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The fabrication of highly efficient bio-organic nanoelectronic devices is still a challenge due to the
difficulty in interfacing the biomolecular component to the organic counterparts. One of the ways to
overcome this bottleneck is to add a self-assembled monolayer (SAM) in between the electrode and the
biological material. The addition of a pyrene-nitrilotriacetic acid layer to a graphene metal electrode
enhances the charge transfer within the device. Our theoretical calculations and electrochemical results
show that the formation of a pyrene-—nitrilotriacetic acid SAM enforces a direct electron transfer from
graphene to the SAM, while the addition of the Ni?* cation and imidazole reverses the charge transfer
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Introduction

Immobilisation of redox active proteins on various types of
inorganic and carbon-based electrode surface has been important
in various biotechnological applications, such as biosensors,
biofuel cells, solar-to-fuel devices and biomolecular nano-
electronics.’ The state-of-the-art in these fields is based on
developing optimal interfaces for highly oriented biomolecular
conjugation of the electroactive proteins that would assure
efficient direct electron transport (DET) while preserving the full
catalytic activity of the inbound biological modules. Anchoring of
a redox active enzyme to the appropriately functionalised solid
surface via a genetically engineered affinity tag, such as a Hise-tag,
opens the possibility of advanced biophysical studies even at the
single molecule level.*™®

In order to improve the electronic communication between
the enzyme and the electrode surface, new nanoscale materials
and metallic nanoparticles have been incorporated into the
bioelectrode structure. Of all the electrode materials, graphene
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direction, allowing an atomic control of the electron flow, which is essential for a true working device.

and its derivatives have provided a nanomaterial of choice
for nanoengineering of bioelectrodes and bionanoelectronic
devices due their remarkable physical properties, such as
the large surface area of the two-dimensional sp*-hybridised
honeycomb single layer carbon lattice, exceptional mechanical
strength, transparency, elasticity, flatness, as well as excellent
electrical and heat conductivity and amenability to attach
functional groups.”® The atomic thickness of the graphene
lattice facilitates access to the immobilised enzymatic active
sites, thus enhancing electronic communication with redox
active proteins and regeneration of their redox centres through
direct or mediated electron transfer."®? In addition, the
unique location of its Fermi level at the intersection between
the top of the valence band and the bottom of the conduction
band favours ambipolar charge transport, since the charge
carrier density can be continuously tuned for electrons or holes,
with the mobilities measured for exfoliated graphene exceeding
50000 cm® V' s7' under ambient conditions.® Despite these
astonishing properties, to be used in real devices, a band gap,
even of the order of a few tenths of eV, has to be opened.
In addition, it is imperative to develop rational approaches for
the improvement of DET between various modules of the
graphene-based bioelectrodes in order to minimise the wasteful
back reactions leading to the decrease of the electrode perfor-
mance, such as charge recombination. There are multiple studies
which show that very fast charge recombination is responsible for
the inefficient photovoltaic conversion for a number of otherwise
promising interfaces.**>* Therefore, the precise definition of the
electron transfer parameters within the conductive interface
between the graphene surface and the redox centre of the biological
module of the electrode aids the rational nanostructuring of such
devices aimed at improvement of the power output.

This journal is © The Royal Society of Chemistry 2018
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One of the most effective methods of preserving the remarkable
conductive properties of the graphene is to form non-covalent
functional structures with molecules containing common
n-systems, such as pyrene or its derivatives to form a molecular
interface between the catalytic modules and the graphene
monolayer.”®*” With this approach, the n-conjugated structure
of graphene, and thus its high charge mobility, is preserved, but
the reversibility of the interaction can lead to the desorption of
the molecules from the surface. The class of pyrene-derivative
molecules has proven to be successful for stability, integration
and preservation of the activity of redox active catalysts, such as
the water-splitting Cu catalyst,”® and photoactive enzymes, such
as photosystem I, following their immobilisation on graphene-
based electrodes.”® Thus, the creation of a stable interface
between graphene and a self-assembled monolayer (SAM) is
of crucial importance to improve the DET in between the
biological system and the metal electrode and to obtain a high
performance device for biomolecular nanoelectronics.

In this work, we report a joint computational and electro-
chemical study on the properties of a well-defined SAM of pyrene
derivative molecules and their ability to tune the electronic
properties of graphene when the interface is introduced. The
work function modification of graphene due to the presence of
the SAM has been analysed by means of Density Functional
Theory (DFT) calculations, and the results have been validated
by chronoamperometric analysis. Both analyses show an increase
in the work function of graphene due to the presence of the
pyrene-nitrilotriacetic acid SAM, which, in turn, leads to charge
transfer from the SAM to graphene when Ni** and imidazole
coordination are present in the system, allowing for the fine
control and tuning of the DET.

Materials and methods
Quantum mechanical calculations

A hexagonal 2D slab of monolayer graphene with lattice para-
meters a = 10.70 A; b = 6.179 A, o = 120° and a C-C distance of
1.43 A was manually built and optimized. One pyrene-nitrilo-
triacetic acid or pyrene-nitrilotriacetic acid-Ni**-imidazole
molecule was subsequently physisorbed on the graphene layer
and a vacuum region of 30 A was introduced in the third
dimension to avoid spurious electrostatic interactions between
the replica (Fig. 1). Since the final system of the graphene/
pyrene self-assembled monolayer (hereafter dubbed G/SAM) is
formed by more than 120 atoms, the computational cost of
Density Functional Theory (DFT) becomes prohibitive, particu-
larly when considering the Periodic Boundary Condition (PBC)
to describe solid-state systems. For this reason, a tight-binding (TB)
DFT method has been considered for the geometry optimization.*
In this approach, the wave function of a complex system is
constructed as a superposition of the wave functions for
isolated atoms located at the positions of the corresponding
nuclei within the system of interest. This approach has been
successfully used to describe graphene and its derivatives,
achieving accuracies comparable to high ab initio methods,
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Fig.1 Chemical structures of the SAM-forming molecules studied
without the metal ion (pyrNTA, left) and with the presence of chelation
(pyrNTA-Ni—IM, right).

with the advantage of being able to simulate medium-large
systems (comprised of hundreds of atoms).>'™** The Coulomb
interaction between the fluctuation of charge has been incor-
porated by the self-consistent redistribution of the Mulliken
charges (SSC),** to account for the long-range electrostatic and
self-interaction contributions, enhancing the accuracy of the
method in the description of electronic properties of solids.**
To account for an accurate description of non-covalent inter-
actions, such as the one present in the current investigated
system, empirical dispersion corrections as done in DFT to
create DFT-D methods (i.e. Grimme’s dispersion terms), consi-
dering the van der Waals dispersions (DFTB-D)*® to properly
describe the m-n nature of the interaction of molecules physi-
sorbed on the graphene monolayer, have been introduced.
The DFTB calculations have been performed with the DFTB+
software.””

DFT periodic calculations have been performed on the
optimized structures with the PWscf package of the Quantum
Espresso suite of programs.®® Since van der Waals interactions
play a major role in the stability of the G/SAM system, the PBE
functional with the vdw-DF2 term for the exchange and correla-
tion was used.*® Ultrasoft pseudopotentials with a cut-off of
50 and 200 Ry for the expansion of the wave function and
density were applied, respectively. In addition, the dipole
correction for the electrostatic potential was taken into account
to counterbalance the asymmetry in the electrostatic potential
arising from the formation of the G/SAM interface. A2 x 2 x 1
k-sampling was used for the analysis of the Brillouin zone, at
the I' point. We would like to stress here that all the analyses
have been performed at the I' point. Test calculations on larger
k-sampling of 4 x 4 x 1 resulted in similar values of energy,
thus ensuring the convergence of the calculations. The charge
analysis was performed using the Bader algorithm.

J. Mater. Chem. C, 2018, 6, 5046-5054 | 5047
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The obtained electronic density was used to plot the averaged
electrostatic potential along the axis normal to the interface
(i.e. z-axis). In this way, it was possible to directly estimate the
work function shift by comparing the converged potential on
the bare side and on the SAM-covered side of the surface. Two
main contributions are responsible of the total shift in the work
function (A®): the first arises from the dipole moment of the
molecular backbone, named hereafter the molecular contribu-
tion (A®gay) and the second from the interfacial electronic
reorganization upon physisorption of the SAM on graphene,
namely the charge transfer contribution (A®¢r):

A = A@SAM + A(DCT (1)

Adgp has been estimated here by computing the electrostatic
potential profile across the molecules without graphene, while
keeping the coordinates of the system frozen. The A®cr
contribution is then calculated by subtracting A®gy, from
A®. Only when a dipole moment is present in the SAM is the
shift in the work function observed.

In the Helmholtz model, the molecular contribution Adgyy
is directly proportional to the molecular dipole along the axis
normal to the surface, y,, and inversely proportional to the
surface area per adsorbed molecule A:

AcbsAM = eﬂJ_/SQA (2)

with ¢, as the vacuum permittivity.*>*" As a consequence, if the
SAM dipole is pointing towards the metal surface the shift in
the work function is positive, while if the dipole points away
from the surface the shift in the work function is negative.

Preparation of single layer graphene on an FTO substrate

Single layer graphene (SLG) was produced on pure Cu foil
which is used as a metallic catalyzer by chemical vapor deposi-
tion (CVD). The graphene layer was enlarged on the Cu foil and
then transferred onto fluorine-doped tin oxide (FTO). To sepa-
rate the Cu and graphene layers, a polymethyl methacrylate
(PMMA) solution was overlaid homogeneously onto the graphene
layer by spin coating to provide support for the transparent
graphene layer. Subsequently, iron(u) nitrate solution was used
to etch the Cu substrate. The PMMA-graphene layer was washed
with deionized water and placed in 2% HCI solution to remove
metal contaminants. The graphene-PMMA layer was transferred
to the FTO-coated glass surfaces. After this process, the PMMA/
graphene/FTO substrate was left in acetone to remove the PMMA
layer,*>™*¢

Functionalization of the graphene surface with
pyrene-nitrilotriacetic acid (pyrNTA)

The pyrNTA synthesis was performed as described in ref. 47.
For the modification of the graphene layer via n-m stacking
interactions, a solution of pyrNTA in N,N-dimethylformamide
(DMF) was coated on the single layer graphene/fluorine-doped
tin oxide (SLG/FTO) surface. After 1 h of incubation, the
pyrNTA/SLG/FTO substrate was rinsed thoroughly with DMF,
and then incubated with nickel(un) sulfate (NiSO,) in Milli-Q
water for 1 h to coordinate Ni** cations with the NTA-pyrene
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moiety on the SLG films.*>*® The elemental characterization
of the functionalized electrodes was performed by energy-
dispersive X-ray spectroscopy (EDX) using a field emission
scanning electron microscope (FE-SEM, Zeiss/Supra 55)
attached with an energy dispersive spectrometer.

Electrochemical measurements

A Versa STAT 3 (Princeton Applied Research, USA) potentiostat/
galvanostat connected with a KL 2500 LCD halogen white light
source (Schott, Germany) was used for photoelectrochemical
investigations. An Ag/AgCl (3 M KCl) electrode and a platinum
wire were used as the reference (REF) and counter (CE) electrodes,
respectively. The Ni-NTA-pyrene/SLG coated on FTO glass
(geometric surface area of 0.4185 cm”) was utilised as a working
electrode (WE), with electrical contact provided through the
copper tape with a conductive adhesive (6.4 mm width, 1181,
3 M). All electrochemical measurements were carried out in a
custom-made Teflon cell filled with 5 mM phosphate buffer (pH 7)
as an electrolyte. The open circuit potential (OCP) was recorded
in the dark and under illumination with light of 100 mW cm 2.
The photochronoamperometric experiments were performed at
different potentials (vs. REF/OCP) for each electrode, with 30 s
light ON/OFF periods. All electrochemical measurements were
conducted under aerobic conditions at RT.

Results and discussion

Theoretical calculation of the direct electron transfer at the
graphene/SAM interface

Two systems have been considered in the present study. The
first system consists of a pyrene-nitrilotriacetic acid (pyrNTA)
derivative physisorbed as an SAM on a graphene monolayer,
while the second one includes the pyrNTA SAM system with
Ni*" cation coordination. In the construction of bioelectrodes
and biosensors, the Ni**-NTA moiety is used for the oriented
immobilisation of (photo)electroactive proteins to capture the
Hise-tag genetically engineered within the structure of proteins
of interest. To complete the octahedral coordination of the Ni**
cation and to mimic the experimental setup of the Hise-tag, two
imidazole molecules have been added to the model (dubbed
pyrNTA-Ni-IM, Fig. 1).

Both molecules were physisorbed on the graphene mono-
layer and after the optimization at the DFTB level of theory
(more geometrical details are reported in the ESI,t Table S1 and
Fig. S1), a minimum distance of 2.9 A between pyrene and
graphene was measured, with pyrene oriented on the graphene
surface in a Bernal-stacking pattern. To preserve the neutral
charge of the system, necessary for the PBC calculations, one of
the carboxylic groups was protonated for systems with the Ni**
cation. Interestingly, after the geometry optimization, the SAM
assumes a ‘sandwiched’ conformation on the graphene surface,
in which both the amidic group and the NTA moiety interact
with the pyrene (see inset in Fig. 3). This can be rationalized by
considering that the carboxylic groups of NTA tend to interact

This journal is © The Royal Society of Chemistry 2018
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with the pyrene moiety to maximize the interaction energy. The
adsorption energy of the G/SAM complex has been obtained as:

Eads = Egisam — (Eg + Esam) 3)

where the Eg and Egay are the contributions of the two
components of the system calculated at the optimized geometry
of the entire system. Adsorption energy values of —0.37 and
—0.22 eV were found for the G/pyrNTA and G/pyrNTA-Ni-IM
interfaces, respectively, ensuring the stability of both complexes.

The plane average potential profiles associated with the
pyrNTA and pyrNTA-Ni-IM structures physisorbed on graphene,
in their unit cell, are depicted in Fig. 2. The calculated work
function for the modified graphene monolayer is equal to 5.11
and 6.01 eV for G/pyrNTA and G/pyrNTA-Ni-IM, respectively.
These results represent an increase by 0.42 and 1.29 eV with
respect to the bare graphene surface work function, with a
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Fig. 2 Plane averaged potential of the G/pyrNTA (top) and G/pyrNTA-Ni-IM
(bottom) interfaces. The displayed curves refer to the bare graphene
monolayer (green), the graphene surface covered by SAM (black) and
the free SAM layer (red). Going from left to right, we move from the
graphene surface to the SAM contribution, away from the surface. For the
sake of clarity, the vacuum region after the SAM is not shown. The red thick
arrow indicates the total work function shift of the G/SAM interface. The
difference between this shift and the SAM contribution corresponds to the
charge transfer.
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computed value of 4.70 eV, in good agreement with experi-
mental measurements of 4.6-4.8 eV.*’ Interestingly, a slight
change in conformation of pyrNTA does not change the overall
picture of the WF shift (for more details, see the ESIT).

To investigate the different contributions to the total work
function shift (A®), we analysed the two components separately
in order to quantify the contribution from the charge transfer
(A®cr) versus the dipole supported by the molecular backbone
(A®sam). The computed shifts arising from the free SAM are
reported in Fig. 2 (red curve). For the pyrNTA system the
contribution of the molecular dipole was found to be 0.54 eV,
while when the Ni** cation and the two imidazole molecules
were added, a stronger dipole of 1.55 eV has been obtained.
For both SAM structures, the charge transfer contribution
(supramolecular effect) was found to be small, with values of
—0.12 and —0.26 eV for pyrNTA and pyrNTA-Ni-IM SAMs,
respectively. Thus, the total shift in the work function of the
G/SAM interfaces is mainly driven by the molecular dipole of
the SAM.

The molecular backbone contribution of the SAM to A®
arises from its dipole moment. For the pyrNTA structure without
graphene, the value of the dipole moment component (in the unit
cell) perpendicular to the graphene was found to be —1.88 D,
while the addition of the Ni** cation and two imidazole molecules
changed it to —5.42 D. The strong difference (3.54 D) in dipole
moment values due to the chelation of NTA with a Ni*" cation, is
the key to quantify the strong contribution of Adgay to the total
work function. Depolarization effects strongly modify the mole-
cular dipole moment of the interface when accounting for the
formation of the interface with graphene. The total dipole is thus
reduced by 22 and 17% for the G/pyrNTA and for G/pyrNTA-
Ni-IM interfaces, leading to a final dipole per cell of —1.46 and
—4.51 D, respectively.

Interestingly, the charge transfer contribution A®@cr, though
relatively small, is not confined to the G/SAM interface (i.e. the
interaction between graphene and pyrene) but evolves all the way
to the end of the molecular backbone (Fig. 3). The difference
between the two curves changes from zero to 0.14 (—0.26) eV
moving away from the G/pyrNTA (G/pyrNTA-Ni-IM) interface. The
plot illustrates that the charge transfer contribution is similar
for the two systems when the graphene/pyrene interaction is
considered, but it evolves in different ways (namely it is higher
when the Ni** cation is present) along the molecular backbone.

Another way to quantify the charge transfer (CT) contribu-
tion is to consider the unbalance of charge between the two
fragments. In fact, if the charge on two isolated components is
equal to the charge when they are interacting, the total CT is
zero. In the present case, the contribution of the CT, though
small, translates into a partial transfer of charge from one
fragment to the other. In particular, by means of the Bader
charge analysis distribution, we calculated the excess (depletion)
of charge at the interface as:

Ap(2) = passam(?) — [Pa(2) + psaml(2)] 4)

were pgssam 1S the charge density of the full system and pg and
Psam are the charge densities on the two non-interacting fragments.
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Fig. 3 Evolution of the charge transfer contribution to the work function. From left to right we move away from the graphene surface (indicated as a
black bar) towards the SAM layer. For both systems investigated, the A@ct contribution increases up to the end of the molecular backbone. The positions
of the last oxygen atoms (the furthest atom from graphene) and the Ni?* cation are shown. The central panel shows the optimized structures of the
G/pyrNTA (top) and G/pyrNTA-Ni-IM (bottom). The right inset shows the difference in charge density after physisorption for G/pyrNTA (top) and
G/pyrNTA-Ni-IM (bottom). Grey colour refers to carbon, red to oxygen, blue to nitrogen, white to hydrogen and cyan to nickel atoms.

We found a negligible excess of electrons of —0.004 |e| on the SAM
for the G/pyrNTA interface, while for the system with the Ni** cation
and the two imidazole molecules this value is increased almost
10-fold to 0.02 |e|. Interestingly, when the chelation of Ni** was
considered, the flow of charge was reversed, going from the SAM to
graphene, in a metal-to-ligand charge transfer (MLCT) process. As a
result, we can speculate that the positive shift of the work function
for both systems arises from the different dipole moments present
on the two structures, with a negligible CT contribution for the
G/pyrNTA interface, resulting in an electron flow from graphene to
the SAM. On the other hand, for the G/pyrNTA-Ni-IM interface this
contribution is larger, with electron flow from the SAM to the
graphene.

To confirm the possibility of a MLCT process, analysis of the
density of states (DOS) was performed. Fig. 4 shows the total
DOS for the G/SAM interface and their projection on the two
fragments, graphene and SAM as well as the projected DOS
(PDOS) over each atom type, for the G/pyrNTA interface.

For this system, the state responsible for the Highest
Occupied Crystal Orbital (HOCO) is pinned to the Fermi level
of graphene, at —3.70 eV and has a mixed contribution from
both the graphene and the SAM molecule, while for the Lowest
Unoccupied Crystal Orbital (LUCO) there is a stronger contri-
bution from the graphene surface. This result is more evident
when the atomic PDOS are considered, for which the HOCO
peak is a sum of the different contributions from carbon and
nitrogen atoms, while the LUCO is purely constituted of carbon
DOS. Additionally, the shape of the HOCO/LUCO orbitals
(depicted in Fig. 4) confirms again the localization of the HOCO
on the pyrene part of the SAM and on the NTA moiety, with the
LUCO being more delocalized over both the graphene and pyrene
components. This delocalization of the LUCO is the main pheno-
menon responsible for the negligible CT observed for this interface,
from which the major molecular backbone contribution is respon-
sible for the positive shift in the work function.

5050 | J. Mater. Chem. C, 2018, 6, 5046-5054
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Fig. 4 Total DOS and that projected over the fragments and over each
atom (top) for the G/pyrNTA interface. The vertical blue lines indicate the
eigenvalues; the dotted black line indicates the position of the Fermi
energy level. The peaks corresponding to the Highest Occupied Crystal
Orbital (HOCO) and the Lowest Unoccupied Crystal Orbital (LUCO) levels
are also indicated. The shapes of the HOCO and LUCO are depicted in red
and blue, respectively.

A different scenario is realized when the G/pyrNTA-Ni-IM
interface is considered (Fig. 5). As previously, the HOCO is
pinned to the Fermi energy of graphene, at —3.30 eV, but now
the contribution for the HOCO peak is due to the SAM only,
while for the LUCO the main contribution comes from graphene,
with a minor contribution from the SAM. The analysis of the
atomic PDOS reveals that the Ni** cation is the main element
responsible for the HOCO peak, while, as expected, only carbon
is responsible for the LUCO.

This journal is © The Royal Society of Chemistry 2018
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As previously shown, this result is corroborated by the orbital
shapes, confirming the sole contribution of the SAM to the HOCO,
which is strongly localized on the bonding ‘d orbital’ of Ni**, while
the LUCO represents a delocalization over the graphene layer and
the pyrene moiety of the SAM. This last DOS analysis confirms the
flow of charge from the SAM to the graphene in a MLCT process,
as observed in the charge analysis. Moreover, when the DOS of the
interacting and non-interacting components of the surface are
analysed, the 0.02 eV CT contribution is restored. In fact, com-
pared to the isolated case (i.e. SAM and graphene not interacting),
the DOS of the interacting SAM are downshifted by 0.58 eV, while
for graphene the shift is of 0.60 eV. This small difference in the
energy shift of 0.02 eV is the driving force for the electron flow
generated at the interface. In conclusion, the creation of the
G/pyrNTA-Ni-IM interface leads to a strong positive shift of the
work function of graphene mainly due to the molecular backbone
of the SAM, but with a non-negligible CT contribution arising from
the mismatch of 0.02 eV in the energy level alignment of the two
components of the interface which translates into an overall
electron flow from the SAM to graphene.

Elemental and electrochemical analysis of the
graphene-pyrene-NTA electrodes

In order to experimentally investigate the electron transfer proper-
ties of the systems modelled by the theoretical calculations,

This journal is © The Royal Society of Chemistry 2018

we prepared the respective electrodes on an FTO/SLG substrate,
then analysed them elementally by energy-dispersive X-ray
spectroscopy (EDX) to confirm the presence and assess the cover-
age of SLG with pyrNTA-Ni SAM. The EDX mapping image and
a quantitative elemental analysis (see Fig. 6) demonstrate
the regular distribution of the N and Ni atoms (0.90% N and
0.15% Ni) on the electrode surface. These results reveal at an
atomic scale that N and Ni atoms doped the SLG surface.

To assess the electron transfer properties of the FTO/SLG
electrodes functionalised with the SAM, we characterised them
by photochronoamperometry at various potentials. We compared
the photocurrent densities obtained from three FTO-based
electrodes modified with the pyrene-nitrilotriacetic acid moiety
self-assembled on graphene (G/pyrNTA), the graphene electrode
containing the pyrene-NTA group coordinated with Ni*" cations
(G/pyrNTA-Ni) and the graphene/pyrene-NTA-Ni layer fully coor-
dinated with imidazole (G/pyrNTA-Ni-IM). As a control, the FTO/
SLG electrode was used (see Fig. 7).

The chronoamperometric analysis indicates the highest
photocurrent generation of 14.9 nA cm 2 on the G/pyrNTA
sample when no external bias is applied (Fig. 7), with a decrease
in current going from G/pyrNTA-Ni (10.0 nA cm™?) to G/pyrNTA-
Ni-IM (3.4 nA cm™?), in agreement with our theoretical calcula-
tions which provided the mode of the preferential electron
transfer from graphene to the pyrNTA SAM for the first and the
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Fig. 6 Elemental analysis of the SAM-modified SLG surface. (a) FE-SEM images of the Ni/NTA—-pyrene/SLG/FTO surface. (b) EDX mapping of the Ni and
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(d) quantitative elemental analysis of the selected area (boxed in a) of the EDX map.
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Fig. 7 Photocurrent density generation at the respective SAM films at
different applied potentials vs. Ag/AgCLl. The current density values con-
stitute the average value from at least two measurements with the error
bars representing the standard deviation between those measurements
(n=2).

opposite CT, from SAM to graphene, when Ni*" and imidazole are
present (see Fig. 3). We observed a 2-fold increase of current for
the G/pyrNTA-Ni type of assembly (up to 46.7 nA cm™?) when
applying a negative potential of either —100 or —200 mV,
compared to the G/pyrNTA system. As expected, with no bias
applied, the current densities were much smaller, in the range
of 7-14 nA cm 2, confirming our theoretical calculations
showing the positive effect of Ni*" cations on the CT from
the pyrene SAM to graphene. Introduction of imidazole to
the G/pyrNTA-Ni layer caused a significant decrease in the

5052 | J. Mater. Chem. C, 2018, 6, 5046-5054

photocurrent generation with negative potential or no bias
applied (see Fig. 7). A 10-fold photocurrent reduction was observed
for the G/pyrNTA-Ni-IM sample compared to the G/pyrNTA-Ni
assembly, in line with our theoretical calculations. Moreover, the
current densities recorded from G/pyrNTA-Ni-IM assemblies at no
bias were even smaller compared with the graphene monolayer
alone, suggesting a dominating effect of charge recombination
at the interface with the introduction of imidazole, due to the
opposite flow of charges from SAM to graphene.

On the other hand, upon application of a positive potential
of +100 mV, the anodic photocurrents were significantly
increased in the presence of imidazole up to 18.5 nA cm >
(compare the photocurrent densities from the G/pyrNTA-Ni-IM
and G/pyrNTA-Ni assemblies in Fig. 7), confirming our theore-
tical predictions of the preferential electron flow from SAM to
graphene.

The predicted theoretical behaviour of the SAM on graphene
is thus confirmed by photoelectrochemical characterisation.
A direct comparison can be made for the situation without bias,
in which the electrons flow from the graphene monolayer to the
SAM (G/pyrNTA), and a reduction in charge flow is observed
when the metal centre and imidazole are present, since the flow
of electrons is reversed, going now from the SAM to graphene
(G/pyrNTA-Ni-IM). Moreover, these finding are strengthened
when a bias is applied; in fact, with a cathodic current the flow
of electrons is decreased when G/pyrNTA-Ni-IM is considered
with respect to G/pyrNTA, since the external field has the
opposite direction to the electron flow, acting to increase the
electron injection barrier. On the other hand, when an anodic
current is applied, the electron flow is enhanced, since now
both the external field and the charge flow are oriented in the

This journal is © The Royal Society of Chemistry 2018
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same direction, with the external field acting to decrease the
electron injection barrier.

Conclusions

Here, we report the quantum mechanical and photoelectro-
chemical characterisation of graphene modified with a pyrene-
nitrilotriacetic acid self-assembled monolayer within the confines
of the electrochemical investigation of charge transfer between
the respective components. Both theoretical calculations and
photochronoamperometric analysis indicated an increase of
electron transfer within the G/SAM samples by the introduction
of the Ni** cations, with an electron flow from the SAM to the
graphene monolayer. The calculated work function shift is
enhanced from 0.42 to 1.29 eV on going from G/pyrNTA to
G/pyrNTA-Ni-IM systems, respectively. Moreover, the main
contribution to this shift has been found to arise from the
molecular backbone rather than the charge transfer, which
is similar for both systems, with values between —0.1 and
—0.3 eV. Interestingly, the metal centre plays a crucial role in
the charge flow direction. In fact, for the G/pyrNTA system
the electrons flow from graphene to the SAM, while for the
G/pyrNTA-Ni-IM system the flow is reversed, going from the
SAM to graphene. These data have been validated by an
in-depth analysis of the density of states (DOS) of the two
systems, which elucidates the effect of the interaction between
graphene and the SAM, and the orbitals responsible for the
charge transfer at the interface. These theoretical findings are
in full agreement with photoelectrochemical data showing
that the presence of Ni** cations coordinated with imidazole
decreases the electron flow around 4-fold and 3-fold compared
to the pyrNTA and graphene alone samples, when no bias is
applied. In addition, when an anodic current is generated the
DET is enhanced since the electron injection barrier is
decreased. In contrast, with the generation of the cathodic
current the injection barrier for electrons is increased, leading
to an overall decrease of DET. This full characterization of the
G/SAM interface is a first step towards the assembly of more
complex and challenging systems in which biological compo-
nents are added, to form a fully functioning bio-organic
nanodevice.
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