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Abstract 
The electrochemical reduction reaction of CO2 is a promising way of using carbon dioxide as a feedstock 
for more useful chemicals. Using a copper electrode as electrocatalyst, a variety of products can be 
formed, such as CO, ethylene and methanol. When using a neutral pH electrolyte, all CO2 reduction 
reactions form OH− as a side-product, which increases the local pH on the electrode surface. As pH is 
known to have an effect on the selectivity of the copper electrocatalyst, local pH tracking can lead to 
more insight into the CO2 reduction reaction and may improve product-specific tuning of the reaction. 
In this work, our goal was to track the local pH development during CO2 electroreduction on copper, 
using Raman spectroscopy to interrogate our pH probes adsorbed on the electrode surface. To get a 
strong enough Raman signal, we made use of Shell-Isolated Nanoparticle-Enhanced Raman 
Spectroscopy (SHINERS) by using plasmon resonance induced by gold nanoparticles. These particles 
are functionalized with a pH-dependent Raman reporter molecule that undergoes changes to its 
Raman spectrum based on surrounding pH. Herein, we managed to successfully synthesize two pH 
probes based on two different organic molecules: 4-mercaptobenzoic acid and 4-mercaptophenol. The 
molecules were adsorbed on gold nanoparticles, which were then covered in a thin layer of silica to 
improve stability of the nanoparticles by preventing aggregation and to isolate the probes from 
electronic effects. Calibration curves which correlate Raman spectral changes to pH were successfully 
determined for both probes, and indicated that the pH sensitive regions were 6-8 for 4-MBA and 10-
13 for 4-MP. When applying the probes in electrochemical environments, we found that applied 
reductive potentials cause electronic effects that influence the Raman spectra (such as peak shifts or 
intensity changes), despite the isolating silica coating. This complicated the measurements and made 
it difficult to quantitatively track the pH during electroreduction of CO2. Still, we found that the pH 
reported by the 4-MBA probe increased with more negative potentials and decreased with less 
negative potentials. This is in agreement with the expected OH− formation at reductive (negative) 
potentials, and subsequent diffusion away from the surface at less negative (or positive) potentials. 
Our work provides a good starting point for the use of SHINERS as pH probing tool in electrochemistry 
as we discovered several effects that should be taken into account for future research. 

  



3 
 

Table of contents 
1 General introduction ....................................................................................................................... 4 

2 Theory .............................................................................................................................................. 7 

2.1 Electrochemistry ...................................................................................................................... 7 

2.1.1 Setups and measurement modes .................................................................................... 7 

2.1.2 Electrochemical equations: Faradaic efficiency and Nernst equation ............................ 8 

2.1.3 Electrochemical experiments: cyclic voltammetry and chronoamperometry ................ 9 

2.1.4 CO2 reduction ................................................................................................................ 10 

2.2 Raman spectroscopy ............................................................................................................. 13 

2.2.1 Surface-, Tip- and Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy .......... 15 

2.2.2 SERS and SHINERS in electrochemical systems ............................................................. 16 

2.3 pH probing methods .............................................................................................................. 18 

3 Methods ........................................................................................................................................ 21 

3.1 Chemicals ............................................................................................................................... 21 

3.2 Nanoparticle synthesis .......................................................................................................... 21 

3.3 Characterization and experimental procedures of pH probes .............................................. 22 

4 Results and discussion ................................................................................................................... 24 

4.1 Preparation of Au-MBA@SiO2 and Au-MP@SiO2 pH probes ................................................ 24 

4.2 Probe utilization for pH calibration curve determination ..................................................... 34 

4.3 In situ Raman spectroscopy during electrochemical CO2 reduction ..................................... 38 

4.3.1 Application of the Au-MBA@SiO2 probe ....................................................................... 38 

4.3.2 Application of the Au-MP@SiO2 probe ......................................................................... 44 

5 Conclusions .................................................................................................................................... 51 

6 Outlook .......................................................................................................................................... 51 

7 Acknowledgements ....................................................................................................................... 53 

8 References ..................................................................................................................................... 54 

9 Appendix ........................................................................................................................................ 58 

 

  



4 
 

1 General introduction 
As global warming is one of the most pressing matters of modern times, strategies to combat CO2 
emissions are essential for reducing our environmental footprint.1 By using CO2 as a feedstock, it is 
possible to store excess energy in chemical bonds by converting it into more useful products, such as 
carbon monoxide (for syngas), ethylene (for plastics) or methanol (for e.g. antifreeze)2,3. Furthermore, 
the repurposing of carbon dioxide is an elegant way of combating global warming and also takes us a 
step closer to a circular economy. 
 
However, as carbon dioxide repurposing reactions have a substantial activation energy, catalytic 
reduction methods are vital in order to reduce the amount of necessary energy and thereby increase 
the efficiency of the reactions. One way of CO2 utilization is thermocatalytic reduction3,4, but an 
alternative way is electrochemical reduction, which is the focus of this thesis. In electroreduction, the 
electrode is used as a catalytic surface for CO2 adsorption and subsequent reduction. When using 
renewable energy to provide the current necessary for the reaction, this process forms a sustainable 
way of carbon dioxide repurposing5. Additionally, when using electrocatalysis, it is easier to overcome 
the reduction reaction activation energy with only a few volts, whereas in thermocatalysis a relatively 
high temperature is necessary. 
 
The way this method works is by applying a negative potential to an electrode in an electrochemical 
system where CO2 is present in the electrolyte (e.g. in a carbonate solution). The negative current 
subsequently initiates reduction reactions. Depending on potential and electrode surface morphology, 
the products formed can be C1, C2, and even some C3 products6. For the reduction of CO2 (typically 
done in intermediate pH electrolyte7), water is used as the proton source, which results in the 
formation of OH− as a side product (Table 1). This causes an increase in pH and because the reactions 
happen on the surface of the electrode, the pH near the surface undergoes the most significant 
changes. This is referred to as the local pH, which can deviate substantially from the bulk pH8–10. As the 
pH is believed to have an influence on the products formed by the CO2 electroreduction11–13, measuring 
the local pH behavior can lead to deeper insight into the selectivity of the reduction reactions. 
 
Table 1. Several CO2 electroreduction reactions in neutral pH. Table reproduced from ref 14. 
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In the work of Yang et al.8, where they focused on measuring the 
local pH during CO2 reduction, they explain that the difference 
between local and bulk pH is due to the high rate of hydrogen 
evolution and CO2 reduction reactions at certain potentials, where 
OH− is formed as side product. In fact, so much hydroxide ions are 
formed that the diffusion cannot keep up and a pH gradient forms 
(Figure 1). They claim that the slow diffusion of OH− causes mass 
transport to be the rate limiting step in the CO2 reduction reaction. 
Therefore, they conclude that most electrochemical CO2 reduction 
studies were done under mass transport limitations, which in turn 
might inhibit reaction rates. The study by Yang et al. shows one way 
that the investigation of surface events on a copper electrode can 
give a deeper insight into the effects of surroundings on the CO2 
electroreduction reaction. Note, however, that they focus on 
measuring the pH in the boundary layer in the electrolyte, which is 
approximately 30-300 µm from the surface (Figure 1). While this 
already gives a great picture of local pH development, it might be 
even more interesting to track the pH behavior directly on the 
surface. That way, a pH gradient on an even smaller length scale 
could be found. 
 

 

Figure 1. Representation of events on the surface of an electrode during electrochemical CO2 reduction in a phosphate-
buffered electrolyte, and their effects on the local pH. As the boundary layer is 30-300 µm away from the electrode, the pH 
measurements are not directly on the surface. Figure reproduced from ref 8. 

Therefore, in our work we focused on tracking the pH behavior on, or up to a few hundred nanometers 
from, the surface of a copper electrode during CO2 electroreduction to get an even more local image 
of pH behavior. We used in situ Raman spectroscopy, for several reasons: it is a non-invasive technique 
and therefore does not destructively interact with the substrate. Another important reason is that the 
vibrational modes of water (the main part in the electrolyte) are Raman-inactive, which is convenient 
for surface-probing purposes, as there is no signal overlap between water molecules and reaction 
species. 
 
Even though there are benefits to using Raman spectroscopy, the issue persists that Raman-active 
vibrations usually give very weak signals, because of the relatively low chance of inelastic light 
scattering (Raman scattering). To deal with this, we took advantage of Shell-Isolated Nanoparticle-
Enhanced Raman Spectroscopy (SHINERS)15–18, which is an example of plasmon-enhanced Raman 
spectroscopy (PERS) and is elaborated in the theory chapter. Using this technique, the Raman signal 
becomes much stronger and molecules on the surface of the electrode can be measured directly and 
clearly and with a better time resolution (up to 1 second per spectrum) during electrochemical 
reduction of CO2. This means that when a molecule that undergoes changes to its Raman spectrum 
based on the surrounding pH is placed on the surface, it might be possible to relate the changes in the 
spectrum to the change of pH. Such a molecule is called a (pH-dependent) Raman reporter, and this 
method of pH determination has previously been used by several research groups. For example, in the 
work of Scarpitti et al.19, they describe the use of an organic molecule called 4-mercaptobenzoic acid 
(4-MBA) in combination with SHINERS to determine the pH in live cells. They found the pH probe to be 
most sensitive around neutral pH, from around 6-8. 
 
In this work, we broaden the application of 4-MBA as pH probe, making the transition from living cells 
to electrochemical environments. Additionally, we explored several other pH-dependent Raman 
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reporters, such as 4-mercaptophenol (4-MP), 4-nitrothiophenol and 3-amino-5-mercapto-1,2,4-
triazole, to use during CO2 electroreduction. However, only the 4-MBA and 4-MP probes proved 
successful. We started by focusing on the synthesis of these pH probes, which needed several 
optimization steps prior to using them in electrochemistry. Next, we determined pH calibration curves 
for both probes to be able to relate spectral changes to a quantitative pH value. The last step was to 
apply the pH probes to track the local pH during the electrochemical reduction of CO2. It appeared, 
however, that the introduction of an electric field in the form of an applied potential has influences on 
Raman signals that may not be neglected, such as wavenumber shifts or intensity changes. These 
effects and their causes are further elaborated in the theory chapter and throughout the results and 
discussion. Additional challenges of using a SHINERS-based pH probe in electrochemical environments 
include oxidation of the electrode surface and bubble formation, as they both contribute to 
disturbance of the Raman signal. 
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2 Theory 
 

2.1 Electrochemistry 
Electrochemistry describes the relation between electric potentials and chemical reactions. This means 
that using electrochemistry, chemical changes can be induced, such as reduction or oxidation 
reactions. As the focus in this work is on the electrochemical CO2 reduction reaction, this chapter 
mainly focuses on this specific reaction. 
 

2.1.1 Setups and measurement modes 
The principle of electrochemistry works by letting a current flow between a working electrode and a 
counter electrode through a solution with sufficient conductivity (the electrolyte). This is done by 
applying a potential using a potentiostat connected to the two electrodes (Figure 2). By using 
catalytically active material as the working electrode, it is possible to use the electrons for chemical 
reactions, like CO2 reduction. Such a material acts as a surface for carbon dioxide molecules to adsorb 
on, where they can react with electrons and protons to form products like CO, methane, methanol and 
multi-carbon hydrocarbons. In addition to the working electrode and the counter electrode, a 
reference electrode is necessary to be able to study the potentials of the working and counter 
electrodes separately. 
 

 
Figure 2. Simplified scheme of an electrochemical setup. When a cathodic bias (negative potential and current) is used, CO2 
reduction can happen on the surface of a suitable electrocatalyst (such as copper). Note that the electronic connections to the 
potentiostat are more complicated than depicted here. 

 
Because the reference electrode potential is stable and well-known, its use greatly improves the 
reproducibility of electrochemical measurements and also makes for easy comparison between 
different publications. Additionally, the reaction within the reference electrode is kinetically very fast, 
so high currents can easily be passed through while maintaining high efficiency of the redox reaction. 
Using this, the potential for the other half-cell (working electrode + counter electrode) can accurately 
be determined. 
 
With accurate potential and current measurements, it is possible to document which products are 
formed at which potentials. Certain electroreduction reactions use more electrons (Table 2) and have 
more steps in their reaction pathways, which is why they need a stronger reducing potential to make 
the reaction occur. Additionally, as is generally the case in ordinary chemical reactions, there is a 
certain activation energy barrier to overcome. This barrier comes from the substantial energy it costs 
to break the carbon-oxygen bonds, before energy is gained by forming new bonds in the products. As 
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a consequence, the thermodynamically ideal potential at which a reaction should proceed is usually 
not sufficient. This means that a stronger reducing potential is required (known as overpotential), 
consuming more energy than necessary, which results in a decrease in efficiency and also impacts the 
selectivity of the reaction. As the selectivity is defined as the part of the electrons used that 
experimentally ends up going to the desired product compared to the ideal situation where all 
electrons go to the product, it follows that selectivity towards desired products also decreases with 
overpotential. 
 

2.1.2 Electrochemical equations: Faradaic efficiency and Nernst equation 
In electrochemistry, the use of electrons to certain products is called the Faradaic efficiency (Equation 
1): 
 

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐼𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝐼𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
× 100% 

( 1 ) 

where IExperimental is the current that ends up going to the product and ITheoretical is the total current. 
Another way of calculating the Faradaic efficiency is formulated in Equation 2: 
 

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑧 × 𝑛 × 𝐹

𝑄
× 100% 

( 2 ) 

where z is the number of electrons required for the product, n is the number of moles of product 
formed, F is the Faraday constant and Q is the charge passed through during electrolysis20. The Faradaic 
efficiency is used to get an indication of the efficiency of a reaction towards a specific product. 
 
Another relevant formula is the Nernst equation, which describes the relation between reaction 
potential, electrolyte concentrations, temperature and the standard electrode potential. It can be used 
for determining minimal potentials for electrolysis reactions, but it is also useful for calculating the pH 
of electrochemical systems. The equation is given in Equation 3: 
 

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln (𝑄) 

( 3 ) 

where E is the reaction potential, E0 is the standard reaction potential (potential where H2 is converted 
to H+ at standard conditions and is the value that is often given in half reaction tables), R is the universal 
gas constant, T is the temperature in Kelvin, n is the number of electrons transferred in the reaction, F 
is the Faraday constant and Q is the reaction quotient. When the reaction occurs at 298 K and ln(Q) is 
changed to log(Q), the formula can be simplified to Equation 4: 
 

𝐸 = 𝐸0 −
0.059

𝑛
log (Q) 

( 4 ) 

When H+ is involved in the reaction, the equation can be simplified even more, and it can be used to 
determine the pH. For example, in the hydrogen evolution reaction (Equation 5): 
 

2𝐻+(𝑎𝑞) + 2𝑒− → 𝐻2(𝑔)          | 𝐸0 = 0 | 
( 5 ) 

the reaction quotient is equal to (Equation 6): 
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𝑄 =
𝑃𝐻2

[𝐻+]2
 

( 6 ) 

and the number of electrons n is 2, so at atmospheric pressure, Equation 6 reduces to Equation 7: 
 

𝐸 = 0 −
0.0591

2
log 

1

[𝐻+]2
 

( 7 ) 

which can be written as Equation 8: 
 

𝐸 = −
0.0591

2
× −2 log(𝐻+) = 𝟎. 𝟎𝟓𝟗𝟏 × 𝒑𝑯 

( 8 ) 

This way, provided that the number of electrons and protons is equal, the pH can be determined when 
the electrode potential is known, and vice versa. Additionally, the Nernst equation is useful for the 
conversion between reference electrode and the standard hydrogen electrode potentials. For 
example, when a silver chloride reference electrode is used, we can fill in E0 = 0.197 V in Equation 4, 
leading to Equation 9: 
 

𝐸 (𝑣𝑠. 𝑅𝐻𝐸) = 0.197 𝑉 −
0.059

𝑛
𝑙𝑜𝑔 (𝑄) 

( 9 ) 

Similar to the previous steps, this equation can be simplified when the number of electrons and 
protons is the same, which eventually leads to Equation 10: 
 

𝐸 (𝑣𝑠. 𝑅𝐻𝐸)  =  0.197 𝑉 +  0.0591 ×  𝑝𝐻 
( 10 ) 

 

2.1.3 Electrochemical experiments: cyclic voltammetry and chronoamperometry 
Some common methods of doing electrochemical measurements include chronoamperometry and 
cyclic voltammetry (CV). 
 
Chronoamperometry works by applying a predetermined potential for a certain amount of time and 
simultaneously measuring the current flowing through the cell. Additionally, the potential can be 
stepped to see the difference in current at select potentials (Figure 3a). The result is a graph where 
time is on the x-axis and current is on the y-axis (Figure 3a). Integration of the graph results in the 
total charge that is transferred. 
 
In cyclic voltammetry, potential is swept and the resulting current is measured. The potential can vary 
from reductive (negative) to oxidative (positive) biases and repeats for several cycles (Figure 3c). This 
method can be used to see the effects that different potentials have on the electrochemical 
environment, and the repetitive nature of CV ensures reproducible results. Additionally, cyclic 
voltammetry diagrams show oxidation and reduction points of the metal electrode, and for the CO2 
reduction reaction specifically, they also indicate the potential regions where the reduction takes 
place. This is due to the fact that currents are induced (and peaks arise) when oxidation or reduction 
processes are initiated, which is also illustrated in Figure 3d. 
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Figure 3. Simplified schemes of electrochemical methods: a) Chronoamperometry, potential development with time. The 
sudden increase is an excitation wave. b) Chronoamperometry, current development with time. The blue circle indicates the 
point of the excitation wave. c) Cyclic voltammetry potential development with time. Two cycles are illustrated here. d) Cyclic 
voltammetry current development with potential. Only one cycle is illustrated in this figure; one oxidation and one reduction. 

 

2.1.4 CO2 reduction 
The electroreduction reaction of CO2 most often leads to the formation of carbon monoxide or 
formate, as they are 2-electron products6, 14,21. When it comes to the production of hydrocarbon fuels, 
such as gasoline or diesel, these products are generally undesirable6. A solution is to mix the formed 
CO with hydrogen to form syngas and use the Fischer-Tropsch reaction to synthesize hydrocarbons22. 
A more direct approach, however, is to use electrocatalysts with high selectivity towards C2+ products, 
such as copper, to ensure the formation of desired products23. As visible in Table 2, there is an 
abundance of CO2 reduction reactions, using different amounts of electrons, different reactants and 
producing a variety of products. Note that the reactions are given for acidic electrolytes, but reduction 
reactions are also possible in neutral pH solutions (see Table 1). The values for E0 indicate the 
thermodynamically ideal potentials that are necessary for the reactions to occur, but in practice, 
stronger potentials are usually required (overpotential). This is partly because of the activation 
energies that have to be overcome for several different steps in the reaction pathways, and decreases 
the efficiency. 
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Table 2. Several electrochemical reactions in acidic electrolyte (reproduced from ref 23) 

 
The choice of electrocatalyst has a large influence on the selectivity towards certain products, and this 
can be used to control the CO2 reduction reaction. In the work of Y. Hori21, the main products of 
electrochemical CO2 reduction for several metal catalysts are collected and are shown in Table 3. It can 
be seen that copper is the only (pure) metal electrocatalyst that catalyzes CO2 reduction to a wide 
variety of carbon products. Therefore, many reaction pathways can occur for the CO2 reduction on a 
copper surface (Figure 4). Much research is ongoing to improve its selectivity and efficiency, in order 
to improve the ability to steer the electroreduction reaction to the desired products. In this work, 
copper is also the catalyst of choice, and we focus on determining the pH near the surface of the 
electrode. This will help get more insight into the selectivity of the CO2 reduction reaction on copper, 
as pH is believed to have an influence on the products that are formed11–13. 
 
Table 3. Several metal electrocatalysts and their main product yield in the electrochemical CO2 reduction reaction. Table 
adapted from ref 21. 

Metal electrocatalyst Main product(s) Metal electrocatalyst Main product(s) 
Pb HCOO− Au CO 
Hg HCOO− Ag CO 
Tl HCOO− Zn CO, HCOO− 
In HCOO− Pd CO, HCOO− 
Sn HCOO− Ga CO 
Cd HCOO− Cu CH4, C2H4, C2H5OH, HCOO− 
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Figure 4. Reaction pathways for CO2 reduction on a copper electrode. Figure reproduced from ref 6.  

In addition to the pH having an effect on the selectivity of CO2 electroreduction, the electrolyte 
influences the formed products as well. A CO2-saturated bicarbonate solution is often used, to ensure 
sufficient CO2 in the electrolyte. In Equation 11, the dissolution reaction of CO2 in water is given and in 
Equation 12, the equilibrium reactions of different carbonate species are shown. When using this 
electrolyte, the HCO3

− has a buffering effect, which lowers the pH by reacting with the formed OH− to 
CO3

2− (Equation 13) and thereby influences the hydrogen evolution reaction as well as the pH-
dependent CO2 reduction reactions, e.g. towards methane13,24. Consequently, a higher bicarbonate 
concentration in the electrolyte has a stronger buffering effect, lowering the local pH, which in turn 
influences the formed products. From the work by Valera et al., it appeared that when using the CO2 
reduction reaction conditions with optimal selectivity for ethylene (0.1 M KHCO3, -1.1 V vs Ag/AgCl, 9 
atm25), and only increasing the bicarbonate concentration in the electrolyte to 0.3 M, the main product 
became methane rather than ethylene26, as the reaction mechanism towards methane favors lower 
pH (Figure 5). This study shows that many pH-related environmental parameters can have an influence 
on CO2 reduction and indicates the relevance of studying the local pH during this reaction. 
 

𝐶𝑂2 + 𝐻2𝑂 ⇌  𝐻2𝐶𝑂3 
( 11 ) 

𝐻2𝐶𝑂3 ⇌  𝐻𝐶𝑂3
− + 𝐻+ ⇌ 2𝐻+ + 𝐶𝑂3

2− 
( 12 ) 

𝐻𝐶𝑂3
− + 𝑂𝐻− ⇌ 𝐶𝑂3

2− + 𝐻2𝑂 
( 13 ) 
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Figure 5. Possible pH-dependent and pH-independent reaction mechanisms of CO2 electroreduction. As methane formation 
only happens using protons, methane production is favored over ethylene at lower pH. Figure reproduced from ref 13. 

 
 

2.2 Raman spectroscopy 
In general, Raman spectroscopy is a light-scattering spectroscopic technique that can give information 
based on the chemical structure in a target molecule. Light can be scattered in two ways: elastically, 
which is called Rayleigh scattering, or inelastically, called Raman scattering. The majority of light 
scatters elastically, which means that the outgoing light has the same wavelength as the incoming light 
and there is no net transfer of energy. However, a fraction of the light (approximately one millionth15) 
will scatter inelastically, which happens due to the interaction of the vibrational energy of the molecule 
with the photon energy, resulting in scattered light with a longer or shorter wavelength. When the 
scattered photons have a longer wavelength, and have therefore lost energy, the change in energy is 
called Stokes scattering or Stokes shift. When the scattered light has a shorter wavelength, it means 
that the photons have gained energy, which is referred to as the anti-Stokes shift. When comparing 
Raman spectroscopy to IR spectroscopy, a key difference is that their physical principles differ: for 
infrared spectroscopy, a photon is absorbed and excites a bond to a higher vibrational energy state. In 
Raman spectroscopy, the photon excites a bond to a virtual energy state, which means that the bond 
gains some energy, but is not excited to a quantized vibrational energy level. In Figure 6, their principles 
are depicted as well as the difference between Rayleigh, Stokes and anti-Stokes scattering. 
 
Both Stokes and anti-Stokes shifts are used in Raman spectroscopy, but Stokes shift is more common 
than anti-Stokes shift. The reason for this is that anti-Stokes scattering can only occur when molecules 
are vibrationally excited prior to irradiation by the laser27. This also explains why the intensity of the 
anti-Stokes shift bands is usually much lower than the Stokes shift bands, as visible in Figure 7. 
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Figure 6. Principle of IR absorption and the different kinds of Raman scattering. It is visible that Stokes scattering causes the 
photon to gain energy from the vibrational energy, whereas the anti-Stokes scattering photon loses energy to the vibration. 
Scheme adapted from refs 15,16. 

 
Figure 7. Example Raman spectrum indicating the difference between Stokes, Rayleigh and anti-Stokes lines. Figure 
reproduced from ref 28. 

Raman and IR spectroscopy differ in selection rules: in infrared spectroscopy, a vibration has to change 
the dipole moment of the molecule, whereas in Raman spectroscopy, a vibration has to induce a 
change in polarizability of the molecule in order to produce a signal. Polarizability can be understood 
as the likelihood of deformation of the electron cloud of a molecule. This means that generally, 
asymmetric vibrations are more IR-active, whereas symmetric vibrations are more Raman-active. The 
difference between changes in dipole moment and polarizability is illustrated in Figure 8. 



15 
 

 
Figure 8. Simplified illustration of asymmetric stretching (IR-active) and symmetric stretching (Raman-active) vibrational 
modes of CO2. The main difference is the change of dipole moment and the change in the shape of the electron cloud 
(polarizability), respectively. 

 

2.2.1 Surface-, Tip- and Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy 
The weak inelastic scattering of molecules can make it challenging to obtain good Raman signals16. A 
solution for this is to use Raman signal enhancement techniques, such as Surface-Enhanced Raman 
Spectroscopy (SERS), Tip-Enhanced Raman Spectroscopy (TERS) or Shell-Isolated Nanoparticle-
Enhanced Raman Spectroscopy (SHINERS). All of these enhancement techniques work by taking 
advantage of the same physical phenomenon, which is called localized surface plasmon resonance 
(LSPR)15 and is induced by the excitation of localized surface plasmons in certain metallic 
nanostructures, such as gold or silver. Surface plasmons can be described as the coherent oscillations 
of delocalized electrons at the surface of a material, which become localized surface plasmons when 
confined in a metal nanoparticle that is smaller than the wavelength of the light used for irradiation29. 
The excitation happens when an external electric field matches the resonant frequency of the 
plasmons. As a consequence, a strong localized electromagnetic field is formed which in turn drastically 
enhances Raman signals in its vicinity15,16,18. This effect is even stronger in between two nanoparticles, 
which is referred to as a ‘hot spot’. 
 
In SERS, plasmon resonance is induced on a roughened surface (Figure 9a)15,16,30–36; in TERS, it is induced 
between an extremely thin tip and the underlying substrate (Figure 9b)15,16,37,38; and in SHINERS, the 
plasmon resonance is induced by two nanoparticles that are close together (Figure 9c)15,16,18. These 
techniques provide more applications for Raman spectroscopy, as signals can be enhanced up to 1011 
times15, significantly increasing its sensitivity for adsorbed molecules. In this work, we take advantage 
of both SERS and SHINERS to gain information about the events happening on the surface of a copper 
electrode during electroreduction of CO2. 
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Figure 9. The enhancement factors for different uses of plasmon-enhanced Raman spectroscopy. a) Enhancement from dimer 
gold nanoparticles (SERS). b) Enhancement between a gold tip and gold surface (TERS). c) Enhancement between two silica-
coated gold nanoparticles (SHINERS). Figure reproduced from ref15. 

The application of SHINERS in this work takes advantage of LSPR between two silica-coated gold 
nanoparticles to enhance Raman signals, as used in the work of T. Hartman15. The reason for the silica 
coating is to increase the stability of the gold nanoparticles by decreasing the rate of aggregation, 
which in turn increases shelf time. In the TEM image in Figure 9c, silica-coated gold nanoparticles are 
visible with increasing shell thickness from top to bottom. To the right of the TEM image, it can be seen 
that the shell thickness has a significant effect on the size and strength of the hotspot, where generally, 
a thinner shell causes stronger enhancement. This means that there is a balance between nanoparticle 
stability and Raman signal enhancement, which should be taken into account for application in this 
work. 
 
 

2.2.2 SERS and SHINERS in electrochemical systems 
The introduction of an applied potential in enhanced Raman spectroscopy causes several effects that 
cannot be neglected. Raman spectra taken on surfaces with an external electric field present often 
feature peak intensity changes and wavenumber shifts. This is because of several factors that are at 
play when combining an electronic potential with vibrational spectroscopy. 
 
One example is the work of Ray and Anderson39, where they describe the characteristics of CO 
chemisorption on a platinum electrode and the influence of the applied (external) electric field (Figure 
10). Using the Dewar-Chatt-Duncanson model, they explain that chemisorption of CO on a Pt surface 
is characterized by a donating 5σ orbital and an accepting 2π* orbital (both from the carbon 
monoxide). This means that when an anodic (positive) potential is applied, the back-donation from the 
Pt 4d-orbital decreases as the s-d valence band increases to higher binding energy, causing less overlap 
with the π* orbital (which is bonding for Pt-C) and consequently weakening the Pt-C bond. On the 
other hand, the 5σ orbital increases its electron donation to the platinum, which strengthens the Pt-C 
bond. However, as the decrease in π-d overlap is more significant than the increase in σ-donation, the 
Pt-C bond becomes weaker. This in turn decreases the vibrational energy and causes the bond to 
absorb at lower frequencies in a Raman spectrum. The effects regarding the C-O bond are exactly 
opposite, as the π* orbital is anti-bonding for C-O. Less overlap with an anti-bonding orbital causes an 
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increase in bond strength, which is characterized by Raman signals at higher energies. Subsequently, 
the Raman spectrum looks different, as characteristic peaks are shifted to higher (C-O) or lower (Pt-C) 
energies. This effect shows that electrochemical potentials can have significant influence on enhanced 
Raman spectroscopy and should be taken into account for the measurements. 
 

 
Figure 10. CO-adsorption on a Pt electrode. When an anodic potential is applied, the Pt-C bond decreases in bond strength 
and the C-O bond strengthens, causing Raman signals at higher wavenumbers. 
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2.3 pH probing methods 
A widely used method of pH measuring is by using pH electrodes. They work by measuring the activity 
of a certain ion in solution and subsequently translating that to an electrical potential. As this potential 
is directly dependent on pH by the Nernst equation, the pH can be determined40. Note that the activity 
is not exactly the same as the concentration, which might cause deviating results. 

 
Figure 11. Structure of a typical pH electrode. Figure reproduced from ref 40. 

Additionally, for some in situ measurements, pH electrodes have limited applicability. For example, in 
this work we intend to track the local pH on a metal surface, where a pH electrode would only be able 
to measure the bulk pH. Alternative methods include spectroscopy-based pH sensors, such as 
luminescent pH probes or Raman reporter based probes. An example of a photoluminescence-based 
pH-dependent molecule is fluorescein, which undergoes changes to its fluorescence intensity based 
on its protonation (Figure 12). In the work of Wirnsberger et al.41, a mesoporous silica film is doped 
with fluorescein to form a pH sensor. In Figure 13a, the difference in spectrum for the probe at 
different pH is visible, and in Figure 13b the pH calibration curve is depicted.  

 
Figure 12. Fluorescein protonation changes that cause the fluorescence intensity dependency on pH. Figure reproduced from 
ref 42. 
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Figure 13. The results of the fluorescein-doped mesoporous silica pH sensor by Wirnsberger et al. a) Photoluminescence 
spectra of a at acidic and basic pH. b) Calibration curve relating photoluminescence intensity to pH. Figure reproduced from 
ref 41. 

As visible in the calibration curve, the sensitivity of the probe is best around pH 7-8.5, because the 
photoluminescence intensity undergoes the most changes around these values. The reason for 
sensitivity can be explained using the pKa values of fluorescein. The pKa of a functional group (such as 
a carboxylic acid) indicates the pH at which 50% of that group is protonated. This means that when the 
pH is around the pKa, small deviations in pH cause substantial changes in protonation, because pH is a 
logarithmic scale. At low pH all groups are protonated. When the pH is then increased, slow 
deprotonation occurs until it reaches the pKa, where rapid deprotonation happens. Increasing the pH 
further then causes slow deprotonation of the remaining groups, which results in the S shaped curve 
visible in Figure 13b (similar to a titration curve). For local pH measuring in electrochemical systems, 
this mesoporous silica-based method is not really suitable, as the used silica has a thickness of around 
1 µm. This means that the measured pH is not on the surface, which is the goal of our research. 
Additionally, the sensitivity is not suitable either, as we need to be able to measure between pH 7 and 
12 for the CO2 reduction reaction. 
 
Another example of a spectroscopy-based pH probe uses Raman spectroscopy, and works similar to 
the above described method. In the work of Scarpitti et al.19, they describe a probe using 4-
mercaptobenzoic acid (4-MBA, inset Figure 14a) as pH-sensitive Raman reporter for pH determination 
in live cells. There are several reasons why 4-MBA is suitable as a pH probe. The thiol group can easily 
and stably bind to gold nanoparticles, which makes it detectable in Raman spectroscopy. Furthermore, 
the carboxylic acid group will act as pH probe, as protonation and deprotonation of the acid group 
cause visible (and reversible) changes in the Raman spectrum (Figure 14a, c, d). This way, a calibration 
curve can be experimentally determined, where either relative peak intensity or peak shift are plotted 
against pH (which is the working principle of the probe). Finally, the aromatic ring featured in the pH 
probe provides an internal standard for the Raman spectra to be normalized to, as ring vibrations give 
rise to the most intense peaks (Figure 14b). Similar to the fluorescein probe, the 4-MBA probe is most 
sensitive around the pKa of the carboxylic acid group. 
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Figure 14. pH-dependent trends observed in the Raman spectra for the 4-MBA probe. a) All Raman spectra at indicated pH. 
The most relevant vibrational modes are indicated and inset figure is the structure of 4-mercaptobenzoic acid. b) The 1080 
cm−1 peak (ring breathing vibration) does not show dependency on pH, and is used for normalization. c) Increase in intensity 
with pH for the COO− symmetric stretching vibration at 1380 cm−1. d) The 1580 cm−1 peak (ring stretching vibration) redshifts 
with increasing pH. Figure reproduced from ref 19.  
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3 Methods 
 

3.1 Chemicals 
Trisodium citrate dihydrate (Na3Cit·2H2O, 99%) was purchased from Acros Organics. 
 
Copper foil (Cu, purity: 99.9999%, puratonic), potassium hydroxide pellets (KOH, 85%), gold chloride 
trihydrate (HAuCl4∙3H2O, 99.99% metals basis), 4-mercaptophenol (4-MP, 97%) were purchased from 
Alfa Aesar. 
 
Potassium phosphate (K3PO4, K2HPO4 and KH2PO4), pyridine anhydrous (Py, >99.98%) were purchased 
from Fisher. 
 
Potassium bicarbonate (KHCO3, purity >99.7%) was purchased from Fluka. 
 
Carbon dioxide gas (CO2, purity: 99.995%) was purchased from Linde Gas. 
 
Hydrochloric acid (HCl, 37%) was purchased from Merck. 
 
4-mercaptobenzoic acid (4-MBA, 99%), tetraethyl orthosilicate (TEOS, >99.0%), (3-
aminopropyl)trimethoxysilane (APTMS, 97%), sodium silicate (Na2xSiyO2y+x, 27% SiO2 in 14% NaOH), 
hydroxylamine hydrochloride (NH2OH·HCl, >98%), rhodamine 6G (Rh6G) were purchased from Sigma-
Aldrich. 
 
Ethanol absolute (EtOH, 99.9%), ammonia solution (NH3, 28-30%), sulfuric acid (H2SO4, AnalaR 
NORMAPUR® analytical reagent, 95~97%) were purchased from VWR Chemicals. 
 
 

3.2 Nanoparticle synthesis 
Gold nanoparticles were prepared by colloidal growth induced by dropwise addition of gold precursor 
(HAuCl4) and reducing agent (NH2OH·HCl) to gold nanoseeds synthesized by the Turkevich method.43 
Preparation of gold seeds  
30 mL of mQ H2O (resistivity@298K > 18.2 MΩcm) was heated to 100°C in an aqua regia cleaned round 
bottom flask while stirring vigorously. 300 µl of 1 wt.% (W/V) HAuCl4 aqueous solution and 1 mL 1 wt.% 
(W/V) trisodium citrate aqueous solution were added. The mixture was stirred and heated for 15 
minutes after which the color had changed from faint yellow to red, indicating successful gold seed 
formation.43 
Gold nanoparticle growth 
1 mL of as-prepared gold seeds were added to 112 mL mQ H2O in a 250 mL round bottom flask, to 
which 2 mL of 1 wt.% trisodium citrate was added while stirring. To go from gold seeds to nanoparticles 
of around 80 nm, 1.6 mL of 10 mM NH2OH·HCl solution and 2 mL 0.5 wt.% HAuCl4 solution were 
carefully added dropwise over 30 minutes.18 
Silica coating using APTMS or MPTES 
0.2 mL of a 1 mM aqueous (3-aminopropyl)trimethoxysilane (APTMS) or (3-mercaptopropyl) 
trimethoxysilane solution was added to 15 mL as-prepared gold nanoparticles and the mixture was 
stirred for 15 minutes. Then, 1.6 mL of a 0.5 wt.% aqueous sodium silicate solution (acidified by adding 
0.85 mL 1M HCl to the volumetric flask prior to filling it with H2O) was added and heated to 80°C. When 
80°C was reached, the mixture was left stirring for 25 minutes after which it was force-cooled in a cold-
water bath. The nanoparticles were then centrifuged and washed 3 times in mQ H2O and eventually 
resuspended in 5 mL mQ H2O.44 
4-MBA functionalization and TEOS coating of gold nanoparticles 
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15 µl of a 1 mM 4-mercaptobenzoic acid (4-MBA) in ethanol solution was added to 10 mL of as-
prepared gold nanoparticles and the mixture was left stirring at 800 RPM for 30 minutes. The particles 
were then centrifuged and redispersed in 10 mL 1:3 (V/V) mQ H2O:ethanol solution after which 280 µl 
of 28% aqueous ammonia solution was added. Using a syringe pump, 30 µl of TEOS was then added 
over 2 hours, while continuously stirring. After all was added, the mixture was centrifuged and washed 
twice in 3 mL mQ H2O and finally resuspended in 2 mL mQ H2O.34 
4-MP functionalization and TEOS coating of gold nanoparticles 
20 µl of 28% ammonia solution was added to 10 mL of as-prepared gold nanoparticles to increase the 
pH to 8.5. Then, 10 µl of a 1 mM aqueous 4-mercaptophenol (4-MP) solution was added and the 
mixture was sonicated for 10 minutes. The particles were then mildly centrifuged (3500 RPM, 3 
minutes) and redispersed in 10 mL 1:3 mQ H2O: ethanol solution. Subsequently, 100 µl 28-30% 
ammonia solution was added before 30 µl TEOS was added over 2 hours using a syringe pump, while 
continuously stirring. The sample was then centrifuged and washed twice in 3 mL mQ and finally 
resuspended in 1 mL mQ. This synthesis was based on Au-MBA@SiO2 synthesis in ref 34. 
 

3.3 Characterization and experimental procedures of pH probes 
Potassium phosphate buffer solutions were used for pH calibration curve determination and were 

prepared by dissolving K3PO4, K2HPO4 and KH2PO4 in certain ratios to prepare 0.1M phosphate 

solutions with different pH (Table 4). For sample 10, addition of 1 mL of 1M KOH was necessary to 

sufficiently increase the pH. For pH 0 and pH 14 measurements, 1M HCl and 1M KOH were used, 

respectively. Prior to use in calibration curve measurements, the pH was measured again for each 

sample to guarantee accurate results. 

Table 4. Potassium phosphate buffer solution preparation. 

Sample Initial pH KH2PO4 (mg) K2HPO4 (mg) K3PO4 (mg) mQ H2O (mL) 

1 4.58 147 0 0 10.8 

2 6.06 123 24 0 10.4 

3 7.00 73 118 0 12.1 

4 8.04 10 173 0 10.7 

5 9.27 0 175 0 10.1 

6 10.33 0 178 9 10.4 

7 11.32 0 161 76 12.8 

8 12.05 0 43 172 10.6 

9 12.31 0 0 212 9.91 

10 12.90 0 0 234 10 (+1 mL 1M KOH) 

 

Transmission Electron Microscopy images were collected using a Tecnai20F electron microscope with 
an operating voltage of 200 kV. 
 
Raman spectra were collected using a Renishaw InVia Microscope or a Horiba Raman spectrometer  
with a 785 nm laser. For all Raman spectra, the calibration was performed on a silica wafer. For time-
resolved measurements we measure with a Nikon N40X-NIR water-dipping objective at 10% laser 
power. A pyridine-pinhole test was used to check silica coating quality, and is performed by 
dropcasting 10 µl of a 1 mM pyridine solution onto dried nanoparticles and measuring the Raman 
spectrum to see whether pyridine peaks are present. To check for enhancement for the nanoparticles 
without a functionalized probe molecule, a rhodamine-6G solution was used. For the final probes this 
was unnecessary, as the probe molecule itself can indicate whether enhancement is sufficiently strong. 
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All electrochemical experiments were performed in a CO2 saturated 0.1 M KHCO3 solution (pH=6.8), 
using an aqua regia-cleaned petri dish. Solutions were saturated with CO2 either by bubbling while 
stirring for at least 1 hour or by exposure of the solution to a CO2 rich atmosphere and subsequent 
homogenization. CO2 saturation was verified by pH measurements. A Pt mesh was used as a counter 
electrode and a leakless Ag/AgCl reference electrode (eDAQ) was used as a reference. The potential 
was converted to RHE using the following formula: 
 

𝐸(𝑣𝑠. 𝑅𝐻𝐸) = 𝐸(𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.197 𝑉 + 0.0591 ∗ 𝑝𝐻 
 
Cyclic voltammetry measurements were performed using a Ivium compactstat.h10800 potentiostat. 
The cycles started at 0.55 VRHE and ranged between +1.05 to −0.85 VRHE using 10 mV step size and a 
scan rate of 10 mVs−1. 
 
The copper plates used as electrodes in the electrochemical procedures were approximately 30x5x0.1 
mm in size. Prior to use, they were sonicated for three minutes in a 1M HNO3 solution and rinsed in 
mQ H2O. For plated (electrodeposited) copper, an acidic CuSO4 solution was used and a current of −0.5 
mA was applied for 30 seconds to acquire the desired plating, after which the electrode was briefly 
washed in mQ H2O again to remove leftover copper sulfate solution. The acidic CuSO4 solution was 
prepared by dissolving 5 grams of CuSO4 · 5 H2O in 90 mL MQ H2O and 10 mL concentrated H2SO4 was 
added.  
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4 Results and discussion 
 

4.1 Preparation of Au-MBA@SiO2 and Au-MP@SiO2 pH probes 
The general approach in preparing the pH probes is based on a bottom-up synthesis, which is 
illustrated in Figure 15. We first established a solid SHIN procedure based on the work by T. Hartman15. 
The first step was the synthesis of gold nanoparticles. In Figure 16, TEM images show the shape and 
size of these particles, and it can be seen that the size of the particles is approximately 90 nm. AuNP 
synthesis was successful, showing homogeneously shaped particles (Figure 16a, b). 
 
To improve the stability of the nanoparticles, the next step was to coat the particles with a thin layer 
of silica, to create the shell-isolated nanoparticles (SHINs) necessary for SHINERS. As described in the 
previous chapter, this was done by using slow sodium silicate hydrolysis, forming a silica layer around 
the AuNPs by first functionalizing them with the linker molecule (3-aminopropyl)triethoxysilane. 
 

 
Figure 15. Schematic depiction of the AuNP silica coating procedure. Stars represent APTMS molecules, the grey circle 
represents a silica coating. In the red squares, an indication of the molecular structure is presented. Silica structure adapted 
from ref 45. 

The TEM images of the first successfully synthesized silica-coated gold nanoparticles are visible in 
Figure 16c. The coating thickness ranged between 1-3 nm. 

 
Figure 16. a, b) TEM images of synthesized citrate-stabilized gold nanoparticles. c) TEM image of the same AuNPs, but coated 
with a silica layer. The coating can be seen as a thin light-grey layer around the dark gold particles. 

Both the nanoparticle synthesis and the silica-coating procedure were successfully executed. To verify 
if the coating is also pinhole-free, a pyridine pinhole test was included in the analysis of the synthesis. 
The pyridine test works by first drying a droplet of a suspension of silica-coated gold nanoparticles 
(Au@SiO2) and subsequently wetting it with a 1 mM pyridine solution before measuring its Raman 
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spectrum. Nitrogen containing functional groups tend to bind strongly to gold, hence pinholes could 
easily be detected by the characteristic (surface-enhanced) pyridine ring vibrations at 1020 cm−1. 
 
The thickness and quality of the coating have influence on the factor of Raman enhancement. To check 
the coating quality, we used the probe molecule rhodamine-6G (Rh6G) to verify the enhancement 
factor for SERS or SHINERS substrates15 (Figure 17). These methods provide more insight into the 
quality of the nanoparticles and into the quality of the coating. 

 
Figure 17. Raman spectrum of a) Au@SiO2. b) Au@SiO2 + Rhodamine 6G. c) Rhodamine 6G, reproduced from ref 46. It can be 
seen that the Raman signal enhancement by the SHINs is significant, with maximum counts increasing from 500 to more than 
40000. 

The next step was the incorporation of a pH probing molecule into the SHINs. Scarpitti et al. used a 
functional organic Raman-spectroscopy based pH sensor: 4-mercaptobenzoic acid (4-MBA), for pH 
determination in live cells19. As this pH probe molecule has already been well-researched, it provided 
a good starting point for the use of SHINERS in electrochemistry to gain a deeper insight into surface 
pH. 
 



26 
 

Therefore, we first decided to reproduce the methods of Scarpitti et al. using 4-MBA, but because this 
molecule is sensitive in acidic-neutral pH environments (pH 6-8)19, we later also explored 4-
mercaptophenol (4-MP, not used in literature), 4-nitrothiophenol (4-NTP, already used in 
electrochemistry47, but not with SHINERS) and 3-amino-5-mercapto-1,2,4-triazole (3-AMT, reported 
pH range of 8-12, but on silver48). These molecules all work by undergoing changes in their Raman 
spectrum with changing pH. Herein, we managed to successfully synthesize two pH probes, based on 
the above mentioned 4-MBA and 4-MP. The 4-MBA probe is thus sensitive in the acidic-neutral regime 
(around pH 4-8) and the 4-MP probe is more sensitive in alkaline environments (pH 10-14). In Figure 
18, the (enhanced) Raman spectra of both molecules adsorbed on gold nanoparticles are presented. 
In this chapter, the syntheses of the probes are discussed. 

 
Figure 18. Raman spectra of 4-MBA (upper) and 4-MP (lower) on gold nanoparticles. For 4-MP, the relevant peaks are assigned 
according to ref 49. 

 
The incorporation of 4-MBA in the silica shell was studied by modifying the original silica-coated gold 
nanoparticle synthesis procedure. We found that the introduction of the probe molecule depends on 
the stage in the synthesis at which it was added. First, we added the 4-MBA together with the APTMS 
(Figure 19a). In this procedure, the APTMS and 4-MBA were predicted to compete for binding spots on 
the gold, where 4-MBA would have the upper hand due to its stronger binding affinity to gold. In a 
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second synthesis, we added it together with the sodium silicate (Figure 19b). Here, it was predicted 
that APTMS would have covered most of the gold as the 4-MBA comes in, avoiding competition for 
binding spots. However, 4-MBA binds with a sulfur group, which is stronger than the gold-amine bond 
formed by APTMS and therefore might replace the silica-linker molecule. Lastly, we added the 4-MBA 
to already prepared SHINs (Figure 19c). 4-MBA would then only be able to bind to the gold at spots 
where the coating is lacking in quality and contains pinholes. Also, the probe would not be in the shell, 
which is unwanted, as the coating should help isolate the probe from the electrochemical events 
during CO2 reduction. 

 
Figure 19. Schemes of Au-MBA@SiO2 syntheses using APTMS. a) 4-MBA added together with APTMS. b) 4-MBA added 
together with sodium silicate. c) 4-MBA added to already prepared SHINs. 

The results of the first two syntheses looked similar: the nanoparticles had lost most of their color after 
the synthesis, which indicates a lack of stability and subsequently a high rate of aggregation. 
Aggregation results in color loss because the confinement needed for localized surface plasmons is lost 
when the nanoparticles become too large and become bulk gold. Adding 4-MBA to already prepared 
SHINs caused the resulting suspension to retain its color, which indicates adequate stability. 
 
Nonetheless, all Raman spectra were of low quality (appendix Figure 47), with a high baseline and a 
lot of noise that caused the relevant peaks to be hard to interpret. An explanation for this is that the 
4-MBA replaces all of the APTMS in the first two syntheses, because of its thiol group having a stronger 
affinity for gold than the amine group of APTMS. Hence, the coating was not formed and the AuNP 
have low stability, resulting in aggregation. To solve this problem, we decided to use (3-
mercaptopropyl)trimethoxysilane (MPTES, Figure 20) instead of APTMS. It was expected that 
competition between the linker MPTES and the probe 4-MBA would still happen, but without favoring 
the 4-MBA as now both contain the same functional thiol group. 
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Figure 20. (3-mercaptopropyl)trimethoxysilane, a thiol-based linker molecule for starting silica growth. 

Multiple syntheses using MPTES were conducted, where the 4-MBA was added at different steps in 
the synthesis. We added the 4-MBA three minutes after adding sodium silicate (Figure 21a), as we 
expected the 4-MBA to bind so strongly that even after a few minutes of silica growth it would find 
places to bind and be incorporated in the coating. This resulted in a film of aggregated gold on the 
bottom of the centrifuge tube after centrifugation, which indicated low stability and therefore the 
absence of a silica coating. In another synthesis, we added the 4-MBA together with the MPTES (Figure 
21b), so that both molecules can bind to the gold nanoparticles simultaneously. As both bind with a 
thiol group, binding affinity was expected to be roughly equal. This procedure improved stability, as 
no gold film was visible in the centrifuge tubes. Next, we added 4-MBA three minutes before adding 
MPTES (Figure 21c) to make sure 4-MBA is adsorbed on the gold prior to coating growth. As with the 
previous synthesis, no aggregation was visible after centrifugation. As a control procedure, we also 
added 4-MBA without adding any linker molecules (no APTMS or MPTES, Figure 21d). Sodium silicate 
needs a linker molecule to successfully form a silica coating, so this experiment was bound to fail. 
Expectedly, gold aggregation was visible after centrifugation, which indicated that no coating was 
formed. 

 
Figure 21. Schemes of Au-MBA@SiO2 syntheses using MPTES. a) 4-MBA added 3 minutes after sodium silicate. b) 4-MBA added 
together with MPTES. c) 4-MBA added 3 minutes after MPTES. d) No MPTES used. 
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We tested the Raman signal of all samples, and the clearest Raman signals were observed for the 
procedure where 4-MBA was added before the MPTES (appendix Figure 48a). However, the Raman 
spectrum still featured several extra peaks that could not be assigned and the signal to noise ratio 
could still be improved. Therefore, we tried several additional optimization steps: decreasing and 
increasing coating growth time, increasing the amount of 4-MBA and adjusting the time between 4-
MBA and MPTES addition. Eventually, we found that the increase of 4-MBA from 10 to 20 µl (0.03 mM 
aqueous solution) and adding 4-MBA 6 minutes instead of 3 minutes before MPTES resulted in a clearer 
Raman spectrum, giving rise to relatively high intensity Raman signals in which 4-MBA is recognizable 
(appendix Figure 48b). Still, the spectrum featured several additional unexpected peaks, which might 
be due to the linker molecule itself. Additionally, the pyridine pinhole test indicated an 
inhomogeneously coated sample, as visible in the spectrum in Figure 22. In this spectrum, an extra 
peak is visible, at 1240 cm−1, which is attributed to an impurity in the sample. In addition to the pyridine 
test, TEM images were collected to gain visible information about the quality of the coating (Figure 
23). From these images, it became clear that there are several spots where the coating is missing or 
where the thickness diverges from other spots. These results pointed out that the silica coating 
procedure for incorporating 4-MBA still needed improvement, in order to get a homogeneous coating, 
stable nanoparticle suspensions and clear Raman spectra. 

 
Figure 22. Pyridine pinhole test Raman spectrum. The characteristic pyridine peaks are indicated with red arrows and their 
presence in the spectrum indicates that the silica coating contains pinholes. 

 
Figure 23. TEM images of Au-MBA@SiO2. In the enhanced image (right), the inhomogeneity of the coating is clearly visible. 
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To improve our synthesis, we decided to look for alternative routes. In the work of Wei et al., they 
used 4-MBA in a ‘SERS-based immunoassay’34. For this purpose, they made 4-MBA-functionalized gold 
nanoparticles and coated them with silica (Au-MBA@SiO2), before using them as bio-focused 
nanotags. Using tetraethyl orthosilicate (TEOS), they managed to use the 4-MBA itself as the linker 
molecule between the gold and the silica layer (Figure 24). Based on this, we synthesized our own Au-
MBA@SiO2 particles using TEOS to check whether they would be effective as a SHINERS-based pH 
probe. 
 

 
Figure 24. Preparation of 4-MBA functionalized gold nanoparticles (Au-MBA@SiO2). Figure reproduced from ref 34. 

After several syntheses of using TEOS as silica source, we managed to optimize the procedure and 
successfully coated 4-MBA-functionalized gold nanoparticles with a thin silica layer. This was 
confirmed by both TEM imaging and pyridine pinhole testing, which are shown in Figure 25. The key 
step in the optimization was the use of a syringe pump to add TEOS more gradually (30 µl over 2 hours 
= 15 µl/hour). Also, we added more TEOS in total, because our gold nanoparticles were larger and thus 
required more silica than in the work of Wei et al. 

 
Figure 25. Raman spectrum of dry and pyridine-treated Au-MBA@SiO2 particles produced with TEOS. Note how there is no 
pyridine peak visible, which suggests a pinhole-free silica layer. Inset figure is a TEM image of the same particles and shows a 
homogeneous coating. 

Expanding the 4-MBA-based pH probe synthesis to 4-mercaptophenol, we copied the procedure but 
replaced the 4-MBA with 4-MP. It appeared, however, that upon addition of a 4-MP solution to gold 
nanoparticles, the particles slowly lose their color over time (Figure 26). Hard to see in the figure is the 
solid black precipitation that floats in the suspension, which indicates that the nanoparticles are not 
dissolving. Therefore, the color loss is attributed to aggregation of gold nanoparticles that seemingly 
lose their stability when exposed to 4-MP particles. The AuNPs in this work are citrate-stabilized, and 
upon addition of 4-MBA the citrate molecules are replaced and the particles become 4-MBA-stabilized. 
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Both citrate and 4-mercaptobenzoic acid have negatively charged acid groups, which cause effective 
repulsion between the nanoparticles, preventing unwanted aggregation. On the other hand, 4-MP has 
a much more basic OH-group. As the pKa of phenol is around 1050 and the solution of gold nanoparticles 
has a pH between 4 and 5, the alcohol groups are mainly protonated, yielding a neutral group. In turn, 
the absence of the necessary inter-particle repulsive forces causes a significantly increased rate of 
aggregation (Figure 27). This means that the confinement of the nanoparticles becomes less and 
eventually disappears. As visible in Figure 26, this translates in the loss of light scattering and 
absorption and over time renders the suspension virtually colorless. 
 

 
Figure 26. Gold nanoparticle aggregation upon addition of 4-mercaptophenol after different amounts of time. From left to 
right: AuNPs, AuNPs + 4-MP (two minutes), AuNPs + 4-MP (ten minutes), AuNPs + 4-MP (two days). 

 
Figure 27. Effects of the substitution of citrate molecules for 4-MBA and 4-MP on gold nanoparticle stability in water. The 
protonated alcohol group is argued to be the cause of unwanted aggregation in low-medium pH environments. 
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To resolve this problem, we increased the pH of the citrate-stabilized gold nanoparticles prior to adding 
the 4-MP probe molecule to make sure that the OH-group would be deprotonated and therefore retain 
the charge stabilization. This was done by adding different amounts of ammonia solution, as this is also 
used as base catalyst for TEOS growth. Subsequently, 4-MP was added and the AuNP suspension 
retained its color, which was expected based on our explanation. We found that the pH should be at 
least 8.5 prior to addition of 4-MP in order to retain AuNP stability and prevent aggregation. To make 
sure that the Au-MP was in fact stable, an excess of 4-MP was added to a nanoparticle suspension of 
pH 9.6 and the sample was left untouched in a vial for a week. After this time, the suspension still had 
its original color, confirming that increasing the pH indeed has a significant effect on the stability of 
the gold nanoparticles. 
 
Having solved the 4-MP stability problem, we continued pH probe preparation by isolation of the Au-
MP with a silica coating. Using a procedure similar to the optimized 4-MBA procedure, the coating was 
successfully synthesized. However, it appeared that the coating was not homogeneous in terms of 
thickness, which is clear when looking at the TEM images in Figure 28a-c. A reason for this could be 
that the stirring during the addition of TEOS was insufficient, causing inhomogeneous coating growth. 
The pyridine pinhole test indicated that the coating did not contain a significant number of pinholes, 
but was not pinhole-free (Figure 28d). It should be noted that the procedure used for silica growth 
using TEOS as described in the work of Wei et al.34 is specific for 4-MBA-functionalized AuNPs, as they 
ascribe the successful coating growth to the interaction of hydrolyzed TEOS with the carboxylic acid 
groups of the 4-MBA. With this in mind, it is understandable that a similar reaction involving the alcohol 
group and TEOS might have different properties, which may have caused the deviating result. 
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Figure 28. a-c) TEM images of the same sample of Au-MP@SiO2 particles. It can be seen that the coating thickness varies 
significantly. d) Raman spectrum of dry and pyridine-treated Au-MP@SiO2 particles produced with TEOS. Note the small 
pyridine peak at 1030 cm−1, which suggests the presence of some pinholes. 
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4.2 Probe utilization for pH calibration curve determination 
The first step towards a successful pH probe is the determination of a pH calibration curve. This is done 
by measuring Raman spectra of the probe (Au-MBA@SiO2 and Au-MP) at different pH values. In 
preparation, phosphate buffer solutions with known pH were prepared in a range of pH 4 up to pH 13. 
To measure the Raman spectra, 10 µl of probe suspension is dropcasted on a glass plate and dried. 
Subsequently, a droplet of buffer solution is applied and covered with another glass plate (Figure 29).  
 

 
Figure 29. Preparation procedure for determining a pH calibration curve. In this work, potassium phosphate buffer solutions 
with known pH were used. Ideally, a trend in the resulting Raman spectra for solutions with different pH values is clearly 
identifiable. 

For the 4-MBA probe, the Raman spectra at different pH values are depicted in Figure 30. From these 
spectra, there appear to be four peaks that increase or decrease in intensity with pH: at 1138 cm−1 (C-
H in-plane bend), at 1415 cm−1 (COO− symmetric stretch), at 1483 cm−1 (ring chain vibrations) and at 
1710 cm−1 (C=O symmetric stretch). A trend that is harder to see is the shift in the peak at 
approximately 1585 cm−1, which is attributed to the ring C-C stretching mode.19, 33,51–53 The pH 
sensitivity in the 1415 and 1710 cm−1 peaks is straightforward, as the vibrational energy of the 
carboxylic acid group is directly affected by its protonation state. More protonation will cause a 
decrease of the COO− symmetric stretch peak, as the group is mainly in its protonated form at low pH 
(COOH). Similarly, the C=O symmetric stretch peak at 1710 cm−1 decreases with high pH due to the 
resonance forms of the COO− group, where there is no longer a well-defined double bond. We attribute 
the pH-dependency of the C-C stretching vibration at 1585 cm−1 to the resonance that is induced when 
the carboxylic acid group of 4-MBA is deprotonated. This in turn affects the bond strength in the 
aromatic ring and therefore causes a shift with changing pH.  
 
When looking at Figure 31, it is clearly visible that with increasing pH, the 1585 cm−1 peak shifts to 
lower energies (redshifts) and a calibration curve could be determined. For completeness, we also 
determined calibration curves using the other (intensity-based) trends, which are visible in appendix 
Figure 49. The spectra used for calibration curve determination are based on the average of 11 spectra 
that were taken for each pH measurement. When comparing the calibration curves, it can be seen that 
the peak shifting trend bears the most resemblance to the expected titration curve S-shape. Therefore, 
we decided to focus on the 1585 cm−1 peak for pH determination. From this trend, it can be concluded 
that the probe is most sensitive around neutral pH, from approximately pH 6-8, which is in agreement 
with literature53, where Bishnoi et al. report a sensitivity of 5.80 to 7.60. Using the vibrational redshift 
at 1585 cm−1 to explain, this conclusion follows naturally from the fact that the peak wavenumber 
undergoes the most significant changes around pH 7. For example, an increase from pH 6.5 to 7.5 could 
easily be determined using their respective Raman spectra, as the peak wavenumber would shift 
almost 3 cm−1. On the other hand, an increase from pH 10 to 11 would be impossible to determine, as 
the wavenumber does not shift at all. The reason for the difference in sensitivity can be explained by 
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taking into account the pKa of the pH-dependent group of 4-mercaptobenzoic acid. When the pH of 
the environment is around the pKa, small changes in pH have relatively large effects on the protonation 
of the acid group and vice versa, as discussed in the theory chapter. Note that the pKa of the carboxylic 
acid group of 4-MBA is around 4.8 in solution, which would make the probe sensitive at even lower 
pH. In the work of Phan et al., however, they found that adsorption of 4-MBA on nanoparticles 
increases the pKa of the acid group up to 7.7 because of increasing intermolecular interactions54. This 
is in agreement with our findings, as our 4-MBA probe is most sensitive around pH 7. 

 
Figure 30. Raman spectra of the 4-MBA-functionalized silica-coated gold nanoparticle probe at different pH values. Spectra 
are averages over 11 spectra. Red arrows indicate pH-dependent trends. 

 
Figure 31. Left: redshifting trend of C-C stretching vibration of 4-MBA. Right: pH calibration curve for the Au-MBA@SiO2 probe. 

The 4-MBA pH probe is functional and the calibration curve was successfully determined, however, 
the pH range is not optimal for application in the CO2 reduction reaction. Therefore, we focused on 
first utilizing our 4-MP probe, where a similar procedure was used. In Figure 32, the spectra for the 
probe at different pH are provided. In contrast with 4-MBA, 4-MP does not have a peak shifting trend, 
which we ascribe to the absence of resonance structures. No resonance structures means no influence 
of protonation on the C-C bond strengths in the aromatic ring and therefore no shift in vibrational 
energy. There are, however, several peaks that increase or decrease in intensity with changing pH, so 
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using certain ratios between peaks, calibration curves based on peak ratio can be determined. In Figure 
33, the trends are plotted along with their respective calibration curves. As the shape of all curves is 
roughly the same, it can be stated that there is definitely a pH dependence for 4-MP. Unlike the 4-MBA 
probe, this probe is most sensitive in basic pH, as the peak ratios undergo the most changes from 
around pH 10 (going up). This proves more useful in CO2 electroreduction, as the starting pH of the CO2 
saturated potassium bicarbonate electrolyte is 6.8 and OH− is formed in all reactions, causing an 
increase in pH (expected up to 12). Nonetheless, our 4-MP probe still does not have optimal sensitivity, 
as small increases (to pH 9, for example) would not be distinguishable. For the application of the 4-MP 
probe, we focused on two of the four trends: the 1564/1591 cm−1 and the 1575/1591 cm−1 peak ratios, 
as these peaks had the highest relative intensity and thus suffer the least from a low signal to noise 
ratio. 
 

 
Figure 32. Raman spectra of the 4-MP-functionalized gold nanoparticle probe at different pH values. Red arrows indicate pH-
dependent trends. The assignments of the vibrations is based on ref 49. 
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Figure 33. The pH-dependent Raman spectrum trends for four different peaks for the 4-MP probe. Note how all calibration 
curves have similar shapes. 

Calibration curves for both pH probes have been successfully determined, in different pH ranges, so 
the next step is to use them in electrochemistry, which is discussed in the next section. 
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4.3 In situ Raman spectroscopy during electrochemical CO2 reduction 
To get an idea of the probes’ behavior during electrochemistry, cyclic voltammetry is a good start to 
get a complete image of the spectra at different potentials. At reductive potentials, pH is expected to 
go up due to CO2 reduction, whereas at oxidative potentials, pH is expected to go down due to the 
formed OH− diffusing away from the surface. This means that when we use our probes, we will be able 
to see many pH changes during the measurement. 
 

4.3.1 Application of the Au-MBA@SiO2 probe 
To apply the pH probes, the nanoparticle suspension was dropcasted and subsequently dried on a 
plated (electrodeposited) copper piece prior to using it in the electrochemical cell. The stability of the 
probes on the surface was investigated by measuring Raman spectra after several cycles of a CV 
measurement, and proved sufficient as the 4-MBA Raman signal was still recognizable after the CV 
(appendix Figure 50). Plated copper was used, because the rough surface increases the surface area 
and thereby the catalytic activity of the electrode. For this cyclic voltammetry measurement, the 
potential was varied from 0.55 V to −0.85 V to 1.05 V and back to 0.55 V (all vs. RHE) for 4 cycles in 
total (Figure 34). The regions for copper oxidation, copper reduction and CO2 reduction are also 
indicated. It can be seen that the first cycle deviates from the remainder of the cycles, which is why 
four cycles are measured to ensure a stable and reproducible measurement. The reason for this 
deviation is that the surface has not been oxidized yet, and only the copper oxide that was already on 
the copper is reduced. Additionally, the starting point of the first cycle indicates the open circuit 
potential (VOC). 

 
Figure 34. I/V diagram for the Raman-CV measurement for the 4-MBA pH probe on plated copper. Reduction and oxidation 
events are indicated with squares and the chronological direction of the measurement is indicated with arrows. 

During the CV, we continually measured Raman spectra of the pH probes adsorbed to the surface. This 
way, we tried to find a correlation between potential and the pH-dependent Raman spectrum trends 
of the 4-MBA probe (such as a redshift of the 1580 cm−1 peak). A spectrum was collected every four 
seconds, and the CV scan rate was 10 mV/s. This means that one Raman spectrum is taken for every 
step of 0.04 V in the CV. In Figure 35, the results of this time-resolved Raman experiment are depicted 
for the second CV cycle. The top graph (Figure 35a) is the chronological I/V curve from positive to 
negative potentials for the 2nd cycle. This is essentially the same as the second cycle in Figure 34, but 
now the x-axis is chronologically ordered and with decreasing potential, which is useful for comparing 
potentials with corresponding Raman signals. The first two peaks in the I/V curve are assigned to the 
reduction of Cu2O to Cu0 (left) and the reduction of CuO to Cu2O (right), according to the work of 
Briones et al.55. 
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Depicted below the I/V curve is a heatmap of the Raman spectra (Figure 35b), where the same 
chronological order of potential is on the x-axis, the Raman shift wavenumber is on the y-axis, and the 
Raman intensity is depicted as a color in the heatmap, increasing from purple to yellow. This figure 
gives a clear overview of the changes in Raman signals in response to the applied potential. Therefore, 
it should be possible to see changes in the peaks that we used for the calibration curves. To summarize: 
for increasing pH, we expect a redshift in the 1585 cm−1 peak, and an increase in intensity for the 1415 
cm−1 peak. When looking at the heatmap, it can be seen that a peak around 1400 increases with more 
negative potentials. To see the spectral behavior more clearly, the spectra at 0.51 V and −0.38 V are 
depicted in Figure 35c and d, and are indicated with a red and orange line in the heatmap, respectively. 
It can be seen that the spectra deviate in a number of ways from the normal 4-MBA spectrum.  
 
At oxidative potentials, the signal from 4-MBA disappears almost completely, and only the (very weak) 
1080 cm−1 and 1585 cm−1 peaks can be distinguished. We ascribe this to the presence of copper oxide, 
which covers the plated copper electrode. This means that the SERS-active copper is now further away 
from the 4-MBA probes, reducing enhancement effects, as the number of Cu-Au enhancement 
hotspots is drastically reduced (see Figure 36). This result clearly shows that there is a significant 
enhancement effect between the electrode and SHINs, which is needed for a clear Raman spectrum. 
Another explanation is that the copper oxide might cover a substantial fraction of the adsorbed 4-MBA 
probes, which in turn blocks their Raman signal. This might be possible because the dendrites formed 
on the plated copper electrode are larger than the probes, as visible in the SEM image in Figure 37. 
 
Both explanations are supported by the fact that the spectrum in Figure 35c shows peaks at 400, 520 
and 610 cm−1, which are characteristic for copper(I)oxide. In the heatmap, they are increasing in 
intensity from the start of the CV (1.05 V vs. RHE) until approximately 0.25 V, where they disappear 
altogether. Coincidentally, this is also the potential where the reduction of copper(I) to metallic copper 
happens, as visible in the I/V curve above. We argue that this is due to the gradually stronger reducing 
potential causing the constant reduction of Cu+, thinning the copper oxide layer on top of the metallic 
copper electrode. Consequently, the distance to the SERS-active copper becomes shorter and the 
Raman signal gets increasingly more enhanced. Therefore, the three peaks increase in intensity until 
all of the copper oxide is reduced, and then suddenly disappear from the spectrum. Immediately after, 
the peak around 1060-1080 cm−1 drastically increases in intensity, which is attributed to the ring 
breathing vibration of 4-MBA (1076 cm−1), but also to CO3

2- adsorbed on the copper, which is expected 
around 1065 cm−1, according to Klingan et al.56. This again shows the considerable increase in 
enhancement when going from copper oxide to metallic copper. 
 
At reductive potentials (Figure 35d), the 4-MBA spectrum is more recognizable. The bands at 1080 and 
1585 cm−1, assigned to ring breathing vibrations, are the most intense peaks. However, the COO− 
stretching peak at 1415 cm−1 appears to have shifted to just below 1400 cm−1. We believe that this is 
due to the electronic effects on Raman signal enhancement that arise when exposed to an applied 
potential, such as the Stark effect. This effect describes the interactions of electrons with a local electric 
field, which has an influence on the plasmon enhancement and subsequently the Raman spectrum. 
For example, Lambert reported that the Raman shift observed for CO on a Pt electrode can shift by 30 
cm-1/V when exposed to a potential57. In addition to the shift, the peak is also much more intense than 
at any measured pH during the calibration. In the work of Kwon et al.58, they notice a similar trend for 
the COO− stretching vibration of benzoic acid adsorbed on a silver electrode. When applying a 
potential, the peak becomes one of the most intense peaks in the surface-enhanced Raman spectrum, 
whereas adsorption on a silver sol (dilute silver suspension) causes the peak to have a rather weak 
intensity. They claim that because the surface complexes are reported to be excited by a charge 
transfer mechanism, ‘the intensification of the COO− stretching band upon the potential lowering may 
be understood in terms of the availability of charge transfer excitation’. This might also be the reason 
for the significant peak increase for 4-MBA when applying a negative potential, as seen in this work. 
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Taking this effect into consideration, we decided to avoid using the pH-dependent trend in the 1380 
cm−1 peak as its reproducibility during electrochemical events could not be guaranteed, and focused 
on the 1580 cm-1 peak trend instead. 

 

 
Figure 35. Second cycle in the Raman-cyclic voltammetry (RCV) measurement for the 4-MBA probe. a) Chronological I/V 
diagram of the second reductive cycle of the CV, from most positive to most negative potential. b) Heatmap of the Raman 
spectrum at different potentials. The red and orange lines indicate the positions of the spectra in c and d. c, d) Raman spectra 
at 0.51 V and −0.38 V (vs. RHE) respectively, during the 2nd cycle of the CV. 
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Figure 36. Possible cause of enhancement loss upon surface oxidation of copper electrode. The Cu-Au hotspots disappear when 
a copper oxide layer is formed. 

 
Figure 37. SEM image of a plated copper electrode. The added illustrated yellow dots are 100 nm in diameter and represent 
the nanoprobes adsorbed on the copper. It can be seen that the dendrites on the copper are much larger than the SHINs, so 
copper oxide formation could possibly cover the probes and distort the Raman signal. 

As determined with the calibration curve and according to literature19, the 1580 cm−1 peak shift can 
also be used to measure the local pH. However, as the above discussed experiment has a time 
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resolution of 4 seconds and also featured quite noisy spectra, a follow-up measurement was 
performed to acquire results with a better time resolution. The CV settings were unchanged, but the 
Raman spectra were recorded in a narrower wavenumber range and with two accumulations instead 
of one, resulting in a time resolution of 2 seconds as well as stronger signals. In Figure 38, the results 
are depicted similarly to the previous experiment. It can be seen that the 1580 cm−1 peak redshifts 
with more negative potentials and shifts back to higher wavenumbers when returning to positive 
potentials. When looking at the calibration curve in Figure 31, it is clear that a shift to higher 
wavenumbers corresponds to an increase in pH. Consequently this means that with more negative 
potentials (and thus with increasing CO2 reduction), the pH increases. This is related to OH− formation 
due to CO2 reduction. To further correlate peak shift to pH, the peak wavenumber is plotted against 
potential in Figure 39. Even though it is possible to roughly see the peak wavenumber shift during the 
measurement, the spread is too large to correlate these results to a numerical pH value. The main 
reason for this is that the probe is active in medium pH region, which is unsuitable for the alkaline 
electrochemical environment that these measurements were performed in. Additionally, the range of 
peak wavenumbers is between 1577 and 1591 cm−1, whereas the calibration curve only features peaks 
between 1584 and 1590 cm−1. One explanation for this is the noise in the spectra during the CV 
measurement. Another explanation is the fact that the electronic effects introduced by an applied 
potential can cause peak shifts too (Stark effect57). Solutions for these problems include the 
determination of a calibration curve during electronic potentials and spectral correction for the 
electronic effects, but even then the sensitivity of the 4-MBA pH probe (pH 6-8) would not be optimal 
for the application in the CO2 electroreduction (pH 7-12). Therefore, we shifted our focus towards the 
4-MP probe, which has better sensitivity in alkaline environments. 

 
Figure 38. Second cycle of the RCV measurement using the 4-MBA probe. a) I/V curve of the 2nd cycle. b) Heatmap of Raman 
spectra dependence on potential. The central position is roughly indicated by the black dotted line. Note how the intensity 
reversibly shifts to lower wavenumbers at more negative potentials. c) Development of the pH-dependent C-C stretching 
vibration peak at 1580 cm−1. The same trend as in b is visible. 
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Figure 39. a) I/V curve of reduction (left) and oxidation (right) during the RCV measurement. b) 1580 cm−1 peak wavenumber 
at given potentials. A black dotted line indicates the trend. 
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4.3.2 Application of the Au-MP@SiO2 probe 
For the 4-MP probe, Raman-cyclic voltammetry (RCV) measurements were also performed to get an 
indication of its effectivity in electrochemical environments. Polished (flat) copper was used instead of 
plated (rough) copper in an effort to reduce the signal distortion by copper oxide. Less surface area 
means less copper oxide formation, but also leads to fewer reactions. As a consequence, the I/V curves 
of the CV feature lower peaks, as visible in Figure 40. The RCV measurement can be found in the 
appendix (Figure 51). To determine the pH from these measurements, we used all four intensity-based 
trends found in the pH calibration curve, the results of which are visible in appendix Figure 52-Figure 
55. In the plots, it can be seen that the measurements had many outliers, which is because of the low 
signal to noise ratio. This makes it hard to draw definite conclusions from this experiment. For example, 
for the 2nd cycle in the 1473/1485 cm−1 peak ratio plot (appendix Figure 53), the ratio is the highest at 
oxidative potentials and then decreases with reductive potentials. Looking at the 3rd cycle, however, 
the ratio is highest for both negative and positive potentials. The reason for these results can only be 
ascribed to the low Raman signal of the probe during the measurement, which complicates the 
interpretation of the spectra. 
 
Only the 995/1005 cm−1 peak ratio shows an increase with more negative potentials. When comparing 
this to the calibration curve for 4-MP in Figure 33, it indicates that CO2 reduction results in a pH 
increase. As all peak ratios should have the same trend, this experiment suggests that the peaks at 995 
cm−1 and 1005 cm−1 (assigned to ring breathing modes) might be least affected by the applied potential. 
We therefore argue that the reason for the deviation in the other peak ratios is due to the external 
electronic effects on the Raman signals suppressing the intensity of selected vibrations and 
subsequently adversely affecting the pH-dependency of the peaks. Follow-up experiments have been 
conducted to investigate this hypothesis later in this work (page 44). 

 
Figure 40. I/V diagram for the Raman-CV measurement for the 4-MP pH probe on polished copper. 

After the cyclic voltammetry measurements yielded indefinite results for the 4-MP probe, the focus 
was shifted to more static measurements at reductive potentials, such as chronoamperometry and 
pulsed electrolysis, to mainly gain information about the local pH during CO2 reduction. By avoiding 
oxidation of the surface, the probe signal is retained throughout the measurement, as no copper oxide 
is present to distort the Raman signal. For the first follow-up measurement we performed, we again 
used our 4-MP probe on a polished copper electrode in a CO2-saturated 0.1M KHCO3 solution 
electrolyte (pH = 6.8). A potential of −0.35 V (vs. RHE) was applied for 300 seconds, and Raman spectra 
were collected before, during and after the reduction. One spectrum was taken every 5 seconds, and 
the results are visible in Figure 41. 
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Figure 41. Averaged spectra of the relevant peaks during the static potential measurement. 10 spectra were taken before 
and after the reduction, and 50 spectra were collected during the reduction. 

It appeared that the relevant pH-dependent peak ratios were highly dependent on potential, as they 
underwent significant changes when a potential was applied. In Figure 42, it can be seen that for the 
1578/1595 cm−1 peak ratio, the ratio gets suppressed during reduction, whereas the opposite happens 
for the 993/1005 cm−1 peak ratio. When looking at the calibration curves in Figure 33, higher peak 
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ratios mean higher pH, which in turn indicates that pH increases after reduction. However, this would 
also mean that during the reduction the pH temporarily decreases, but CO2 reduction should increase 
the pH due to OH− formation. Therefore, it is assumed that the peaks used in the ratios are not only 
pH-dependent, but also potential-dependent. This is problematic, as this means that pH cannot be 
determined directly from the peak ratios during electrochemical reactions. What we can do is compare 
the ratios before and after applying the potential to see how the pH has changed. From Figure 42, it 
can be concluded that the 993/1005 cm−1 peak ratio has increased from around 0.4-0.5 before the 
reduction to around 0.7 after the reduction. Comparing this to the values in the calibration curve 
indicates a pH increase from approximately 10-11 to 11-12. Using the 1578/1595 cm−1 trend, the pH 
increases to a maximum of 11. This is, however, only a rough estimate as the spread of the ratio is too 
large to accurately determine the pH. Also the pH should be around 7 at the start of the measurement, 
as that is the pH of a 0.1M CO2 saturated KHCO3 solution, which is in conflict with what the probe 
reports (pH 10-11). Additionally, an slow increase in ratio before and after reduction is apparent. This 
could be because the system is not yet in equilibrium, and pH is slowly increasing. Taking these factors 
into consideration, these results are too unreliable for tracking of local pH behavior on the surface of 
the electrode, but still provide a starting point for follow-up experiments (next page) and also provide 
insight into the electronic effects of reductive potentials on Raman signals. 

 

 
Figure 42. Peak ratio developments for the 4-MP probe on polished copper before, during and after applying a reductive 
potential of −0.35 V (vs. RHE). Potential applied between t=390 and t=690. Higher ratios mean higher pH, according to the 
calibration curve. The remaining ratios are attached in the appendix (Figure 56). 
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To further investigate the effects that an applied potential has on enhanced Raman spectroscopy, an 
extensive Raman-electrochemical experiment was conducted. For six electrolytes with different pH 
(6.8, 8.6, 9.0, 10.0, 11.5, 12.1), we measured Raman spectra during five different reductive potentials 
(−0.75, −0.65, −0.55, −0.45, −0.35 V vs. RHE), that were applied for 5 minutes each. Additionally, several 
spectra were collected before and after applying the potential. It appeared that the pH-dependent 
peaks at around 1580 cm−1 clearly changed with changing potential during reduction. In Figure 43, a 
close-up of the peaks of the averaged Raman spectra during the 5 minutes of reduction are depicted. 
From left to right (so with increasing pH), the peak changes are similar to the calibration curve. 
However, from top to bottom (decreasing reductive potential), peak changes are apparent as well. In 
Figure 44, the 1568/1595 cm−1 peak ratios (note that peaks undergo a small blueshift during reduction) 
at different potentials are plotted against pH (results before and after reduction can be seen in 
appendix Figure 57). It can be seen that during all potentials the ratio goes up with increasing pH, but 
when comparing the curves for −0.45 V and −0.75 V, it is clear that there is a significant discrepancy in 
the shape of the curve. This confirms that the spectral changes used for our pH probe are also directly 
affected by the applied potential. A reason for this effect could be the strength of enhancement that 
might change with different potentials because of electronic interactions with the localized surface 
plasmons. However, as not only the signal intensity but peak ratios are affected as well, the 
enhancement might also be stronger or weaker for specific vibrations only, which translates to the 
peak ratios being significantly and unexpectedly lower during electroreduction. This considerably 
complicates the probing of pH during electroreduction of CO2, which is the reason that we focused on 
determining the pH-change from before and after spectra instead. However, when comparing the 
before and after spectra (Figure 58, see appendix), it became apparent that the peak ratio (and 
therefore pH) actually slightly decreases, as is the case during the reduction. We ascribe this to the 
electrode surface still retaining some charge after stopping the reductive potential, which was 
evidenced by the continuous measurements of the potentiostat. As the ratio during reduction is much 
lower than expected, it is logical that a somewhat negatively charged surface also features slightly 
suppressed Raman signals and therefore lower ratios. Therefore, the following experiment was 
conducted similarly, but this time with a potential close to the open-circuit potential (VOC) applied 
before and after the reduction in order to account for the negative bias that is left on the surface after 
reduction. Because the potential applied is almost the same as the VOC, it can be assumed that no 
reactions are happening during this time. 

 
Figure 43. The pH-dependent peaks around 1580 cm−1 of averaged Raman spectra at given pH and potentials (in V vs. RHE). 
Note how the peaks change even though bulk pH stays the same (some trends indicated by arrows). 
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Figure 44. The 1568/1595 cm−1 peak ratio development during electroreduction at given potentials in electrolytes with 
different pH. Note the different shapes of the curves, indicating that applying a  potential has a significant effect on the Raman 
spectra. 

For the next experiment, a potential of 0.55 V (vs. RHE) was applied for 300 seconds, prior to 300 
seconds of reduction at −0.55 V (vs. RHE). The open circuit potential was approximately 0.65 V, so it 
was assumed that no reactions would occur at 0.55 V. After the reduction, a potential of 0.55 V was 
again applied in an effort to measure pH differences before and after reduction while eliminating the 
charge effects. During the potentials, a Raman spectrum was collected every 6 seconds, and the peaks 
around 1560-1600 cm−1 in the averaged spectra are visible in appendix Figure 59. 
 
In Figure 45, the 1568/1595 cm−1 peak ratio is shown as a function of time. Once again, it can be seen 
that the ratio is much lower during the reduction, which supports the hypothesis that certain peaks 
are suppressed at negative potentials. We ascribe this suppression to the effects of a charged surface 
on the electronic properties of the aromatic ring of 4-MP. As the peaks at 1568 and 1595 cm−1 are 
assigned to aromatic ring vibrations, it follows that their ratio is affected as well. In the work of Heo et 
al., it is found that applied voltages on an aromatic structure can have an effect similar to electron-
withdrawing or electron-donating groups, which is called the electro-inductive effect59. This means 
that the reactivity of the adsorbed molecule (4-mercaptophenol) can change with applied potential 
and changes in the Raman spectrum might therefore result from unwanted side-reactions involving 
the probe molecule. 
 
Even though pH determination from the peak ratio is complicated (due to multiple effects) during the 
reduction, it can still be monitored before and after. In Figure 45, it is visible that the peak ratio 
increases from approximately 1.5 to 4, which would correspond to a pH increase of about 11-12 to 
about 13-14, when comparing with the calibration curve in Figure 33. Once again, the probe-reported 
initial pH is unusually high, as the pH should be 6.8 at the start. Still, the measurement indicates that 
the pH increases after reduction, which is expected. What also stands out in the plot is the apparent 
peak ratio increase prior to the reduction. A possible explanation is that after several minutes in the 
electrolyte, the way 4-MP is adsorbed is adjusted, which influences its polarizability and thereby its 
Raman signal. Finally, it appears that the ratio does not seem to decrease after removing the potential, 
which would be expected, because of OH− diffusion away from the surface when CO2 reduction (OH- 
formation) is stopped. This indicates that either the CO2 bubbling (acidification) cannot compete with 
the pH increase, or the OH− does not diffuse quickly enough. Both are unlikely when taking into 
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consideration that the collection of Raman spectra after reduction took more than half an hour. This 
would be enough time for CO2 to bubble through the electrolyte and for OH− to diffuse from the 
surface. Therefore, the probe was most likely not functioning properly during this time. 

 
Figure 45. The 1568/1595 cm−1 peak ratio before, during and after reduction at −0.55 V (vs. RHE). The regions of VOC and 
reduction are indicated and represent 300 seconds each. Raman spectra were taken every 6 seconds. 

After these experiments, we got an idea of how certain reduction potentials affect the peak ratios, and 
with that the pH. In a follow-up measurement (using the same electrolyte and copper piece), we tried 
to investigate the effects of applying different subsequent reductive potentials. Similar to the last 
procedure, we again applied a potential close to the open circuit potential (0.55 V vs. RHE) for 300 
seconds before and after applying a negative potential of −0.35 V (vs. RHE), also for 300 seconds. Then, 
potentials of −0.55 V, −0.75 V and −0.95 V (vs. RHE) were applied for 300 seconds each, while every 
time applying 0.55 V for 300 seconds before and after the reduction. Spectra were collected every 6 
seconds, the 50 spectra during every potential window were averaged and the peak ratios were 
collected in a bar diagram (Figure 46). As usual, it can be seen that the ratios during reduction are 
much lower than when a potential near the VOC is applied. The differences between the varying 
negative potentials are not very significant, as the maximum deviation is only 0.2 (ratio). Additionally, 
the peak ratio (and thereby pH) is lowest at the strongest reduction potential, even though more 
reduction reactions take place and more OH− should be formed. This supports the hypothesis that 
reductive potentials have a substantial effect on the Raman peaks used for pH determination. When 
looking at the peak ratios at potentials of 0.55 V, the pH starts at around 13 (ratio = 2.5) and drops 
down to around 11.5 (ratio = 0.8). The high starting pH is probably due to the preceding measurement 
(Figure 45), as the ratio at the end of that measurement was around 4, which correlates to a pH of 
around 13. The decrease after applying −0.35 V might be due to the mild reduction potential not 
forming as much OH−, and the bubbling CO2 in combination with diffusion of OH− can compensate 
causing a decrease in pH. Then, after −0.55 V, the ratio increases significantly, which could be because 
of the OH−  formed from CO2 reduction. However, as the ratios decrease again after even stronger 
reductive potentials (−0.75 V and −0.95 V), we think that the ratios are influenced by differences in 
enhancement rather than fluctuations in pH. This could be confirmed in a follow-up measurement 
where potential is the only variable. An example is to avoid CO2 being present in the electrolyte. This 
way, no CO2 reduction takes place, no OH− is formed and pH is roughly constant. All results therefore 
point out the difficulty in accurate probing of local pH during electrochemical reduction of CO2. 



50 
 

 
Figure 46. Average 1568/1595 cm−1 peak ratios for each of the indicated applied potentials for the 4-MP probe. Every bar 
represents the peak ratio derived from the average of 50 spectra taken over 300 seconds.  
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5 Conclusions 
Two pH probes based on Raman reporter-functionalized gold nanoparticles were successfully 
synthesized. The Raman reporters used were 4-mercaptobenzoic acid and 4-mercaptophenol. Both 
probes were synthesized by adsorption of the Raman reporter on gold nanoparticles which was 
followed by coating of a thin silica layer using tetraethyl orthosilicate (TEOS) hydrolyzation. Resulting 
pH probes had a size of approximately 90 nm with a silica coating of approximately 1-3 nm. The 4-
mercaptobenzoic acid (4-MBA) probe was found to be sensitive in a pH region of 6 to 8, whereas the 
other probe (4-mercaptophenol, 4-MP) had a sensitivity of pH 10 to 14. 
 
We used the probes to track the local pH on a copper surface during electrochemical reduction of CO2 
in a CO2-saturated potassium carbonate solution electrolyte. As the pH of this solution is 6.8, the 4-
MBA probe pH sensitivity was too low and the 4-MP probe pH sensitivity was too high, as pH changes 
from 7 to 12 were expected. Still, the 4-MBA pH probe indicated an increase in pH when applying 
negative potentials (from −0.5 V to −0.85 V vs. RHE), as well as an immediate decrease in pH upon 
reversing the scan direction (from −0.85 V to −0.5 V vs. RHE) during cyclic voltammetry measurements. 
Because of this subsequent decrease in pH, it was concluded that the measured pH was indeed local, 
and the decrease happened because of OH− diffusion away from the surface. As CO2 reduction 
reactions form OH− as a side product, these results are in agreement with expected pH behavior. 
Quantitative values for the pH could not be collected, because of the probe’s inability to accurately 
track pH values higher than 8. 
 
The 4-MP pH probe was also used in electrochemical environments, but the pH-dependent Raman 
peaks in its spectrum appeared to be heavily influenced by the applied reductive potential. We have 
ascribed this to changes in adsorption due to interactions between the probes and the charged surface, 
which influence the polarizability and hence the Raman signal of the 4-MP. A different strategy to 
measure local pH was therefore applied for this probe, where we measured the spectra before and 
after reduction, rather than during reduction. This led to ambiguous results, as some measurements 
indicated an increase in pH, but other results showed a decrease. 
 
In conclusion, we managed to gain more insight into the behavior of SERS and SHINERS during 
electrochemistry. The knowledge gained in this work can be of significant use for follow-up 
measurements. 

6 Outlook 
In future work, the probes synthesized in this work can very well be used in environments outside of 
electrochemistry. That way, the influence of applied potentials on the pH-dependent peaks is 
eliminated, so that the ratios of the 4-mercaptophenol-based probe can be accurately correlated to 
pH. However, systems where the extremely basic sensitivity of 4-MP is useful might be hard to find. To 
make the probes suitable for electrochemical environments, an idea is to deconvolute pH and electric 
potential effects. If a clear trend is found in electronic effects on the spectrum, this could be used to 
correct the signals during CO2 reduction and enable pH tracking on the surface of the electrode. 
 
Additionally, the synthesis that we used for probe synthesis can easily be expanded to other pH-
dependent Raman reporters. When a molecule with a more fitting sensitivity is found (around 7-13), 
the spectral changes might be more defined at certain pH. Other probe molecules should have similar 
functional groups as the probes discussed in this work, namely a thiol or amine group to bind to the 
gold and a pH sensitive group (with a pKa around 10). Preferably, the Raman reporter also has an 
aromatic ring structure, as these vibrations give rise to strong Raman signals. An example of a molecule 
that might work is 4-mercaptopyridine, as the nitrogen atom gives rise to both pH-sensitivity and 
resonance structures. This would mean that the ring vibrations change with protonation, and might 
cause a peak shift dependent on pH. The pKa of 4-mercaptopyridine is 8.8659, so its pH sensitivity should 
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be around that point. A problem with this probe, however, is that the aromatic ring could encounter 
the same problems as the previously used probes, as aromatic structures are electronically affected by 
potential. A solution for this could be to add several CH2 groups in between the thiol and the aromatic 
ring, to slightly isolate the ring from the surface charge. More research is necessary to investigate the 
suggested probe. 
 
In this work, we also briefly explored another way of pH probing, based on fluorescence, for which we 
used so-called ‘carbon quantum dots’ (CQDs). In collaboration with dr. Y. Ganjkhanlou, several 
different kinds of CQDs were tested for pH sensitivity, but no apparent pH-dependent trend was found 
and they were therefore unsuitable for further use in this research. However, with a few adjustments 
to the functional groups of these carbon quantum dots, these probes could possibly be successfully 
applied in electrochemistry. 
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9 Appendix 

 

Figure 47. Spectra of Au-MBA@SiO2 synthesized with APTMS and sodium silicate. It is visible that the signal to noise ratio is 
low and the 4-MBA spectrum is hardly recognizable. 
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Figure 48. Spectrum of Au-MBA@SiO2 synthesized with MPTES and sodium silicate, where: a) 10 µl 0.03 mM 4-MBA was 
added 3 minutes before MPTES. b) 20 µl 0.03 mM 4-MBA was added 6 minutes before MPTES. 
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Figure 49. The four intensity-based pH-dependent trends for the 4-MBA pH probe. The results are an average of 11 spectra. 
It can be seen that the trends are all of less quality than the peak shifting trend (Figure 31). 
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Figure 50. Raman measurements of the 4-MBA probe on polished copper after 4 CV cycles (post-catalysis), including pyridine 
pinhole test results. The 4-MBA spectrum is still clearly recognizable, indicating the stability of the probes on the copper.  
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Figure 51. Second cycle of the RCV measurement of the 4-MP probe. a) I/V curve. b) Heatmap showing spectral development 
with potential. c) Spectral changes during CV. 
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Figure 52. The 995/1005 cm−1 peak ratio during the RCV measurement for the 4-MP pH probe. 
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Figure 53. The 1473/1485 cm−1 peak ratio during the RCV measurement for the 4-MP pH probe. 
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Figure 54. The 1564/1591 cm−1 peak ratio during the RCV measurement for the 4-MP pH probe. 
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Figure 55. The 1578/1591 cm−1 peak ratio during the RCV measurement for the 4-MP pH probe. 
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Figure 56. All trends for the static potential measurement. 
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Figure 57. The 1568/1595 cm−1 peak ratio development before (top) and after (bottom) electroreduction at given potentials 
in electrolytes with different pH. Results determined from the average of 10 spectra. 
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Figure 58. From top to bottom respectively: before, during and after reduction 1568/1595 cm−1 peak ratios based on 
average spectra of all used potentials. Decreased ratios after reduction are ascribed to the surface still being charged. 10 
spectra were taken before and after the reduction, and 50 spectra were collected during the reduction. 
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Figure 59. Close-up of the peaks at 1560-1600 cm−1 for the [+0.55V,  −0.55V, +0,55V] measurement of the 4-MP probe. 
Spectra based on the average of 50 spectra for each step. 


