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Ordered carbon composite materials have great potential for practical applications in many areas such as
energy conversion, quantum computing, biotechnologies, and electronics. In this work, we demonstrate
a state-of-the-art self-assembly driven building block approach to create new layered carbon—-metal
composite materials with advanced properties. We fabricate molecular nanocomposites using self-
assembled metal intercalated multi-layers of dithiol derivatives. The obtained structures are analysed
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Introduction

Self-assembly or spontaneous formation of matter is the prin-
cipal mechanism responsible for the creation of the most
complex structures in nature. It has been shown that self-
assembled monolayers (SAMs) can be used to form thick,
highly ordered molecular carbon systems.'* Going beyond the
self-assembled monolayers, conjugate organic molecules can
lead to new hybrid materials with novel functionalities, which
can open new vistas in nanoelectronics and nanotechnology.**®
A particular focus has been to create new functional materials
for information processing and energy conversion using the
self-assembly strategy. For example, Wytko et al.,” have pre-
sented two self-assembly approaches for porphyrin derivatives
that have potential for future nanotechnology development.
Hamoudi® has shown the possibility of creating carbon nano-
membranes after modification of conjugate SAMs by electron
beams and/or UV light. Such an irradiation leads to the
formation of a cross-linked molecular network in the aromatic
systems by the cleavage of the C-H bonds. The cross-linked
systems can be detached from the substrate yielding a molec-
ular monolayer thick carbon nanomembrane." Such functional
nanosheets can be used for different applications such as
molecular electronics and catalysis.*****

Creation and properties of carbon nanomembranes by
lateral cross-linking of aromatic molecular SAMs by electron
irradiation have been studied in the past by several research
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and their electronic transport properties are studied by four-point probe
measurements supplemented by density functional theory calculations. This work demonstrates a new
strategy for low-cost, high-yield and eco-friendly nanofabrication of hybrid organometallic membranes.

groups (see ref. 1, 2, 15 and 16 for reviews). For example,
Chesneau et al.'” studied the effect of low-energy electron beams
on aromatic fluorocarbon SAMs on metallic substrates using
different characterization tools. A clear dominance of molecular
cross-linking over molecular decomposition was reported.
Similar results were reported by Geyer et al. for 1,1’-biphenyl-4-
thiol SAMs.*® Detailed analysis of the mechanisms of such
electron-irradiation-induced cross-linking in aromatic SAMs
was presented in ref. 19 and 20. The resulting cross-linked
aromatic SAMs can be isolated from the substrate and their
properties can further be tuned by surface functionalization.*
Further heat treatment will transform these mechanically stable
carbon nanomembranes into functionalized graphene
sheets.”*?* These studies show the great potential of self-
assembly and consequent cross-linking processes for creating
molecular-thick nanomembranes/nanosheets with pronounced
mechanical, thermal and chemical stabilities.

In this work we demonstrate the possibility of creating
multilayer molecular nanocomposites (nanomembranes) start-
ing from self-assembled molecular monolayers. We use the self-
assembly of nickel (Ni) atom intercalated 5,5-bis(mercapto-
methyl)-2,2"-bipyridine (BPD, HS-CH,-(CsH3N),-CH,-SH) and
1,4-benzenedimethanethiol (BDMT, HS-CH,-(C¢H,4)-CH,-SH)
dithiol (DT) multilayers on gold substrate. To obtain multilayers
of such dithiol-end molecular SAMs, we follow the approach
presented in ref. 25 and 26. Namely, we start by exposing the DT
monolayer to a concentrated Ni ion solution, which results in
grafting of Ni atoms on the sulfur-end group as has been
described for Cu atom grafting.?” The resulting DT-Ni SAM are
then immersed in a DT solution to obtain a DT-Ni-DT bilayer.
Repetition of this process results in the formation of ordered
multilayer structures. Using electron beam irradiation, we
convert the resulting multilayer of molecular SAMs into
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a multilayered carbon-metal nanomembrane.” The resulting
film is characterized by various complementary techniques
such as X-ray photoelectron, atomic force microscopy, and
electrical four-point probe measurements. These nano-
membranes represent a new type of functional two-dimensional
(2D) materials, which can also be concisely described as
surfaces without bulk.” Similar to single layer self-assembly-
based nanomembranes™'* or layer-by-layer nanomembranes,*®
the proposed multilayer nanomembranes have a potential for
diverse applications. For example, these nanostructures can be
used for materials separation and filtration because of their low
dimensional nature, elasticity, enhanced mechanical and
thermal properties. Tuneable conductivity due to predefined
layer sequence and surface functionalization makes these
materials strong candidates for nanoelectronics and optoelec-
tronics, such as ultrasensitive sensors and biodetectors. In the
following sections we give a detailed description for the fabri-
cation and characterization of these multilayer metal organic
heterostructures and the formation of carbon nanosheets from
them after annealing.

Experimental

The gold support for SAM fabrication was prepared by thermal
evaporation of 150 nm of gold (99.99% purity) onto either pol-
ished single-crystal silicon (100) wafers coated with a 10 nm
titanium layer or on freshly cleaved and degassed mica with
deposition performed at about 350 °C. After that the SAM of the
5,5'-bismercaptomethyl-2,2’-bipyridine (BPD) (see Fig. 1) was
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Fig. 1 Schematics of the sequential reactions to prepare BPD—-Ni-
BPD-Ni multilayer.
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prepared by immersion of the gold support into a freshly
prepared 1 mM solution of n-hexane for 30 min at 60 °C.>**° As
in our previous studies,' we used solutions well-degassed by Ar
and all preparation steps were performed in the absence of
ambient light. After the gold wafer was modified with a layer of
BPD, the system was held for 3 h in contact with a concentrated
aqueous solution of NiCl,. The resulting BPD-Ni SAM was then
incubated in the BPD solution as in the 1st step to yield the
BPD-Ni-BPD bilayer. Finally, this bilayer was held for 3 h in
contact with a concentrated aqueous solution of NiCl, to yield
a Ni terminated BPD-Ni-BPD-Ni layer. This procedure was
continued to form BPD-Ni multilayer films.

The multi-layer films fabricated as described above were
characterized by X-ray photoelectron spectroscopy (XPS). XPS
spectroscopy measurements were conducted at the MANA
Foundry using the XPS Thermo Fisher (Alpha 110 mm analyser:
Sigma XPS version). The XPS spectra were recorded in the C
1s, N 1s, S 2p, and Ni 2p regions. The spectra acquisition was
performed in normal emission geometry using the Al K radia-
tion. The binding energy (BE) scale of each spectrum was
individually calibrated to the Au 4f;, emission of an n-alka-
nethiol covered gold substrate at 83.95 eV.

The multi-layer stacked SAMs were exposed to electron irra-
diation using an e-beam lithography system Elionix Inc (50 kV, 60
mC cm %) to form carbon-metal nanosheets (CMNS).** This
leads to intralayer cross linking of the SAM multilayer. The CMNS
was released as described in a previous work." A PMMA film was
spin-coated onto a 1 cm? of the crosslinked SAM and baked at
180 °C for 3 min on a hot plate. The gold film was cleaved from
the mica in hydrofluoric acid solution and etched away in an I,/KI
bath. In the next step, the nanomembrane/PMMA was trans-
ferred onto a SiO, substrate followed by dissolution of the PMMA
in acetone to release a CMNS. The resulting nanomembranes are
then ready to be transferred to an appropriate substrate for
further analysis.

The morphology of the resulting membranes was investi-
gated using a Hitachi S-4300 scanning electron microscope
equipped with a W tip cold-FE electron emitter. The AFM
topographical and thickness data were collected using a Veeco
Multimode SPM microscope in the tapping mode. The mono
and the multilayers were electrically tested on a multiprobe
station using a semiconductor parameter analyzer (Keithley
Instruments Inc.) at room temperature and under vacuum to
avoid the influence of water.

Results and discussion

We start with building molecular nanocomposites using highly
ordered and closely packed self-assembled multi-layers of
bipyridine derivatives such as BPD (5,5'-bis(mercaptomethyl)-
2,2'-bipyridine)-Ni*" as schematically presented in Fig. 1. The
BPD SAM has two active centres for metal ions: (i) the bipyridine
group which is a well-characterized metal acceptor is utilized for
various supramolecular assemblies* and (ii) the pending S-H
end group which allows grafting of metallic ions in case of
a standing up SAM. This reactivity between the molecules and
metal ions makes the implementation of the lateral and the

This journal is © The Royal Society of Chemistry 2020
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vertical assembly architecture possible. The sequential immer-
sion of the Au substrate into the BPD solution and Ni**
engenders a SAM based multilayer (as depicted in Fig. 1) and
enables one to control the thickness of the resulting nano-
membranes. Note that the present method of creating multi-
layered nanomembranes is conceptually different than the
layer-by-layer technique for creating ultrathin polymeric
membranes.”®** In the latter case different positively and
negatively charged polyelectrolytes are usually used, which
increases the cost of nanofabrication.

We start by studying the effect of cross-linking on the
properties of SAMs. As a reference, we studied the effect of
electron irradiation on the structural properties of aliphatic C;,
SAMs. Fig. 2(a) and (b) show the XPS spectra of such molecules
before (black curves) and after (red curves) electron irradiation.
It is seen from Fig. 2(a) that the intensity of C 1s signal reduces
by almost 50% after electron bombardment, indicating the
instability of this SAM. Similar degradation is also obtained for
S 2p spectra. The reduction of the carbon content indicates
significant damage upon irradiation, resulting in desorption of
the aliphatic molecules without lateral cross-linking as illus-
trated in Fig. 2(d). The dominant process is expected to be the
decomposition of the alkyl chains and capture of the released
alkylsulfide moieties in the aliphatic matrix.’***

To study the effect of electron irradiation on the morpho-
logical stability of our aromatic molecules, we have conducted
XPS analysis of BPD-Ni SAMs before and after electron irradi-
ation. Fig. 3(a) and (b) show C 1s (a) and S 2p (b) XPS spectra
before (black curves) and after (red curves) electron beam
impact. We obtained only small (~5%) reduction of C 1s signal
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Fig. 2 C 1s (a) and S 2p (b) XPS spectra of the self-assembled C;,
molecules before (black curves) and after (red curves) electron irra-
diation. (c and d) Schematics C;» SAM before (c) and after (d) electron
bombardment.
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Fig. 3 C 1s (@) and S 2p (b) XPS spectra of the self-assembled BPD
molecules before (black curves) and after (red curves) electron irra-
diation. (c—e) Schematics of BPD SAM before (c and d) and after (e)
electron bombardment.

after irradiation (Fig. 3(a)), indicating efficient cross-linking
without damage to the SAM morphology. For the given dose
of the irradiation, the amplitude of the maximum of S 2p signal
remains unchanged (Fig. 3(b)). Small local maximum appear
near 168 eV, which can be related to the formation of sulfite
bonds during the irradiation. These results indicate the stability
of BPD SAMs against electron bombardment. Fig. 3(e) illus-
trates the ideal case of intermolecular cross-linking of BPD-Ni
SAMs after electron irradiation. However, depending on the
level of electron irradiation as well as packing structure of the
molecules, a variety of partially cross-linked structures can be
obtained as revealed in quantum chemical calculations.®®
Cross-linking has also a positive effect on the mechanical,
thermal, chemical and electronic properties of SAMs. For
example, Turchanin et al. have shown that the cross-linked
SAMs of aromatic molecules can exhibit thermal stability up
to 1000 K.*” Enhanced mechanical properties of cross-linked
SAMs were reported in ref. 24. The cross-linked SAMs have
also shown exceptional chemical stability."®?*3°

In what follows, we will present the results only for cross-
linked multi-layered structures. Fig. 4(a) shows the C 1s XPS
spectra of the BPD-Ni-BPD-Ni film. The XPS of the monolayer
have been reported in a previous work." The main peak at
285.5 eV is a superposition of the contribution from different
carbon atoms: the aliphatic moieties (CH,) and the meta, para C
in the pyridine unit, and the ortho C in the rings directly bonded
to the nitrogen atoms." In the case of N 1s spectra (Fig. 4(b)),
a chemical shift of the main peak towards high binding energy
is observed, because of the binding of the bipyridine sites to the
Ni** moiety as noted in pervious works.»” Some spectra are
decomposed into the individual contribution related to the
different species (see the corresponding text for details).

RSC Adv, 2020, 10, 7987-7993 | 7989
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Fig. 4 C 1s (a), N 1s (b), S 2p (c), and Ni 2p (d) XPS spectra of the
multilayer SAM of the BPD on gold substrate. In the case of nitrogen,
the N 1s spectrum is compared to that for the BPD SAM.

The spectral deconvolution of the S 2p spectra of the BPD-
Ni-BPD-Ni SAM (see Fig. 4(c)) shows three doublets. The S 2ps/,
component of the first one lies at 162 &+ 1 eV (S1), and that of the
second doublet at 163.5 £ 2 eV (S2). The highest lying peak at
about 168 eV is due to some oxidation, presumably related to
immersion in water. For the BPD SAM the S1 component
corresponds to thiolate sulfur bound to the substrate and the S2
component to the free SH at the outer surface of the BPD SAM.
We observed changes in relative intensities of the S1 and S2
components due to Ni binding to the outer SH group.' Thus,
upon first immersion into the Ni solution, the S2 component
intensity decreases due to Ni binding to the outer SH group.*
This leads to a change in the S 2p binding energy which
becomes similar to that of the thiolate S bound to the Au
substrate.**® Thereafter the S2 intensity again increases due to
binding on BPD and appearance of free SH on the outer BPD
layer. The final BPD-Ni-BPD-Ni layer spectrum reveals
a continuing existence of some S2 component, indicating that
the Ni coverage was not complete for the immersion time
used.” The increase in both S1 and S2 doublets after re-
immersion into the BPD solution confirms the formation of
the bilayer as was studied before.”* The thickness of the BPD-
Ni-BPD-Ni film determined by XPS is ~5.4 nm, showing a good
agreement with the formation of bilayers of BPD."**

XPS was also used to study the chemical composition of the
freestanding nanomembranes, prepared after the electron
irradiation as described above. The resulting carbon
membranes after electron-irradiation-induced polymerization
were detached from the metallic substrate by chemical etching
of the metal after polymer spin-coating.** Fig. 5 shows the C
1s, N 1s, S 2p, and Ni 2p spectra of the nanomembranes
transferred to SiO, substrates. The S 2p XPS spectra of the BPD-
Ni-BPD-Ni nanomembranes are shown in Fig. 5(c). The spectra
of the BPD-Ni-BPD-Ni nanomembrane exhibit two distinct
features. The main broad and distinctly asymmetric peak at
~163.8 eV for the BPD-Ni-BPD-Ni systems, is a superposition
of the contributions from the Ni-thiolate species, free thiol
groups and possibly disulfide (S-S) linkages, while the second,
relatively weaker emission located at ~168.00 eV is associated
with the sulfur atom bonded to oxygen. There are no remark-
able changes in the N 1s, C 1s, and Ni 2p XPS spectra compared
to the BPD-Ni reported previously’ and BPD-Ni-BPD-Ni films
before and after the irradiation.
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Fig. 5 C 1s, N 1s, S 2p, and Ni 2p XPS spectra of the free standing
membrane of BPD-Ni-BPD-Ni. The N 1s spectra have been
decomposed into the individual contribution related to the different
species; see the text for details.

The thickness of the nanosheets determined by AFM (see
Fig. 6(a)-(c)) are ~3 nm for the BPD-Ni and ~6 to 8 nm for the
BPD-Ni-BPD-Ni nanomembranes, which is in reasonable
agreement with the thickness obtained using XPS for the related
SAMs. The 3D AFM images of the freestanding nanosheets show
2D triangles morphology (see Fig. 7(a) and (b)). This is probably
due to the replication of the surface morphology of the gold
(111) terraces on mica.*® Namely, this morphology is a conse-
quence of localization of the cross-linked areas in the Au (111)
terraces, where the highest molecular packing densities are
formed.

A proposed architecture of the organometallic membranes is
presented in Fig. 7(c) and (d). Electron irradiation of the SAMs
produces carbon-carbon links between neighbouring mole-
cules,® which reduce the spatial separation between molecules.

Height profile (nm)

200 400 600 (am)

d

Height profile (nm}

Fig. 6 AFM images of the BPD-Ni and BPD-Ni-BPD-Ni nano-
membranes on Si. The nanomembranes are prepared by electron
radiation of the structure 2 and 4 (see Fig. 1) and then detached by
dissolving the gold substrate: (a) AFM image of the BPD—-Ni nano-
membrane on Si, (b) AFM height profile of the BPD—Ni nanomembrane
on Si, (c) AFM image of the BPD—-Ni—BPD-Ni nanomembrane, (d) AFM
height profile of the BPD-Ni—-BPD~-Ni nanomembrane.

This journal is © The Royal Society of Chemistry 2020
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The black, lower height areas in the 3D AFM images (Fig. 7(a)
and (b)) are presumably due to regions with non-linked mole-
cules. These images also show the differences in the architec-
tures between the mono- and multi-layer freestanding
nanosheets. The BPD-Ni-BPD-Ni sheets have areas of lower
thickness due to presence of remaining BPD-Ni sheet. Partial
contamination of the free S-H group of the first monolayer by
O, (see Fig. 1 panel 1), becomes a barrier to the formation of
a well-packed second layer. The BPD-Ni system shows a lower
concentration of the non-linked areas (black areas) compared to
the BPD-Ni-BPD-Ni configuration.

In order to obtain graphene-like layered membranes, the
BPD-Ni-BPD-Ni nanosheet was annealed under N, atmosphere
at temperatures up to 600 °C for 20 min. Fig. 8(a) shows a Raman
spectrum of the annealed BPD-Ni-BPD-Ni nanosheet compared
to the annealed BPD-Ni nanosheet on SiO, (measured using an
excitation wavelength of 532 nm). In both cases the graphitiza-
tion was confirmed by the presence of the D (1365 cm™ ') and G
(1587 ecm™ ") peaks. Similar Raman spectra were reported on
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Fig. 8 Raman shift and four probes IV characteristics of the annealed
nanosheet. (a) Raman shift of the annealed BPD—-Ni-BPD—-Ni nano-
sheet, and (b) room temperature for probes' current versus voltage of
the annealed BPD—-Ni—BPD-Ni nanosheet. Each curve corresponds to
1, 2, 3, and 4 layers of annealed BPD—-Ni—BPD—Ni system.
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different carbon nanomembranes.>® The D band is associated
with the presence of defects in the carbon matrix. In addition, the
BPD-Ni-BPD-Ni system shows splitting of the G peak into
doublet structures G1 and G2: a finger print of graphite interca-
lation compounds (GICs). A downward shift of G2 was observed
for the n-doped multilayer graphene film. Increasing the number
of sheets in a stack of the annealed BPD-Ni-BPD-Ni film causes
an increase in G2 band intensities see Fig. 8.

The electrical properties of the annealed BPD-Ni-BPD-Ni
system were investigated as a function of the number of layers in
a stack. Fig. 8(b) shows I-V characteristics obtained using four
probe measurements. The I-V curve of the single and the multi
layers in the stack system remains linear, showing metallic
behaviour. The conductivity increases with the increase of the
number of sheets, which shows good agreement with a previous
study of the similar system prepared in a water hexane interface.®

To model the effect of metal atom inclusions between the
graphitic layers on the electronic structure of the annealed film,
we consider a simplified model with idealized graphene
multilayers with Ni atom inclusions (see Fig. 9). Each graphene
layer contains 18 C atoms and a single Ni atom is placed
between the layers. We have considered systems with up to 8
graphene layers (Fig. 9(d)). The structural optimization and
electronic structure calculations are conducted using density
functional theory (DFT) within the generalized gradient
approximation of Perdew-Burke-Ernzerhof (PBE)*® for the
exchange-correlation energy. Non-bonded van der Waals inter-
actions are taken into account using Grimme's PBE-D3 empir-
ical dispersion correction.* The Brillouin zone integration was
conducted using 6 x 6 x 6 k-points sampling.** During the
geometry optimization, both atomic positions and lattice
parameters are relaxed using the convergence criterion for
Hellman-Feynman forces as 0.01 eV A~ All the calculations are
conducted using the Vienna ab initio simulation package
VASP.*>*

Fig. 10(a) shows the total density of states (DOS) of the
systems with 2, 3, 4 and 8 graphene layers (see Fig. 9 for the
optimized structures). Starting from bilayer graphene (black
curve in Fig. 10(a)), the metal intercalation results in metallic
behaviour of the system (i.e., non-zero DOS near the Fermi
level). With the increase of the number of graphene layers, the
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Fig.9 Optimized structures of graphene multilayers (L = 2 (a), 3 (b), 4
(c) and 8 (d)) with Ni atom intercalations.
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Fig. 10 (a) Total density of states of the considered systems. (b and c) Partial density of states of C (b) and Ni (c) atoms. The energy origin is set at

the Fermi energy.

region with reduced DOS near the Fermi level becomes smaller
(see red and green curves in Fig. 10(a)). Enhanced DOS and
reduced “gap” became still more pronounced for the system
with 8 graphene layers (see blue curve in Fig. 10(a)). This will
increase the charge carrier transport across the system as was
obtained in the experiment (see Fig. 6(b) for the I-V curves).
Fig. 10(b) and (c) show the DOS of the considered systems
projected on C and Ni atoms. It is seen from these figures that C
atoms contribute more to the DOS of the system in the
conduction band. The contribution of the Ni atoms is obtained
mostly in the valence band. In both cases, peaks in the DOS

7992 | RSC Adv, 2020, 10, 7987-7993

disappear with increase of the number of graphene layers,
except larger peaks away from the Fermi level.

Conclusions

Using self-assembly of bipyridine derived molecules we fabri-
cated a multi-layered metal intercalated superlattice structure.
In addition, the created structures are subjected to electron
irradiation to enhance their mechanical and chemical stability.
The system was further transformed into a graphitic carbon-
metal nanocomposite by annealing. The characterization of the

This journal is © The Royal Society of Chemistry 2020
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resulting structures using X-ray photoelectron spectroscopy,
atomic force microscopy and Raman spectroscopy, revealed the
formation of a stable architecture of the organometallic nano-
composite. The effect of metal atom inclusions on the electronic
structure and charge transport properties are studied using
electrical measurements. Enhanced charge carrier transport is
obtained in our multilayer carbon structures due to metal ion
intercalation. The experimental results are supplemented by
DFT computer simulations, which demonstrate changes in the
electronic structure of the materials leading to the experimen-
tally obtained changes in transport properties. These findings
will be useful in creating functional hybrid organometallic
structures with enhanced stability.
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