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the functionalization of graphene with various types of
functional groups under mild conditions; however, it involves
a spontaneous reaction on graphene, which makes it difficult to
control the extent of the reaction. The reduction method using
metal alloys (e.g., NaK) allows for control of the reaction
degree by adjusting the exposure time of graphene to
reductants, but it does use harsh reaction conditions and a
complicated preparation procedure. In addition to functional-
ization methods, one should consider the inherent defects at
times present in graphene, such as wrinkles, folds, and grain
boundaries, which can cause different reactivities.39−41

Polymer contamination and defects induced during the
graphene transfer process can also alter the chemical reactivity
of graphene.

Driving chemical reactions of graphene using electro-
chemistry offers advantages for basic studies, including precise
control of the potential, current, and cell configuration as well
as quantitative analysis techniques, such as cyclic voltammetry,
chronoamperometry, and electrochemical impedance spectros-
copy. Chan et al. suggested how to calculate the density of the
molecules functionalized on epitaxial graphene on (0001) 6H-
SiC using the negative charge estimated by cyclic voltamme-
try.33 Gearba et al. reported a method to quantify the extent of
functionalization using the redox reaction of a functional group
(nitrophenyl group in their work). They reported that the
electrochemical reactivity of the graphene is higher on the
basal plane compared to the defect sites.34

Our study reports here how functionalization depends on
the detailed electrochemical parameters and the substrate that
the graphene resides on. The availability of copper foils with
single-crystal orientations42,43 and the fact that single layer
graphene grows on copper foils43 and single-crystal graphene
grows on, for example, Cu(111) and Cu/Ni(111) foils44−46

affords the opportunity for study of the electrochemistry of
single-crystal graphene that is epitaxial to the underlying single-
crystal copper foil substrate, thus with a piece of this metal foil
(coated by graphene) configured as either cathode or anode in
the electrochemical cell.

In this study, monolayer single-crystal graphene on Cu(111)
(Gr/Cu(111)) was electrochemically functionalized (thus
without any transfer process that might produce undesired
defects or contamination). Inherent defects can be minimized
and perhaps avoided entirely by our use of single-crystal
wrinkle-free CVD graphene on Cu(111).44,45 The negatively
charged Gr/Cu(111) cathode functions as a graphenide that
should be, at certain electrochemical potential onset values,
reactive to certain reagents. In contrast to the chemical
preparation of graphenide, no hazardous chemicals are
required to sustain the graphenide-like state of graphene by
applying a negative potential, and our “fine control” of the
applied potential (such as to 3 or 4 significant figures in its
value) allows for exceptionally detailed studies about the
“energy landscape” for redox reactions occurring at the
graphene surface.

Here, we electrochemically functionalized Gr/Cu(111) with
aniline groups by using 4-iodoaniline. The degree of
functionalization based on the applied electrical potential and
the reaction time was studied using Raman spectroscopy. We
discovered that the onset potential and extent of reaction
depended on whether the graphene was on Cu(111) or
Cu(115) (the twin facet of Cu(111) that is also often present
when the Cu(111) foil is made).43 We investigated the
possible roles of ripples, orientation, and work function of
graphene, and the step-bunching in the underlying Cu
substrate, on the electrochemistry of graphene with 4-
iodoaniline. Our theoretical analysis considered the electronic

Figure 1. (a) Cell configuration for the electrochemical reaction of single-crystal graphene on a Cu(111) foil. Reaction scheme of graphene
and 4-iodoaniline, showing (b) 4-iodoaniline approaching the negatively charged graphene and (c) the graphene functionalized with aniline
groups generated from 4-iodoaniline. (d) Raman spectra (λ = 488 nm) and (e) ID/IG and full width at half maximum (FWHM) of the D band
of functionalized graphene depending on the reaction time. (f) Orbitrap-SIMS spectra of C6H7N+ (m/z = 93.0576) measured on pristine
graphene (black), where functionalized graphene samples reacted for 10 min (blue), 30 min (red), and 50 min (olive), and the graphene
reacted in TBAPF6 (0.50 M) solution without 4-iodoaniline (green). (g) TEM image of the functionalized graphene reacted for 30 min
(applied potential was −2.06 V).
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structure, reaction pathways, work function of graphene, and
adsorption energies of relevant active carbon atoms for
epitaxial graphene on Cu(111) and Cu(115).

RESULTS AND DISCUSSION
We used a three-electrode electrochemical cell: Gr/Cu(111) as
the working electrode, Ag/AgNO3 as the reference electrode,
and Pt foil as the counter electrode. The reaction solution
contained 4-iodoaniline and tetrabutylammonium hexafluor-
ophosphate (TBAPF6) in acetonitrile. The surface areas of the
working and counter electrodes were each 1 cm2. The working
electrode was single-crystal wrinkle-free CVD graphene grown
on Cu(111) foil that had been previously made by converting
polycrystalline copper foil using a contact-free annealing
method.43 When a constant electric potential beyond a certain
threshold value is applied, electrons transferred from the
charged graphene dissociated 4-iodoaniline into I− and aniline
radicals and the aniline radicals then covalently bonded to the
graphene. The I− ions produced I2 molecules as they were
transported toward the counter electrode (Figure S1).

Pristine graphene (as-grown single-crystal graphene on
Cu(111) foil) shows a Raman spectrum with no D band at
1350 cm−1 (Figure 1d, black). The G and 2D bands are blue-
shifted from 1580 cm−1 to 1610 cm−1 and from 2690 cm−1 to
2750 cm−1; this is reported to be due to the compressive stress
(that induces compressive strain in the graphene) at the
interface of graphene and Cu(111) that occurs when the
Cu(111)−graphene sample grown at CVD growth temper-
ature is cooled to room temperature.47−49 As the graphene was
electrochemically functionalized with 4-iodoaniline, the Raman
spectra showed an increase in the intensities of the D, D′
(1620 cm−1), and D + D′ (2950 cm−1) bands and a decrease in
the intensity of the 2D band. The red-shift of the G and 2D
bands observed after 10 min of reaction is attributed to the
release of the compressive strain during functionalization.30,49

The intensity ratio of the D band to the G band (ID/IG) is
generally accepted as a measure of the degree of covalent
functionalization.50,51 This ratio increased until 30 min and
then decreased for longer reaction times, and the width of the
D band increased with the decrease of the ID/IG (Figure 1e).
We suggest that the extent of coverage of functionalized carbon
in the graphene lattice eventually reaches a level (after 40 min
of reaction) that causes a decrease in ID/IG, broadening of the
D and 2D bands, and overlapping of the G and D′ bands.51

X-ray photoelectron spectroscopy (XPS) spectra suggested
that adsorbed molecules were formed on the functionalized
graphene. (We suggest this correlates with the decrease in the
ID/IG ratio as the reaction time increased from 30 to 60 min;
see further remarks related to Orbitrap-SIMS studies, below).
The atomic percentage (atom %) of N as observed in the N 1s
spectrum increased until a reaction time of 40 min and then
decreased, and the atomic percentage of copper (per the Cu 2p
XPS peak) dramatically decreased from 17% to 1.8% for the
sample reacted for 40 min (Figure S2). The N atom % can be
used to assess the extent of the reaction as there is one N atom
per aniline group. However, the inconsistency between the ID/
IG ratio and N atom % determined by XPS suggests that
layer(s) of byproducts were present on the modified graphene.
There was no evidence of any contribution of TBAPF6 to N
atom % of the functionalized graphene or byproduct layer. No
D band was observed for graphene that was exposed to the
same electrochemical reaction conditions but without 4-
iodoaniline (Figure S3). The XPS spectra of TBAPF6 showed

different binding energies of C 1s and N 1s compared to those
of the functionalized graphene; the shape of the C 1s peak
region was different, while the binding energy of N 1s from
TBAPF6 was 402.7 eV and that from the functionalized
graphene was 399.9 eV. We did not observe P 2p and F 1s
peaks on the functionalized graphene (Figure S4). We
observed that there was a negligible amount of the 4-
iodoaniline residue. XPS spectra of 4-iodoaniline that was
deposited on the Cu foil showed the C 1s peak with a binding
energy of 285.3 eV and two different N 1s peaks with binding
energies of 399.3 and 402.7 eV (Figure S5), which are different
compared to those of the functionalized graphene that has only
the one N 1s peak at 399.9 eV. We found I 3d peaks on the
functionalized graphene, but their concentration was less than
1.6% (Figure S2d). All of this implies that 4-iodoaniline
residue was washed away and did not contribute to the
composition of the “adsorbed layer”. The angle-resolved XPS
spectra of the functionalized graphene (Figure S6) showed that
on the graphene reacted for 10 min, the atom % of C (from C
1s peaks) and N (from the N 1s peak) increased and the
concentration of Cu (from the Cu 2p peak) decreased with
increasing measurement angle from 28° to 78°. Meanwhile, the
atomic percentages from the C 1s, N 1s, and Cu 2p spectral
regions were constant with varying measurement angles for the
graphene reacted for 30 and 50 min. This implies that the
thickness of the byproduct layer was saturated after 30 min of
reaction, which possibly affected the Raman spectra; an overall
decrease in intensity was observed for the functionalized
graphene that was reacted for longer than 30 min as the laser
exposure time was extended (Figure S7).

Figure 1f shows the Orbitrap secondary ion mass
spectrometry (SIMS) spectra of pristine graphene; of graphene
reacted for 10, 30, and 50 min; and of graphene reacted for 30
min in a solution without 4-iodoaniline; the applied potential
was −2.06 V in all cases. We acquired SIMS spectra on the
samples by sputtering using 5 keV Ar cluster ions over a region
of 250 × 250 μm2 and cropping 150 × 150 μm2 for the depth
profiling. Ar cluster ion beams can allow for detecting organic
molecules without fragmenting them.52,53 The aniline mole-
cules are identified by the C6H7N+ peak (m/z 93.0576). The
pristine graphene and the graphene reacted in TBAPF6
solution without 4-iodoaniline did not show any C6H7N+

signal, while the functionalized graphene samples exhibited
C6H7N+ peaks with intensity increasing as a function of the
reaction time. The graphene reacted for 30 and 50 min
exhibited small differences in this C6H7N+ peak intensity, and
both showed much higher intensity than the graphene reacted
for 10 min. The intensity of the C6H7N+ was essentially
constant for 400 s of 5 keV Ar cluster ion beam sputtering on
the functionalized graphene. The intensity of Cu+ was small
and did not increase on the samples with graphene, while it
increased on the bare Cu(111) with the same sputtering
condition (Figure S8). Thus, sputtering by 5 keV Ar cluster
ions did not reach the Cu(111) substrate when it was coated
by graphene; the ionization rate could be too small, or the Ar
cluster ion sputtering could be blocked by the graphene layer,
or both. As a control experiment, we measured the Orbitrap-
SIMS spectra of Gr/Cu(111) with physically adsorbed aniline
molecules (Figure S9). The sample was prepared by dipping
graphene in liquid aniline for an hour and washing the sample
with acetone. To compare the effect of the energy of Ar cluster
ions, we used 5, 10, and 20 keV. We found small aniline peaks
but their intensity rapidly decayed within 30 s for each of 5, 10,
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and 20 keV cluster beams. The intensity of Cu+ rapidly
increased and then decreased when we used 10 and 20 keV Ar
cluster ions, but this was not observed with the 5 keV Ar
cluster ions. The depth profile of C15

+, which is a characteristic
peak of graphene, was similar to the depth profile of Cu+. Thus,
sputtering by 5 keV Ar cluster ions could rapidly sputter and
ionize physically adsorbed molecules but could not sputter/
ionize the graphene layer. Therefore, the C6H7N+ peaks
measured on the functionalized graphene were not from the
physically adsorbed aniline molecules. The constant intensity
of the C6H7N+ observed on the functionalized graphene is
attributed to a slow ionization rate due to the 5 keV sputtering
energy, and it also means that the C6H7N+ peak was from the
functionalized aniline groups or the polymerized aniline
molecules on the graphene.54−56

To further evaluate the functionalization of graphene, we
attempted to detect the N−H vibrational mode of the
functionalized aniline molecules by near-field optical measure-
ments using scattering-type scanning near-field optical micro-
scope (s-SNOM).57 It allows the study of the optical
properties of materials and structures at a resolution far
beyond the diffraction limit. Since s-SNOM is based on the
atomic force microscope (AFM), we could obtain detailed
information on the sample’s surface in a nanoscale resolution.
We obtained near-field images at a specific frequency of 1619
cm−1 that corresponds to the N−H bending vibration that
exists within aniline molecules.

We obtained height information, a near-field amplitude map,
and a near-field phase difference map provided by the s-
SNOM, and an ID/IG map of the corresponding regions of the
samples that were measured on pristine graphene and the
functionalized graphene as shown in Figure S10. The near-field
maps were normalized by the signal from the SiO2 surface in
order to compare the two different s-SNOM measurements.
Near-field amplitude shows the intensity of the scattered light,
and the phase difference corresponds to the energy loss,
including absorption in the sample (Figure S10c,d). A clear
contrast of the amplitude was observed on the functionalized
graphene, while it was not as evident on the pristine graphene.
This implies that the functionalized graphene has a larger near-
field reflection coefficient that can be caused by a weak
oscillator at a given frequency, namely, the N−H bending
motion. The phase difference map (Figure S10e,f) showed less
contrast on the functionalized graphene compared to the
pristine graphene. The phase of the near-field signal is known
to be related to the absorption in the sample.58 However, it is
difficult to interpret as the near-field phase can be affected by
other factors like change of the graphene Fermi level59 or thin
PMMA residue.60 Furthermore, the ID/IG map also shows that
graphene is functionalized after the reaction (Figure S10g,h).

We investigated the possible contribution of defects, such as
vacancies and atom substitutions (another element replacing C
in the basal plane lattice), to the D band in the Raman spectra.
Figure 1g shows a transmission electron microscopy (TEM)
image of the graphene reacted for 30 min. The image shows
that the hexagonal lattice of graphene was preserved without
significant defects, indicating that the D bands are attributed to
the sp3 carbons formed by functionalization with 4-iodoaniline;
the degree of functionalization could be compared based on
ID/IG. The Raman, XPS, and Orbitrap-SIMS spectra coincided
and showed that longer reaction times increased the degree of
functionalization. However, the degree of functionalization and
the reaction time were difficult to correlate from a reaction

time of 30 min because the layer of adsorbed molecules that
might include oligomers or polymerization products affected
the Raman spectra of the functionalized graphene (Figure S7).

The single-crystal Cu(111) foil includes twin facets of
Cu(115), which are sometimes produced during the
fabrication of the single-crystal foil by the contact-free
annealing process.43 When present, the Cu(115) facets are
often rectangular and randomly distributed on the Cu(111)
surface, as shown in Figure 2a. Electron backscatter diffraction

(EBSD) images showed a clear boundary between Cu(111)
and Cu(115) (Figure 2b). The single-crystal graphene islands
grown on both facets contained no D band, as shown in Figure
2e. Differences between Gr/Cu(111) and Gr/Cu(115) were
observed in terms of the levels of compressive stress and
orientation. The G band of Gr/Cu(111) was blue-shifted 15
cm−1 more than that of Gr/Cu(115), suggesting that Gr/
Cu(111) had a larger compressive stress, which could enhance
the chemical reactivity of graphene.30,49,61 However, the
experimental results revealed a higher reactivity of Gr/
Cu(115) than that of Gr/Cu(111). The black hexagons on
the ID/IG map in Figure 2c are graphene islands on both facets,
with ID/IG close to 0. After 30 min at −2.06 V, we observed a
larger ID/IG on Gr/Cu(115) than Gr/Cu(111), as indicated by
the brighter color (higher ID/IG value) of the graphene islands
on Cu(115) in Figure 2d. The typical Raman spectra in Figure
2f show stronger intensities of the D and D′ bands for Gr/
Cu(115) than Gr/Cu(111); the ID/IG values were 2.37
(±0.48) and 0.90 (±0.23), respectively. Therefore, the
reactivity of graphene cannot be simply explained by its
compressive strain (and releasing that strain).

While only one orientation of graphene islands was observed
on Cu(111), there were graphene islands with one dominant
orientation and other misorientations on Cu(115) (Figure
S11), which could induce differences in reactivity owing to the
different interactions between graphene and Cu.49 However,
the graphene islands with the dominant and misoriented

Figure 2. (a) SEM image of graphene islands on Cu(111) and
Cu(115). (b) EBSD map of the area enclosed by the red lines in
(a). ID/IG map of the corresponding region (c) before and (d) after
reaction for 30 min at −2.06 V. The white scale bars are 10 μm.
Typical Raman spectra of graphene (e) before and (f) after
reaction on Cu(111) and Cu(115).
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orientations showed significantly higher extents of functional-
ization than graphene islands on Cu(111) as seen in Figure 2.
Thus, the orientation of the graphene islands seemed to be not
an important factor in the difference in reactivity.

We investigated the effects of ripples and step-bunching on
the Gr/Cu(111) and Gr/Cu(115) using atomic force
microscopy (AFM) (Figure S11 and S12, white arrows).
Although ripples have been reported to enhance the local
reactivity,62 the similar ripple densities suggest that the
different reactivities of Gr/Cu(111) and Gr/Cu(115) were
not likely due to the presence of ripples. Gr/Cu(111) and Gr/
Cu(115) have different topographies owing to step-bunching
underneath the Cu surface,63 Both have step-like structures
whose edges bend the graphene, which affects its chemical
properties.64 Measured on the basal plane of the islands,
however, the heights and widths of the islands on Gr/Cu(111)
and Gr/Cu(115) were 5−10 nm and 400 nm, and 10−20 nm
and 200 nm, respectively (Figure S12d,h). The number of
carbons at the bent position is too small to explain the
difference in reactivity.

We defined the “potential threshold” as a certain level of
electric potential that is capable of driving electrochemical
functionalization of graphene. At this potential, ID/IG increases
to the maximum value, whereas ID/IG remains near 0.5 when
the potential is below the potential threshold. The obtained
potential thresholds of Gr/Cu(111) and Gr/Cu(115) were
between −2.06 V and −2.00 V and between −2.00 V and
−1.94 V, respectively. ID/IG remained low at −1.94 V and
−2.00 V on Gr/Cu(111), while it increased at −2.06 V
depending on the reaction time, as shown in Figure 3a.

Similarly, ID/IG remained low at −1.94 V on Gr/Cu(115),
while it increased at −2.00 V and −2.06 V depending on the
reaction time (Figure 3b). To reach the maximum ID/IG,
applying −2.06 V to Gr/Cu(115) needed a shorter time than
applying −2.00 V, and Gr/Cu(115) needed a shorter reaction
time than Gr/Cu(111) at the same potential −2.06 V. This
reaction behavior of graphene by an applied potential indicates
that graphene rapidly switches its reactivity at the potential
threshold, and the reactivity depends on the difference
between the applied potential and the potential threshold.
We note that 4-iodoaniline dissociates at a lower potential than
the potential threshold of both Gr/Cu(111) and Gr/Cu(115).
The color of the reaction solution changed significantly owing
to the dissociation of 4-iodoaniline when −1.70 V was applied,
but the graphene showed no D band after exposure at this
potential (Figure S13). This shows that the reactivity of

graphene is readily controllable by the applied potential and
suggests that the aniline radicals are not spontaneously
functionalized on the graphene without enough electronic
charge present.

We compared the work functions of graphene on Cu(111)
and Cu(115). Kelvin probe force microscopy (KPFM), which
provides a surface potential distribution, was used to obtain the
work functions of graphene on the Cu(111) and Cu(115)
facets. KPFM records the work function differences by
measuring the gap in the contact potential difference (VCPD).
The distinctive topography and potential distribution of
graphene on the two different Cu facets are shown in Figure
4a,b. The VCPD values measured for Gr/Cu(111) and Gr/
Cu(115) were 258.7 mV and 294.5 mV, respectively (Figure
4b). The work function of Gr/Cu(115) was measured to be
lower than that of Gr/Cu(111) by 33−40 meV according to
the measurements on five samples.

Density functional theory (DFT) calculations and Monte
Carlo (MC) simulations were performed to study the Cu(111)
and Cu(115) surfaces (see the computational details in the
Supporting Information and Figures S14 and S15 for models).
The Cu(111) surface had a flat structure composed of Cu
atoms with equivalent 9-fold coordination environments
(Figure 4c, left). In contrast, the Cu(115) surface had an
atomically rough structure consisting of alternating single-
atom-height (111) steps and three-atom-wide (001) terraces
(Figure 4c, right). This step structure generated less-
coordinated Cu atoms. Specifically, 7-fold coordinated Cu
atoms were aligned along the [110] direction at the step edge.
These highly unsaturated coordination environments are
considered to have higher activity and account for the higher
calculated surface energy of Cu(115) (γ(115) = 2.19 J/m2)
compared to that of Cu(111) (γ(111) = 1.97 J/m2).

Figure 4e shows the most stable stacking configurations of
graphene on the Cu(111) and Cu(115) surfaces. We found
that compared to adsorption on the Cu(111) surface, graphene
energetically preferred to orient on the Cu(115) surface such
that its zigzag direction was parallel to the [110] direction of
the Cu substrate (Figure S16). In this particular orientation,
graphene preferred to adopt a stacking configuration with as
many carbon atoms as possible on top of the uppermost Cu
metal atoms on the surface: the “top-fcc” configuration on the
Cu(111) surface and “top” configuration on the Cu(115)
surface (Figure S17). Unlike the Cu(111) surface, graphene
could not make complete contact with the Cu(115) surface,
because of its step structure. Nevertheless, graphene adsorbed
slightly more strongly on the Cu(115) surface (Eb = −0.599 J/
m2) than on the Cu(111) surface (Eb = −0.593 J/m2) (Table
S1). The shortest interfacial distance of Gr/Cu(115) (2.27 Å)
was shorter than that of Gr/Cu(111) (2.95 Å). These results
are attributed to the strong interaction between the 3dz2 orbital
of the 7-fold coordinated Cu atom and the 2pz orbitals of the C
atom on top of it (Figure S18). The short interfacial distance
can be explained by the covalent interaction between the Cu
and C atoms, which was also observed at the interface between
the zigzag edge of the graphene nanoribbon and Cu(111)
surface.65

Electrochemical functionalization of graphene with 4-
iodoaniline can be considered a two-step reaction: electro-
chemical dissociation of 4-iodoaniline followed by chemical
adsorption of aniline radicals on the graphene with the
formation of covalent C−C bonds. In this regard, the work
function associated with electron transfer may be a key factor

Figure 3. ID/IG of (a) Gr/Cu(111) and (b) Gr/Cu(115) after
reaction at −1.94 V, −2.00 V, and −2.06 V for 5, 10, 20, 40, and 60
min.
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for initiating the overall reaction. Figure 4e shows the
theoretically calculated work functions. The calculated work
function for Cu(115) was 0.39 eV lower than that of Cu(111)
(Figure S19a,b). Even when graphene was adsorbed, the
calculated work function of Gr/Cu(115) was 0.16 eV lower
than that of Gr/Cu(111) (Figure S19c,d). These results are
attributed to the Smoluchowski smoothing (i.e., anisotropic
electron smoothing), which indicates that the work function of
Cu metal is inversely correlated with the surface roughness (or
broken bonds per surface area).66,67

The difference in potential threshold for onset of reaction
can be explained with the difference in the work function. The
lower work function has two important aspects: (i) facilitates
electron transfer from the graphene to 4-iodoaniline
molecules68,69 and (ii) a more positive potential of zero charge
(PZC).70,71 The lower work function of Gr/Cu(115) indicates

that a lower energy barrier is present for electron transfer to
the physisorbed 4-iodoaniline through the Gr/Cu(115)
surface. The lower energy pathway for electron transfer to
the lowest unoccupied molecular orbital (LUMO) of 4-
iodoaniline results in an easier electrochemical dissociation
reaction into aniline radicals and iodide ions. Cleavage of the
C−I bond occurs spontaneously in the reduced 4-iodoaniline
molecule owing to the electron filling the antibonding orbital
(σC−I*) (Figure S20). However, the graphene was not
functionalized at −1.70 V but the 4-iodoaniline molecules
were dissociated, as seen in Figure S13. This means that the
rate and the onset potential of functionalization were not
determined by the rate of the cleavage of the C−I bond but the
charge of the graphene. The PZC means the potential at which
the net charge of the surface is zero. Work function is directly
related to the PZC, as previous reports discussed work

Figure 4. (a) AFM height map of graphene on Gr/Cu(111) and Gr/Cu(115) and (b) KPFM potential distribution map corresponding to (a).
(c) Atomic structures of Cu(111) and Cu(115) (top, top view; bottom, side view). (d) Atomic structures of Gr/Cu(111) and Gr/Cu(115)
with the most stable stacking configuration of graphene (top, top view; bottom, side view). (e) Calculated work functions of Cu(111),
Cu(115), Gr/Cu(111), and Gr/Cu(115).

Figure 5. (a) Two symmetrically inequivalent active sites of Gr/Cu(111). (b) Six symmetrically inequivalent active sites of Gr/Cu(115). (c)
The most stable adsorption configuration of the aniline radical on Gr/Cu(111). (d) The most stable adsorption configuration of the aniline
radical on Gr/Cu(115). (e) Chemical adsorption energies of 4-iodoaniline on Gr/Cu(111) and Gr/Cu(115).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c04138
ACS Nano 2023, 17, 18914−18923

18919

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04138/suppl_file/nn3c04138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04138/suppl_file/nn3c04138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04138/suppl_file/nn3c04138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04138/suppl_file/nn3c04138_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04138?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04138?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04138?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04138?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c04138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


function in terms of the PZC in electrochemistry.72,73 When
the same cathodic potential is applied, the more positive PZC
of Gr/Cu(115) will induce a more negative charge on Gr/
Cu(115) than on Gr/Cu(111), leading to a higher reactivity of
the graphene.74 The work function differences, PZC values,
and potential thresholds are consistent with each other. This
implies that graphene requires a certain level of negative charge
on its surface in the presence of radicals to be functionalized,
which is represented as the potential threshold.

To attempt to elucidate the overall reaction mechanism, we
theoretically investigated the adsorption of aniline radicals on
Gr/Cu, which occurs after the electrochemical dissociation of
4-iodoaniline. The chemical adsorption energy, which
represents the thermodynamic stability of functionalized
graphene, is estimated in Figure 5. Two and six symmetrically
inequivalent active carbon atoms of graphene are present on
the Cu(111) and Cu(115) surfaces, respectively (Figures 5a,b
and S16). The most stable adsorption sites of the aniline were
site 1 for Gr/Cu(111) and site 2 for Gr/Cu(115) (Figure
5c,d). The difference in energy between the most stable sites
on each facet was approximately 0.38 eV (Figure 5e). It should
be noted that site 4, which had the highest energy on Gr/
Cu(115), is more stable than any site on Gr/Cu(111). The
adsorption energy by the inequivalent carbon sites depends on
the graphene−Cu substrate layer structure. The interfacial
distance of Gr/Cu(111) was uniform with a value of 2.95 Å,
but it ranged from 2.27 Å to 3.62 Å on Gr/Cu(115) owing to
the step structure of Cu(115). This broad range of distances
induced a large difference in the adsorption energies of Gr/
Cu(115). When the aniline was grafted, the closest distance
between the graphene and Cu was reduced to 2.74 Å on Gr/
Cu(111) and to 2.18 Å on Gr/Cu(115). The carbon atoms
closest to the Cu atoms were neighboring to the most stable
sites on each facet, and they have strong interaction with Cu
atoms that can stabilize the graphene structure.61 This result
indicates that the Cu(115) facet provided a more thermody-
namically stable conformation after the reaction. It should also
be noted that the six different active carbons on Cu(115) had a
broad range of chemical adsorption energies, while the two
active carbons on Cu(111) had a small energy gap. This
implies that 4-iodoaniline exhibits strong selectivity for specific
sites.

CONCLUSION
We functionalized single-crystal monolayer graphene on
Cu(111) with aniline groups by electrochemistry. Graphene
on Cu(111) was controllably functionalized with a sharp onset
electric potential observed and through control of potential
and reaction time, as confirmed by Raman spectroscopy,
Orbitrap-SIMS, and TEM. The higher reactivity of Gr/
Cu(115) than that of Gr/Cu(111) was observed and with
different potential thresholds. We found that Gr/Cu(115) had
a lower work function than that of Gr/Cu(111) by KPFM.
DFT and MC calculations were made of the work function of
graphene on each Cu facet and the interaction at the
graphene−Cu interface. The lower work function of Gr/
Cu(115) suggests an easier heterogeneous electron transfer
and PZC that can enhance the electrochemical reactivity of
graphene. The calculated chemical adsorption energies of the
inequivalent carbons on the two facets showed that the most
stable product had a functionalized sp3-bonded carbon that
was neighboring the carbon atoms that had the smallest C−Cu
distances. This study provides a deeper understanding of the

electrochemical reactivity of graphene and the interactions
between graphene and metal substrates.

EXPERIMENTAL METHODS
Graphene Growth on Cu(111) Containing Cu(115). To

convert a commercially available polycrystalline Cu foil (99.99%, 50
μm thickness, Nilaco Co., Japan) to single-crystal Cu(111) foil, the
foil was annealed in a quartz tube furnace at 1050 °C and 760 Torr
under a mixed H2/Ar gas flow (99.999%, 100 sccm each) for 18 h.
Cu(115) facets were generated during the annealing process.43 For
the growth of graphene islands, the Cu(111) foil containing Cu(115)
facets was heated in a tube furnace at a rate of 13 °C/min at 760 Torr
under flowing Ar (99.999%, 300 sccm) and H2 (99.999%, 44 sccm).
The temperature was then held at 1060 °C and a pressure of 760 Torr
under flowing H2 gas (44 sccm), diluted CH4 gas (0.1% in Ar, 35
sccm), and Ar gas (300 sccm) for 2 h. Subsequently, the furnace was
slid open and rapidly quenched. For the growth of a continuous
graphene film, the Cu(111) foil containing Cu(115) facets was heated
to 1050 °C and 2.0 Torr under H2 gas (50 sccm) and CH4 gas
(99.999%, 1.0 sccm) for 30 min. The heating and cooling processes
were the same as those used to grow graphene islands.

Electrochemical Functionalization of Graphene. All the
reaction solutions were prepared inside a nitrogen-filled glovebox.
Dehydrated acetonitrile (99.8%, Sigma-Aldrich) from a solvent
purification system was mixed with 4-iodoaniline (>99.0%, 15 mM,
Sigma-Aldrich) and tetrabutylammonium hexafluorophosphate
(TBAPF6; 98%, 0.50 M, Sigma-Aldrich), which were stored in a
glovebox. The quartz electrochemical cell, platinum counter electrode,
and electrode holder were dried in an oven at 80 °C for 2 h and then
placed in a nitrogen-filled glovebox to assemble the electrochemical
cell. The graphene on the Cu (111) foil was held by a platinum
electrode holder and assembled in a quartz cell with a Ag/AgNO3
reference electrode and a platinum counter electrode. Because 4-
iodoaniline is a light-sensitive molecule, the cell was covered with
aluminum foil. Next, 5 mL of the reaction solution was added to the
cell. The sealed cell was then moved outside and connected to a
potentiostat (Gamry, Reference 600+). An open-circuit delay was
performed to ensure a stability of 0.1 mV/s before applying a
reduction potential to the working electrode to stabilize the
electrochemical system. Chronoamperometry was used to apply a
constant potential. The potential threshold was measured by adjusting
the reaction time and the electric potential at room temperature.

Characterization. Raman spectra were measured using Raman
spectroscopy (WiTec alpha300 M Horiba labRAM HR evolution)
with a 488 nm laser at room temperature. AFM and KPFM images
were obtained by using a Bruker Dimension Icon system. Commercial
platinum tips were used for KPFM mode observation. SEM and
EBSD images were obtained using an FEI Verios 460 SEM system
with an EBSD accessory system (Hikari, Ametek). XPS measurements
were performed using a Thermo Scientific ESCALAB 250Xi
instrument, and TEM measurements were performed using an FEI
Titan G2 instrument. Orbitrap-SIMS spectra were acquired using a
Hybrid SIMS instrument (IONTOF, GmbH), and the secondary ions
were collected by the Q Exactive HF Orbitrap mass analyzer. Angle-
resolved XPS spectra were obtained using a Theta Probe XPS System
(Thermo Fisher Scientific) with a monochromatic Al Ka source
(1486.6 eV) at 15 kV. Near-field images were obtained by s-SNOM
(Neaspec GmbH), with the tunable quantum cascade laser (Daylight
Solutions, MIRcat). The Pt-coated AFM tip (Nano World, ARROW-
NCPt) was used with a tapping frequency of around 300 kHz.
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