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Graphene can efficiently shield chemical interactions and gradually decrease the binding to reactive
defect areas. In the present study, we have used the observed graphene shielding effect to control the
reactivity patterns on the carbon surface. The experimental findings show that a surface coating with a
tiny carbon layer of 1-2 nm thickness is sufficient to shield the defect-mediated reactivity and create a
surface with uniform binding ability. The shielding effect was directly observed using a combination of
microscopy techniques and evaluated with computational modeling. The theoretical calculations
indicate that a few graphene layers can drastically reduce the binding energy of the metal centers to the
surface defects by 40-50 kcal mol™™. The construction of large carbon areas with controlled surface
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DOI: 10.1039/c5cp05586e reactivity is extremely difficult, which is a key limitation in many practical applications. Indeed, the devel-

oped approach provides a flexible and simple tool to change the reactivity patterns on large surface
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Introduction

Graphene systems represent two-dimensional materials consisting
of a small number (1 to <10) of stacked carbon layers of extended
lateral dimension." In the past decade, biomedical applications of
graphene systems have emerged and are rapidly developing.”* The
surface structure, chemical reactivity and properties of graphene
are of paramount importance to the development of biomedical
applications.® It has been shown that the defects of graphene
sheets, particularly chemically reactive defects, can bind biological
molecules and cells, catalyze undesirable biochemical reactions
and affect the biological activity of the molecules.” Therefore, the
development of methods to detect defects and regulate their
activities is of key importance to the field. Moreover, the state-of-
the-art level recalls not only for the characterization of the defects,
but also for a possibility to shield the internal environment of a
living organism from notably reactive graphene defects while
maintaining the mechanical and other important properties of
the carbon material. Thus, controlling the surface reactivity of
carbon materials is a highly demanding task for biomedical
applications of 2D carbon materials.

Defects on a graphene surface are primary interaction centers
with increased chemical reactivity. Graphene sheets may contain
different types of defects: topological defects, single vacancies,
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line defects, Stone-Wales defects, etc.® Carbon defects have been
extensively investigated in the framework of developing efficient
catalytic systems,® sensors for gas molecules and biologically
active compounds,” nanoelectronic devices,® and energy storage
systems.” Several outstanding applications of graphene-based
materials in chemical technologies originated from the ability of
graphene to undergo chemical and physical adsorption of atoms
and molecules on the defect sites. The ability of graphene to
establish covalent and van der Waals’ interactions makes graphene
an efficient adsorbent of aromatic compounds'® with possible
application in purification systems to remove toxic impurities.
Not surprisingly, the adsorption of gas molecules,' organic
compounds'®*? and metal atoms' on graphene and related
carbon materials'* was the subject of many experimental and
theoretical studies.

Recently, we reported an efficient approach for the imaging
of reactive centers on the 2D carbon surface by adsorbing
palladium nanoparticles: metal clusters that are formed from
Pd,dba; in a chloroform solution selectively attached to
the defects of graphene layers and served as clearly visible
markers.”® This methodology opened an excellent opportunity
to make a molecular-level insight into the reactivity of the
carbon surface."”

In the present study, we revealed the possibility of shielding
the chemical reactivity of defect centers. The surface defects
can be efficiently shielded by applying a coating with a thin
layer of carbon. The reported experimental and theoretical
studies in this article have shown that pristine graphene has
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strong shielding properties, and even a single carbon layer can
noticeably mask the chemical reactivity.

Results and discussion

Using scanning electron microscopy, the boundaries of various
types of surface defects can be easily observed on a graphite
sample. Although the chemical reactivity of the defects cannot
be directly characterized, it can be visualized using a notably
sensitive procedure based on the attachment of palladium
nanoparticles to the reactive sites.'”> To map the chemical
reactivity, we used Pd,dba; as a contrast agent in the imaging
procedure. Under mild conditions, palladium nanoparticles
attach to the defect sites and serve as markers for the reactive
centers of the carbon surface (see the Experimental part for
details).

— 50 nm
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A typical carbon material with visible domains on the surface
and palladium nanoparticles attached to them is shown in Fig. 1A.
For a clear representation, we visualized the defect boundaries,
which were observed using microscopy (green lines), and the
attached palladium nanoparticles (red dots); the resulting map is
shown in Fig. 1B. As observed in the nanoscale map, nanoparticles
are preferentially located along the green lines. As expected, the
surface defects are the areas of increased chemical reactivity, where
the palladium nanoparticles were preferably bound.

Amazingly, we found another type of carbon material with
clearly visible surface defects and domains, where the chemical
reactivity of the defect centers was somehow shielded (Fig. 1C).
A representative visualization of the defect boundaries and attached
nanoparticles is shown in Fig. 1D. Although the domain boundaries
are clearly present (green lines), the metal nanoparticles (red
dots) are now uniformly distributed on the surface instead
of locating along the defects. We became interested in this

(9)
l Visualisation of defect boundaries and l
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palladium nanoparticles

Fig.1 Microscopy characterization of Pd/C materials at x100000 magnification with the corresponding nanometer scale bars in each image:
(A) attachment of Pd nanoparticles to the visible defects on the carbon surface; (B) map of the defect boundaries (green lines) and attached Pd

nanoparticles (red dots); (C) attachment of Pd nanoparticles to the carbon surface with “shielded” reactivity of the defect areas; and (D) the
corresponding map of the defect boundaries (green lines) and attached Pd nanoparticles (red dots).
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significantly visible difference and studied these unusual areas
in more details.

For detailed characterization, high-resolution scanning electron
microscopy (SEM) and scanning transmission electron microscopy
(STEM) images were recorded (Fig. 2). At low magnification, the
SEM image showed the micrometer-sized graphite particle with a
uniform distribution of palladium nanoparticles on the entire
surface (Fig. 2A). In the bright-field scanning transmission electron
microscopy (BF-STEM) image, the carbon layer boundaries are
observed — the graphite particle is thicker where the image is
darker (Fig. 2B). The annular dark-field scanning transmission
electron microscopy (ADF-STEM) image has a better S/N ratio
and provides more information about the particles on both sides
of the surface (Fig. 2C).

At higher magnifications, the palladium nanoparticles are
observed with excellent resolution. Surprisingly, in this image, we
found that the graphite surface was covered with a thin netlike
material (Fig. 2D). The BF-STEM image reveals a uniform
distribution of palladium nanoparticles (Fig. 2E).

In the ADF-STEM image, some additional nanoparticles are
clearly visible (Fig. 2F); they are on the backside of this graphite
particle and also uniformly distributed. The EDX analysis
confirmed that this area contained only carbon and palladium
(Fig. 2G). According to the EDX data, the net-like material on
the graphite surface is carbon. It has become clear that this
carbon on the graphite surface prevents the organization of
palladium nanoparticles along the defect boundaries. A notably
thin carbon coating appears to shield the chemical reactive sites.

We have also studied the next phase of the nanoparticles
attachment after the defect boundaries were fully covered. For
this purpose, the concentration of the palladium complex in
solution was varied during nanoparticles deposition on the
carbon surface. At higher concentrations of the metal precursor
in solution (after attachment to the boundaries), it was found
that palladium nanoparticles uniformly covered the graphite
surface (Fig. S16, ESIt).

To independently confirm that a thin carbon layer could
shield the active sites on a graphite surface, we performed a
theoretical computational modeling with quantum-chemical
calculations. As a model of a graphene sheet, the molecules of
coronene (C,4H;,) and circum-coronene (Cs,H;g) were selected
and studied at DFT and semi-empirical levels.

To reliably represent the stacked graphene system, the
dispersion interactions were described according to Grimme’s
D3 corrections.'® Previously it has been shown that the DFT
and semi-empirical levels used in the present study provide a
reliable description of the graphene materials, which is con-
sistent with experimental findings."”

First, we calculated the binding of the palladium marker to
the defect site of the carbon material (Fig. 3A). Two types of
carbon defects were studied: (1) missing carbon atom (i.e., one
carbon atom was removed with 4+ charge on the remaining
part) and (2) organic cation PhyCs®"), which was obtained by
removing three hydride anions from 1,3,5-triphenylbenzene.

A Pd-L unit was used as a marker for the metal binding.
With L = CO, useful information is provided by the Pd-L¢
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distance and L¢ charge. It has been shown that the PACO model
is notably sensitive to the changes in electron density at the
palladium center."® Next, we estimated the shielding of the
reactive center by the graphene layers (Fig. 3B). In both cases
(Fig. 3A and B), the binding energy was calculated according to
the equation: AE = E(complex) — E(PACO) — E(carbon material).

The energy of the PdCO coordination with a pure
“unshielded” defect was approximately —100.0 kcal mol™*
(Table 1) at the semi-empirical and DFT levels. The value is
consistent with the literature data.">'® The direct binding of
PdCO with the defect corresponds to the smallest Pd-C(sheet)
interatomic distance. All atoms in the PACO marker are posi-
tively charged according to Loewdin scheme (RI DFT), and the
positive charges of the Pd, C and O atoms are the largest at n =0
(Table 1). In accordance with the PM6-D3H4 Mulliken approach
the oxygen atom is negatively charged. Both Loewdin and
Mulliken approaches corresponded to each other with respect
to the decrease in the total positive charge of the PACO marker
upon increasing the number of layers (see Table 1, Table S1,
ESIt and Fig. 4).

It is interesting to note that an increase in the number of
sheets in a stack leads to a gradual reduction in the positive
charge of the defect-containing layer and an increase of positive
charges on the central sheets of the stack (see Fig. S1, ESIf).
Simultaneously, the charge of the surface sheet that was con-
nected with the PACO marker decreased. This effect was more
pronounced for the Loewdin charge distribution (Fig. S1, ESIT).
However, despite the charge transfer to the central sheets, the
major part of the entire positive charge is localized on the outer
sheets. This phenomenon may be used for designing nano-
electronic devices with multilayer graphene parts.

The insertion of the model graphene sheet between the
defect and the PACO molecule resulted in a considerably
reduced complexation energy value (see values for n = 1 in
Table 1). For example, in the coronene complexes at the DFT levels,
the insertion of the first additional coronene sheet decreased the
complexation energy from —98.9 to —58.7 kcal mol™", ie., the
“shielding effect” of one coronene sheet was 40.2 kcal mol™* (and
56.7 keal mol ™" at the PM6-D3H4 level).

An increase in the number of sheets in the graphene stack
leads to a gradual reduction in binding energy (see AE in
Table 1 for the Cs, system). In addition, a larger number of
shielding layers (n = 1, 2, 3; Fig. 3B) correspond to smaller
positive charges of the C, O and Pd atoms and the PACO marker
and a larger Pd-C (sheet) interatomic distance (Table 1 and
Fig. 4). For the Cs, system the sum of the positive charges of the
PdCO marker is decreased from n = 1 (1.544) to n = 3 (1.456).
Such a charge variation may account for a shielding effect.

The Pd-Cc—o) distance is sensitive to the insertion of the
first graphene sheet and noticeably decreased after such inser-
tion (this distance shortened to 0.14 A at the DFT level for the
C,4 system). Further increases in the number of sheets (n = 2
and 7 = 3) did not change the Pd-C(c—c) distance at the DFT
and semi-empirical levels.

Changing the interlayer distance is also sensitive to the size
of the system. For system 5 (n = 2), the interlayer distance was

This journal is © the Owner Societies 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cp05586e

s
o
3
o
I
&
0
[\
o
«
35
N
—
c
S]
B
B
=]
=
8
[a)]
o
i
o
59
§
N
«
c
S
B
©
Ko}
c
g
i)
%
3
<
@
=3
(@)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

icc) R

View Article Online

PCCP

s
»

L
Indicatgd magnffication: 500ig ., 20 nm

Indicateg magnification: 500kkg _

&

20nm 20nm: - 20Nnm:

.
L

Fig. 2 Microscopy characterization of the Pd/C material at x40 000 (A-C) and x500000 (D-G) magnifications with corresponding micrometer or
nanometer scale bars in each image: (A) and (D) — SEM images; (B and E) — BF-STEM images; (C and F) — ADF-STEM images; and (G) — three EDX maps.

3.43 A and its deviation from the equilibrium interlayer dis- was 4 = 0.05 A (Fig. 4). Adding a layer in system 7 resulted in a
tance of ‘“unperturbed” (without cation effect) bilayer system decrease of this change (4 = 0.04 and 0.02). Indeed, the
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Fig. 3 Modelling of shielding by graphene layers: (A) — binding of the
[PdL] to the defect site; (B) — shielding of the [PdL]-defect by pristine
graphene layers.

Table 1 Binding energies (AE, kcal mol™), atomic charges and inter-
atomic distances for the coronene and circum-coronene model systems

Number of carbon layers, n 0 1 2 3
AE, keal mol ¢ Csy —107.4 —50.7 —46.0 —44.0
C,y -989 —587 —50.1 —60.6
Cic—o) charge” C,q +0.105 +0.093 +0.079 +0.072
O charge Cyy +0.252 +0.177 +0.153 +0.138
Pd charge Cyy +0.307  +0.225 +0.165 +0.138
Total PACO charge® C,q +0.664 +0.495 +0.397 +0.348
Pd-C(C=O0) distance, A Cs, 2.004 1956 1.959 1.959
Cyy  2.097 1.957 1.957 1.957
Pd-C(sheet) distance, A Cs; 2.081 2.106  2.118  2.113
C,e 1971 2127 2127 2127

% For the C,, system, the RI PBE def2-SVP ZORA level was used; for the
Cs, system, the PM6-D3H4 level was used. 5 The calculated values of
Loewdin charges (for Mulliken charges see Table S1, ESI, and Fig. 4).
For the coronene systems, geometry optimization was performed at the
RI PBE level; for the circum-coronene systems, geometry optimization
was performed at the PM6-D3H4 level. © The sum of charges of the Pd,
C and O atoms. ¢ The shortest Pd—C(sheet) interatomic distances.

observed shielding effect led to a dissipation of the influence of
a defect site.

For both model systems, the most significant changes in
binding energy, atomic charges and interatomic distances
occurred after the insertion of the first shielding graphene
layer. The insertion of the second and third layers resulted in
a similar trend in the changes of the studied parameters but
with a less pronounced difference.

An example of the molecular arrangement of the studied
system is shown in Fig. 4. The direct binding of the PdCO
marker to the defect layer caused the cation structure to distort
and transform from the planar form to the convex form. The
insertion of only one shielding graphene sheet between the
cation and the PdCO particle eliminated the distortion, and
the arrangement became planar.

4612 | Phys. Chem. Chem. Phys., 2016, 18, 4608-4616
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Fig. 4 Optimized molecular structures of the Pd/C model system, which
reflects the shielding effect of graphene layers:n = 0 (Land 2), n = 1 (3 and 4),
n=2(5and 6) and n = 3 (7 and 8) at the PM6-D3H4 level (see Fig. 3 for
definition of n; the carbon defect layers are highlighted in orange; the total
charge of the system is 3+). The binding energy (AE, kcal mol™?) is shown in
each case (blue values). The total Mulliken charges of each layer are denoted
in red. The total Mulliken charges of the PdACO group are denoted in green.
The interlayer distances (A) are denoted in violet.

The theoretical calculations show the excellent shielding
properties of graphene layers. Indeed, even a single layer can
efficiently shield the chemical reactivity of the defect areas,
which was observed in the experiment (Fig. 1).

These findings open an outstanding opportunity to control
the surface reactivity of carbon materials and change the
arrangement of metal nanoparticles on the carbon surface.
To verify this possibility, we performed a dedicated experiment.
A carbon material with reactive centers on the surface was
coated with a carbon layer, which consisted of ~95% sp” sites
and formed from disordered graphitic islands of 15-20 A® with
subsequent attachment of palladium nanoparticles (Fig. 5). If
our assumption is correct, the nanoparticle arrangement along
the defect boundaries should disappear after a notably thin
carbon layer is deposited.

The assumption was completely confirmed in the experiment.
We observed a uniform distribution of palladium nanoparticles on
the surface (Fig. 6B and D), which indicates the shielding of the
originally presented defect boundaries (Fig. 5B). For comparison,

This journal is © the Owner Societies 2016
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—_—

Surface of graphite Pd NPs mark the defects

Coating with
carbon layer B

Surface of graphite coated with C Pd NPs are unlformly distributed

Fig. 5 (A) Pd nanoparticles localized on the defect areas (if uncoated
carbon surface is used); (B) coating of the graphite surface by a thin carbon
layer results in a uniform distribution of Pd nanoparticles.

the attachment of palladium nanoparticles to an unmodified
sample led to an alignment along the defect boundaries (Fig. 6A
and C), as we described for this approach (Fig. 5A).

Thus, the experimental findings have completely confirmed
the idea. It should be emphasized that even a notably thin layer
of carbon was sufficient to shield the chemical reactivity of the
defects. Indeed, the theoretical calculations have shown that a

— 20 nm
Fig. 6 FE-SEM images of Pd/C. (Aand C) —

Palladium nanoparticles on the graphite; (B and D) —

View Article Online
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single graphene layer can significantly reduce the susceptibility
of nanoparticles to the defect centers. After coating with 1.4 nm
of carbon, the defect boundaries remain clearly visible, whereas the
preferential palladium binding to the defect areas disappeared
(Fig. 6B and D). The images with higher magnification (Fig. 6C
and D) show that the nanoparticles on the modified graphite are
smaller (3.8 & 0.7 nm, versus 5.8 = 0.9 nm on the clear graphite),
which also confirms the change in the nature of the carbon
support.

To confirm that coating only shielded the defects and did
not create new active sites, BET (Brunauer-Emmett-Teller)
specific surface area analysis was carried out. In these measure-
ments, nitrogen gas was adsorbed on the material surface,
particularly on the defects. The surface area of the unmodified
graphite was measured as 4.127 m” g '. After coating the
graphite with a carbon layer of 2.8 nm thickness, the measured
BET response significantly decreased to 1.047 m> g~ '. Most
likely, a thin coating on a nearly planar 2D surface cannot
dramatically change the physical area of the sample; therefore,
a change in the BET response indicates a decrease in the
number of chemically reactive defect sites after coating.

)

— 20 nm

)

palladium nanoparticles on the graphite that was coated

with 1.4 nm of carbon. Microscopy characterization of the precipitates at x100 000 (A and B) and x200 000 (C and D) magnifications with corresponding

nanometer scale bars in each image.
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Conclusions

To summarize, a fundamental difference in the binding of palla-
dium nanoparticles to surface defects was established using electron
microscopy (FE-SEM, BF-STEM, and ADF-STEM), theoretical
calculations (DFT and PM6-D3H4) and BET surface area analysis.
As expected, the specific binding of palladium nanoparticles to
the defect areas was observed on regular carbon surfaces. How-
ever, on the carbon surface that was covered with a thin carbon
layer (~1-2 nm), a uniform distribution of the deposited
palladium nanoparticles was found. The theoretical calculations
have shown that even a single graphene layer significantly reduces
the binding energy of metal nanoparticles to the chemically reactive
defect sites (by ~40 kecal mol ™).

Thus, coating by a single pristine graphene layer or a few
layers provides an excellent opportunity to shield the chemical
reactivity. A notably sensitive test based on the attachment of
metal nanoparticles has clearly shown the loss of reactivity
of the visible defect areas on the carbon surface. The deposition of
thin carbon layers is a simple and technically feasible procedure,
which creates a flexible tool to control the reactivity of carbon
materials and their interaction with other molecules. The proposed
experimental technique is an efficient method to regulate the
activity of graphite defects and design new nanostructured hybrid
carbon materials. Using this carbon coating approach, one can
switch the chemical-reactivity pattern of a carbon surface from
defect-oriented specific binding to a uniform binding across the
carbon surface.

Experimental
General methods and materials

Pd,dba;-CHCl; was synthesized according to the reported proce-
dure.*" Unless otherwise noted, the experiments were performed in
screw-cap glass tubes, which were equipped with a magnetic stir
bar. Graphite powder of high purity (90% w/w of particles with a
size of less than 90 pm) was purchased from a commercial source.

The electron microscopy images were recorded using a Hitachi
SU8000 field-emission scanning electron microscope (FE-SEM).
For the FE-SEM measurements, the samples were fixed with a
conductive silver paint on a 25 mm aluminum specimen stub.
The images were acquired in a secondary electron mode at an
accelerating voltage of 30 kv and a working distance of 8-10 mm.

The high-resolution electron microscopy images were
recorded using a Hitachi HD-2700 scanning transmission elec-
tron microscope (STEM), which was equipped with a CEOS
GmbH spherical aberration (Cs) corrector. All the images were
recorded at an accelerating voltage of 200 kV. The analysis time
for the EDX-elemental mapping was 30 minutes.

The BET measurements were performed on the specific
surface analyzer Catacon Sorbtometer-M and obtained from
multipoint BET calculations.

Coating of graphite with carbon

Graphite powder (average 60 mg) was placed in a Petri dish
(inner diameter: 88 mm) and uniformly distributed on the glass

4614 | Phys. Chem. Chem. Phys., 2016, 18, 4608-4616
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to create a nearly monolayer. A Petri dish with the carbon
material was carefully placed into the Cressington Carbon
Coater 208c. At a pressure of 1.5 x 10~ * mbar, the sample
was coated with a layer of carbon. The thickness was measured
in situ using the Cressington Thickness Monitor MTM-10.

Deposition of Pd on carbon materials

The procedure was performed as previously reported.” Pd,dbaj-
CHCI; (1.2 mg, 1.16 umol) was dissolved in CHCl; (2.4 mL). Parts
of this solution were added to the carbon materials to obtain 0.5%
Pd/C material. To the unmodified graphite (12.2 mg), 0.61 mL of a
complex solution (containing 0.305 mg of Pd,dbas-CHCl;) was
added. To coated with carbon graphite (11.1 mg), 0.56 mL of a
complex solution (containing 0.280 mg of Pd,dba;-CHCl;) was
added. The complex was decomposed at 50 °C for 2 h. After the
completion of the reaction, the solutions became colorless. The
value was consistent with the literature data. The carbon powders
were washed with acetone and CHCI; and subsequently dried.

Computational procedures

For all RI PBE*? calculations, the def2-SVP ZORA>® basis set and
def2-SVP/] auxiliary basis set were used (Orca 3.0.3>* program
package). The RI (resolution of identity) approximation allows
in particular to speed up the DFT calculations using pure (non-
hybrid) functionals.

The ZORA (zeroth-order regular approximation) is applied
for the description of the relativistic effects in DFT methods.
Relativistic effects may be important for molecular systems
containing atoms of heavy elements such as palladium.>

The D3BJ'® dispersion correction was applied to more
accurately describe the dispersion interactions between gra-
phene sheets within RI DFT calculations.

The MOPAC 2012 program package®® was used for the semi-
empirical PM6-D3H4” calculations with parameter GNORM = 0.2.

The visualization of optimized molecular structures was
performed by using the Mercury 3.5.1 program package.*®
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