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Fig. S1. Schematic diagram showing the detailed optical set-up of the bespoke TERS system 
used in this work.  
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Fig. S2. (a) Topography image of Ag nanoparticles (NPs) on a Si substrate measured using 
tapping-mode AFM. (b) A representative height profile along the dashed line marked in (a). 
The height of the Ag NPs along the line ranges from 11 – 17 nm. (c) SEM image of a 
representative Ag-coated TERS tip shown in Figure 1. Zoomed in image of the area marked 
with red rectangle is shown in the inset. The Ag grains on the TERS tip are similar in size to the 
Ag NPs in (a).  

 
 
Table S1. Binding energy of oxygen bonded to Ag, C and Si. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oxygen bonding 
Binding energy 

(eV) 

AgO1 528.6 

Ag2O1 529.2 

C=O2 531.3 – 532.4 

C-O2 532.5 – 533.5 

SiO2
1 532.5 – 534.3 



 

 

 
Fig. S3. O1s spectra of the Ag NPs after (a) 0 and (b) 17 h of exposure to the ambient 
environment. For the freshly prepared Ag NPs (0 h) a negligible amount of oxygen (0.1%) is 
bonded to Ag as shown (a). However, after 17 h of exposure to the ambient environment, the 
Ag NPs undergo surface oxidation increasing the atomic percentage of oxygen bonded to Ag 
from 0.1% to 2.1 %. The analysis of time-series XPS O1s spectra in Fig. S4a, 4b and S4b is 
explained in detail below: 
 
The O 1s spectra have been fitted with 3 components: SiO2, C bound to O and AgxO. It can be 
observed that the binding energy of the SiO2 component shifts by -1.0 and -1.5 eV at 4 h and 
17 h exposure respectively from its 0 h exposure position as shown in Table S2. However, the 
other components show no shift in binding energy over time. This suggests differential 
charging of SiO2 on the sample surface is occurring during XPS measurements. Note that all 
spectra were acquired with the charge neutraliser switched on and were subsequently charge 
corrected by referencing to the C 1s hydrocarbon peak either from the same survey spectrum 
or from the relevant C 1s high resolution spectrum.  
 
To confirm the differential charging of SiO2 we looked at the binding energy of Si 2p peak in 
the XPS survey spectra and SiO2 peak in the O 1s spectra. As shown in Table S2 the SiO2 
component of the O 1s peak and the Si 2p peak in the survey spectrum show similar shifts in 
the time-series spectra, indicating that the component undergoing differential charging is 
correctly identified.  
 
Table S2: Binding energy shifts of SiO2 component of the O 1s peak and Si 2p peak in the 
survey spectra 
 

 

 
 
However, despite shift of SiO2 peak due to differential charging, large binding energy 
difference between the SiO2 and AgxO components in the O 1s spectra prevents a significant 

Time Si 2p from survey spectra SiO2 component from O 1s Spectra 

(Hours) BE (eV) Shift (eV) BE (eV) Shift (eV) 

0  105.8 0.0 535.1 0.0 

4  104.6 -1.2 534.1 -1.0 

17  104.3 -1.5 533.5 -1.6 



 

 

overlap of their O 1s peaks. Therefore, the percentage of AgxO oxygen can be reliably 
calculated by careful fitting of O 1s spectra with three Gaussian-Lorentzian curves as shown 
in Fig. 4b of the main text and Supplementary Fig. S4b. 
 
 
Table S3: Summary of time series XPS results on Ag NP samples with a thin and thick SiO2 
substrate 

Time  
(Hours) 

Sample 1  
(Thin SiO2)  

Sample 2 
(Thick SiO2)  

 AgXO atomic % AgXO atomic % 

0 0.0 0.18 

17 5.17 3.58 

 S atomic % S atomic % 

0 0.0 0.0 

17 0.0 0.0 

 
 
For further confirmation of the oxide formation on Ag NPs, XPS measurements were repeated 
at 0 and 17 hours on 2 more Ag NP samples with a thin (2 nm) and a thick (19 nm) layer of 
SiO2 on Si substrate. Similar results of AgXO formation and absence of Sulphur were observed 
on both samples. A summary of the results is given in Table S3. 
 

Supplementary Note 1 
 

Principle of bilayer methodology 
 

     
Fig. S4. (a) Schematic diagram of the bilayer sample showing the TERS tip, and the top and 
bottom layers, L1 (50 nm poly (3, 4 ethylenedioxythiophene):poly (styrenesulfonate) 
(PEDOT:PSS)) and L2 (350 nm polyacrylonitrile (PAN)), respectively. (b) Schematic spectra 
illustrating the principle of the bilayer methodology. In the “tip-in” Raman spectrum, only the 
Raman signals from the top layer L1 are plasmonically enhanced and the enhancement of the 
Raman signals from the bottom layer L2 occurs due to the increase in far-field signal arising 
from the reflections between the tip-shaft and the sample3. Raman signals from the bottom 



 

 

layer has no near-field contribution because of the 50 nm thickness of the top layer, which is 
more than the decay length of the tip near-field (typically < 10 nm). 
 

Calculation of TERS contrast3 
 
The contrast of a near-field and far-field measurement on the bilayer is calculated through 
the following steps:  
 
(a) First, the ratio of the far-field Raman intensities of two distinct peaks from top and bottom 
layers (K), when the tip is retracted from the sample is calculated: 
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where 
outTip

FFI 

1 and 
outTip

FFI 

2  are the far-field Raman peak intensities from the unique and distinct 
peaks of the top and bottom layers, respectively.  
 
(b) Then the ratio of the Raman intensities of two peaks from the top and bottom layers (R), 
when the tip is in contact with the bilayer sample, is calculated: 
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where,
inTip

NFI 

1 and 
inTip

FFI 

1  are the near-field and far-field components of the Raman signal 

intensity of the top layer and
inTip

FFI 

2  is the intensity of the Raman signal from the bottom layer, 
when the tip is in contact with the sample. Note that the Raman signal from the bottom layer 
does not have any near-field contribution in the tip-in spectrum. 
 
(c) The factor by which the far-field intensity is increased when the tip is in contact with the 
sample (n), is calculated: 
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(d) Finally, from Equations S1, S2 and S3 TERS contrast is calculated as: 
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Equation S4 allows removal of the far-field contribution to the Raman signal of the top layer 
due to multiple reflections when the TERS tip is in contact with the sample, providing a more 
accurate estimation of the TERS contrast. 
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Further experimental details of XPS measurements 
 

XPS survey spectra in the range 10 - 1300 eV binding energy were acquired at an emission 
angle of 0o to the surface normal. Analysis area was approximately 700 × 300 μm2 with a 
sampling depth of < 10 nm. Analysis conditions used were 160 eV pass energy, 1 eV steps, 0.2 
s dwell per step and 2 sweeps. High resolution O 1s spectra were also acquired using 40 eV 
pass energy, 0.1 eV steps, 0.5 s dwell per step and 2 sweeps. The charge neutraliser was used 
and charge correction later applied by referencing to the C 1s hydrocarbon peak at 285 eV, 
either in the survey spectra or from associated C 1s high-resolution spectra as appropriate. 
CasaXPS software was used to measure the peak areas of the survey spectra using a linear or 
Tougaard background as appropriate with the NPL transmission function (intensity) 
calibration4 and average matrix relative sensitivity factors (AMRSF) to determine the 
concentrations of the detectable elements present. 

 
Supplementary Note 3 

 
Calculation of sampling depth of O1s electrons within Ag nanoparticles 

 
A universal equation for the energy dependent effective electron attenuation length (L) for a 
material in X-ray photoelectron spectroscopy (XPS) is5 
 

𝜆 =
0.65+0.007𝐸0.93

𝑍0.38
                        (S5) 

 

where, 𝜆 is the electron attenuation length in nm, E is the kinetic energy of O1s electrons 
(957.4 eV for Al monochromatic source) and Z is the average atomic number (47, 27.5 and 34 

for Ag, AgO and Ag2O, respectively). Using Equation (S5) 𝜆 for Ag, AgO and Ag2O are measured 
to be 1.1, 1.4 and 1.3 nm, respectively.   
 
The sampling depth (S) of XPS measurements, where 95% of the detected electrons come 
from, is represented by the equation6 

 

S = 3 × λ                                                              (S6) 
 
where, λ is the inelastic mean free path of O1s photoelectrons. From Equations (S5) and (S6) 
S is estimated to be 3.3, 4.2 and 3.9 nm for Ag, AgO and Ag2O, respectively.  
 
 

Supplementary Note 4 
 

Chemical reactions of Ag with H2O under ambient conditions 
 
It has been observed that the presence of moisture on Ag surfaces plays a critical role in the 
atmospheric corrosion of Ag by providing a medium for the absorption of atmospheric gases 
and the dissolution of solid Ag. Furthermore, atmospheric carbon dioxide facilitates the 
corrosion of Ag by dissolving in the moisture layer on the Ag surface to form a weakly acidic 
solution. Hence, in the presence of moisture the corrosion of Ag proceeds according to the 
following chemical reactions7: 
Oxidation of Ag: 
 



 

 

Ag   Ag+  + e-      (S7) 
 
This reaction is balanced in the acidic medium as: 
 

          O2 + 4H3O+ + 4e-  6H2O     (S8) 
 
and 
 

           2H3O+ + 2e-  2H2O + H2     (S9) 
 
And in the neutral medium (although relatively uncommon for Ag under ambient conditions) 
as: 
 
 

         2H2O + 2e-  H2 + 2OH-               (S10) 
 
and 
 

          O2 + 2H2O + 4e-  4OH-               (S11) 
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