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ABSTRACT: Although substrate composition can influence the Graphens ) after resction
chemical reactivity of graphene, substrate lattice orientation provides , | Compressive strain i— 2,

a valuable alternative. The effect of Cu surface orientation on the = P

reactivity of graphene was explored through a reductive trans- 3l .=TS-‘ :Hrl

formation. Among the substrates tested, only Cu(111) led to the 3 |—-04% , V:t; ol il

efficient, fast and uniform functionalization of graphene, as o e R 1 bt

demonstrated by Raman mapping, and this arose from compressive & | " aT

strain induced by Cu(111). Functionalization effectively relaxes the 2, | il:i‘

strain, which can be subsequently reintroduced after thermal W rovicts

treatment. Theoretical calculations showed how compression 2 —

facilitates the reduction and hybridization of carbon atoms, while — -—

coupling experiments revealed how kinetics may be used to control Reacion coordinae Graphene an Cu(100) fter reaction

the reaction. The number of graphene layers and their stacking modes
were also found to be important factors. In a broader context, a description of how graphene undergoes chemical modification
when positioned on certain metal substrates is provided.

B INTRODUCTION lower reactivity than graphene on SiO,.”>** Since the surface

Chemical functionalization is a process that can be used to orientations of common metal foils may be quite different,

tailor the structure and properties of graphene.' ™ A variety of whicb can  challenge systen'latic 'reactivity studies, under-
methodologies have been used to graft functional groups onto standing how t}%e surface orlenta'Flon of the m‘etal substrate
graphene, including diazo-coupling*™! cycloaddition,'>*3 affects tbe chem‘lstry of the overlying graphene is wa.rranted.

photochemistry,*'* and reduction.’*~*° With regard to the Cu .fc?lls are mdel}; (11257ed to grow graphene by chemlca? vapor
controlled functionalization of defect-free graphene in certain dep os1t_1on (CVD),™"" and grap h.ene. on Cu provides 2
transformations, several factors have been found to signifi- Fonvenlent P l'atf(?rm for funct1ona11za-t1on. .Howev_er, SP a_t1al
cantly alter the chemical reactivity, including the nature of the inhomogeneities in the Cu substrate, including lattice (mis)-

substrate,”'®2%%! tensile strain,®® the number of layers c?rientati?n 'of the grains, step bunchi‘ng (i.e., groups of ripple-
(n),”'®'°?* and the stacking mode (when n > 2).1%' like, periodic Cu steps formed during the CVD growth of

graphene),” grain boundaries and oxidation, and graphene

However, these findings were only acquired from graphene
status (e.g., wrinkles, grain boundaries, strain, and charge

on dielectric or semiconductor substrates. In contrast,

h d its functionalized derivati 1 doping),”*° can lead to nonuniformity when attempting to
graphene and its functionalize erivatives on metals, 3 ) e - )
particularly Cu, can be directly used in a variety of sensing covalently functionalize the graphene.” Relationships between
and other applications. Compared with graphene on SiO,/Si, the chemical reactivity and the local structure of graphene
graphene on Cu excludes the influence of polymer residues and grown on Cu, which may be strongly influenced by the
trapped molecules, and thus provides a relatively clean surface orientation of the Cu surface, have not been well investigated
for subsequent functionalization. Moreover, graphene on because of the limited availability of reproducible graphene
metals may provide platforms that enable one-sided function- samples grown on monocrystalline Cu foils with a controlled
alization and thus facilitate access to two-sided graphene that is

functionalized in an asymmetric manner. However, graphene Received: May 2, 2019

on Cu has only been discussed in gas- or solid-phase Revised: ~ October 1, 2019

reactions,”>™>° and was reported to exhibit a significantly Published: October 17, 2019
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orientation. In this context, we recently reported that graphene
grown epitaxially on a well-defined Cu(111) foil substrate is
under compressive stress,”" and found that there is only a very
small rotation angle between the hexagonal graphene lattice
and the hexagonal arrangement of Cu atoms on the Cu(111)
surface. Such a small lattice rotation angle can be expected to
produce a relatively large frictional force between the epitaxial
graphene and the underlying Cu(111) foil substrate,”’ and
thus may play a crucial role in maintaining the compressive
strain in graphene when the Cu(111) foil contracts while
cooling from the growth temperature of 1070 °C to room
temperature. The epitaxial graphene shows a relatively uniform
compressive strain of ~0.3%, and appears to be a wrinkle-free,
single crystal. Since such samples should not contain grain
boundaries or wrinkles, they can be expected to facilitate in-
depth studies of graphene.

To efficiently functionalize both single-layer (1L) and
bilayer (2L) graphene, a reductive reaction was conducted
by treating graphene with a solution of [K(15-crown-5),]Na,
followed by an aryl or alkyl halide.'” While we previously noted
that this approach efficiently functionalizes 1L graphene, where
the graphene is epitaxial to the Cu(111) surface, the chemistry
was not explored in detail.*’ Here, we describe how the surface
orientation of the Cu influences the reaction of graphene.
Spatially resolved Raman spectroscopy imaging was used to
examine the reactivities of graphene grown on three Cu foil
substrates: (i) Cu(111), (ii) a crystalline surface close to
Cu(100) (termed Cu(100) for simplicity, Figure SI,
Supporting Information (SI)), and (iii) a polycrystalline Cu
foil. Faster and more homogeneous functionalization was
found for graphene on Cu(111) than on Cu(100) or
polycrystalline Cu, and was attributed to the larger
compressive strain of graphene on Cu(111). It was found
that functionalization and subsequent thermal treatment
“relaxed” and reproduce the compressive strain in the
graphene, respectively. Molecular dynamics (MD) and density
functional theory (DFT) calculations were also used to
understand the nature of the compression induced by the
orientation of the Cu surface and its effect on the reactivity of
graphene. The degree of the reaction was changed by varying
temperature and time, and the reaction kinetics were obtained
from such data. In addition, the reductive chemistry of 2L
graphene on Cu(111) and the influence of graphene stacking
were investigated to better understand how to control the
functionalization of few-layer graphene samples.

B RESULTS AND DISCUSSION

Functionalization of Graphene on Different Sub-
strates. Our two-step reductive reaction involves the
sequential treatment of graphene with an alkalide reductant
in conjunction with aryl or alkyl halides."” Briefly, when mixing
a sodium—potassium alloy (NaK, liquid, 1:1 atom ratio) and
15-crown-$ in anhydrous tetrahydrofuran (THF), 1S-crown-$
coordinates with K" and facilitates the dissolution of NaK to
produce a blue solution of [K(15-crown-5),]Na.’*** As shown
in Figure la, graphene is reduced when exposed to the
reductive sodide solution for a designated period of time (¢,).
Next, an organohalide is introduced into the mixed solution to
react for a time t,, We found that varying t, significantly
affected the degree of functionalization, whereas changing t,
had a relatively limited effect.'”

Three Cu foil substrates, namely, Cu(111), Cu(100), and
polycrystalline Cu (p-Cu), were independently used in this
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Figure 1. Summary of the reductive functionalization reaction used to
modify graphene on various substrates (indicated) and the
corresponding Raman data. (a) Reaction procedures of the two-step
reductive functionalization. (b) Raman spectra recorded from 1L
graphene islands on different substrates. (c) Raman spectra recorded
from 1L islands after functionalization with iodobenzene. Reaction
conditions: [[K(15-crown-5),]Na]y ([Cnaklo) = 0.02 M; t; = 5 min;
t, = S min; and temperature (T) = 20 °C. (d) Raman spectra
recorded from 1L islands after functionalization with bromobenzene.
Reaction conditions: [Cy,x]o = 0.04 M; ¢, = 10 min; £, = S min; and T
= 20 °C. Each spectrum was averaged from ten spectra recorded at
different positions on each sample. A, = 488 nm.

study to explore the effect of crystalline orientation of the Cu
substrate on the reactivity of graphene. Hexagonal or irregular
graphene islands were grown by CVD on the three substrates
(more information on the graphene islands is provided in the
SI). Note that the single-crystal Cu(111) and Cu(100)
substrates were obtained by our recently reported contact-
free method,”* and the graphene islands on Cu(111) appeared
to be uniform in functionalization degree. The selected
graphene islands/regions for Raman maps are representative
of all graphene islands/regions on the same substrate. The
surface orientations of the Cu foils underlying the graphene
were measured by electron backscatter diffraction (EBSD) and
the corresponding images are shown in Figure S2. Monolayer
islands on Cu(111), Cu(100), or p-Cu were subjected to the
conditions used to induce reductive functionalization."” For
comparison, the same reaction was repeated on a continuous
1L graphene grown on polycrystalline Cu and transferred onto
SiO, (300 nm)/Si. Since a graphene edge with a larger number
of defects is more reactive than the basal plane,” the Raman
spectra shown in Figure 1b—d are from the internal regions of
the islands.

All four graphene samples showed no D peaks (Figure 1b),
indicating they are of high quality with few defects. We found
that 1L graphene on Cu(111) is noticeably different from
those on Cu(100), p-Cu, or SiO, from the Raman G and 2D
band frequencies (wg and w,p), as well as the full-width at
half-maximum of the 2D peak (FWHM,;,) (Table S1). These
differences can be attributed mainly to charge doping and
mechanical strain,”® and will be discussed below.

Raman spectroscopy can be used to assess the degree of
covalent functionalization, more specifically, by measuring the
ratio of the height of the defect-activated D peak (sp*-defect
for the covalent functionalized graphene) to the characteristic
G peak (Ip/Ig).>>~*" Figure 1c shows the spectra acquired
from the four graphenes exposed to a solution of [K(15-crown-
5),]Na for S min, followed by the dropwise addition of
iodobenzene in THF and further immersion for 5 min. The
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Figure 2. Progress of the reductive reaction on graphene islands as revealed by sequential Raman Ip,/I; (height) maps over time. (a) A 1L graphene
island on Cu(111). (b) A 1L island on Cu(100). (c) A 1L island on p-Cu. The reaction time ¢, of each run is indicated on the map. Other reaction

conditions: [Cy,x]o = 0.02 M; t, = S min; and T = 20 °C.
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Figure 3. Spatial and statistical analyses of the various parameters for typical 1L islands on Cu(111) after different treatments. (a) Aw,p/ Awg of
an unreacted island on Cu(111). (b) Strain of the unreacted island in (a). (c) Strain of another reacted island on Cu(111). (d) Strain of another
island on Cu(111) after functionalization, followed by heating at 450 °C in Ar. Statistical analyses were performed using 200 values randomly
collected from each map. Electrophilic reagent: iodobenzene; reaction conditions: [Cy,x]o = 0.02 M; t; = 5 min; , = S min; and T = 20 °C.

significantly higher (10x) (Ip/I;) value measured for 1L on
Cu(111) (Ip/Ig = 2.3) than for those on Cu(100) (Ip/Ig =
0.19) and p-Cu (Ip/Ig = 0.13) indicates that graphene on
Cu(111) was functionalized to a higher degree. Indeed, the
functionalization degree of 1L on Cu(111) was even higher
than that for the polycrystalline graphene transferred on SiO,
(Ip/Ig = 1.1), with the latter reported to be typically showing a
relatively high reactivity.”*”*" It should be noted that from our
previous study, CVD-grown graphene transferred onto SiO,/Si
exhibited a reactivity similar to that of mechanically exfoliated
graphene on SiO,/Si, although the former contains SiO, layer
hydrates and polymer residues from the requisite transfer
processes.”

The covalent functionalization of graphene was confirmed
from the observation that a near 100% recovery of sp*-
hybridized graphene was achieved by heating at 450 °C under
an argon atmosphere (Figure S3). Moreover, we further
assessed the reactivity of the four graphenes using
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bromobenzene, which often displays a lower reactivity than
iodobenzene in coupling reactions.'” The corresponding
Raman spectra in Figure 1d show a reactivity sequence similar
to that of iodobenzene, although a lower degree of
functionalization is observed in all of the graphene samples
analyzed. Thus, it can be concluded that the reductive
functionalization of graphene is promoted by the Cu(111)
substrate.

Reaction Progression and Effect of the Substrate. We
independently subjected 1L graphene islands on Cu(111),
Cu(100), or p-Cu to reductive functionalization to further
understand the effect of the substrate on graphene reactivity.
Raman mapping was used to monitor the islands over time and
the results are shown in Figure 2. Figure 2a shows the
evolution of the Iy/I; map of graphene on Cu(111) during
consecutive runs. The first minute of the reaction resulted in
relatively uniform functionalization over the whole island and
the Ip/I; ratio was approximately 2 (a typical result obtained
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for many such islands on Cu(111) substrates), whereas a
slightly higher degree of reduction was measured at the edges.
The longer second and third reactions increased the Ip/Ig ratio
marginally, indicating that functionalization was nearly
complete during the first reaction. In addition, the Raman G
and 2D peak frequencies red-shifted from their original
positions (Figure SS), consistent with a partial relaxation of
the compressive strain during the reaction; this aspect is
further described in Figure 3. In contrast, the functionalization
of graphene on Cu(100) was nonuniform in all runs as shown
in Figure 2b (a typical result for many such islands). Only
edges and some “lines” were functionalized to a degree close to
graphene on Cu(111). For a 1L island on p-Cu, a tenfold larger
t, was used (Figure 2c), although performing the first reaction
for 10 min did not functionalize the island, except at the edges
and along some lines, a typical result for many such islands. We
note that such lines are not present on the graphene islands on
Cu(111). It is likely that these sites were graphene boundaries,
cracks, or wrinkles that formed during the CVD growth/
cooling process and they readily initiated the functionalization
reaction. Functionalization proceeded from the edges and
boundaries in the second reaction for 20 min and finally
extended to other parts of the island by the end of the third
reaction for SO min (Figure 2c). This “edge-to-interior”
reaction suggests that migration of reactants under the
graphene layer may play a significant role. A “defect-induced
autocatalytic reaction” may also explain the observed reaction
process, which proceeds gradually from an edge because
graphene may be locally activated by the functionalization of
nearby carbon atoms.>

The Cu substrate effect was also observed for both
continuous graphene films on Cu and graphene islands when
using a Li/biphenyl solution (Figures S6 and S7). The
influence of the reaction on the morphologies of graphene is
seen by atomic force microscopy (AFM) in Figure S8, where a
uniform functionalization of graphene only on the Cu(111)
foil can be observed. Thus, a Cu(111) foil facilitates the fast
and uniform reductive functionalization of epitaxial CVD
graphene, which may be desirable for applications where fine
control over the degree of functionalization is required. The
increased reactivity of graphene on Cu(111) was observed for
other reactions, including phenylations that utilize bromoben-
zene and jodoaniline, respectively. Collectively, these results
suggest that Cu substrates may widely affect the chemistry of
graphene.

Influence of Compressive Strain. Charge transfer and
strain (&) are two factors that can alter the band energy and
thereby cause a shift in the positions of the characteristic
Raman peaks of graphene (i.e., @g and w,p). Charge transfer
between Cu and graphene is generally weak and does not
significantly change the positions of @g and @,p, (<2 cm™),*
but tensile (positive) and compressive (negative) strains lead,
respectively, to red- and blue-shifts of the Raman peaks.**™*
Moreover, graphene subjected to mechanical strain shows a
Aw,p/Awg of 2.45 + 0.37," which allows one to distinguish
between charge doping and strain effects.”’ From the blue-
shifts of the G and 2D bands with respect to @ (1582 cm™)
and @,p, (2692 cm™) values observed for unstrained graphene
under 488 nm excitation,”” and the calculated Aw,p/Awg
value of 2.47 + 0.54 in Figure 3a, the presence of significant
compressive strain on the 1L island on Cu(111) can be
confirmed. Indeed, CVD graphene grown on Cu has been
reported to experience strain in a manner that is dependent on
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the substrate crystal lattice.”” We previously reported that the
compressive strain is maintained by the frictional force
between the graphene and the underlying Cu(111) substrate.”'
In finding a quantitative relation between the strain and the
observed Raman shift, we noted that different correlation
coefficients between strain and peak shift (dwg/0de or dw,p/
0¢) have been reported in literatures. This difference may arise
from various experimental conditions, such as polarization of
the laser beam and the orientation of the graphene lattice.**™*
Here, we used dwg/0e = —60 cm™ /% or dw,p/0e = —147
cm™!/% in our calculation, values that we have taken from
reported data on CVD graphene on Cu (no transfer).””** In
contrast to these studies using pristine graphene on Cu,*”** we
have attempted to correlate covalent functionalization to
compressive strain. However, since Raman spectral informa-
tion also includes compressive strain and the 2D band is more
dispersive because of defects,”®*” we have used wg to calculate
strain in our graphene samples. We found a —0.29 + 0.08%
strain for graphene islands on Cu(111), as shown in Figure
3b.*” Cu(100) and p-Cu produce a lower compression of the
graphene than does Cu(111). For example, graphene on
Cu(100) has been reported to show a wide distribution of
strains from —0.3% (compression) to 0.2% tensile. The islands
on Cu(100) and p-Cu showed strains of about —0.09% and
about —0.05%, respectively, consistent with reported values.””
The reductive functionalization of a 1L island on Cu(111) was
found to partially relax the strain in graphene, the distribution
of which is relatively uniform in the strain map in Figure 3c,
with an average value of —0.16 + 0.09%. The removal of
grafted groups by heating the functionalized islands in argon at
450 °C resulted in the recovery of strain to —0.31 + 0.11%,
thus providing a way to change the strain in the graphene layer
and render it more reactive. We note that some wrinkles
survived after the thermal treatment, as shown in Figure S3c—
e.

The number of substrate atoms doped in the graphene is
relatively small for a copper substrate and depends on the
substrate orientation, which is in marked contrast with the high
dopant concentrations found when other substrates are used,
including Ag, Au, Pt, or AL* Tt was reported that Cu(111)
leads to a shift in the Fermi level of 250 meV, while Cu(100)
leads to three distinct doping stages of the Fermi-level shifts: 0,
250, and 350 meV.” However, the doping of graphene with
Cu induced by the orientation of the Cu surface should not
play a dominant role in influencing its reactivity. More
importantly, we note that the influence of charge doping
between Cu and graphene may be relatively small when
compared to the solution of [K(15-crown-5),]Na that was
used to reduce the graphene. Since the roughness of the
substrate and the quality of graphene are comparable for all
three substrates, their respective contributions should be
comparable. While it has been reported that graphene on
SiO,/Si can exhibit other types of noncovalent interac-
tions,”’~*’ the interaction between graphene and Cu is likely
to be dominated by van der Waals forces.”” As such, the
reactant-adsorbing ability of the Cu substrates may not be
expected to significantly alter the reactivity displayed by the
supported graphene. The enhanced functionalization of
graphene on Cu(111) is thus attributed mainly to compressive
strain, as supported by the calculations described below, and is
consistent with other calculations indicating that compressive
strain facilitates chemisorption.*®
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The evolution of the I/I; map in Figure 2 indicates that
reductive functionalization probably also involves reactants
underneath the graphene rather than exclusively from the “top”
surface for islands on Cu(100) or p-Cu. For the functionaliza-
tion of islands on p-Cu for 1 h (Figure 2c), if we assume that
the interface between graphene and Cu contains reactants, the
bottom side of graphene is probably also attended with
functional groups. For the functionalization of islands on
Cu(111) for 1 min (Figure 2a), we cannot completely exclude
the possibility of the reagent moving in the space between the
bottom side of the graphene and the substrate; however, the
absence of wrinkles of graphene prior to exposure to the
reductive conditions suggests that the two-sided reaction
would not be favored. Indeed, since the functionalization of
continuous films on Cu(111) was also efficient and uniform,
we conclude that reaction at the upper surface is dominant
(Figure S6). A partial rather than a complete relaxation of
compressive strain by functionalization (Figure 3c) and the
restoration of strain by heating (Figure 3d) also support
preferential reaction at the top surface. Even at low
temperatures (—20 °C), the functionalization of the islands
on Cu(111) was uniform, although significantly weaker
(Figure Sa), which supports the idea that the reaction occurs
primarily, or only, on the exposed side of the graphene. Such a
reaction preference could be potentially used to prepare two-
sided asymmetric functionalized graphene with two faces of
different structures.

Theoretical Calculations. We first performed MD
simulations to determine the strain state of graphene on a
Cu(111) surface (see the MD simulation section in the SI).
From the average carbon bond length measured in graphene,
we found that a compressive strain of about —0.035% was
exerted by the Cu(111) surface. For comparison, a value of
—0.3% is shown in Figure 3b. The difference may be due to the
different thermal expansion coefficients between the graphene
and the underlying metal substrate, which were not included in
our calculations.*”*! Next, DFT was used to calculate how the
compressive strain affected the covalent functionalization
reaction. As summarized in Figure 4 (and the DFT section
in the SI), graphene under various degrees of strain was
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Figure 4. Theoretical study of the reductive functionalization of
graphene on Cu(111). (a) Reaction coordinate diagram calculated for
the covalent functionalization of reduced graphene (graphenide) with
iodobenzene (step 2). (b) Atomic configurations of the correspond-
ing reactants, transition states, and products. White, red, light blue,
purple, blue, and gray spheres represent H, O, K, Na, I, and C atoms,
respectively. The transparent gray honeycomb network represents a
layer of graphene.
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introduced into a solution of [K(15-crown-5),]Na and
iodobenzene. The overall functionalization process was
calculated to proceed through a mechanism analogous to
those described for radical nucleophilic aromatic substitution
(Sgnl) reactions.>” During the initial stage, graphene was
shown to undergo reduction upon exposure to the [K(15-
crown-5),]Na. Subsequent electron transfer to iodobenzene
resulted in the formation of a phenyl radical species and an
iodide byproduct. Finally, coupling between the phenyl group
and the graphene proceeded through the transition state
shown to form the expected product. The application of strain
to the graphene resulted in bond deformation and effectively
destabilized the ground state in a manner that facilitated the
coupling reaction. In other words, the relative energies of the
calculated transition states and products were reduced
depending on the compressive strain applied to the graphene.
In addition, to investigate the effect of the Cu substrate on the
reactivity of graphene, the binding energy of the phenyl group
on the graphene flake under increasing compressive strain and
in the presence of Cu(111) was also calculated. As shown in
Figure S12 and Table S2, compression increased the reactivity
displayed by the Cu-supported graphene.

Low-Temperature Functionalization and Kinetics. To
study the reaction kinetics, T and ¢, were varied in the
reductive functionalization of 1L graphene islands on Cu(111).
The reaction time (t,) after the addition of electrophilic
reagents does not influence the functionalization (Figure
S13)." Considering the instability of the heated [K(15-crown-
5),]Na solution and the high reaction rate at 20 °C, we used T
<20 °C to slow down the reaction and first investigated the
uniformity of the functionalization at —20 °C. The I,/I; map
of a functionalized island in Figure Sa shows that the reaction
took place over the entire island. However, the average Ip/Ig
value of graphene treated at —20 °C is ~0.7, which is lower
than that of the island functionalized at 20 °C as shown in
Figure 2a. Figure 5b shows the influence of the size of the
graphene island (represented by the total length of the
perimeter divided by 6 (P/6)) on the functionalization degree.
The similar average I,/I; ratios of functionalized islands with
P/6 ranging from 10 to 80 um (at either —20 or 10 °C)
indicate that graphene size has no influence on the reductive
functionalization. This uniform and size-independent function-
alization means that we can use the average Ip/I; ratio
calculated from various graphene islands on Cu(111) to
represent the degree of the reaction in our study of the
reaction kinetics.

The relationship between I,/I; and t; for functionalized
graphene islands on Cu(111) is plotted in Figure Sc. At —20
°C, Ip/I; increased gradually with increasing t, and reached
147 + 049 at t;, = 20 min. In contrast, at 10 °C, Ip/I;
increased more rapidly with ¢; to reach a maximum of 1.80 +
0.35 at t; = S min; further increasing ¢, led to a decrease in I,/
I. We also plotted the Ij,/Ij; of the functionalized islands as a
function of T using ¢, = 2, 5, or 10 min. As shown in Figure 5d,
when t; = 2 or § min, I,/I gradually increases with increasing
T in the range —30 to 20 °C, whereas, when ¢, = 10 min, I/Ig
increases with increasing T in the range —30 to 10 °C, with a
maximum value of 1.79 + 0.39 (T = 10 °C). The results shown
in Figure 5c,d demonstrate that the degree of functionalization
of the graphene islands is influenced by changing the reaction
temperature and time. Since the defect density of graphene can
be calculated from the Ip/I ratios,”~>* a relationship between
functionalization degree and temperature can be derived as
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shown in Figure S14a. The activation energy for the reductive
phenylation of 1L islands was estimated from the resultant
kinetics plots to be ca. 20 kJ mol™.

Functionalization of Bilayer Graphene on Cu(111).
We next examined the functionalization of few-layer (in
particular, 2L) graphene islands on Cu(111). Our graphene
islands were epitaxially grown on Cu(111) and had mostly a
hexagonal shape, with their orientation predominantly
determined by the substrate lattice. In the case of 2L graphene,
we found that ~70% of the second hexagonal layers (the
smaller hexagon) had the same orientation as the first layer
(the larger hexagon), indicating epitaxial growth as well as AB-
stacking (termed AB2L). Misoriented 2L islands could also be
found in these samples, and in this case there was usually a
rotation angle of ~30° between the two layers (termed m2L
island). In some cases, the m2L and AB2L regions were
connected as shown in Figures 6, S15, and S16.
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We found that the blue-shifts in the Raman G and 2D
frequencies of few-layer graphene islands were smaller than
those of 1L islands on Cu(111), indicating smaller compressive
strains in few-layer graphene. Moreover, an AB2L island has a
smaller @, but a higher @, than an m2L island on Cu(111).
It is known that the 2D band of 2L graphene is strongly
dependent on the rotation angle between the two layers.””*
For example, AB2L has four subpeaks due to the strong
coupling between the two layers.”” In contrast, the 2D band of
m2L is a single Lorentzian for rotation angles larger than 13°
under 488 nm laser excitation.”>** Such a distinction together
with the complicated substrate effects makes a comparison of
the w,p of AB2L and m2L less informative. Therefore, we used
@g to calculate the compressive strain of 2L graphene parallel
to the layers using the coefficient dwg/0¢ to be 60 cm™'/%, as
described earlier in this paper. The compressive strains in the
AB2L and m2L islands are ~0.08 and 0.11%, respectively,
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suggesting a slightly larger compression for the latter. Indeed,
AFM characterization showed that among 1L, AB2L, and m2L
islands, the AB2L island had the largest number of step
bunches, while the 1L island had the lowest (Figures S15b and
$17). In addition, the AB2L island had more pronounced
wrinkles than the m2L island (Figure S17). Both step bunching
and wrinkles release compression, and as a result, the
compressive strain decreases in the order 1L > m2L > AB2L
graphene islands.

To compare the reductive functionalization of 2L graphenes,
we chose an island consisting of 1L, AB2L, and m2L regions, as
shown in Figures 6 and S1S. Prior to the functionalization, no
D peaks were found for the whole region examined, as shown
in Figure 6a. Note that the light purple contrast for the 1L
region in Figure 6a is due to the larger intensity ratio resulting
from greater noise in the D peak range than for the 2L region.
After the first reaction was run for 1 min, we found that m2L
was functionalized relatively uniformly to a degree close to the
1L island. In contrast, AB2L was less functionalized, although a
small D peak could be seen for the interior regions, suggesting
the functionalization of the edge of the AB2L region was more
severe. The second reaction slightly increased the functional-
ization of both 1L and m2L regions, and the functionalization
of the AB2L region proceeded from the edge. The third
reaction for S min led to the uniform functionalization of all
graphenes, and the functionalization of AB2L covered its whole
area. The sequence of reactivity 1L > m2L > AB2L is the same
as that observed for compressive strain. Note that the Ip/Ig
ratio is affected by the number and stacking order of the
graphene layers, potentially because the defects in one layer
can scatter phonons in a neighboring layer.”® As such, the
quantification of defect densities in bilayer graphene using
Raman spectroscopy is challenging, although qualitative
assessments of relative reactivity may be possible. Changes in
the strain maps in each stage (Figure S16) further show the
release of compressive strain. The reaction process for the
AB2L region in Figure 6 is similar to that for bilayer graphene
in our previous study,'’ suggesting that intercalation of
reactants between the two layers is dominant. The
intercalation process of the AB2L region on Cu(111) is faster
than that for mechanically exfoliated bilayer flakes on SiO,/
Si," which is likely due to the different substrate. However,
reaction on the top surface of AB2L on Cu(111) cannot be
excluded since a weak D peak is observed everywhere on the
sample. The examination of individual AB2L and m2L islands
(Figures S17—S20) gives further information on the differ-
ences in reactivity between the two kinds of graphene in
reductive functionalization. It has been reported that
misoriented bilayer graphene has a higher reactivity than AB-
stacked graphene, and this has been said to be due to the
different Fermi levels of the two bilayers.'”'® We speculate that
on Cu(111), the intrinsic reactivity and compressive strain also
contribute to the higher degree of functionalization of m2L
when compared to that of AB2L islands.”’

B CONCLUSIONS

Epitaxial graphene (single-layer islands and continuous films)
grown on Cu(111) experiences significant biaxial compressive
strain in a manner that facilitates reductive reactions, leading to
fast and uniform functionalization, as illustrated by Raman
mapping. In comparison, graphene grown on Cu(100) and
polycrystalline Cu undergoes slow and nonuniform function-
alization that proceeds from the edge to the interior. The
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activation of graphene on a Cu(111) foil was attributed to
compressive strain. Functionalization relaxed this compression,
while heating to a temperature that promoted defunctionaliza-
tion restored compression to almost its original value. The
kinetics was investigated for a set of reactions performed below
room temperature, and an activation energy of around 20 kJ
mol™! was measured for the functionalization of reduced
graphene using iodobenzene. Molecular dynamics and density
functional theory calculations were used to elucidate the
mechanism of the reaction and the effect of compression. A
noticeably higher reactivity was observed for misoriented
bilayer graphene than for AB-stacked bilayer graphene, which
was attributed to the difference in their energies and
compressive strains. This study describes the chemistry of
graphene grown on metal substrates, demonstrates how surface
reactivity may be kinetically controlled, and shows that such
chemical reactions can be reversed by heating, which
defunctionalizes the graphene and changes the level of
compressive strain in it.

B EXPERIMENTAL METHODS

Graphene Preparation. Graphene on Cu(111). A commercial
polycrystalline Cu foil (99.99%, thickness = 80 um, Nilaco Co.,
Japan) was heated in a tube furnace at 1050 °C and 760 Torr under a
mixed H,/Ar flow (10 scem for each) for 12 h to prepare a single-
crystal Cu(111) foil.>* The foil was electrochemically polished in an
electrolyte containing 500 mL H;PO, (14.7 M), 250 mL ethanol, SO
mL isopropyl alcohol, and S g urea under a constant voltage (>2 V)
for 30 min, washed with deionized water and acetone, and dried
under flowing N,.

For the CVD growth of graphene, the Cu(111) foil was heated in a
tube furnace at 1075 °C and 760 Torr under a mixed H, (500 sccm)
and Ar (1000 sccm) flow for 2 h. The H, flow was then reduced to 55
scem, and CH,, (0.1% in Ar, prepared using a homemade premixing
system) was introduced at a flow rate of 40 sccm for a given time to
obtain epitaxial growth of graphene. The graphene samples with
different sizes and numbers of layers grown on Cu(111), used in this
study, were obtained by controlling the exposure time to CH,.

Graphene on Cu(100). A commercial polycrystalline Cu foil
(99.99%, thickness = 80 um, Chinalco Co., China) was used for the
preparation of the Cu(100) substrates by thermal heating.>* The
CVD growth of graphene was performed in a tube furnace at 1060 °C
and 760 Torr under CH, (0.1% in Ar using a homemade premixing
system, 34 sccm), H, (36 sccm), and Ar (200 sccm) flows for around
2 h.

Graphene on Polycrystalline Cu. To grow graphene on
polycrystalline Cu, a Cu foil (99.8%, thickness = 25 um, Alfa
Aesar) was used. Prior to graphene growth, the foil was immersed in
acetic acid for 30 min and dried under a N, flow. Graphene was
nonepitaxially grown on the Cu foil at 1035 °C under H, (25 sccm)
and CH, (2 sccm) flow for a given time at a pressure of 0.3 Torr.
Continuous or partial coverage of monolayer graphene was obtained
by controlling the time of exposure to CH,.

Graphene on SiO,/Si. Continuous single-layer graphene grown on
a polycrystalline Cu foil (99.8%, thickness = 25 ym, Alfa Aesar) was
transferred onto SiO, (300 nm)/Si using the PMMA transfer method.

Functionalization of Graphene. Functionalization at Room
Temperature. The two-step functionalization of graphene at room
temperature (20 + 1 °C) was performed inside an argon glovebox. A
sodium—potassium alloy (NaK, liquid, 1:1 atom ratio) was prepared
by combining sodium (99.95%, Sigma-Aldrich) and potassium
(99.95%, Sigma-Aldrich), and was stored in a glovebox. In a glass
Petri dish, 15-crown-5 (98%, 88 mg, 0.4 mmol, Sigma-Aldrich) was
dissolved in anhydrous THF (S mL). A suspension of the NaK (12.4
mg, 0.2 mmol) in THF (S mL) was added to the solution of 15-
crown-5, under stirring, using a glass-coated magnetic bar. When
using 18-crown-6 (98%, Sigma-Aldrich) or cryptand 222 (98%,
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Sigma-Aldrich), the stoichiometric ratio of the macrocyclic host to
NaK was 1:1. For simplicity, we used the concentration of the NaK
([Cnax]o) to describe the concentration of the reductive complex
solution. The mixture became dark blue within ~1 min due to the
formation of the reductive K(15-crown-5),Na solution; the solution
(0.02 M) was further stirred for 10—20 min. A graphene sample was
then immersed in the solution for a given reaction time in the first
step (t,), followed by the dropwise addition of an aryl or alkyl halide
(1 mmol in § mL THF). The graphene sample was kept in the
solution for a given reaction time in a second step (t,). After the
reaction, the graphene sample was washed with THF inside the
glovebox and then removed. The sample was then washed with
methanol and acetone and dried under flowing N,.

Functionalization at Low Temperatures. Functionalization of the
graphene at low temperatures was carried out in a three-neck round-
bottom flask inside a fume hood. A homemade Cu clamp piercing a
rubber stopper was used to hold the graphene on the substrates. The
flask equipped with the clamp and a glass-coated stirrer was sealed
with a stopper and filled with argon gas. The flask was then cooled to
the target temperature using either a water bath (>0 °C) or an
acetone/dry ice bath (<0 °C). The temperature was controlled to
within £1 °C. A solution of K(15-crown-5),Na (0.02 M, 30 mL) was
prepared in a single-neck flask inside an argon glovebox, sealed with a
rubber stopper, and removed from the glovebox. The solution was
then transferred to the three-neck flask using a syringe and stirred for
S min. The graphene sample was then immersed in the K(1S-crown-
5),Na solution for a given time (t;), followed by the dropwise
addition of iodobenzene (3 mmol in S mL THF) by a syringe. The
graphene sample was kept in the solution for another 5 min in a
second step (t,), taken out of the flask, washed, and dried as described
earlier.

Characterization. Raman spectroscopy studies were performed
using a Raman spectrometer (WITec GmbH) using 488 nm laser
excitation under low power (<2 mW) at room temperature. AFM
images were acquired with a Bruker Dimension Icon system. Scanning
electron microscopy (SEM) and EBSD images were obtained using an
FEI Verios 460 SEM system.

Theoretical Calculations. All-atom MD simulation was per-
formed with the COMPASS II force field*® to describe the interaction
between the graphene island and the Cu substrate (ie, (111)
surface). DFT calculations were used to elucidate the effect of
compressive strain on the covalent functionalization using a DMol®
program.”>®® More details of the calculations are presented in the
Supporting Information.
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