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ABSTRACT
The chemical functionalization of graphene nanomaterials allows for the enhancement of their properties for novel functional applications.
However, a better understanding of the functionalization process by determining the amount and location of functional groups within individual graphene nanoplatelets remains challenging. In this work, we demonstrate the capability of tip-enhanced Raman spectroscopy (TERS)
to investigate the degree and spatial variability of the appearance of disorder in graphitic nanomaterials on the nanoscale with three different
levels of nitrogen functionalization. TERS results are in excellent agreement with those of confocal Raman spectroscopy and chemical analysis,
determined using x-ray photoelectron spectroscopy and time-of-flight secondary ion mass spectrometry, of the functionalized materials. This
work paves the way for a better understanding of the functionalization of graphene and graphitic nanomaterials at the nano-scale, microscale, and macro-scale and the relationship between the techniques and how they relate to the changes in material properties of industrial
importance.
,s

I. INTRODUCTION
The chemical functionalization of graphene and graphitic
nanomaterials is a powerful method to improve their dispersion
characteristics and enhance material properties for applications such
as polymer nanocomposites,1 super-capacitor devices,2 drug delivery systems,3 memory devices,4 solar cells,5 and biosensors.6,7 However, the characterization of chemical and structural changes in the
functionalized materials at the nanoscale, introduced through the
attachment of chemical groups, requires specialist techniques. Furthermore, determining the degree and location of the functional
groups on the surface of individual graphitic flakes will be beneficial for optimizing material properties for desired applications,
as the addition of chemical species can, for example, affect the
dispersion of the material in solvents and resins as well as the
mechanical strength of the graphene material itself.8,9 However,

this remains challenging, and currently, there is a lack of reliable
analytical techniques that can distinguish between the level, location, or structure of functionalization at the level of single flakes or
particles.
Over the last two decades, tip-enhanced Raman spectroscopy
(TERS) has emerged as a powerful nanoanalytical tool for nondestructive molecular imaging at nanometer length-scales in the
ambient environment.10-14 TERS works on the principle of localized surface plasmon resonance in which a highly intense and localized electromagnetic field is created at the apex of a metallic probe
placed in the focal spot of an excitation laser. Raman signals from
molecules located in this “near-field” are enhanced by several orders
of magnitude, which pushes the spatial resolution of molecular
imaging far beyond the diffraction limit.15 TERS has been successfully used for nanoscale chemical characterization in a wide range
of research areas including heterogeneous catalysis,16-18 organic
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photovoltaic devices,19,20 biological cells,21,22 solid-liquid interfaces,23 1D materials such as single-wall carbon nanotubes,24-27 and
2D materials including single-layer graphene28-32 and MoS2.33-35
However, most of the TERS research to date has been restricted to
model test systems, and application to real-life samples, especially of
direct industrial relevance, has been very limited.
In this work, we extend the application of TERS to nanoscale
characterization of commercially available, plasma-functionalized
graphitic nanomaterials and demonstrate that in addition to model
systems, TERS is capable of providing significant novel insights
into real-world samples. TERS imaging of graphitic nanomaterials with three different levels of nitrogen functionalization is performed to determine the level and spatial distribution of chemical
groups on individual graphitic flakes. Furthermore, in combination with confocal Raman spectroscopy, x-ray photoelectron spectroscopy (XPS), and time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements, our results show that TERS has
the sensitivity to determine differences in the degree of chemical
functionalization and provide spatially resolved information about
the location of functionalization, which cannot be obtained nondestructively using existing analytical techniques under ambient
conditions.

II. RESULTS AND DISCUSSION
Figure 1(a) shows a schematic diagram of the transmissionmode TERS system used in this work for nanoscale chemical imaging of flakes from a powder containing graphene nanoplatelets that
has been plasma functionalized. This TERS system has previously
provided a spatial resolution of 14 nm-51 nm in Raman imaging
of a range of different samples including single-layer graphene28,30
and MoS2,34 biological cells,21 catalyst materials,16 and organic
photovoltaic devices.19 Figures 1(b) and 1(c) show representative
atomic force microscopy (AFM) topography and scanning electron
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microscopy (SEM) images of two samples, respectively, revealing
graphitic materials. A high degree of heterogeneity was observed
in the lateral size and thickness of graphitic flakes in the measured
samples. For example, the thickness of the flakes measured from the
sample depicted in Fig. 1(b) varied from 7 nm to 48 nm.
Figure 1(d) shows a confocal Raman spectrum of an unfunctionalized graphitic flake. In the Raman spectrum of graphene and
graphitic materials, the D peak arises from the A1g vibrational mode
but is only visible in the vicinity of a structure-symmetry breaking feature such as vacancies, sp3 bonding, or flake edges, whereas
the G peak arises from the in-plane E2g mode, which is common
to all sp2 carbon systems.36-39 Therefore, the ratio of the intensity
of the D peak (ID) to that of the G peak (IG), ID/IG, is an indicator of the level of disorder in graphene and graphitic materials.40,41
A D peak was observed in the Raman spectrum together with the
expected G and 2D peaks indicating disorder in the unfunctionalized graphitic material, which is usually expected to be associated with the edges of the graphitic flakes that have a lateral size
comparable to or smaller than the probe size of confocal Raman
spectroscopy.42-44
TERS and corresponding AFM images of an unfunctionalized
graphitic flake are presented in Fig. 2. An AFM image showing the
morphology of multiple graphitic particles is shown in Fig. 2(a),
while Figs. 2(b) and 2(c) present TERS images of D and G peak
intensities, respectively, of the single flake marked by the white box
in Fig. 2(a). The lateral resolution of the TERS image in Fig. 2(b) is
estimated to be 34 ± 9 nm, determined from the FWHM from the
line profile in Fig. S1, but this value may be limited by the variations
in the material itself. Similar to the far-field Raman spectrum shown
in Fig. 1(d), a clear D peak was observed in all TERS spectra. In order
to analyze the spatial variation of the lattice disorder in more detail,
average TERS spectra measured in the central region of the flake and
four different areas close to the edge region are shown in Fig. 2(d).
In these spectra, D and G peaks were fitted using Lorentzian curves
after linear background subtraction, and the intensity of the fitted

FIG. 1. (a) Schematic diagram of the
transmission mode TERS setup used in
this study. (b) AFM image of unfunctionalized graphitic flakes dispersed and
deposited on a glass substrate. The dark
region in the top right corner represents a
surface feature that is typically observed
for this type of substrate. (c) SEM image
of nitrogen-functionalized graphitic flakes
on a Si substrate. (d) Confocal Raman
spectrum of an individual unfunctionalized graphitic flake showing D, G, and 2D
peaks. Integration time: 10 s.
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FIG. 2. (a) AFM topography image
of unfunctionalized graphitic flakes dispersed on a glass substrate. TERS
images of the (b) D peak and (c) G
peak intensities of the graphitic flake
marked in (a). Integration time: 1 s.
Step size: 23 nm. (d) Plot of average
TERS spectra measured in the central
and edge regions of the flake marked in
(b). Each spectrum represents an average of four spectra from adjacent pixels
of the image. Spectra have been vertically shifted for clarity. (e) Comparison of
the average ID/IG ratio in the central and
edge regions of the flake.

curves was used to calculate the ID/IG ratio plotted in Fig. 2(e). A
significant variation in the ID/IG ratio is observed in the edge region
of the graphitic flake, as shown in Fig. 2(e), indicating a non-uniform
distribution of disorder. To compare the level of disorder in the central and edge regions of the flake, average ID/IG ratios are plotted in
Fig. 2(f). Although a higher average ID/IG ratio is observed in the
central region of the flake, the large variation of the ID/IG ratio in
the edge region suggests that the level of disorder in that region of
the flakes is not significantly different from that at the center. This is
further confirmed by the analysis of the ID/IG ratio image in Fig. S2,
where a similar level of disorder is observed across the flake. Similar
results were obtained in the TERS measurements of an additional
unfunctionalized graphitic flake presented in Fig. S3. These results
therefore indicate that there is significant disorder already present
in the basal plane of the graphitic flakes, before any functionalization
process is performed.
We next investigated the capability of TERS to distinguish
between different degrees of functionalization. We performed TERS
imaging on graphitic flakes with “low,” “medium,” and “high” levels of nitrogen functionalization, which will be referred to as “NL,”
“NM,” and “NH,” respectively. TERS measurements of the functionalized samples were analyzed in a similar manner to those of the
unfunctionalized samples and are presented in Figs. 3-5 and S3-S6.
In the NL samples (Figs. 3 and S4), a clear D peak was observed in all
TERS spectra indicating disorder in the lattice. However, the ID/IG
ratio was <0.5 [Figs. 3(d) and S4(d)], similar to the unfunctionalized
samples, indicating that the level of disorder is relatively unchanged.
A comparison of the ID/IG ratio at different locations of the flakes
revealed a significant variation in the level of disorder at the edge of
the flakes [Figs. 3(e) and S4(e)].
TERS measurements of NM graphitic flakes are presented in
Figs. 4 and S5. The intensity of the D and G peaks in the TERS

spectra [Figs. 4(d) and S5(d)] is similar, with an ID/IG ratio close
to 1. The higher ID/IG ratio observed in the NM flakes [Figs. 4(e) and
S5(e)] compared to the previous samples indicates a higher degree
of disorder in the carbon lattice, due to either increased structural
disorder or increased chemical functionalization. Only a slight difference in the average ID/IG ratio was observed in the central and
edge regions of the flakes, which was within the standard deviation
of the measurements signifying a relatively uniform modification of
the flake with the functionalization process.
TERS imaging results of the NH graphitic flakes are presented
in Figs. 5 and S6. In the TERS images and spectra of these samples, the intensity of the D peak was significantly higher than that
of the G peak [Figs. 5(b)-5(d) and S6(b)-S6(d)] with an ID/IG ratio
> 1.3. Furthermore, compared to the NL and NM flakes, a significantly higher average ID/IG ratio was observed in the NH flakes
correlating with the increasing degree of functionalization [Figs. 5(e)
and S6(e)].
A comparison of the level of disorder (I D/IG) for individual
functionalized and unfunctionalized flakes measured using TERS
and confocal Raman imaging is shown in Figs. 6(a) and 6(b), respectively. Although confocal Raman measurements cannot show the
nanoscale variation across the flakes, they concur with the TERS
results, Fig. 6(a), showing a clear increase in the average ID/IG
ratio with the increasing level of functionalization in the graphitic
flakes. Interestingly, a similar average ID/IG ratio is observed in the
unfunctionalized and NL flakes in the TERS measurements; however, this may be due to the smaller number of flakes measured with
TERS compared to the confocal Raman measurements. Nonetheless,
the relationship between these more in-depth but time-consuming
TERS measurements and the more rapid confocal Raman spectroscopy measurements is important to provide an improved understanding of possible quality control techniques. Furthermore, TERS
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FIG. 3. (a) AFM topography image of
flakes from the NL sample. TERS images
of the (b) D peak and (c) G peak intensities of the graphitic flake marked in (a).
Integration time: 1 s. Step size: 15 nm.
(d) Plot of average TERS spectra from
the central and edge regions of the flake
marked in (b). Each spectrum represents an average of four adjacent spectra. Spectra have been vertically shifted
for clarity. (e) Comparison of the average
ID/IG ratio in the central and edge regions
of the flake.

measurements revealed a similar level of disorder in the central and
edge regions of the functionalized samples, as shown in Fig. S7.
Assuming this increased disorder is associated with the attachment
of functional groups due to the functionalization process, as TERS is
not able to directly detect the chemical species present here, it indicates the functional groups are not confined to the edge of the flakes
only.
To confirm the hypothesis of the addition of functional groups
to the graphitic material as indicated via nanoscale TERS measurements, XPS and ToF-SIMS characterization was performed on
pressed pellets of the functionalized materials to confirm the change

in chemistry related to the functional groups. XPS survey spectra and
core level C 1s, N 1s, and O 1s spectra of the unfunctionalized and
functionalized materials are presented in Fig. S8, and the calculated
atomic percentage (at. %) of nitrogen and carbon measured from the
samples is plotted in Fig. 6(c). The complete elemental atomic composition of the samples is listed in Table S1. An increasing trend in
the at. % of nitrogen is observed with increasing functionalization,
with the level of oxygen remaining roughly the same at ∼4 at. %. The
C 1s spectra in Fig. S8(b), shown normalized to the maximum intensity to aid the observation of differences between the samples, show
an increase in the high binding energy shoulder at ∼286 eV, which

FIG. 4. (a) AFM topography image of the
NM graphitic sample. TERS images of
the (b) D peak and (c) G peak intensities of the graphitic flake marked in (a).
Integration time: 1 s. Step size: 20 nm.
(d) Plot of average TERS spectra measured in the central and edge regions of
the flake marked in (b). Each spectrum
represents an average of four spectra
from adjacent pixels of the image. Spectra have been vertically shifted for clarity.
(e) Comparison of the average ID/IG ratio
in the central and edge regions of the
flake.
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FIG. 5. (a) AFM topography image
of flakes from the N H sample. TERS
images of the (b) D peak and (c) G
peak intensities of the graphitic flake
marked in (a). Integration time: 1 s.
Step size: 20 nm. (d) Plot of average
TERS spectra measured in the central
and edge regions of the flake marked in
(b). Each spectrum represents an average of four spectra from adjacent pixels
of the image. Spectra have been vertically shifted for clarity. (e) Comparison of
the average ID/IG ratio in the central and
edge regions of the flake.

is consistent with the expected peak position of the carbon atom in a
C-N bond. Again, considering the concentration of oxygen did not
change with functionalization, it is reasonable to conclude that this
change is due to the attachment of nitrogen containing species
during functionalization.

The increase in the XPS concentration of nitrogen correlates
well with the change in the ID/IG ratio from the TERS and confocal
Raman measurements [Figs. 6(a) and 6(b)], indicating that the measured disorder is related to the increasing attachment of functional
groups. This demonstrates that TERS has the sensitivity to accurately

FIG. 6. Comparison of the ID/IG ratio
from (a) TERS and (b) confocal Raman
spectroscopy (CRS) measurements of
the unfunctionalized (NUN), NL, NM, and
NH samples. Each data point in (a) represents the average ID/IG ratio in the TERS
images of the flakes shown in Figs. 25 and S3-S6, whereas each data point
in (b) represents the average ID/IG ratio
in the confocal Raman images of 20
graphitic flakes of each sample. (c) Plots
showing at. % of nitrogen and oxygen
in the graphitic samples measured using
XPS. (d) Plots of secondary ion intensity, normalized to the total ion count,
from positive ion spectra for C2H4N+
(representative of nitrogen functionalization) and C2H3+ (representative of the
graphitic material) ions in the samples
measured using ToF-SIMS.
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infer differences in the level of functionalization between samples as
well as where functionalization takes place on these industrially relevant graphitic materials. However, as the XPS measurements are
performed on the powder in the form of a pressed pellet, the quantitative XPS assessment of the nitrogen content cannot be directly
compared with the TERS images of individual particles.
Further characterization of the nitrogen containing species in
the functionalized graphitic samples was performed using ToF-SIMS
measurements. A representative ToF-SIMS spectrum of the unfunctionalized sample is presented in Fig. S9(a) showing different carbon
and nitrogen containing species in the sample. Figure S9(b) shows
500 × 500 μm2 ToF-SIMS images of the NO3−, CNO, and CN−
ion intensity in the unfunctionalized and functionalized materials
measured in the center of the same pressed pellet used for the XPS
measurements. An increasing trend is observed in the ion signal of
these nitrogen containing species with increasing functionalization
with uniform distribution over the measured area. To visualize this
more clearly, the normalized intensity (with respect to the total ion
count during measurements) of the CN− negative ion peaks as well
as the C2H4N+ positive ion peaks from the total measured areas is
plotted in Fig. 6(d), together with the signal from the C2H3+ ion
peak, which is representative of the graphitic content in the materials. An increasing trend of C2H4N+ intensity and a decreasing
trend of C2H3+ intensity with increasing functionalization correlate
with the TERS, confocal Raman spectroscopy, and XPS results in
Figs. 6(a)-6(c), respectively. Similar trends were observed for other
ion peaks such as CNO−, NO3−, CH2N+, and CH2NO+, suggesting
there is possibly some interaction with the residual oxygen groups
of the graphitic material during functionalization. The decrease in
the C2H3+ ion signal indicates that a higher disorder is induced in
the carbon lattice due to the attachment of functional groups across
the surface of the flakes, resulting in a decreased signal from pristine
graphitic regions of the flakes.

III. CONCLUSIONS
In this work, we have demonstrated the capability of TERS to
spatially resolve disorder in commercially available graphitic nanomaterials induced through the presence of functional groups and
compare the degree of disorder through correlation with more
robust chemical characterization methods. TERS imaging was performed on graphitic samples without any chemical functionalization
and with three different levels of functionalization. TERS results
showed a clear increasing trend in the level of disorder determined
via the ID/IG ratio with increasing functionalization. Furthermore,
TERS measurements of disorder were correlated with the trend
of increased nitrogen atomic concentration measured using XPS
and the detection of nitrogen and oxygen containing ion peaks,
such as C2H4N+, CN−, NO3−, and CNO−, in ToF-SIMS measurements. Importantly, nanoscale-resolution TERS measurements
facilitated spatially resolved visualization of the location of the disorder induced in the functionalized graphitic flakes revealing a similar level of functionalization in the basal plane and edge regions
of the flakes. Furthermore, the TERS results were found to be in
agreement with the micro-scale measurements of confocal Raman
spectroscopy, which can give more rapid results, thus providing an
understanding for industry of how the results from more rapid
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techniques are affected for materials with nanoscale characteristics.
This demonstrates that a combination of spatially resolved TERS
imaging with complementary chemical characterization tools such
as XPS and ToF-SIMS is a powerful approach to understand the
nature of nanoscale chemical functionalization in graphitic materials
of direct industrial relevance.
IV. METHODS
A. Functionalization process
Commercially available few-layer graphene was placed in a
patented reactor barrel and loaded into a HDPlas® plasma reactor.
High nitrogen-content feed gas was fed into a low-pressure chamber where it was energized and ionized to create a plasma. Gas flow
and pressure were regulated by a mass flow controller and a metered
vacuum source. The reactor barrel both acted as a counter-electrode
and rotated around the central electrode to facilitate mixing.
The reaction process integrates pre-treatment and posttreatment to ensure homogeneity of the starting material and product.
For production of NL, NM, and NH, the material processing
intensity was incrementally increased to improve reaction rates and
give higher levels of nitrogen functional groups, covalently bonded
to the particle surface. These materials and their associated processing details have an internal reference number of 12 653, 12 654, and
12676 for NL, NM, and NH, respectively, with an internal reference
number of 12 396 for the unfunctionalized material (NUN).
B. Sample preparation for TERS measurements
To prepare unfunctionalized samples for TERS
measurements,
the as-received powder material was first dispersed in dimethylsulfoxide, with roughly 0.05 mg/ml concentration, and sonicated for
5 min in an ultrasonic bath at a frequency of 37 kHz and 80 W
ultrasonic power (CamSonix C275T, Camlab, Cambridge, UK) to
break any agglomerates/aggregates and obtain primary particles.
The dispersion (10 μl) was then drop-cast on to a glass coverslip preheated at the boiling temperature of the solvent. To prepare functionalized samples, as-received powder materials were dispersed in
N-methyl-pyrrolidone in a similar manner to unfunctionalized samples; however, their analysis showed the presence of larger particles
and no isolated flakes. Therefore, functionalized samples were centrifuged at 5000 rpm (relative centrifugal force: 2655) for 60 min, and
the supernatant was collected, in order to eliminate larger agglomerates/aggregates. The dispersion (10 μl) was then drop-cast on a
silicon substrate or glass coverslip at the boiling temperature of the
solvent. After deposition, the samples were assessed using optical
microscopy (Olympus, Japan) and scanning electron microscopy
(Zeiss, Germany) to select the most suitable samples containing
isolated flakes for subsequent TERS measurements. Note that for
SEM experiments, the substrate used was a silicon wafer with native
oxide.
C. Sample preparation for XPS and ToF-SIMS
measurements
Graphitic powders were pressed into pellets for XPS and
ToF-SIMS analyses. Powders were pressed in a hydraulic press
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(Specac, Orpington, UK) with a force of 1 ton-2 ton applied onto a
7 mm diameter die. Pellets were positioned inside an aluminum
holder and fixed to the holder using carbon and copper tape for
electrical conductivity.
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influencing the results. All spectra were normalized to the total ion
intensity to aid in the inter-sample comparison.

SUPPLEMENTARY MATERIAL
D. TERS measurements
TERS was performed in the transmission mode on a bespoke
system consisting of an inverted microscope (Nikon, Japan) fitted
with an atomic force microscope (AIST-NT/Horiba Scientific, USA)
on top and a Raman spectrometer (Horiba Scientific, France, grating: 600 lines/mm, focal length: 320 mm) attached to a charge coupled device detector (Andor, Ireland). A radially polarized 532 nm
laser was focused onto the sample using a 100× 1.49 NA oil immersion objective lens (Nikon, Japan). TERS measurements were carried out with a laser power of 100 μW-150 μW at the sample,
whereas a laser power of 650 μW was used for the confocal Raman
measurements. TERS imaging was performed with a step size of
6.4 nm-23 nm.
E. XPS measurements
Chemical analysis of surface species and elemental composition was performed using an XPS instrument (Kratos Axis Ultra
DLD, Kratos Analytical, Manchester, UK) with a monochromatic
Al Kα x-ray source (15 kV anode potential and 5 mA emission current). The instrument was used in the “hybrid” lens mode with the
“slot” entrance slit, resulting in an analysis spot of 300 × 700 μm2
on the sample. Survey spectra were collected between 1350 eV and
−10 eV with 160 eV pass energy, 1 eV step size, 0.2 ms dwell time,
and two sweeps. Narrow scans were acquired for the C 1s, N 1s,
and O 1s core levels with 20 eV pass energy, 100 meV step size,
500 ms dwell time, and three sweeps. Spectra were collected from
three different locations within the same sample. Spectra were then
analyzed with CasaXPS (Version 2.3.16) after performing a transmission function correction. The elemental composition was quantified by employing the average matrix relative sensitivity factors
(AMRSFs) published by the National Physical Laboratory (NPL).45
A Tougaard type background was employed for the analysis of all
spectra.
F. ToF-SIMS measurements
ToF-SIMS measurements of the powder pellets were performed
with a ToF-SIMS IV spectrometer (IONTOF GmbH, Germany),
equipped with an argon gas cluster ion beam gun and a liquid metal
ion gun (LMIG) oriented at 45○ to the sample surface. The LMIG
utilized a Bi3+ ion source, operating at an ion current of 0.1 pA
with a beam diameter of ∼2 μm, and raster-scanned randomly in the
defined region of interest to be imaged on the sample. For pressed
pellets of the powders, images were typically acquired over an area
of 500 × 500 μm2 with a cycle time of 100 μs, 30 scans per image,
and a pixel density of 256 × 256 pixels. Spectra were measured from
at least two areas of each sample. No charge compensation was
needed due to the conductive nature of the pellets. The same pellets were used for both XPS and ToF-SIMS to ensure consistency
of results. XPS measurements were carried out first to prevent any
ion beam induced disorder from the ToF-SIMS measurements from

See the supplementary material for details on nanoscale resolution of TERS imaging, TERS images of additional NUN, NL, NM,
and NH particles, a comparison of the average ID/IG ratio for the
edge and central regions of particles from the four different materials, XPS spectra and quantitative chemical analysis, and ToF-SIMS
spectra and images.
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