaction. Our density functional theory calculations demonstrate that for lower electron-affinity
metals such as Cu and Ag, the clusters on opposite sides of graphene prefer the same site to share the

electron-loss and reduce the energy. While for higher electron-affinity metals such as Au, they prefer to
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stay away from the clusters on the other side of graphene.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Unique properties of graphene on electronic, optical and ther-
mal aspects, have been largely explored in the scientific community
focusing on their electronic structure and mechanical responses
[1,2]. When combining with metal nanoparticles, the hybrid system
has generated considerable interests on catalysis [3,4], biomedicine
[5,6], optics [7,8] and energy [9,10] applications. Recently, we
demonstrated that a significant amount of charge transferred from
a single Cu nanoparticle to graphene membrane and caused the
redistribution of local electrons [11]. In light of utilizating both
sides of a graphene that can usher in novel applications, we were
motivated to interrogate whether the adsorption on one side of
graphene would affect formation of nanoparticles on the opposite
side. Scientists nowadays look for a mechanism to align circuits,
such as carbon nanotubes, through graphene membrane to target
more advanced nanoscale devices. The attracting mechanism
should promise to align nano-electrodes through a membrane to
further assemble 1D and 2D nano-objects into the well-defined 3D
functional [13—16]. Moreover, conventional nanoparticles are
monometallic or bimetallic, such as alloy, core-shell, fused-cluster.
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These conventional forms of nanoparticle have also contributed for
a variety of applications and impacted our daily life [3—10]. The
resultant metal/graphene/metal (M/G/M) nanostructures should be
considered as novel forms of nanoparticle or nanocomposites as
distinct from conventional configurations [17,18], which will gather
prospects and benefits owing to the new possibilities, enhance-
ment and applications.

In this study, we employ the ultra high vacuum transmission
electron microscopy (UHV-TEM) to record the formation behavior
of metal nanoparticles on both sides of graphene. Our results reveal
that M/G/M system indeed existed indirect particle interaction
through the graphene, and the interaction is attractive for Ag and
Cu nanoparticles but repulsive for Au nanoparticles. We have also
performed ab-initio calculations based on density functional theory
(DFT) to disclose the origin of these contrasting behaviors for
different metal particles. We found for Cu and Ag with lower
electron affinity than that of carbon, the charges transferred from
metal particles to graphene. It is, therefore, energetically favorable
with metal particles on the two sides to share the electron loss by
stacking themselves at the same site. On the contrary, Au with a
higher electron affinity than graphene extracts electrons from
graphene. Hence the Au particles on opposite sides of graphene
tend to stay apart in order to acquire more electrons from another
region of graphene. We further investigate the correlations among
the metal particle, site-preference, Dirac point energy, charge
transfer direction, and relative total energy for M/G/M systems to
resolve the opposite behaviors of the Cu, Ag, and Au particles.
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Similar charge transfer trend can also be found in metal thin film/
graphene systems [12].

2. Materials and methods

Graphene used in the study was produced on a 25 pm thick Cu
foil (Alfa Aesar, 99.8% purity) by the chemical vapor deposition [19].
The suspended graphene sheets were transferred on TEM copper
grids [20]. The experiments were carried out in a UHV-TEM (JEOL
JEM-2000V, the base pressure of specimen chamber is below
5 x 1078 Pa), which avoided oxidation during the annealing. Since it
is known the contaminations will affect the growth of metal
nanoparticles, the graphene substrate before metal deposition was
cleaned with a conductive heater (JEOL EM-21240, RT to 900 °C) on
the sample holder under low level of H, environment at 700 °C to
remove all the contaminants. More detailed cleaning procedure can
be found in Ref. [21]. A homemade nano-positioning system with
gold tip electrode is connected to a computer-controlled Keithley
2400 source meter (Fig. S1) [22]. In-situ deposition of high purity
metals (Ag, Cu and Au, 99.99%, Nilaco) onto a suspended graphene
was carried out with a highly collimated e-beam evaporator (Om-
icron, UHV EFM3/4). All TEM images were acquired under an
accelerating voltage of 80 kV with an electron dose rate less than
1217 electrons/nm?-s to prevent the radiation damage. Metal de-
positions with illumination of e-beam or without have been
examined and no apparent differences have been found.

The electronic structure calculations were performed using the
full-potential projected augmented wave method [23,24] as
implemented in the Vienna ab-initio simulation package (VASP)
[25,26] with the exchange—correlation functional described in the
Perdew—Burke—Ernzerhof (PBE) form [27]. To simulate the metal
(M = Cu, Ag, Au) cluster/graphene/M cluster system, we adopted a
6x6 supercell of graphene with a vacuum thickness over 15 A. The
two pyramidal M clusters on both side of graphene move from the
same site toward different sites as shown respectively in Fig. 5(a)
and (b) with an indicating offset parameter from O to 1. The M
cluster contains 11 atoms with seven in the basal plane of the
pyramid contacting the graphene, three atoms in the middle plane,
and one M atom at the tip of the pyramid. The M atoms in the basal
plane situate at the hollow site of the graphene honeycomb
structure. The geometry of the considered Cu, Ag, Au systems with
94 atoms therein is optimized separately for each offset parameter
with the total energies converged within 0.001 eV/cell. The geom-
etry optimizations were performed separately with and without
Van der Waals correction. Both results are very close to each other,
which indicates that the main driving force in our system is the
strong charge transfer effect (see discussions below) rather than
the weak Van der Waals force. The former is about one order of
magnitude stronger than the latter in our calculations. The self-
consistent calculations and the geometry optimization are per-
formed on a 6 x 6 x 1 Monkhorst-Pack k-point mesh (20 k-points)
with the cutoff energy of 400 eV.

To explore the driving force of the attraction and repulsion be-
tween metal clusters observed in our experiments, we adopted 2
model systems with 2 metal clusters located at the same and
different positions on both side of graphene as depicted in Fig. 5(a)
and (b), respectively. For the former case that the centers of 2 metal
clusters stay at the same horizontal position (Fig. 5(a)), we set the
offset parameter = 0. As for the latter case that 2 metal clusters
locate at different horizontal places (Fig. 5(b)), the offset param-
eter = 1. We than move the upper metal cluster from the position in
Fig. 5(a) to that in Fig. 5(b) in 10 steps with the lower metal cluster
fixed at the original place, and calculate the relative total energy in
each step as shown in Fig. 5(c). Take the intermediate distance with
offset parameter =0.5 for example, the horizontal distance
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between the centers of 2 metal clusters is equal to 1/2 of that in the
offset parameter = 1 case (Fig. 5(b)).

3. Results and discussion

We deposited two monolayers (ML) of Ag onto the membrane
and heated at 500 °C in the UHV chamber. Nanoparticles with a size
of about 10 nm in diameter (dia.) were formed on one side of the
membrane. The membrane holder was subsequently flipped over
in vacuum and then 0.8 ML Ag was deposited on the other side of
membrane at room temperature (RT), which form particles with a
smaller size of about 3 nm dia. The TEM image Fig. 1(a) clearly
demonstrates that after two-side depositions at different temper-
atures, the bigger Ag nanoparticles (some marked by up arrows)
adsorbed on one side (named side A) with a lower density and
smaller Ag ones (some marked by horizontal arrows) adsorbed on
the other side (named side B) with a higher density. The sample
was post-heated again up to 600 °C, and Fig. 1(b) displays steady big
nanoparticles remain on side A and small nanoparticles on side B
were transformed into big nanoparticles.

Moreover, nanoparticles on side B were located where the big
nanoparticles were on the side A. The observation reveals that big
nanoparticles on side A apparently attracted the nanoparticles on
side B. Three images at right-hand side of Fig. 1(b) are zoom-in
images of three representative regions indicated by dashed
squares in Fig. 1(b). They display that in the middle of the particles
on side A, there appear additionally obvious contours and deeper
contrasted shadows that are the reflections of particles on side B.
Therefore, the attracting interaction is manifested in the Ag/Gra-
phene/Ag adsorption process.

We further explore this phenomenon for the Cu/graphene/Cu
system. We deposited 2 ML coverage of Cu onto the membrane and
followed by heating with 0.1 mW DC power, using the probe
heating (Fig. S1) [22], to fabricate bigger Cu nanoparticles about
12 nm dia. on side A. The alternative heating method employed
here was to detect any driving force due to the heating current.
After flipping the membrane in vacuum smaller Cu nanoparticles of
about 3 nm were created on side B by depositing 0.8 ML Cu at room
temperature (RT). Fig. 2(a) displays the results that bigger Cu
nanoparticles adhered on side A and small ones on side B. The
sample was heated again to drive the M/G/M interactions by
increasing the electric power. After the sample was heated with
0.085 and 0.18 mW, the number of small nanoparticles on side B
reduced with the power and gathered at the locations where Cu
nanoparticles had already stood on side A. Although the sample
temperature with the power provided was not known exactly, the
moving speed of the particles recorded under the microscope
indicated the sample temperature was close to 600 Cat 0.18 mW.
The details of the aligning interaction were highlighted by zoom-in
imaging below Fig. 2(a—c). From the sequential recorded images,
the direction of electric current cause no effect, so the driving force
here was purely thermal.

In contrast to the Ag/graphene/Ag and Cu/Graphene/Cu systems,
the Au/graphene/Au exhibited entirely different interacting
behavior. We followed the same procedure to prepare bigger Au
nanoparticles with low density on side A and small ones with high
density on side B. After annealing to 600 °C, although small nano-
particles on side B aggregated into larger particles, the distribution
of these nanoparticles was random and they were not attracted by
the nanoparticles on side A as pervious two cases. Therefore, Au
nanoparticles separated by graphene might have no interaction or
even repulsive interaction. In order to investigate whether the
repulsive interaction does exit, we deposited a higher coverage
(4 ML) of Au at RT on both sides of graphene. Under this situation,
the TEM image can clearly reveal the overlaps of nanoparticles on
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Fig. 1. Ag/Graphene/Ag (a) Large and small Ag nanoparticles on either side of graphene membrane at room temperature. Large particles marked by up arrows on side A and smaller
particles marked by horizontal arrows on side B. (b) Ag nanoparticles can self-align after they are heated to 600 °C, three zoom-in TEM images highlight Ag nanoparticles on A and B
sides align up on the membrane, scale bar =20 nm. The zoom-in images on below providing higher image contrast; scale bar =5 nm.

Fig. 2. Cu/Graphene/Cu (a) Large and small Cu nanoparticles deposited on both side of graphene membrane; scale bar = 20 nm. (b) The aligning behavior of Cu/Graphene/Cu was
driven by electric power of 0.085 mW; scale bar =20 nm. Large particles marked by up arrows on side A and smaller particles marked by horizontal arrows on side B. (c) The
aligning behavior of Cu/Graphene/Cu with electric power of 0.18 mW; scale bar =20 nm. The zoom-in images below providing higher image contrast; scale bar =5 nm.

two sides, shown in Fig. 3(a). The sample is then subject to heating
at 600 °C and we observe the nanoparticle's density is reduced and
the inceptive overlaps disappear as in Fig. 3(b). Zoom-in images at
the right-hand side of Fig. 3(b) show no overlap in various regions,
strongly indicating the existence of repulsive interaction between
Au nanoparticles through graphene.

The shadow deposition method (Fig. S2) was further employed to
illustrate this repulsive interaction of Au clusters through graphene.
Fig. 4(a) shows only one side deposition of Au on the membrane and
Fig. 4(b) represents depositions of Au on both sides of the membrane
at room temperature. Post-annealing the membrane to 600 °C,
Fig. 4(c) dipicts dramatically different morphologies of the Au/
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Graphene on the left region and the Au/Graphene/Au on the right. In
the Au/Graphene region, the nanoparticles migrated and coalesced.
However, in the Au/Graphene/Au region with M/G/M interaction, the
nanoparticles repelled each other through the membrane with a
much higher density. The phenomenon highlights the strong indi-
rect interaction of Au nanoparticles separated by graphene. Besides
the graphene system, our preliminary experiments on another 2D
system such as MoS; also detected the indirect interaction of metal
nanoparticles through the monolayer.

Our experimental results reveal two opposite interactive phe-
nomena between noble metal nanoparticles through graphene,
which cannot be explained away by the simple electrostatic force. To
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Fig. 3. Au/Graphene/Au (a) A large amount of Au nanoparticles deposited on the either side of the membrane existing obvious overlaps. (b) Au/Graphene/Au displayed repelling
behaviors and the overlaps no longer existing after the furnace heating, three zoom-in TEM images highlight the repelling behavior across the membrane, scale bar =20 nm. The
zoom-in images of dashed regions in (b) from top to bottom on the right, providing higher image contrast; scale bar =5 nm.

Fig. 4. Au/Graphene and Au/Graphene/Au (a) Au nanoparticles on single side of graphene at RT, scale bar = 20 nm. (b) Au nanoparticles on both sides of graphene at RT, scale
bar =20 nm. (c) After 600 °C annealing, the same membrane demonstrates two dramatic different morphologies of Au/Graphene without M/G/M interaction on the left hand side
and Au/Graphene/Au with M/G/M interaction on the right, scale bar =200 nm.

resolve the origin of such dramatic behavior, we thus performed as shown in Fig. 5(a) and (b), respectively. We calculated relative
first-principles total energy calculations for Cu, Ag, Au clusters on total energy with respect to the on-site case, Dirac point (DP) energy,
both sides of graphene with the metal clusters moving from the and charge transfer (CT) from metal clusters to graphene for M/
same site (hereafter named on-site) toward different sites (off-site) graphene/M with metal particles M = Cu, Ag, Au marching from on-
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Fig. 5. Model and calculations for M/graphene/M (a) The metal clusters (blue) locate at the same site (on-site) of graphene (red). (b) The metal clusters locate at different sites (off-
site). Calculated relative total energy difference (with respect to the on-site case). (c¢) Dirac point energy (d,e) and charge transfer (CT) (f,g) for M/graphene/M with metal particles
M = Cu, Ag, Au at the same site (on-site) and different sites (off-site). The horizontal axis is the offset parameter from the on-site (offset = 0) to the off-site (offset = 1) case. The CT
from metal particles to graphene is defined as positive. (A colour version of this figure can be viewed online.)

site to off-site with the indicating offset parameter running from 0 to
1. In our DFT calculations, due to extremely large computational
demand, we have used a supercell of 15 A x 15 A x 25 A, including
nearly 100 atoms (22 metal atoms + 72C atoms) and 530 valence
electrons. For each data point in Fig. 5(c) (33 data points in total), we
have done geometric optimization of the whole system using
quantum calculations. For the Cu and Ag cases, as the offset
parameter (horizontal axis) goes from O to 1, the DFT calculations
show a relative higher total energy for the metal clusters locate at
different sites (Fig. 5(c)), indicating the attractive nature of the Cu
and Ag particles. This agrees well with the experimental observation
that the Cu and Ag metal nanoparticles migrate to the same site
under annealing to lower the total energy. Around the offset
parameter of 0.3 for Cu and 0.5 for Ag, the increasing trend quickly
saturates with ~0.8eV and ~0.4eV higher in total energies, respec-
tively. After the saturation, both the total energy curves exhibit slight
oscillations with the same periodicity, presumably due to the atomic
site effect at the metal particle-graphene interface. On the contrary,
our DFT calculations give a lower relative total energy for Au clusters
at different sites, indicating the repulsive nature of Au clusters. These
DFT conclusions agree excellently with our experimental findings
that Cu and Ag nanoparticles attract whereas Au nanoparticles repel
each other.

To pursue the driving force of such opposite trends in the cases
of Cu(Ag) and Au nanoparticles, we performed electronic structure
calculations as shown in the Supplementary Information (SI) S3, S4,
and S5 [22]. The band structures and density of states of the on-site
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and off-site Cu/graphene/Cu are basically similar to the one of the
single side Cu/graphene in our previous work [11]. We further
analyzed the Dirac point energy and charge transfer from metal
particles to graphene as shown in Fig. 5 (d,e) and (f,g), which were
derived from the band structures and density of states in SI S3-5.
The Dirac point for Cu clusters at the same site is ~-0.5eV, which
is ~0.2eV higher than ~-0.7eV for Cu clusters at different site. The
lower DP of the off-site case indicates stronger charge transfer of
~1.19¢/cell from Cu clusters to graphene (Fig. 5(f)), because of the
more contacting graphene atoms that can extract more electrons
from the Cu particles. The Cu clusters at the same site thus suffer
less electron loss ~0.52e/cell and result in a lower total energy.

The same scenario also applies to the Ag counterparts. As shown
in Fig. 5(d), similar charge transfer trend from Ag to graphene can
be seen in the Ag/graphene/Ag case due to the lower electron af-
finity of Ag w.r.t. C. The DP for Ag clusters at the same site is
around —0.5eV, which is ~0.1eV higher than the DP around —0.6eV
for Ag at different sites. The charge transfer from Ag clusters to
graphene is ~0.49e/cell and ~0.75e/cell for the on-site and off-site
cases, respectively. The higher DP in the Ag case comparing with
the DP of the Cu (Fig. 5(d)) is due to the higher electron affinity of
Ag and thus the less charge (electron) transfer from Ag particle to
graphene (Fig. 5(f)).

However, it is another story for the Au nanoparticles. Most
metals, including Cu and Ag, exhibit lower electron affinity than
carbon (C), but in rare cases, Au being one, they have a higher
electron affinity. For such cases, the charge transfer is in the
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opposite direction, i.e. from graphene to Au clusters as shown in
Fig. 5(f and g). This can also be seen in Fig. 5(d and e) that the DPs
are higher than Ef, indicating the hole doping nature of the Au case.
The DP around 0.09eV for the off-site Au particle case is higher than
~0.03eV for on-site Au clusters (Fig. 5(e)), which means Au clusters
can extract more electrons (~0.045e/cell) from graphene if they
locate at different sites contacting more C atoms than extracting
fewer electrons (~0.030e/cell) from graphene for the on-site Au
particle with less Au—C contact (Fig. 5(g)). This is the reason why
the calculated total energy is lower for Au clusters at different sites
(Fig. 5(c)).

One should notice that the nanoparticles in our experiment are
much larger than those in our calculations. To assure our conclu-
sions are correct, at least qualitatively, we can refer to the large-size
limit, which corresponds to a monolayer metal film on graphene. A
previous work [12] had studied such a system and concluded that
the charge transfer is from graphene to Au and from Cu, Ag to
graphene, which is exactly the same as those found in our work.
This serves as an indirect evidence that our conclusions should be
correct for nanoparticles larger in size as well.

In our previous study we have discovered a single nanoparticle
of Cu on graphene will also induce surface tension besides charge
transfer [11]. However, the main driving force for the above
described phenomena are unlikely due to surface tension effect,
because the nanoparticle on both sides will draw the same type of
force on graphene, either tensile or compressive, which energeti-
cally will drive the particles on the two sides to stay away.

4. Conclusions

We have experimentally observed that nanoparticles in the
systems of Ag/graphene/Ag and Cu/graphene/Cu display the phe-
nomena of attractive interaction. In the system of Au/graphene/Au,
the nanoparticles on the opposite side of graphene prefer to stay
away from each other. Our DFT calculations fully support our
experimental observations. We further resolve the correlations
among the relative total energy, DP energy, and charge transfer for
the metal particles moving from the on-site to off-site via first-
principles calculations. We clearly demonstrate the close relation
between the charge transfer directions with the metal's electron-
affinity, and the subsequent attractive/repulsive interactions of
the metal clusters through graphene.
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