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ABSTRACT We shine light on the covalent modification of graphite and graphene substrates NOz

using diazonium chemistry under ambient conditions. We report on the nature of the chemical
modification of these graphitic substrates, the relation between molecular structure and film
morphology, and the impact of the covalent modification on the properties of the substrates, as

revealed by local microscopy and spectroscopy techniques and electrochemistry. By careful

selection of the reagents and optimizing reaction conditions, a high density of covalently grafted

molecules is obtained, a result that is demonstrated in an unprecedented way by scanning X

tunneling microscopy (STM) under ambient conditions. With nanomanipulation, i.e., nanoshaving
using STM, surface structuring and functionalization at the nanoscale is achieved. This
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manipulation leads to the removal of the covalently anchored molecules, regenerating pristine sp® hybridized graphene or graphite patches, as proven

by space-resolved Raman microscopy and molecular self-assembly studies.
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raphene, a single atom thick sheet

of sp? hybridized carbon, is the fo-

cus of intense research efforts since
its isolation by Novoselov et al." This is due
to its unique electronic, optical, mechanical,
and thermal characteristics. Despite these
exceptional qualities, however, some inher-
ent characteristics of graphene preclude its
widespread use in technological applica-
tions. For example, the gapless band struc-
ture of pristine graphene leads to low on/off
ratios in field effect transistors (FET), result-
ing in large static power dissipation,? and,
consequently, hindering the development
of graphene based devices. Also, other car-
bon based sheet-like materials such as mul-
tilayered graphene and graphite attract
much interest.

To take full advantage of the properties of
these two-dimensional (2D) and layered
carbon based materials, it is important to
develop efficient chemical functionalization
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protocols. For instance, chemical defects in
the sp? hybridized surface lattice of gra-
phene are known to promote bandgap
opening,®>~> one of the requirements for
the efficient operation of field-effect tran-
sistors. Developing protocols for band gap
opening of graphene through chemisorp-
tion of organic species should provide a
high degree of control, through concentra-
tion variation and molecular design, in a
way in which the current state of the art
methods do not. The impact of functionali-
zation is not limited to electronics. Chemical
functionalization of graphene and graphite
by covalent grafting is relevant for a broad
range of applications; for example, sen-
sors,®” and improved graphene solubility.?
New functionality is also anticipated when
this covalent grafting can be achieved in a
(nano)structured fashion.*°

Graphene has a relatively low chemical
reactivity; the electronic structure is such
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that the 7t electrons are fully delocalized over the entire
2D network. Graphite, and in particular highly oriented
pyrolytic graphite (HOPG), a high quality form of
graphite, is even less reactive.*'" ~'* Therefore, in order
to perform chemical modifications, only very reactive
reagents will suffice. Covalent modification of gra-
phene and HOPG from radicals produced from diazo-
nium reagents is the most common method of
covalent modification. The mechanism involves the
transfer of a delocalized electron from the carbon
surface to the diazonium cation, and results in the
release of a N, molecule and the formation of a radical
species. Subsequently, the radical species attacks a sp?
hybridized carbon lattice atom on the surface forming
a covalent bond and converting it into sp>. The degree
to which actual covalent attachment, as opposed to
physisorption, takes place, however, is still disputed,’”
as only very few methods directly probe the covalent
bond.

For many applications, including the significant
bandgap opening of graphene, a high density of sur-
face defects created through covalent bond formation
is required. However, a major shortcoming of diazo-
nium chemistry is the limited covalent grafting density
in combination with multilayer formation or dendritic
growth.*'® An approach to maximize the grafting
density and to minimize multilayer formation could
be the introduction of bulky or protecting groups.
Indeed, control over the thickness of the grafted layer
has been achieved by introducing protecting groups
into the diazonium reagents, such as silyl'” and hydro-
zone'® groups, or by using radical scavenger species, '
as was demonstrated on glassy carbon. These methods
prevent further radical attack to pregrafted species and
limits growth of the grafted layer to a monolayer.
Hence, limiting aryl growth to a single molecular layer
is possible by the introduction of sterically hindering
groups into the precursor diazonium species. A variety
of bulky diazonium species have been grafted on a
range of nongraphitic surfaces.'>"*

For applications where grafted molecules are to
be removed locally, a possible approach to form
(nano)patterned surfaces, the question arises if such
can be done in a way that the intrinsic properties of
graphene or graphite are restored, akin to the removal
of thiol-based self-assembled monolayers on gold.*
Nanopatterning of graphene via nanoshaving of cova-
lently grafted molecules and hydrogen has been demon-
strated under ultrahigh vacuum (UHV) conditions.*'°
However, nanopatterning of grafted graphene has not
yet been achieved under ambient conditions.

Consequently, there is a pressing need for high-
density grafting of graphene and other graphitic
substrates, without multilayer formation. Further-
more, reliable protocols must be developed for the
controlled nanopatterning of covalently grafted
graphene and other graphitic substrates. Another
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Figure 1. Chemical structures of (a) 4-nitrobenzenediazo-
nium (4-NBD) tetrafluoroborate and (b) 3,5-bis-tert-butyl-
benzenediazonium (3,5-TBD); reaction scheme (c) for the
reduction of 4-NBD to a nitrophenyl radical, and (d) for the
conversion of the amino group of 3,5-bis-tert-butylaniline
to a diazonium group, and subsequent reduction to an aryl
radical.
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challenge is the quantitative evaluation of the graft-
ing density.

In this study, we compare the relation between
molecular structure and grafting morphology and
density onto graphite and graphene of 4-nitrobenze-
nediazonium (4-NBD)*>~>?'~2* tetrafluoroborate and
bulky 3,5-bis-tert-butylbenzenediazonium (3,5-TBD),
see Figure 1 for the respective chemical structures
and reaction schemes. Both compounds are expected
to form aryl radicals via electrochemical reduction and
to graft onto these substrates, but their different
structure should lead to different film morphologies.
We demonstrate using atomic force microscopy (AFM)
and scanning tunneling microscopy (STM) that the
bulky tert-butyl groups on 3,5-TBD prevent multilayer
polyaryl film growth, limiting grafting to monolayer
coverage, and leading to a high surface density of the
grafted species. Furthermore, STM allows for the first
time to visualize and address individual covalent graft-
ing sites in ambient conditions on previously defect-
free sp? carbon surfaces. Using scanning probe micros-
copy based nanomanipulation protocols under ambient
conditions, we can remove the grafted layer. Impor-
tantly, we prove that this procedure regenerates the
original sp? pristine graphite surface, as proven by
confocal Raman spectroscopy and molecular self-
assembly.

RESULTS AND DISCUSSION

We have utilized a combination of complementary
surface analytical techniques to gauge the quality and
extent of covalent attachment (chemisorption) of aryl
species on graphene and HOPG. Cyclic voltammetry
provides a qualitative assessment of the grafting
process. AFM gives topographical information on the
surface deposits. STM visualizes the sites of covalent
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Figure 2. Cyclic voltammetry of (a) HOPG in 1 mM 4-NBD, (b) HOPG in 1 mM 3,5-TBD, (c) CVD graphene on Cu in 1 mM 4-NBD,
and (d) CVD graphene on Cu in 1 mM 3,5-TBD. Supporting electrolyte 0.1 M HCIO, (a and c) or 0.5 M HCI (b and d). Scan rate
50 mV s~ . Potential limits: (a) 0.4 to —0.4 V, (b) 0.6 to —0.5 V, (c) 0.6 to —0.4 V, and (d) 0.6 to —0.8 V.

attachment and gives a reliable estimation of the sur- The electrochemical reduction of the sterically hin-
face coverage. Raman spectroscopy and microscopy dered 3,5-TBD on HOPG is shown in Figure 2b. Com-
provide information on the hybridization (sp® vs sp>) of pared to 4-NBD (Figure 2a), the irreversible reduction
surface lattice sites. peak has a well-defined shape and occurs at somewhat
Electrochemical surface modification of HOPG and more negative potentials. Significantly, the current
graphene was carried out during cyclic voltammetry in observed in subsequent cycles decreases more slowly
aqueous solutions of the diazonium compounds. De- than with 4-NBD, which may indicate a more gradual
tailed protocols are given in the Methods section. modification of the electrode surface, or that the sur-
Figure 2a shows representative cyclic voltammograms face modification does not block further electron
(CVs) of HOPG exposed to aqueous 1 mM 4-NBD + 0.1 transfer. Again, analogous behavior is observed for
M HCIO,. The first cycle shows a broad irreversible peak 3,5-TBD modification of graphene, Figure 2d.
around E = —30 mV vs Ag/AgCl, which is assigned to Raman spectroscopy directly discloses information
the reduction of the 4-NBD cations and the formation related to surface defects formed on carbon surfaces.
of the corresponding aryl radicals.>*?> The second The D-peak in the Raman spectra of graphene and
cycle is featureless, which suggests blocking of the HOPG is activated by lattice defects, including the

surface by the products formed during the first cycle, formation of sp* hybridization by covalent chemistry.?®
on carbon?*?* and noncarbon'®?%% surfaces alike.  The integrated intensity ratio of the D- and G-peaks
Analogous behavior is observed for 4-NBD modifica- (In/lc) is a measure of the concentration of covalent

tion of graphene, Figure 2c. The disappearance of the defect sites, and is a standard method to characterize
peak feature after the first cycle is often taken as the degree of covalent functionalization.>** Therefore,
evidence that covalent grafting has resulted in the this technique has been used to determine the extent
formation of a nonconducting surface film, although of sp® hybridized defects formed after grafting with the
physisorption could equally account for this.' diazonium reagents.
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Figure 3. Raman spectra for (a) 4-NBD grafted on HOPG from a 1 mM solution, and for (b) 3,5-TBD grafted on HOPG from 0.1,
0.3,0.6, 1, 2,and 5 mM solutions, as well as for pristine HOPG. (c) D/G-band intensity versus 3,5-TBD concentration. The spectra

were averaged over 5 sample spots. Integration time 100 s.

The Raman spectrum in Figure 3a is for 4-NBD
grafted on HOPG from a 1 mM solution. Note that all
Raman spectra in this section were averaged over
5 sample spots. Raman peaks are observed at 1576,
2458, 2629, and 2679 cm ™. The intense peaks at 1576
and 2679 cm™' are assigned to the G-band and
2D-band, respectively. The additional band at 1336 cm ™
(In/lg = 0.006) corresponds to the D-band, which can
only be activated where a structural disorder is present
in the sp? carbon lattice,”® shown in the inset in
Figure 3a. The D-band intensity after grafting from a
1 mM solution of 4-NBD is extremely low, indicating a
very low number of sp* defects in the carbon surface
due to grafting. If grafting is performed from 4-NBD
solutions with concentrations above 1 mM, there is no
further increase in the Ip/lg value. No D-band is ob-
served after grafting from 0.01 and 0.1 mM 4-NBD
solutions, which likely stems from too low a number of
generated sp® defects to produce a detectable D-band.

Figure 3b shows the Raman spectra after grafting of
3,5-TBD on HOPG from solutions containing 0.1, 0.3,
0.6, 1,2,and 5 mM, as well as for bare HOPG. Bands are
observed at: 1330, 1578, and 2674 cm™'. The inten-
sity ratios of the D- to G-bands are as follows: 0.1 mM
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(Ip/lg = 0.0004), 0.3 MM (Ip/l = 0.047), 0.6 mM (Ip/lg =
0.076), 1 mM (Ip/lg = 0.086), 2 mM (Ip/lg = 0.093), and
5 mM (Ip/lg = 0.1). Figure 3c shows that the relative
D-band intensity at 1330 cm ™' increases for higher
concentrations until it reaches a plateau at approxi-
mately 5 mM; the D-band intensity was found to
be approximately the same as for a 10 mM sample
(In/lg=10.1, spectrum shown in Supporting Information,
Figure S4d), indicating that the D-band intensity max-
imum value occurs at ~5 mM. In the case of 3,5-TBD,
the D-band intensity obtained with a 1 mM solution is
relatively much larger than that observed for 4-NBD at
the same concentration, as side reactions leading to
polyaryl structures are not possible with 3,5-TBD.

The Raman spectrum for bare HOPG did not contain
any D-band (see Supporting Information, Figure S4a),
indicating that the HOPG sample used did not contain
any significant defects. Consequently, any D-band
observed in Raman spectroscopy on grafted samples
is the result of sp>to-sp® rehybridization from aryl
grafting to the HOPG surface. Importantly, we did not
observe any D-band developing on bare HOPG as a
result of scanning, excluding laser-induced damage at
the power levels used.
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Figure 4. Raman spectra for CVD graphene on Cu after grafting of (a) 4-NBD from 1 mM solution, and (b) 3,5-TBD from 0.1, 0.3,
0.6, 1, and 5 mM solutions, as well as pristine CVD graphene on Cu. Integration time 100 s. The spectra are normalized with
respect to I(G). (c) Raman spectra of the D-, G-, D’- (adjacent to G-band), and 2D-bands showing a red shift with respect to

pristine graphene upon increasing 3,5-TBD concentration.

TABLE 1. Raman Spectra Peak Positions for a Series of Concentrations of 3,5-TBD Grafted to Graphene

concentration (mM) IDY/IG) 1(2D)/I(G) D-band (em ") G-band (cm ") D'-band (cm ") 2D-band (em ")
0 (Pristine graphene) 0.1 1.7 1333 1587 No peak 2658
0.1 0.1 1.7 1333 1586 No peak 2658
0.3 24 0.6 1331 1583 1618 2655
0.6 27 0.6 1327 1581 1614 2646
1 24 0.2 1315 1580 1605 2629
5 3.1 0.4 1310 1579 1604 2614

Figure 4a shows the Raman spectrum for 4-NBD
1 mM functionalized CVD graphene on Cu. A very
intense D-band is observed at 1332 cm™' (Ip/lg =
1.14). A 5 mM 4-NBD modification resulted in a sig-
nificantly lower D-band intensity compared to 1 mM,
shown in Supporting Information (Figure S4e), and a
white film was visible by eye on the graphene surface,
even after washing with Milli-Q water. This is likely
caused by extensive polyaryl formation or precipita-
tion, decreasing the extent of grafting. The graphene
samples used were of good quality, with a negligible
degree of defect sites present on the pristine samples
in the Raman spectra. Akin to HOPG, no physical
damage was incurred from the Raman laser during
scanning at the power levels used.

Figure 4b shows the Raman spectrum after grafting
of 3,5-TBD on graphene from solutions containing

GREENWOOD ET AL.

0.1, 0.3, 0.6, 1, and 5 mM, as well as for pristine
graphene. The main peak positions, as well as the
o/l and I,p/lg values are stated in Table 1. On increas-
ing the concentration of 3,5-TBD, the D- and D'-band
intensities increase; also, the 2D-band broadens and
the intensity decreases. The behavior of increasing
D-band growth for higher concentrations of 3,5-TBD
on graphene closely correlates with that of grafting on
HOPG. The D-band intensity reaches a maximum value
(In/lg = 3.1) for grafting with 3,5-TBD of 5 mM concen-
tration. The intensity decrease and broadening for the
2D-band is associated with defect formation on gra-
phene. A red shift is observed relative to pristine
graphene for the D-, D’-, G-, and 2D-bands, highlighted
in Figure 4c, which increases for higher 3,5-TBD
concentrations. The trend for the red shift of the D-,
G-, and 2D-bands is shown in Supporting Information,
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Figure S4f. In all cases, the gradient of the shift is
initially large for 3,5-TBD concentrations of between
0.1 and 1T mM, then levels off at 5 mM.

As an important intermediate conclusion, the Raman
spectroscopy data unambiguously indicates covalent
attachment of the aryl radicals formed from the diazo-
nium reagents to both HOPG and graphene. The larger
intensity ratio of the D- and G-peaks for 3,5-TBD
modified HOPG and graphene, compared to 4-NBD,
indicates there is a greater extent of covalent functio-
nalization for this species.

The red shift can be understood on the basis of the
elongation of the carbon—carbon bonds after grafting,
which are subsequently weakened and therefore lower
their vibrational frequency.>® The red shifts indicate
that the electronic properties of graphene are signifi-
cantly affected by strain caused after grafting, breaking
the sublattice symmetry of graphene. 33" Ni et al. have
observed analogous results to our own of the red shifts
of the G- and 2D-bands when they put graphene under
controlled uniaxial strain by stretching the flexible
substrate.® In the same study, the authors calculated
a band gap opening of the strained graphene at the K
point of the Brillouin zone. The size of the band gap is
shown to increase linearly with the increase of tensile
strain, producing a band gap of ~300 meV for a strain
of 1%. We conclude, therefore, that grafting of gra-
phene with 3,5-TBD results in a band gap opening,
attributed to the breaking of sublattice symmetry of
graphene under strain.®3273 Significantly, the extent
of red shift of the G- and 2D-bands and, hence, of the
band gap is tunable by concentration control of the
diazonium precursor reagent.

For graphene FET applications, the minimum band
gap to be comparable to silicon is ~1 eV.>®> So far,
chemical functionalization has fallen short of this
minimum requirement. Niyogi et al. used a combi-
nation of Raman spectroscopy and angle resolved
photoemission spectroscopy (ARPES) to characterize
nitrophenyl-grafted graphene samples.® Both exfo-
liated and epitaxial graphene on SiC were subjected
to covalent functionalization by 4-NBD and subse-
quent spectroscopic analysis, revealing the opening
of a band gap of ~0.4 eV The authors observed a
considerable red shift of the G- (22 cm™") and 2D-band
(71 ecm™") following nitrophenyl-functionalization of
epitaxial graphene. In contrast, the Raman spectrum in
Figure 4a for 4-NBD modified graphene at saturation
coverage shows a smaller red shift of the G- (3 cm™),
and 2D-band (6 cm ™) relative to the pristine graphene
reference. The discrepancy is likely due to a different
effect of the substrate. Indeed, the authors also demon-
strated that nitrophenyl-functionalized exfoliated gra-
phene showed a slight blue shift of the G- (5cm™") and
2D-bands (1 cm™"). Therefore, the much larger red shift
for the same peaks for 3,5-TBD than for 4-NBD can be
associated with a larger graphene band gap opening.

GREENWOOD ET AL.

Chemical doping is an effective method to tailor the
electrical properties of graphene, and both p-type and
n-type conductions are desired to construct complex
logic circuits. Raman spectroscopy can be used to
determine the extent of doping. The G-peak position
blue shifts and its full width at half-maximum (fwhm)
decreases for both electron and hole doping.*® For
both electron and hole doping, the peak intensity ratio
Lo/l is known to decrease.?” Experimentally, the
behavior of the 2D-peak upon doping can be used to
discriminate between electron and hole doping: its
position remains almost unchanged for electron con-
centrations up to ~1.5 x 10"® cm™2, while it shifts
down for larger concentrations. Conversely, an upshift
is observed in case of hole accumulation.?” In principle,
3,5-TBD grafting to graphene could act as an electron
dopant via o-conjugation of the tert-butyl groups to
the graphene substrate. However, the red shift in the
Raman data shown here, caused by strain from defect
formation, essentially neutralizes the ability to charac-
terize doping by analyzing the G- and 2D- band shifts.
The decrease in 2D-band intensity also cannot be used
for doping characterization since it inherently de-
creases on defect formation. Consequently, there is
no significant evidence of doping of graphene by
grafting with 3,5-TBD. Grafting of 4-NBD to graphene>®
and graphene nanoribbons (GNRs)?? is known to act as
a p-dopant; however, no evidence was observed in the
Raman spectrum either, possibly also due to the strain
caused by grafting, resulting in a red shift of the G- and
2D-bands. Nevertheless, we believe electron doping
from grafting of 3,5-TBD to be viable, and to warrant
further investigation.

To gain further insight into the difference between
4-NBD and 3,5-TBD reactivity, we investigated the film
morphology of grafted HOPG samples using AFM. The
AFM images and line profiles of 4-NBD grafted HOPG
from 0.01 and 1 mM solutions are shown in Figure 5,
panels a and b, respectively. For the low concentration
sample (0.01 mM), bright patches are imaged along
with large areas of bare surface. The height of the step
between two bare surfaces is measured as 0.35 nm,
identical as for unmodified HOPG, suggesting the bare
surface areas are pristine HOPG. Adsorbed material is
also observed on the step edge in the image. The
height profile of the features on the HOPG basal plane
and step edge are measured as 2—3 nm (inset of
Figure 5a). To determine the height variation of the
multilayer film, roughness analysis was performed
using WSxM,*° which gave a root-mean-square (RMS)
roughness of 0.53 nm. The calculated height for a
vertically oriented nitrophenyl group is ~0.8 nm."
Therefore, the much larger height profile measured
indicates that polyaryl growth already occurs at
0.01 mM of 4-NBD. Consequently, polyaryl film growth
must be kinetically very favorable and hinders high
coverage of aryl radicals grafting directly to the HOPG
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Figure 5. AFM images after grafting of 4-NBD on HOPG from (a) 0.01 mM or (b) 1 mM solutions, and after grafting of 3,5-TBD
on HOPG from (c) 0.01 mM or (d) 1 mM solutions. AFM images after scratching the grafted layer with the AFM tip on (e) 4-NBD

and (f) 3,5-TBD grafted HOPG, both from 1 mM solutions.

surface. Figure 5b shows a much more densely packed
structure formed from a 1 mM solution of 4-NBD. The
height profile gives a maximum value of ~2.5 nm (see
inset). This value is less than that observed for the lower
concentration (0.01 mM) sample, indicating that the
line profile does not reach the surface; hence, no bare
HOPG surface is exposed in this case. The RMS rough-
ness value in this case is 0.34 nm.

An AFM image for HOPG modified with 3,5-TBD
(0.01 mM) is shown in Figure 5c. Bright spots are
observed on the surface. Height profile analysis (see
inset) shows that the spots are quite uniform in height,
at approximately 0.8—1 nm, with an RMS roughness of
0.023 nm, indicating a high degree of height uniformity.
If a more concentrated solution is used (1 mM, Figure 5d),

GREENWOOD ET AL.

the image appears very uniform, confirmed by an RMS
roughness of 0.085 nm. In this case, no resolution of the
individual adsorbed species was obtained due to tip
convolution.

To accurately ascertain the organic film thickness at
1 mM 4-NBD, scratching with the AFM tip was per-
formed to expose the HOPG surface, Figure 5e. The
depth of the scratched line was measured as 3.6 +
0.5 nm. This value is comparable to the thickness
measured by Ma et al. of 3.5 + 1.3 nm for 4-NBD
electrodeposited on HOPG." These authors concluded
that multilayer coverage occurs, based on the calcu-
lated height of ~0.8 nm*' for a vertically oriented
nitrophenyl (NP) group. This result also explains the
disappearance of the reduction peak after one cycle for
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Figure 6. STM images after grafting of 4-NBD on HOPG from (a and b) 0.01 mM, (c) 0.1 mM, and (d) 1 mM solutions. Line
profiles are shown as insets. Tunneling parameters (a and b) /ey = 0.08 NA, Vpias = —0.5 V; () [set = 0.3 NA, Viias = —0.4 V; (d) [ser =

0.08 nA, Vbias =-0.6V.

4-NBD (1 mM) grafting on HOPG and graphene, since
the thick polyaryl layer formed prevents further elec-
tron transfer. During grafting of 0.01 mM 4-NBD, the
bare surface parts allow further electron transfer. After
scratching with the AFM tip, there is a buildup of
deposit at the edge of the scratched area. We conclude,
therefore, that upon scratching with the AFM tip, the
detached species are pushed to the edge and on top of
the polyaryl layer. The accumulated species likely
consist of aryl oligomers.

To confirm whether grafting of 3,5-TBD on HOPG is
limited to a single layer, AFM tip scratching was also
performed on the 1 mM sample, Figure 5f. The scratched
line depth was measured as 0.67 + 0.31 nm. This
corresponds to the height of a single 3,5-TBD molecule,
confirming that grafting in this case is limited to a
single molecular layer. Histogram data for AFM scratch-
ing is shown in the Supporting Information, Figure S5.
The observation of single layer growth explains why
electrochemical reduction of 3,5-TBD remains possible
during consecutive scans.

While AFM is helpful in understanding film morphol-
ogy, this technique is not ideal to quantitatively eval-
uate the density of covalent anchoring sites due to
spatial resolution issues, in particular at high substrate
coverage. STM, which is sensitive to the local density of
states (LDOS) at the surface, may be more helpful here.
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The LDOS should be affected by the covalent modifica-
tion, only at the grafting sites. Therefore, there is good
hope that STM can reveal those sites.

As shown in Figure 6, image contrast very different
from the AFM imaging is obtained. After grafting from
0.01 mM 4-NBD (Figure 6a), bright features are ob-
served at the step edges, with a height profile of
approximately 1.5 nm. Spots on the terraces are very
few (Figure 6b), also with a height profile of 1.5 nm. As
shown in Figure 6¢,d, the population of spots on the
terraces is proportional to the concentration of the
grafting solution. The variation in the appearance of
the 4-NBD modified sample in Figures 5b and 6d,
visualized by AFM and STM, respectively, can be ac-
counted for by the difference in the scanning mechan-
ism of the two techniques. Since multilayer oligomer
structures are formed following 4-NBD modification,
AFM will visualize the topography of a broad top layer.
STM, on the other hand, images mostly the covalent
attachment points. The height profile of the bright STM
features at all concentrations is comparable, at ap-
proximately 1.5 nm, and was constant for the range
of tunneling parameters used (set point current
0.05—0.15 nA and bias voltage 0.4—0.9 V). The mea-
sured spot width, however, is not constant for the
range of concentrations used: at 0.01 and 0.1 mM,
the average diameter of the spots is 1.6 £+ 0.1 nm,
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Figure 7. STM images after grafting of 3,5-TBD on HOPG from (a) 0.01 mM, (b) 0.1 mM, (c) 1 mM, and (d) 2 mM solutions. Line
profiles are shown as insets. Tunneling parameters (a and b) /s, = 0.08 NA, Vyias = —0.6 V; (C) Isec = 0.1 NA, Viyias = —0.4V; (d) [see =

0.16 nA, Vbias =-0.7 V.

whereas at 1 mM, the average diameter increases to
2.7 £0.1 nm.These values are too large to account for a
single molecular species, and must consist of multiple
molecules, referred to as clusters hereon. The lateral
propagation at higher concentration is likely due to an
increased reactivity of the lattice sites surrounding
grafted molecules. The distribution of the clusters
across the surface is not uniform, but displays a large
variance. Statistical analysis of a 40000 nm? scan area
of five different locations on each of three separate
samples (grafting from 1 mM solutions only) gave an
average cluster density of 0.01 per nm?.

We have also used STM to characterize grafted 3,5-
TBD on HOPG. At 0.01 mM (Figure 7a), bright spots are
observed on the step edges and on the terraces;
however, the coverage on the terrace sites is extremely
low. On increasing the 3,5-TBD concentration to
0.1 mM (Figure 7b), the coverage of bright spots in-
creases significantly. At 1T mM (Figure 7c¢), a very high
density of bright spots is observed. The density of the
adsorbed species at 1 mM is clearly higher than that
observed for 4-NBD at the same concentration on
HOPG, at 0.9 + 0.1 clusters per nm?. This also correlates
with the higher D-band intensity observed in the
Raman spectrum for 3,5-TBD. After grafting from a
2 mM solution (Figure 7d), the density of grafted
structures is so high that tip convolution prevents the
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acquisition of the cluster density. STM images after
grafting from even higher concentrations up to 10 mM
show similarly densely packed structures (Supporting
Information Figure S3) in agreement with a leveling off
in the intensity ratio of the D/G bands in the Raman
spectra at these concentrations (see above). Similar to
the behavior of 4-NBD, the density of spots increases
with higher concentration following modification of
HOPG with 3,5-TBD. The height profile of the spots for
all concentrations is measured as 0.7—1 nm. The value
correlates well with the height profile of the spots
measured with AFM; hence, the height profiles mea-
sured with STM confirm that the observed spots are a
single molecule in height. In contrast to 4-NBD, the
width of the spots for 3,5-TBD stays constant for the
concentration range 0.01—1 mM, measured as 2.1 +
0.1 nm. Analogous to 4-NBD, this value must consist of
clusters of molecules, being too large to account for a
single molecule.

STM images for 4-NBD and 3,5-TBD modified CVD
graphene on Cu are shown in Figure 8, panels a and b,
respectively. Bright features are observed on both
samples, whose coverage and distribution are analo-
gous to those observed on HOPG. Again, the surface
coverage after functionalization of graphene with 3,5-
TBD is much higher than with 4-NBD, in agreement
with the larger D/G band intensity in the Raman
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Figure 8. STM images of clusters after grafting from a 1 mM solution of (a) 4-NBD and (b) 3,5-TBD on CVD graphene on Cu.

Tunneling parameters /5o = 0.08 nA and Vy,s = —0.7 V.

spectrum, described previously. Also the height pro-
files of the clusters on graphene, 1—1.5 nm following
modification with 4-NBD (Figure 8a), and 0.8—1 nm for
grafted 3,5-TBD (Figure 8b), are in agreement with
values found on HOPG.

All experimental evidence on HOPG and CVD gra-
phene on Cu indicates that grafting of 4-NBD results in
polyaryl growth. Following initial covalent attachment
of aryl species to the surface, aryl radicals in solution
can form covalent bonds at the ortho position with
respect to the nitro group. On the basis of AFM data,
polyaryl growth is found to already occur in the lowest
concentration regime, at 0.01 mM. Therefore, radical
attachment to pregrafted aryl species must be ki-
netically very favorable. Consequently, every grafted
(poly)aryl species functions as an ultramicroelectrode
surrounded by a hemispherical diffusion layer,*? limit-
ing the number of nitrophenyl species directly grafted
to the surface. In contrast, grafting of 3,5-TBD leads to
monolayer growth, as the tert-butyl moieties prevent
further radical attachment to pregrafted species and
therefore preclude multilayer growth. This enables a
large proportion of the radicals in solution to graft
directly to the surface, resulting in high density graft-
ing. Figure 9 illustrates this concept.

In addition to the size of the bright spots, the so-
called clusters, that are larger than the dimensions ex-
pected for individual grafting sites, STM images reveal
another interesting aspect. The image in Figure 10a
shows the 4-NBD clusters imaged along with the
graphite lattice. It is apparent that there is a distortion
to the graphite lattice in the vicinity of the clusters. The
diameter of the distortions is not constant, and ranges
from 8 to 2 nm. The height profile of the clusters is
0.4—0.8 nm. This value is significantly lower than that
measured for the clusters in the previous images at
different scanning parameters. The reason for the
height difference could be a change in the measured
LDOS of the polyaryl clusters at the scanning param-
eters used for imaging the graphite lattice. The cluster
diameter is ~2.5 nm, similar to those in the previous
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Figure 9. Grafting behavior of 4-NBD and 3,5-TBD, showing
dendritic growth or monolayer formation.

images. The lateral size of the bright spots is in line
with theoretical studies that suggest that radical at-
tachment to the carbon lattice occurs in pairs.>3°
Therefore, the cluster formation observed is likely
due to further aryl radicals attacking the carbon lattice
at the periphery of the nucleation sites. In addition,
upon the attachment of an aryl pair, the rehybridiza-
tion of the carbon lattice atoms to sp® will distort the
surrounding sites, causing buckling of the graphite
lattice, which is picked up in the STM imaging of the
graphite lattice. These sites are known to be more
reactive,” but further lateral propagation of the clusters
is probably offset due to steric hindrance factors.
Direct high-resolution UHV-STM imaging of grafting
has been attempted by Stevenson et al.,** but on a
graphene substrate with very high native defect den-
sity estimated at 2 x 10'? cm ™2, which may heavily
interfere with the grafting chemistry and morphology.
A study by Lucchese et al. has shown a similar distor-
tion effect of HOPG with UHV-STM around the defect
sites caused by Ar" ion beam damage.** In addition,
chemisorption of diazonium species on graphene
has shown a transmission electron microscopy image
revealing an expanded lattice constant due to the
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Figure 10. (a and b) Sequential high-resolution STM images of 4-NBD clusters grafted on HOPG showing a distortion of the
graphite lattice. The second image shows that two clusters have been removed (A and B remain) (lsey = 0.2 NA, Vias = —0.1 V).
(c and d) Sequential high-resolution STM images of 3,5-TBD grafted on HOPG. In the second image, scanning has removed the
cluster and pristine HOPG is recovered (/se; = 0.1 nA, Vj,;,s = —0.01 V). Fourier transforms are shown as inset.

formation of sp®> C—C bonds.* The STM results we
present here are the first to show lattice distortions
from sp> defects following grafting on pristine and
virtually defect-free HOPG in ambient conditions.

The aryl species are not stable under STM scanning
at the high current and low bias values required
for imaging the graphite lattice (/s¢; = 0.1—0.3 nA and
Vpias = —0.001 up to —0.1 V). Consequently, the grafted
structures can only be imaged once or twice while
imaging the graphite lattice before being removed by
the STM tip. This effect is illustrated in Figure 10: two of
the clusters in Figure 10a have been labeled A and B for
reference; the subsequent STM image (Figure 10b)
shows that two of the original clusters have disap-
peared. The HOPG lattice can be imaged after removal
of the clusters by the STM tip. No defects or distortions
are detected, strongly suggesting that the graphite
lattice reverts back to its original configuration once
the aryl groups are detached. This aspect will be
addressed in the next section.

Figure 10c shows a cluster imaged along with the
graphite lattice for 3,5-TBD (0.1 mM) modified HOPG.
The same type of distortion at the periphery of the
cluster is observed. A Fourier transform image of the
distorted graphite lattice region, marked by the white
dashed square, is shown in the inset. Additional spots
are observed along with the hexagonal pattern of the
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graphite lattice, indicating a Moiré pattern distortion to
the lattice. This is likely caused by a dislocation of the
top layer after sp> rehybridization of a number of sites
at the cluster. The distortion to the carbon lattice
caused by grafting is consistent with the observed
red shift of the G- and 2D-bands in the Raman spectra
of graphene due to the elongation of the carbon—
carbon bonds. The next STM image taken of the same
area, Figure 10d, reveals that the cluster is already
removed. The Fourier transform image of the graphite
lattice, shown in the inset, shows a hexagonal pattern,
as expected for a pristine hexagonal carbon lattice. This
is further evidence that, upon removal of the covalently
attached aryl clusters by the STM tip, the carbon lattice
reverts back from sp> to sp?.

The removal of the spots by STM scanning, and
therefore of the grafted species, opens the way for
controlled nanomanipulation using STM. As described
previously, the grafted species we observe are not
stable to scanning, and are gradually removed at a
current value of 0.08 nA or higher. The STM image in
Figure 11a shows the 4-NBD modified HOPG surface
immediately after the central area (200 x 200 nm) was
scanned at 0.5 nA consecutively several times. The
grafted species were also removed from graphene on
Cu after sequential scanning, as shown in Figure 11b.
Instantaneous removal of the clusters could be

A \ 72n
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Figure 11. (a) STM image immediately after nanoshaving of grafted 4-NBD clusters from the central 200 x 200 nm? area on
HOPG; (b) STM image of 4-NBD grafted on CVD graphene on Cu after nanoshaving; (c) nanoshaving of 3,5-TBD grafted on
HOPG, creating “Nanoman”; (d) nanoshaving of 3,5-TBD grafted on CVD graphene on Cu. Tunneling parameters (a) /se; =

0.08 NA, Vpias = —0.4 V; (b—d) lset = 0.1 NA, Viyias = —0.4 V.

achieved by scanning at high current and low bias
(1 mV, 0.3 nA). High current and low bias scanning also
immediately removes the 3,5-TBD clusters. Due to the
high density of grafted species in this case, complex
shapes and patterns can be created by nanoshaving of
clusters in designated areas. An example is shown in
Figure 11¢, where “Nanoman” was drawn by scanning of
the designated areas using the stated tunneling param-
eters. Figure 11d finally shows that it is also possible to
selectively remove the 3,5-TBD clusters from graphene.

To prove conclusively that STM nanoshaving of
grafted aryl groups restores the pristine sp> carbon
lattice, we combined nanoshaving with confocal
Raman spectroscopy to detect the nanopatterns spec-
troscopically. Due to the relatively larger D-band in-
tensity compared to 4-NBD, we limit ourselves to 3,5-
TBD on HOPG in this section. 3,5-TBD was grafted
electrochemically onto HOPG. The following experi-
ments involved positioning the STM tip, in this case
made of tungsten, over a designated scanning area.
The area was marked by a laser spot, approximately
1 um in diameter. Laser light illumination did not have
any effect on the D-band intensity decay. Raman
spectra were measured continuously for 1.5 h, but
the D-band intensity did not show any significant
change. The focused laser spot at the HOPG surface
was set at 1 um distance from the W-tip apex, as is
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illustrated by the confocal Raman mapping image of
the STM tip above the scanning area, Figure 12a.
Upon approach to the surface, the STM tip scanned
three sets of areas, 1 x 20 um, for 7 times at each
position, as illustrated in Figure 12b (1 nA, 0.1 V). The
sample was subsequently scanned by confocal Raman
D-band mapping. Figure 12c shows the confocal
Raman map plotted by D/G-band intensity ratio. The
integration time of each pixel was 1.5 s. The image
clearly shows a D/G-band intensity ratio decrease at
the three corresponding channels in the areas where
the STM tip had repeatedly scanned. In addition,
Figure 12d shows two sets of Raman spectra super-
imposed onto one another, taken along one of the
designated scanning areas before and after STM scan-
ning. Before STM scanning, there is a relatively large
D-band observed at 1330 cm ™', as well as the G-band
at 1576 cm™'. After repeated STM scanning, the
D-band is no longer observed, analogous to the con-
focal Raman mapping results shown in Figure 12c. In
addition, G-band intensity was slightly higher than
D-band, clearly indicating that sp> rehybridizes to sp?
by scanning. A stronger G-band should be observed in
a G-band confocal mapping image, but a clear depen-
dence could not be observed due to too limited a
change. These results agree with the conclusion that
the aryl radical species from 3,5-TBD are covalently
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Figure 12. (a) Confocal Raman map of the STM tip above the scanning area; (b) scheme showing STM scanned (7 times at each
position) and Raman mapped areas; (c) confocal Raman D-band map of STM scanned areas, (d) Raman spectra before (red)

and after (blue) STM nanoshaving.

grafted to the HOPG basal plane. The confocal Raman
image provides spectroscopic evidence, in addition to
the STM topographic evidence, of patterned removal
of grafted species.

We also attempted the same procedure on 3,5-TBD
(1 mM) functionalized graphene. However, the experi-
ments have been so far unsuccessful, resulting in a
large D-band at the scratched areas as a result of tip
damage to the graphene layer. Due to the polycrystal-
line nature of the Cu substrate, the surface is quite
rough (see Supporting Information, Figure S4b, for a
large-scale STM image of bare graphene). Conse-
quently, nanoshaving by scanning at high current
and low bias over the micrometer scale required for
confocal Raman mapping is not trivial. This should be
possible on graphene on a more planar substrate, such
as SiC or h-BN.

A final application has been discovered for the
nanopatterned structures formed in the 3,5-TBD
grafted film. When n-pentacontane (n-CsoHq) is de-
posited in phenyloctane solution on the grafted HOPG
sample, in situ nanoshaving at the liquid—solid inter-
face results in the exposed surface becoming host to
n-pentacontane self-assembly. Self-assembly selec-
tively occurs in the exposed regions and not on top
of, or in between, the grafted aryl species. Figure 13a
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shows an STM image of a series of nanotrenches within
the grafted film, created by the STM tip. n-Pentacon-
tane is seen to form multiple domains of parallel
lamellae in the exposed area. Figure 13b shows a
close-up view of a high-resolution image of a series
of n-pentacontane rows. The image for a single penta-
contane domain was taken from a separate location to
that shown in Figure 13a. The n-C5oH, o, molecules self-
assemble as they do on bare HOPG,* indicating there
is no damage to the surface carbon lattice upon
removal of the grafted molecules. An illustration of
STM tip nanoshaving and molecular self-assembly
within the exposed area is presented in Figure 13c.
Despite the fact that the grafted clusters can be
removed by the STM tip during scanning, they do
not degrade over time. Modified HOPG samples as
much as a month old were scanned with STM and
showed no alteration with respect to newer samples. In
addition, the robustness of modified samples to sol-
vent is self-evident in the STM images of n-pentacon-
tane in phenyloctane, showing no disruption to the
grafted clusters in areas without tip manipulation.
1,2,4-Trichlorobenzene (TCB) was also used on the
grafted samples, again showing no degradation.
Therefore, since modified samples are stable over
time and can withstand further processing involving
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Figure 13. (a) STM image of n-pentacontane (n-CsoH;0,) self-assembly within nanotrenches of bare HOPG produced by
nanoshaving of grafted 3,5-TBD, forming lamellar structures; (b) high-resolution STM image of n-pentacontane; (c) scheme
of STM nanoshaving, followed by n-pentacontane self-assembly within the exposed area. Tunneling parameters (a) /se; =

0.165 nA, Vpias = +0.6 V; (b) Iset = 0.18 NA, Vyyips = +0.45 V.

solvents, we envisage covalent modification to hold
great potential for applications.

CONCLUSIONS

We have presented conclusive evidence that on
electrochemical grafting of diazonium compounds to
graphene and HOPG, covalent attachment with sp>
rehybridization of the surface site takes place. By
selecting sterically hindered reagents, grafting can
be limited to a monolayer, achieving a high density.
Raman spectroscopy also indicates tunable band gap
opening of graphene following grafting of 3,5-TBD by
varying the diazonium reagent concentration.

We have used high-resolution STM measurements
to directly observe graphite lattice buckling at the site
of covalent attachment to a previously defect-free
HOPG surface for the first time, demonstrating the
value of STM for characterizing similar systems.

Using suitable tunneling parameters, we have de-
monstrated STM nanoshaving of grafted molecules for
the first time under ambient conditions, which allows
complex topographic patterns to be created in high
density grafted layers. Importantly, using Raman spec-
troscopy and STM, we have proven that the pristine
sp? carbon lattice is restored on removal of grafted
species. After nanoshaving, molecular self-assembly of
n-pentacontane takes place in the same manner as on
HOPG that was never modified, further testifying pris-
tine graphite recovery.

Our results settle several long-standing controver-
sies regarding the details of diazonium modification of
carbon surfaces, while high density monolayer grafting
opens the way for efficient graphene-based devices.
The nanomanipulation protocol will be very useful for
nanostructuring surfaces to study, for instance, self-
assembly under nanoconfinement conditions.

METHODS

All STM experiments were performed using a Molecular
Imaging STM system, operating in constant-current mode.
STM tips were prepared by mechanical cutting of Pt/Ir wire
(809%/20%, diameter 0.25 mm). The bias voltage refers to the
substrate. For AFM measurements, a Multimode AFM with a
Nanoscope IV controller (Veeco/Digital Instruments) was em-
ployed in intermittent contact mode. Substrates consisted of
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HOPG (grade ZYB, Advanced Ceramics Inc.,, Cleveland, OH).
Graphene samples were obtained from Graphenea, and con-
sisted of CVD grown graphene on Cu foil. STM and AFM data
analysis was performed using WSxM 5.0.*°
4-Nitrobenzenediazonium (4-NBD) tetrafluoroborate (97%)
and analytical grade hydrochloric and perchloric acid were
purchased from Sigma—Aldrich and used without further
purification. High purity water (Milli-Q, Millipore, 18.2 MQ cm,
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TOC < 3 ppb) was used throughout. Electrolyte solutions were
deoxygenated with argon gas (grade 5.0, Praxair) for several
hours before use. 3,5-Bis-tert-butylbenzenediazonium (3,5-TBD)
is unstable, and decomposes rapidly; hence, it was synthesized
from the aniline precursor immediately prior to electrochemical
reduction. 3,5-Bis-tert-butylaniline (98%) was purchased from
TCl-Tokyo Chemical Industry Co., Ltd. and used without further
purification. 3,5-TBD solutions with concentrations between
0.1 and 10 mM were prepared by dissolving the desired amount
of 3,5-bis-tert-butylaniline in HCl,; (0.5 M); aqueous NaNO,
(0.1 mL, 1 M) was mixed with 5 mL amine solution approxi-
mately 3 min prior to injection into the electrochemical cell.

All electrochemical measurements were performed using an
Autolab PGSTAT101 potentiostat (Metrohm—Autolab BV, The
Netherlands). Prior to each experiment, the HOPG electrode was
freshly cleaved using scotch tape. The electrochemical modifi-
cation of the HOPG and graphene samples was carried out in a
lab-built single-compartment three-electrode cell, with a work-
ing electrode area of 38.5 mm?, Pt wire counter and Ag/AgCl/
3 M NaCl reference electrodes. During the measurements, the
electrolyte was kept under a solvent-saturated Ar (grade 5.0,
Praxair) atmosphere. After modification, the 4-NBD and 3,5-TBD
modified HOPG and graphene samples were rinsed with Milli-Q-
water to remove any physisorbed material from the surface, and
dried in a stream of argon.

Raman measurements were performed with an OmegaScope
1000 (AIST-NT). Laser light (632.8 nm) from a He—Ne laser was
focused onto the sample surface from the side (with an angle of
28° to sample surface) and top, for 'grating' and 'normal’ mea-
surements, respectively, through an objective (MITUTOYO, BD
Plan Apo 100, N.A. 0.7). Optical density at sample surface was
about 500 kW/cm?. Raman scattering was collected with the
same objective and directed to a Raman spectrograph (Horiba
JY, iHR-320) equipped with a cooled-charge coupled device
(CCD) camera operated at —100 °C (Andor Technology,
DU920P-BRDD) through a pinhole, a dichroic mirror (Chroma
Technology Corporation, Z633RDC) and long pass filter
(Chroma Technology Corporation, HQ645LP). Accumulation
time for each point in 'grating' measurement was 1 s. All of
the measurements were carried out under ambient conditions
and at room temperature.
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