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Supplementary Note 1: Chemical characterisation of the GO-COOH sample 

 
The carboxyl-modified graphene oxide (GO-COOH) sample used in this study was 

obtained from ACS Material LLC (USA)1. This material has been used in several previous 
studies of GO-COOH2, 3. Herein, we present chemical characterisation of this sample using 
X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR) and 
Raman spectroscopy.          
 The XPS survey spectrum of the GO-COOH sample is presented in Supplementary Fig. 
1a. In this spectrum, the dominant intensity of C1s and O1s bands indicates that the GO-
COOH sample mainly consists of carbon and oxygen, whereas the concentration of nitrogen 
and sulfur is negligible. The C / O / N / S atomic ratio is calculated to be 67.1 % / 31.9 % / 
0.5 % / 0.5 %. Due to instrumental limitations, the concentration of hydrogen could not be 
measured4. The C1s band can be further deconvoluted into sp2 carbon (284.4 eV), sp3 carbon 
(285.2 eV), C-O (286.7 eV, from C-O or C-O-C), C=O (287.9 eV) and COOH (289.3 eV) bands4. 
The O1s bands can be deconvoluted into C=O (531.3 eV), C-O (532.5 eV) and H2O (533.8 eV) 
bands4. The deconvolution of the C1s and O1s spectra correlates well with the vibrational 
modes identified in the FTIR absorption and Raman spectra of GO-COOH as shown below. 
 FTIR and Raman measurements of the GO-COOH sample are presented in 
Supplementary Fig. 2. In the FTIR absorption spectrum (Supplementary Fig. 2a), the broad 
band in the 3000 cm-1  – 3500 cm-1 region can be assigned to H2O or the stretching mode of 
O-H (νS, O-H) from C-OH, COOH5,6. The double wavelet bands at 2864 cm-1 and 2924 cm-1 can 
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Supplementary Fig. 1  a XPS survey spectrum of the GO-COOH sample. XPS b C1s and c O1s spectra of 

the GO-COOH sample. 

be assigned to symmetric (νS, C-H) and asymmetric (νas, C-H) stretching modes of C-H, 
respectively7. The bands at 1721 cm-1, 1607 cm-1, 1391 cm-1, 1073 cm-1, 869 cm-1 and 1186 
cm-1 can be assigned to the stretching mode of COOH (νS, COOH)5,6, stretching mode of C=O (vS, 

C=O)5,6, C-C stretching of C-CH3 (vS, C-C)8, stretching mode of C-O (vS, C-O)5,6, asymmetric (vas, C-O-C) 
and symmetric stretching (vs. C-O-C)  of C-O-C5,6, respectively.    
 In the Raman spectrum of the GO-COOH flake (Supplementary Fig. 2b) prominent 
bands are observed at 1352 cm-1 and 1583 cm-1, which are assigned to the D and G bands of 
GO-COOH9. A very weak 2D band10 is observed at ≈2700 cm-1. The broad band in the 
2900 cm-1 - 3000 cm-1 region can be assigned to the stretching mode of C-H (νS, C-H)11. 
Because the E2g phonon is infrared (IR) inactive, this mode cannot be observed in the FTIR 
absorption spectrum12. Moreover, D and 2D Raman vibrational modes are also IR inactive, 
and hence cannot be observed in the FTIR spectrum13. In the Raman spectrum of GO-COOH, 
the very strong intensity of D and G bands makes the observation of Raman bands of other 
functional groups (which are present in relatively small concentration) difficult. Note that in 
the TERS maps measured from this sample (Fig. 2 and 4), due to the short integration time of 
0.1 s - 0.4 s used at each pixel, the weak 2D band is immersed in the background noise and 
hence is not observed.  
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Supplementary Fig. 2  a FTIR spectrum measured from the GO-COOH sample. Spectral resolution: 4 

cm-1. Integration time: 20 s. b Raman spectrum measured from the GO-COOH sample. Integration 

time: 120 s, Excitation laser: 532 nm, Laser power: 0.1 mW.   

The XPS, FTIR and Raman characterisation results are summarised in Supplementary Table 1 
below. 

Supplementary Table 1. Summary of GO-COOH sample characterisation using XPS, FTIR and Raman 
spectroscopy. 
 
Proposed assignment of 

functional groups   XPS binding energy (eV) FTIR bands (cm-1) Raman bands (cm-1) 

O-H 533.84 3000-35005,6 - 

C-H 285.24 2864, 29247 290011 
COOH 289.3, 532.54 17215,6 - 

C=O 287.9, 531.34 16075,6 - 

CH3 285.24 13918  

C-O-C 286.74 1186, 8695,6 - 

C-O 286.74 10735,6 - 

D - - 13509 
G - - 15909 

2D - -  270010 
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Supplementary Fig. 3  a AFM topography image of a multilayer GO-COOH sample (Fig. 2a) recorded 

whilst TERS mapping. Scale bar: 200 nm. b Height profile along the line marked in a indicating that the 
sample contains both few-layer (1-2 layers) and thick-layer (≈5 layers) GO-COOH flakes. 
 

Supplementary Note 2: Chemical analysis of the TERS map 

In the fingerprint region of the TERS spectra, the D and G bands of GO-COOH overlap 
with the Raman bands of other functional groups. This makes unequivocal assignment of 
Raman bands to different functional groups difficult. However, FTIR spectroscopy presents 
an effective solution to the problem of identifying functional groups present in the 
GO-COOH sample. Therefore, we used the following analytical procedure to identify 
vibrational bands of functional groups in the TERS spectra: (1) Determine the chemical 
composition and functional groups present in GO-COOH sample using XPS. (2) Confirm 
functional groups with the corresponding vibrational modes in the FTIR spectrum. (3) Obtain 
Raman vibrational bands of the functional groups identified using XPS and FTIR from 
literature and use these to analyse the spectra measured in the TERS maps.   
 In the FTIR spectrum of GO-COOH presented in Supplementary Fig. 2a, the following 
groups can be identified in the fingerprint region: COOH (1721 cm-1), C=O (1607 cm-1), CH3 

(1391 cm-1), C-O-C (1186 cm-1) and C-O (1073 cm-1). All these functional groups are 
Raman-active14 and can be observed in the TERS spectra. Stacked TERS spectra measured at 
every pixel in the TERS map are shown in Fig. 2b. In these spectra, the TERS bands at 1097 
cm-1, 1179 cm-1, 1654 cm-1  and 1747 cm-1 correlate well with the Raman vibrational modes 
of C-O, C-O-C, C=O and COOH, respectively as listed in Table 1. Additionally, we observe 
bands at 1420 cm-1 and 1330 cm-1, which can be assigned to the Raman vibrational modes of 
C-H and C-CH3

15, 16. Furthermore, the assignment of these bands is also consistent with the 
functional groups expected in the classical model of graphene oxide such as alcohol (C-OH), 
ketone (C=O), carboxylic acid (COOH), epoxy and ether (C-O-C)17.    
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Supplementary Fig. 4  TERS intensity maps of the bands at a 1097 cm-1 (νs, C-O), b 1179 cm-1 (νs, C-O-C), c 
1330 cm-1 (δs, C-CH3), d 1420 cm-1 (βC-H), e 1654 cm-1  (νs, C=O) and f 1747 cm-1  (νs, COOH). All scare bars: 
200 nm. 

We fitted each spectrum in the TERS map shown in Figure 2c using 8 different 
Lorentzian curves at the following positions: 1097 cm-1 , 1179 cm-1 , 1330 cm-1 , 1350 cm-1, 
1420 cm-1, 1590 cm-1, 1654 cm-1 and 1747 cm-1. In the fitting process, the peak positions of 
each group were constrained within ± 5 cm-1. The TERS maps of these bands are presented 
in Fig. 2c - 2d and Supplementary Fig. 4a -4f. In gap mode TERS configuration, the alignment 
of the Raman polarisability tensor of a molecule with the axial polarisation of TERS near-field 
causes an extremely high enhancement of the Raman signal18, 19, 20, 21. Therefore, we 
speculate that the Raman signals of the functional groups observed in the TERS maps shown 
in Supplementary Fig. 4 most likely result from orientational ordering rather than spatial 
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clustering. A limitation of the present measurements is that it is not possible to determine if 
the absence of Raman signal at a particular location results from an absence of functional 
groups or a different orientation. However, this is beyond the scope of the current study and 
we aim to address it in our future research work.  

Supplementary Note 3: Spatial resolution of the TERS map 

It should be noted that the spatial resolution of the TERS map obtained in 
Supplementary Fig. 5 is much smaller than the radius of Au coated TERS tip-apex. The typical 
size of the Au grains present at the TERS tip-apex ranges from 24 nm – 47 nm as shown in 
Supplementary Fig. 6, indicating that single Au grains rather than the entire tip-apex is 
involved in LSPR enhancement of Raman signals22, 23, 24. This TERS resolution is 45 × better 
than the highest confocal spatial resolution that can be achieved in our system, which is 
calculated using 0.44λ/NA25 (λ = excitation laser wavelength; NA = numerical aperture of the 
objective lens) to be 447 nm. Furthermore, this spatial resolution is also higher than the 
previously reported value for TERS maps of graphene (12 nm - 20 nm)26 and two-
dimensional transition metal dichalcogenides (TMDs) such as MoS2 (20 nm)27 and WSe2   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 5  a – e TERS intensity profiles (blue) along with the fitted Gaussian curves (red) 
from five different locations in the TERS map shown in Fig. 2c. Average spatial resolution of the TERS 
map is estimated from the FWHM of the fitted Gaussian curves to be 10.5 ± 1.7 nm. 
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15 nm)28 measured using either bottom or side illumination TERS configurations (see 
Supplementary Fig. 7). The spatial resolution of the TERS map is primarily limited by the size 
of the plasmonic nanostructures present at the TERS tip-apex. However, we believe that in 
our TERS measurements the spatial resolution could also be limited by the relatively large 
step size of 10 nm used for TERS mapping. For example, TERS imaging of 2D polymers with a 
spatial resolution of < 10 nm was recently reported by Shao et al.18 and Müller et al.29, using 
a step size of 5 nm. Therefore, TERS mapping with a smaller step size is required to 
accurately determine the highest spatial resolution possible with the TERS probe used in our 
measurement. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 6  a SEM image of a representative Au coated TERS tip used in this work. Scale bar: 
100 nm. b Table listing the size of the Au grains present at the TERS tip-apex at the locations marked in 
a. The size of the Au grains at the TERS tip-apex ranges from 24 nm – 47 nm. 
 

 

 

Supplementary Fig. 7 Spatial resolution obtained in TERS images of a graphene and b TMDs reported 

in literature11, 26, 27, 28, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39. For comparison, the reported spatial resolution of 

scanning near-field optical microscopy (SNOM) performed on TMDs is also presented in b. Black 

dashed lines marked in a and b signify the spatial resolution obtained in this work. 
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Supplementary Note 4: Reproducibility of high-resolution TERS mapping 

In Figure 2 and 4, we have shown high-resolution TERS mapping of GO-COOH using two 
different TERS tips on two different flakes of the same sample. This indicates that different 
TERS tips can be used to obtain spatially resolved chemical mapping of a GO-COOH sample 
at the nanoscale. However, in order to further demonstrate the reproducibility of high-
resolution TERS mapping, we carried out TERS mapping of the same GO-COOH flake using 
three different TERS tips. Results of these measurements are presented in Supplementary 
Fig. 8. Supplementary Fig. 8a shows the AFM topography image of the GO-COOH flake  

Supplementary Fig. 8  a AFM topography image of a few-layer GO-COOH flake obtained whilst TERS 

mapping. TERS maps of D and G band intensity obtained using b, c TERS tip 1; d, e TERS tip 2; f, g TERS 

tip 3, respectively. Number of pixels: 128 × 128 in b – e, 128 × 80 in f and g. Nominal step size: 15 nm. 

Integration time: 0.1 s. h Intensity profiles along the lines marked in b (blue), d (red) and f (black), 

along with the fitted Gaussian curves. i TERS spectra measured at the positions marked b, d and f, 

respectively. All scale bars: 500 nm. 
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obtained whilst TERS mapping. Supplementary Fig. 8b and 8c; 8d and 8e; 8f and 8g show the 
TERS maps of D and G band intensity obtained using TERS tips 1 – 3, respectively. These 
results demonstrate that high-resolution TERS mapping of the same GO-COOH flake can be 
reproducibly obtained using different TERS tips.      
 The spatial resolution of the TERS maps obtained using tips 1 – 3 is estimated from 
the FWHM of a Gaussian fit to the line profiles across a sharp feature marked in 
Supplementary Fig. 8b, 8d and 8f, respectively. A similar TERS spatial resolution of 20.1 nm, 
21.5 nm and 17. 5 nm is obtained using TERS tips 1 – 3, respectively, as shown in 
Supplementary Fig. 8h. Note that a step size of 15 nm was used in these measurements, 
which is comparable to the spatial resolution to the TERS maps. However, a higher spatial 
resolution was obtained in the TERS map shown in Fig. 2, where a step size of 10 nm was 
used, indicating that the spatial resolution of TERS mapping could be limited by the step size. 
 Furthermore, three TERS spectra measured at the same position on the GO-COOH 
flake marked in Supplementary Fig. 8b, 8d and 8f are shown in Supplementary Fig. 8i. The 
three TERS tips measure almost the same TERS spectra at these locations, which indicates 
the high reproducibility of chemical imaging in these measurements. 

Supplementary Note 5: Analysis of discontinuities within GO-COOH flake 

The discontinuities in the GO-COOH flake were located by checking individual TERS 
spectra from the areas of low signal intensity in the TERS map shown in Fig. 3a. However, in 
this map, due to the very high signal intensity at certain locations, the low intensity areas are 
not clearly visible. Therefore, in order to highlight these areas, we remade Fig. 3a with a 
logarithmic scale, which is shown in Supplementary Fig. 9a. In this map, the very low 
intensity areas within the GO-COOH flake can be visualised more clearly. Averaged TERS  
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Supplementary Fig. 9  a Zoomed-in image of TERS D band intensity from the region marked with a 
dashed square in Fig. 2c, presented with a logarithmic intensity scale. Note that this image represents 
the same TERS map shown in Fig. 3a, which has a linear intensity scale. Scale bar: 50 nm.  b Averaged 
TERS spectra from very low intensity areas marked as 1 – 5 in a. A TERS spectrum from a high signal 
intensity area at position 6 is also shown for comparison.  
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spectra from five very low intensity areas marked 1-5 in Supplementary Fig. 9a are shown in 
Supplementary Fig. 9b, where no D or G bands are visible indicating that these locations 
represent discontinuities within the GO-COOH lattice. The areas of the discontinuities were 
found to vary from 100 nm2 to 600 nm2 (1 – 6 pixels), which is of the order of step size used 
in the TERS map (10 nm) signifying that the discontinuities are very small in size. In the TERS 
map shown in Supplementary Fig. 9a, discontinuities were found to occupy 6.4 % of the total 
surface area. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 10  a Zoomed-in TERS map of the D band intensity from the region marked using a 
dashed square in Figure 2b. Scale bar: 50 nm. b – f TERS spectra similar to the spectra measured at 
positions A – E marked in a.  
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Supplementary Fig. 11  Histogram showing the statistical distribution of the type (A-E) of TERS spectra 
shown in Supplementary Fig.10b – 10f measured at 38 high intensity pixels of the TERS map in 
Supplementary Fig. 10a. 

 

 

 
Supplementary Fig. 12  Variation of ID/IG ratio calculated from the TERS spectra at the pixels across 
position D shown in Fig. 3c. In this plot, pixel position 3 represents the position D marked in Fig. 3a.    
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Supplementary Fig. 13  a CPD map measured in the region shown in Figure 4a. Scale bar: 500 nm. b 

CPD profile along the line marked in a. 

 
Supplementary Fig. 14  TERS map of G band (1590 cm-1) intensity at measured in the region shown in 

Fig. 4a. Scale bar: 500 nm. 

Supplementary Note 6: Correlation of CPD and ID/IG ratio 

The spatial resolution of KPFM is generally much poorer than TERS40. For example, in 
our KPFM measurements although the step size of CPD map in Fig. 4b is as small as 2 nm, 
the spatial resolution of the image is ≈60 nm as shown in Supplementary Fig. 15b. The poor  

 

 
Supplementary Fig. 15  a Zoomed-in image of the CPD map shown in Fig. 4b. b Intensity profile along 
the black dashed line marked in a indicates a spatial resolution of ≈ 60 nm. c Zoomed-in image of the 
G band TERS map shown in Supplementary Fig. 14. Locations of 8 different regions selected for the 
comparison of average CPD and ID/IG ratio over the GO-COOH flake are marked in a and c. 
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spatial resolution of KPFM is also apparent from the relatively gradual variation of CPD 
inside the GO-COOH flake as shown in Supplementary Fig. 15b, where the CPD is observed 
to vary significantly over a length-scale of hundreds of nanometres. Therefore, in order to 
have a meaningful correlation of CPD variation with the local defect density, we calculated 
the ID/IG ratio from the TERS spectrum averaged over an area of 0.012 µm2 (50 pixels) from 
eight different locations over the GO-COOH flake shown in Supplementary Fig. 15 and 
correlated it with the average CPD measured in the same areas. 
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