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ABSTRACT Chemical functionalization of carbon nanotubes (CNTs)
and graphene allows for fine-tuning their physical and chemical proper-
ties to realize fascinating new fundamental phenomena as well as exotic
applications. A primary challenge in such endeavors is the need to identify
the chemical nature of attached functionalities at a single-nano-object
level in a spatially resolved manner. Here we report the vibrational
fingerprinting of functional groups that are attached to individual CNTs
and graphene flakes. In order to achieve this, we decorate noncovalently
functionalized CNTs and graphene with nanoparticles, which leads to the
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appearance of Raman peaks that can be correlated with the vibrational modes characteristic of the functional groups with diffraction-limited spatial

resolution. The presented strategy is generic enough to be extended to other chemical modification routes on a range of nanostructures and hence will

allow for rapid characterization of chemical modification of individual (semi)conducting nanostructures.
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hemical functionalization of nano-

structures is fundamentally impor-

tant for obtaining new physical and
chemical properties and for engineering the
nanostructures for desired applications.’
For example, by chemically modifying car-
bon nanotubes (CNTs) a range of electronic
devices including transistors and sensors
have been demonstrated.”~* Chemical func-
tionalization strategies are being vigor-
ously explored for modifying the magnetic
and electronic properties of graphene, for
example, to realize a band gap.>~® In al-
most all of these functionalization methods,
chemical information about the attached
moieties is not available on a local scale or
on a single object level, for example on
individual CNTs on insulating substrates.
On bulk samples, containing a large amount
of CNTs, X-ray photoelectron spectros-
copy (XPS) has been widely used to obtain
some chemical information after func-
tionalization.°~"" Similarly on large gra-
phene flakes (in mm range) it is possible to
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use XPS to obtain chemical information on
the attached species.” However, even here,
due to the rather large size of the X-ray
beam (typically in the range 0.1—10 mm),
high sensitivity and spatial resolution are
hardly achievable in probing the chemi-
cal functionalities.'>'® Recently, nanoscale
X-ray imaging is opening avenues for ob-
taining chemical information down to
30 nm resolution."*’> In many other cases
we only have indirect information about the
groups, such as by the observation of ex-
pected changes in physical and chemical
properties.'®~ '8 In this context, one funda-
mental question that cannot be answered
yet s if the attached moieties are chemically
intact or, in other words, are the functional
groups really preserved after a certain func-
tionalization strategy especially when work-
ing with individual nanostructures.

Here we present for the first time a way to
resolve this fundamental question by sys-
tematically obtaining chemical information
about the attached moieties on individual
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nano-objects. Utilizing the electropolymerization of
pyrrole or aniline on carbon nanostructures as candi-
date models, we demonstrate that we can identify the
functional groups in a spatially resolved manner. The
principle is based on the detection of Raman spectra of
the attached moieties. The intensities of the Raman-
active modes (which are otherwise almost unobserv-
able at submonolayer coverages) are significantly en-
hanced through the additional attachment of gold
nanoparticles (AuNPs) by surface-enhanced Raman
scattering processes (SERS).'®?° We bring these AuNPs
selectively on the nanotube or graphene surface
through a versatile electrodeposition approach.’®2'22
This ensures a good signal-to-baseline ratio (in the
range 1.2 to 10), providing spectroscopic information
about the attached moieties exclusively on the CNTs/
graphene with a very high fidelity. SERS substrates
comprising roughened metal surfaces or nanoparticle
arrays have been widely reported to have high sensi-
tivity with the capability to detect even single mol-
ecules. >~ By combining SERS with super-resolution
microscopy, the position of single emitters could
be determined with a precision better than 5 nm.?
On the other hand, tip-enhanced Raman spectroscopy
(TERS) is emerging as a powerful technique?” with the
promise of routinely obtaining chemical information
with high spatial resolution (down to 1.7 nm?) on
various surfaces including CNTs and graphene.®® 3¢
Moreover, Raman modes of individual dye mole-
cules with submolecular resolution under ultra-high-
vacuum conditions have also been observed by utiliz-
ing tip-induced plasmonic enhancement.” In the lit-
erature, a number of examples of using TERS for the
spatially resolved investigation of various physical and
chemical aspects are available, such as identification of
different CNTs in a bundle, effect of pressure on the
Raman modes, and localization of defects, edges,
contaminants, etc.3®*? Local vibrational information
in the form of infrared absorption spectra is attainable
also using nano-FTIR* or tip enhancement with reso-
lution down to 25 nm.** There is however no demon-
stration yet of the use of TERS or SERS or infrared
spectroscopy to systematically identify the vibrational
modes of controllably deposited chemical functional-
ities on individual CNTs or graphene in a spatially
resolved manner. In contrast to other techniques, the
use of electrodeposition to obtain AuNPs directly on
the chemical functionalities ensures an intimate cou-
pling between the two, thereby promising a very high
Raman enhancement (around 2 orders of magni-
tude).’®*> While there exist various demonstrations
of detecting analyte molecules deposited on AuNPs,
there is no report yet on the possibility to obtain
spatially resolved chemical information on controllably
attached functional groups on individual carbon
nanotubes or graphene. Moreover, the strategy pre-
sented here for the detection of vibrational modes can
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Figure 1. Noncovalent functionalization of individual CNTs.
(a, b) AFM images of individual CNT bundles in an electrode
gap before (a) and after (b) electropolymerization with
pyrrole: z-scale bar: 40 nm, x,y-scale bar: 200 nm. (c) Line
profile along the cyan line in (a) showing the relative heights
of the nanotubes before and after electropolymerization.
The profiles are shifted for clarity. (d) Raman spectrum on
the thinner right tube before and after electropolymeriza-
tion, showing the radial breathing mode (RBM), the D-peak,
G-band, and 2D-peak of the CNT on the right side (ley:
633 nm, 04 mW, 2 x 55s).

be implemented using a standard confocal Raman
microscope without the need for an expensive and
elaborate instrument (such as a TERS microscope).

RESULTS AND DISCUSSION

Typically for carbon nanostructures a covalent at-
tachment of functional groups can be deciphered
through changes in the relative intensity of the
D-peak.***” Here we focus on the more challenging
task of obtaining chemical information after noncova-
lent attachment of a small quantity of functional
moieties, which in general does not affect the Raman
signature of the underlying nanostructure. We first
present the effect of noncovalent functionalization
on individual CNT bundles. Figure 1a shows an AFM
image of two bundles of CNTs assembled in an elec-
trode gap. After initial characterization, the CNTs are
coated with a polypyrrole (PPy) layer through electro-
polymerization of pyrrole (see Methods). This is a
versatile method in which the surface of the CNTs
can be decorated with PPy moieties selectively and
has been successfully used on many occasions.'*8~>°
Figure 1b shows the AFM image after the modification
and Figure 1c a line profile showing the increase in
thickness of around 2 nm on both the tubes. Figure 1d
shows Raman spectra of the thinner tube before and
after attachment of PPy. It is apparent that the Raman
spectrum has not changed significantly after the mod-
ification. Most importantly, the ratio of the Raman
intensities of the D-peak to the G-peak (Ip/lg) remains

VOL.9 = NO.3 = 3314-3323 = 2015 F@L@Mi{\)

WWwWW.acsnano.org

3315



a c Raman shift (cm™)
um 0.0 nm 2R 2323333
o O O O O ©O O o
0.0 330 S & &6 & & & & ©
0.5
1.0 T
3
15 85§
:‘é
2.0 o
x
2.5
3.0 0.0
b _ — CNT-PPy ——CNT-PPy-AUNP g ——CNT-PPy —— CNT-PPy-AuNP
A iF, Pyr i 8 X RBM Region
— * * * * * ok ok - i . *
R El Si
sl s T
2 D-G Region 2 \//J/\“
=4 c
5] 2
= z [
1000 1200 1400 1600 1800 200 400 600 800 1000

Raman shift (cm™)

Raman shift (cm™)

Figure 2. Vibrational fingerprinting of functionalized CNTs. (a) AFM image of the same sample as in Figure 1 after attachment
of AuNPs on the polypyrrole (PPy)-functionalized CNTs (see Figure S1 for a zoomed-out view of this device and for height
profiles). (b) Raman spectrum around the D- and G-peaks obtained on the right tube before and after the attachment of
AuNPs. (c) Raman map along the cyan line in (a), where the Raman spectrum at each point is collected vertically as an image.
The span of the horizontal line in (a) corresponds to the vertical region between the two white dashed lines in (b). The white
arrows 1 and 2 mark the position of the two CNTs labeled correspondingly in (a). The third white arrow marks the Raman
spectrum from a third CNT present also in the gap (see Figure S1). (d) Raman spectrum around the RBM obtained on the right
tube before and after the attachment of AuNPs. Peaks marked with Si are because of the substrate due to silicon or silicon
oxide (1ey: 633 nm, 0.4 mW, 2 x 5sfor CNT-PPy and 2 x 1 s for CNT-PPy-AuNP). The *'s correspond to the position of the Raman
modes, arising only after the attachment of AuNPs, which are assigned to the PPy layer on the CNTs.

unaffected, signifying a noncovalent attachment of the
functional groups onto the CNT surface.>*” Moreover,
there is no indication of the presence of additional
chemical groups in the Raman spectrum, although we
see a clear and consistent increase in the thickness of
the nanotubes from one sample to the other.

The next step constitutes the central part of the
fingerprinting strategy, wherein we controllably bring
in AuNPs exclusively on the modified nanotube surface
using the same electrochemical modification strategy
described above. Specifically, a metal salt (KAuCl,) in an
aqueous solution is reduced at negative overpotentials
(see Methods).?"*">2 Figure 2a shows an AFM image of
the same device with nanoparticles. It is apparent that
the nanotubes (and the electrodes) are exclusively
decorated with nanoparticles. Most likely the thin
PPy layer favors charge transfer with the metal salt
leading to the formation of AuNPs. Figure 2b shows the
Raman spectrum (in the region of D- and G-peaks) at
the same location on the thinner tube before and after
the addition of nanoparticles. Clearly new peaks
appear in the Raman spectrum of the CNT-PPy-AuNP
ensemble, which are distinctly different from the
D- and G-peaks of the underlying CNTs. It is worth
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mentioning that in the absence of the PPy layer (with
only AuNPs on CNTs) we do not observe these addi-
tional peaks.***? We attribute these peaks to the
vibrational modes of the PPy layer that is sandwiched
between the CNTs and AuNPs. On the basis of literature
data available for electropolymerized pyrrole, we can
assign the various peaks to the C—H bending, pyrrole
ring stretch (Pyr), C—N stretching, and C=C stretching
modes of polypyrrole.”>** The presence of nanoparti-
cles results in an enhanced absorption (e.g., via the
availability of plasmon resonances) of light, leading to
a selective enhancement of the Raman signals of the
PPy layer (around 1 order of magnitude; see Support-
ing Information). Moreover, the strength of this near-
field enhancement correlates with the far-field plas-
monic absorption profile of the nanoparticles, as we
have shown for the case of pristine graphene.” In
addition to this electromagnetic effect, chemical en-
hancement may also play a significant role in the
emergence of these new Raman peaks.>® (The details
about the relative contributions of these effects to the
Raman enhancement will be a subject of future
investigation.) Figure 2c shows a Raman map of the
CNT-PPy-AuNP hybrid along the dashed line in
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Figure 3. Vibrational fingerprinting of functionalized graphene. (a—c) AFM images before (a) and after electropolymerization
with PPy (b) and after subsequent attachment of AuNPs (c). z-Scale bar is 22 nm in (a) and (b), while it is 70 nm in (c); x,y-scale
bar is 1 um. (d) Line profile along the cyan line in (a) before and after PPy and AuNP decoration. The profiles are shifted for
clarity. # refers to a small graphene region that is not in contact with the electrode and hence remains unmodified. The height
of this region serves as a good internal control. (e—g) Raman spectra compared at different stages of functionalization,
measured in three different spectral regions (split into three regions for clarity) at the spot shown in (a). The peaks marked
by * are attributed to the PPy layer on graphene (1¢,: 633 nm, [4 mW, 2 x 5 s] for Gr and Gr-PPy, [0.4 mW, 6 x 1s] for Gr-PPy-AuNP).

Figure 2a, where it can be seen that the same vibra-
tional fingerprint (marked by *) is observable on all the
CNTs present in the gap (note that there is another CNT
close by; see Figure S1). The relative intensity of a
certain mode is however different on the three tubes in
this device. This can be understood by considering that
the tubes have different reactivities, and hence the
thickness of the PPy layer and the density of AuNPs
vary from one tube to another. Figure 2d presents the
Raman spectrum in the region around the radial
breathing mode (RBM), where we see three additional
peaks, which were not present on the pristine CNTs
(the assignment of these peaks will be discussed
below). It is worth mentioning that we carefully choose
the conditions for depositing the AuNPs, in order not to
disturb the chemical structure of the underlying poly-
mer during electrodeposition. For this purpose, we
never use a potential below —0.3 V vs Ag/AgCl, under
which conditions the polymeric layer is known to be
resistant to any persistent chemical change. (In order to
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induce irreversible reduction in polypyrrole, we need a
potential lower than —0.6 V vs Ag/AgCl.)>>*”~>° Con-
tinuous recording of the Raman spectra on the CNT-
PPy-AuNP ensemble confirms the persistence of these
peaks. However, the Raman intensity decreases with
time (see Figure S2), pointing to the sensitivity of the
polymer layer to high light intensities. By optimizing
the acquisition conditions (e.g., low power of 0.4 mW
for very short acquisition times, typically 1 s pulses), we
were able to obtain persistent and reproducible peaks
from one sample to the other (see Figure S3).

Before we go to a detailed analysis of the observed
modes, we show that we can utilize the same strategy
to observe the vibrational modes of chemical functionali-
zation also on graphene. For this purpose commercially
procured chemical vapor deposition (CVD)-grown gra-
phene was transferred® onto Si/SiO, substrates with
predefined electrode lines (see Methods). Figure 3a—c
show AFM images of a typical graphene area at an
initial stage, after electropolymerization of pyrrole, and
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after attachment of AuNPs. From the line profile
in Figure 3d we infer that we have a nominal thick-
ness for the PPy layer of around 2 nm and the
nanoparticles show heights in the range 20—50 nm.
The Raman spectra obtained at the initial stage, after
PPy, and after deposition of AuNPs are collected
for three different spectral regions in Figure 3e—g.
Graphene modified with PPy shows mainly the typi-
cal G- and 2D-peaks of graphene in addition to
the substrate-related peaks in the low-frequency
(<1000 cm™") region. Around the G-peak two broad
bands are observed; however we do not see any clear
peaks even up to a PPy-layer thickness of 10 nm. The
addition of nanoparticles leads to the appearance of
new peaks, whose origin is attributed to the sand-
wiched PPy layer. The various modes (represented by *)
occur at rather similar frequencies to that of the PPy
layer on CNTs (see also Figure S4 for similar spectra in
other locations). These peaks are not observed in the
absence of the polymeric layer."

Now we turn toward the actual position of the peaks
that were observed in most of the locations on
graphene/CNTs (see also Table ST1 in the Supporting
Information). Polypyrrole can exist predominantly in
three forms: the neutral form, the polaronic radical
cation form, and the bipolaronic dication form.>® We
first consider the assignment of the modes in the
region around the G-peak as shown in Figure 3e.
The various peaks can be classified into four sets: the
C—H-related modes at 935 cm™' (C—H wag) and
1160—1200 cm™' (C—H bending), the ring stretching
modes typical of pyrrole at around 1350 and
1440 cm™', C—N-related modes around 1500 cm™",
and the C=C stretching modes around 1600 cm ™' >3>*
The position of the weak C—H wag mode, the pyrrole
characteristic ring stretching bands, and the appear-
ance of the C=C stretching band beyond 1600 cm™'
indicate the predominant occurrence of the dication
form of the polymer on graphene as well as on
CNTs.5"%2 The C—H bending modes occur at higher
frequencies than what is typical for polypyrrole. Taking
this together with the position of the C—N stretching
modes we conclude that we have most likely polymer
chains of short conjugation length.5%%* This is not
surprising since we use a low overpotential for a short
time in order to attain a low coverage on the carbon
nanostructure surface.®* Furthermore, we clearly see
additional bands in the high-frequency region (2700—
3300 cm ™) around the graphene/CNT 2D-peak, which
may be assigned to CH, stretching (in the range
2800—3150 cm ') and C=O-related modes (second
harmonic at around 3230 cm™'), respectively,®>%°
which are typically not reported for PPy. This signature
(together with the peak at around 175 cm™ )%’ sug-
gests that we most likely have an oxidized form of PPy,
wherein the end groups of the polymer chain are
converted to pyrrolidone, with the formation of a
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methylene and a carbonyl group.?®~7° Due to a low
conjugation length, the relative proportion of such
regions is higher (in comparison to bulk PPy), leading
to a stronger signal in the Raman spectrum of our
samples. Interestingly, we have seen this band also in
samples that were not decorated with nanoparticles
(with very thick PPy layers, >30 nm; see Figure S5),
leading us to conclude that the electroreduction of
gold does not create these functionalities.®® The use of
aqueous solvent may also have an effect on this
oxidation of the end groups, which may be overcome
partially using water-free organic solvents.”" Here, we
are limited to aqueous solvents because of fabrication
limitations.

The electrodeposition of AuNPs on functionalized
graphene or CNTs and the resulting Raman enhance-
ment are sensitive to many factors. First, in order to
attach AuNPs, the functional layer must not be very
thick. Otherwise, the occurrence of electron transfer to
the metal precursors is hampered, making it difficult or
almost impossible to generate the AuNPs. Second, a
certain degree of tuneability in the size and density of
the AuNPs is necessary in order to routinely observe
the Raman fingerprint of sandwiched functional layers.
Typically small AuNPs at a high density are ideal for
observing the best enhancement on graphene.'® On
CNTs, it is more favorable to have larger particles at a
high density. Nevertheless, our electrodeposition strat-
egy directly provides this tuneability through the
modulation of electrochemical parameters.'®*' This is
also one of the reasons that we prefer electrodeposi-
tion to obtain the AuNPs, rather than a direct use of
preprepared Au colloids. Au colloids may have other
disadvantages such as the presence of stabilizing
surfactants, whose Raman-active modes may hamper
the unambiguous recording of the true vibrational
fingerprint of the attached organic moieties.”? Next,
the occurrence of the graphene- or CNT-related peaks
in their corresponding PPy-AuNP hybrids is a function
of the thickness of the attached polymer layers. As the
thickness increases, the electromagnetic and chemical
coupling’ between the AuNPs and graphene/CNT
decreases, resulting in a relatively lower intensity of
the RBM and D-, G-, and 2D-peaks in comparison to the
peak intensities of the polymer layer (as in Figure 2d;
note that graphene/CNT peaks do not completely
disappear; there is mainly a reduction in the relative
Raman intensity). Finally, we have attempted the re-
moval of the AuNPs by etching in an acidified iodide
solution. However, we have very often observed some
contamination on the surface arising due to incom-
plete etching or reaction byproducts or additional
chemical reactions with the functionalities. This sug-
gests that we may not be able to reuse the sample after
fingerprinting, similar to other surface characteriza-
tion techniques such as X-ray/electron spectroscopy.
Nevertheless, the reproducibility in the fingerprints
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(Figures S3 and S4) indicates that we can deploy the
method to reliably screen the chemical nature of
functional groups obtainable from a specific function-
alization protocol.

From the foregoing discussion it is apparent that our
strategy provides a rich playground for obtaining
information about the attached functional moieties
on the CNTs/graphene in a very elaborate manner. In
order to clearly assert that the observed modes are
indeed characteristic of the attached functionalities,
we have repeated the same procedure for another
polymer, namely, polyaniline (PANI), obtained by elec-
tropolymerization of the aniline monomer at oxidative
potentials.*®*° Figure 4 presents the spectrum ob-
tained on graphene-PANI-AuNP hybrids for the three
different spectral regions and compares them directly
with that of PPy. We can clearly identify a number of
modes that are exclusively present on each of the two
polymers, thereby confirming the capability of our
method to fingerprint chemical functionalization on
individual nanostructures (see Figure S4 for more
spectra of graphene-PANI-AuNP).

We can take a closer look at the positions of the
various modes of the graphene-PANI-AuNP hybrids
(see also Table ST2 in the Supporting Information).
Analogous to the case of PPy, we also see clear indica-
tions for the presence of low conjugation length of
PANI from the peaks at 575 and 603 cm™".”374 PANI is
generally composed of varying proportions of two
basic units, namely, the quinoid and benzenoid
forms.”>’® The modes at 575 and 603 cm™' in the
low-frequency region are assigned to ring deforma-
tions of quinoid and benzenoid forms, respectively.”®
Furthermore, C—C/C=C stretching modes can be iden-
tified at around 1560 and 1625 cm™' for the quinoid
form and the phenyl rings, respectively.”® The occur-
rence of both these two sets of modes indicates that
we have both forms of PANI in the layer deposited on
graphene. In many cases the relative peak intensities of
the two forms are similar, although there is a slight
variation from one location to the other. Moreover, at
least two bands are observed in the vicinity of
1350 cm™', which arise from the C—N stretch char-
acteristic of the polaronic nature of the polymer.”’
Along with the C—H bending mode at 1178 cm™ ',
we can confirm that we predominantly have the
polaronic emeraldine base form of polyaniline in our
samples. The remaining band at around 1500 cm™'
and a mode at 409 cm ™' are assigned respectively to
C=N stretching of imines and C=C stretch, respec-
tively. Unlike in the case of PPy, we do not see any high-
frequency modes or modes below 400 cm ™! for the
obtained PANI layers, suggesting that we indeed have
a chemically intact polymer layer typical of what is
often reported in the literature on bulk samples.
Accordingly, we have observed that the PANI layer
on graphene is more stable than the PPy layer.

ZUCCARO ET AL.

a Si| —— Gr-PPy-AuUNP
st —— Gr-PANI-AUNP
©
=
2]
c L
g
k=
[ =
[
£l
[
o
150 300 450 600 750 900
Raman shift (cm™)
b Gr-PPy-AuNP
| ——Gr-PANI-AUNP
3
s
2
n
8
£
§
£
©
14

1000 1200 1400 1600 1800
Raman shift (cm™)

— Gr-PPy-AuNP

[ —— Gr-PANI-AuNP

(2]

Raman Intensity (a.u.)

2000 2250 2500 2750 3000 3250 3500
Raman shift (cm™)

Figure 4. Comparison of vibrational fingerprints of PPy-
modified and PANI-modified graphene. (a—c) Raman spec-
tra obtained after attachment of AuNPs to polypyrrole
(PPy)- and polyaniline (PANI)-modified graphene. The spec-
tral regions are split into three for clarity. In the low (a) and
high frequency (c) there is a clear difference in the two
fingerprints. In the midfrequency region (b) although some
peak positions are not different between the two cases
(note that they are assigned to similar modes because of the
similarity between PPy and PANI), the fingerprint is clearly
distinct for the two cases (see also Figure S4). Si corresponds
to peaks from the substrate due to silicon or silicon oxide,
while 2D indicates the 2D-peak of graphene (1e: 633 nm,
04 mW, 6 x 15).

On the basis of the success of our fingerprinting
strategy, it is intriguing to look now for the spatial
variation in the chemical functionalities that are at-
tached to the carbon nanostructure surface. For this
purpose, we have obtained Raman maps of PANI-
functionalized graphene after the attachment of the
AuNPs. Figure 5a shows a typical AFM image of a
Gr-PANI-AuNP region, while Figure 5b shows the cor-
responding Raman map obtained by integrating the
Raman intensities in the range 565—620 cm .
Figure 5c shows an overlay image of the AFM and
Raman maps, where the origin of the signals can be
clearly identified. It is apparent that the signal is strong
at regions where there are big AuNPs or there is a high
density.'® At this stage, the variation in Raman intensity
is strongly dominated by the distribution of the AuNPs

VOL.9 = NO.3 = 3314-3323 = 2015 K@LNMLJ\)\

WWwWW.acsnano.org

3319



Benzenoid

Quinoid

Figure 5. Spatial distribution of chemical functionalization on graphene. (a) AFM image of a graphene sheet after
functionalization with polyaniline (PANI) and subsequent attachment of AuNPs. z-Scale bar is 75 nm (see Figure S6 for a
zoomed-in view). (b) Raman map of the same area, where the Raman intensities in the range 565—620 cm ! are integrated
and plotted as a function of position (1cx: 633 nm, 0.4 mW, 3 X 1 s per point). (c) Overlay of images in (a) and (b) showing that
the origin of high Raman intensity occurs at big particles or at high particle densities. (d, € Raman maps showing the
integrated intensities in the spectral ranges 566—588 and 595—617 cm ', corresponding to the modes of quinoid and
benzenoid stretching of PANI, respectively. The intensities are from the Raman spectra of (b), but normalized to the baseline
(around 700 cm™"). (f) Spatial map of the relative proportion of benzenoid to quinoid forms of polyaniline obtained on
graphene. 0.5 corresponds to an equal amount of both forms, while deviations from this value indicate a dominant
occurrence of one form or the other as indicated by the red—cyan color scale. x,y-Scale bar is 5 um in all images.

on the functionalized graphene surface. However, the
nanoparticles themselves produce a broad back-
ground due to the fluorescence arising from a strong
plasmonic absorption. We use this spatially varying
baseline to correct the spectrum at every pixel to arrive
at the normalized Raman maps for the quinoid
(566—588 cm~') and benzenoid (595—617 cm™')
forms of the PANI layer on graphene shown in
Figure 5d and e (see Supporting Information for details
of normalization). It is apparent that except for a few
regions the Raman intensities from the quinoid or
benzenoid forms are rather uniform over the entire
investigated area, consistent with a homogeneous
thickness observed in AFM images. However, the major
advantage of our technique is that we can estimate the
relative proportion of one kind of moiety with respect
to the other. For PANI, the proportion of quinoid-
to-benzenoid forms is typically expressed in the form
of ([Ql,:[B];_,)», with Q and B referring to quinoid and
benzenoid, respectively).”®> On the basis of the mea-
sured Raman intensities and assuming a similar cross-
section for these two modes (since they are very close),
we can estimate the parameter y as a function of
position. Figure 5f presents the spatial variation of this
parameter y, where it is apparent that we have mostly
0.5 (corresponding to emeraldine), with slight devia-
tions for benzenoid or quinoid forms. With this we have
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clearly exemplified the power of this fingerprinting
strategy for the local identification of chemical func-
tionalities on nanostructured surfaces.

CONCLUSIONS

In conclusion, we have presented a versatile strategy to
obtain chemical information on thin layers of functional
groups on nanostructured surfaces with diffraction-
limited spatial resolution (see Figure S7). The key ad-
vantage of the proposed methodology is the possibi-
lity to obtain spatially resolved information about the
chemical functionalities on individual nanostructures
in an inexpensive manner (without the need for more
expensive instruments such as TERS, or nano-IR spec-
troscopies, or synchrotron radiation). With respect to
the type of nanostructures, the main restriction of the
methodology is the necessity to obtain metallic nano-
particles on or around the functional groups. While this
can be achieved in a straightforward manner on con-
tacted 1D or 2D metallic or semiconducting’® nano-
structures, other types of nanostructures (polymeric/
insulating/0D) may require alternative methods such
as electroless deposition. On the other hand, the
technique is generic enough to be extended to other
functionalization routes. Moreover, the possibility
to obtain spatial information about the chemical
functionalities will allow for a rational evaluation or
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rapid screening of the various functionalization
schemes for a specific application. This advance is
expected to open up a broad range of investigations

METHODS

Samples. Carbon nanotube devices were prepared by di-
electrophoresis of purified HiPco single-wall CNTs (Unidym Inc.)
dispersed in aqueous 0.1% Triton-X-100.”° For this purpose,
chips were prepatterned with Ti/Pt electrodes using photolitho-
graphy. In order to realize graphene devices, commercially
available CVD-graphene-on-copper was procured from Gra-
phene Supermarket Inc. Subsequently graphene was trans-
ferred onto the chips by using polystyrene as polymer
support and after etching the underlying copper in a solution
of concentrated HCl with added H,0,. The polystyrene was
removed by copious washing in toluene. Both CNT and graph-
ene samples were annealed at 585 °C for 1 min in an argon
atmosphere to get rid of organic contaminants.

Instruments. AFM images were obtained with a commercial
Dimension V working in tapping mode in the ambient. Raman
spectra were obtained on a LabRam HR equipped with an
800 mm monochromator, a 600 I/mm grating, a HeNe laser
with an excitation wavelength of 632.8 nm, a 100x (NA 0.6) or a
50x (NAO0.65) objective, and a detection pinhole of 100 or
140 um. The power was maintained at 4 mW for acquisitions
on bare CNTs or on bare graphene. In all other cases, a power of
0.4 mW was used in order not to degrade the polymer layer. The
Raman spectra were measured and processed using LabSpec 5,
and peak fitting was done using Origin 9.1. The Raman maps
and AFM images were processed using Gwyddion. Electrochemi-
cal modification and measurements were performed using either
an lvium Compactstat or a Solartron 1285 potentiostat.

Electropolymerization with PPy/PANI; Attachment of Au Nanoparticles.
The electrochemical modification of CNTs or graphene was
performed in a small cell made out of poly(dimethylsiloxane)
with a maximum volume of 50 uL, provided with Pt counter and
Ag/AgCl reference electrodes (WPI Inc.). A probe needle was
used to contact the electrode lines that were connected
to CNTs/graphene. For electropolymerization, either 10 mM
pyrrole or 10 mM aniline was used in water with added 0.1 M
lithium perchlorate as supporting electrolyte. The electropoly-
merization took place while scanning the potential (cyclic
voltammetry) to a maximum of 0.8 V (vs Ag/AgCl) for two
cycles?' Subsequently the samples were rinsed with water
and used for Raman measurements. Following this, the nano-
particle decoration was carried out potentiostatically by apply-
ing a chosen voltage for 20 s in an aqueous solution of 0.2 mM
KAuCl, with 0.1 M lithium perchlorate as supporting electrolyte.
The lowest potential used was —0.3 V vs Ag/AgCl. In the event of
insufficient Raman signals from the polymer, the nanoparticle
decoration was repeated by varying the voltage and fixing all
other parameters, in order to obtain an optimal density and size
of nanoparticles.'® Please note that the Raman spectra were
acquired immediately after the nanoparticle decoration. Spec-
tra measured more than 1 day after the AuNP electrodeposition
showed stronger signs of degradation and the quality of the
Raman signals was sometimes poor.
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