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Résumé 

La plupart des capteurs de pH fonctionnent dans des conditions potentiométriques en utilisant un 

schéma simple à deux électrodes. Plus généralement, un pH mètre classique mesure le potentiel 

électrique de la solution à l'aide d'une électrode en verre (pH) contre une autre électrode 

(référence), dont le potentiel électrochimique est connu et insensible au pH. Les capteurs de pH 

modernes sont robustes, précis et peu coûteux, mais ils sont limités par les tailles macroscopiques 

des électrodes. Ils nécessitent également des contacts électriques et sont souvent affectés par des 

erreurs liées à la contamination des petites jonctions liquides des électrodes. Cette thèse concerne 

l'amélioration des mesures de pH aux interfaces nanométriques et explore la miniaturisation du 

capteur de pH pour des mesures (optiques) locales et à distance. En tirant parti d'une technique 

optique non destructive basée sur la spectroscopie Raman et de la chimie redox des métaux, ce 

travail vise à développer un capteur de pH à distance à base de nanomatériaux de carbone, à savoir 

le nanotube de carbone à simple paroi (SWCNT) et le graphène monofeuillet. 

En utilisant la réponse Raman très sensible des SWCNT métalliques, nous avons conçu une sonde 

optique sensible au pH constituée d'un SWCNT en contact direct avec un couple redox platine. 

Lorsqu'elle est placée dans une solution tampon, la sonde Pt-SWCNT montre un fort décalage 

Raman de la bande G du nanotube en fonction du pH, qui est attribué au dopage par transfert de 

charge de l'électrode de référence SWCNT. La mesure du potentiel référencé est démontrée à l'aide 

d'une version nanométrique de l'électrode Pt-SWCNT, ainsi que par la surveillance précise du pH 

dans des solutions de différentes forces ioniques. Des expériences contrôlées à force ionique 

constante montrent des mesures de pH sur toute la gamme entre 1 et 12 avec une précision allant 

jusqu'à ± 500 mpH. Cette étude explore également l'influence de différents métaux de transition 

(Pt, Ru et Pd), du caractère électronique des SWCNTs et des substrats de soutien sur les détection 

de pH. Un modèle basé sur le transfert d'électrons entre le système métallique redox et le SWCNT 

est proposé et testé à l'aide de mesures de conductance électrique. 

En raison des propriétés exceptionnelles du graphène, telles qu'un comportement semi-métallique 

et une surface relativement inerte, le graphène a été sélectionné comme deuxième nanomatériau 

pour approfondir la détection Raman-pH. À partir de l'étude avec les SWCNT, qui détermine 

qu'une réponse optimale est obtenue avec le couple redox Pt / PtO, nous explorons la réponse 

Raman du graphène recouvert d'une fine couche de Pt dans différentes solutions tampons avec pH 
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entre 1 et 12. Les spectres montrent des preuves claires de transfert de charge et dopage du 

graphène en contact avec le couple redox platine. Un décalage Raman significatif avec le pH est 

noté dans la région de la bande G et également dans la bande D, ce qui est cohérent avec le 

comportement trouvé avec le système Pt-SWCNT métallique. Une analyse du décalage Raman 

permet de mieux comprendre le comportement de dopage observé à différents pH. L'analyse 

fournit une estimation du potentiel et confirme le comportement Nerstien du capteur de pH. 

La détection de pH redox à l'échelle nanométrique avec des nanomatériaux de carbone permet de 

résoudre les principales limitations mises en évidence ci-dessus, à savoir la couverture de toute la 

gamme de pH et une miniaturisation claire du capteur jusqu'à l'échelle nanométrique. Bien que la 

précision nécessite une amélioration supplémentaire, ce travail démontre pour la première fois un 

schéma de détection optique du pH qui est analogue à un capteur de pH conventionnel équipé 

d'une référence interne intégrée. 

 

 

Mots-clés : capteur de pH, nanotubes de carbone à paroi simple, graphène, couple redox Pt, 

spectroscopie Raman. 
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Abstract 

Most pH sensors operate under potentiometric conditions using a simple two-electrode scheme.  

More generally, a conventional meter measures the electrical potential of the solution using a glass 

electrode (pH) against another electrode (reference), whose electrochemical potential is known 

and insensitive to pH. Modern pH sensors are robust, accurate and low cost, but they are limited 

by the macroscopic electrode size. They also require electrical contacts and they are often affected 

by errors associated with the contamination of the small electrode liquid junctions. This thesis 

targets pH measurements at nanoscale interfaces and explores the miniaturization of the pH sensor 

for local and remote (optical) measurements. By taking advantage of a non-destructive optical 

technique based on Raman spectroscopy and of the redox chemistry of metals, this work aims to 

develop a remote pH sensor based on carbon nanomaterials, namely the single walled carbon 

nanotube (SWCNT) and the graphene in the form of a single layer.  

By making use of the highly sensitive Raman response of metallic SWCNTs, we devised a pH 

responsive optical probe consisting of a SWCNT in direct contact with a platinum redox couple. 

When placed in a buffer solution, the Pt-SWCNT probe shows strong Raman shifts of the nanotube 

G-band as a function of pH, which is ascribed to charge transfer doping of the SWCNT reference 

electrode. Referenced potential measurements are demonstrated using a nanoscale version of the 

Pt-SWCNT electrode, along with the accurate monitoring of pH in solutions of different ionic 

strengths. Controlled experiments at a constant ionic strength show pH measurement across the 

full range between 1 to 12 with a best accuracy of ±500 mpH unit. This study also explores the 

influence of different transition metals (Pt, Ru and Pd), of semiconducting vs. metallic SWCNTs, 

and supporting substrates on pH sensing. A model based on electron transfer between the redox 

metal system and the SWCNT is proposed and tested using electrical conductance measurements. 

Due to the outstanding properties of graphene, such as a semi metallic behavior and its relatively 

inert surface, graphene was selected as a second nanomaterial to further investigate the Raman-pH 

sensing. From the study with SWCNTs, which determines optimal response with the Pt/PtO redox 

couple, we explore the Raman response of graphene coated with a thin layer of Pt in different 

buffer solutions of pH between 1 and 12. The spectra show clear evidence of charge transfer and 

doping of graphene in contact with the platinum redox couple. Significant Raman shift with pH is 

noted in the region of the G-band and also in D-band, which are consistent with the behavior found 
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with the metallic Pt-SWCNT system. An analysis of the Raman shift provides a better 

understanding of the doping behavior observed for different pH. The analysis provides an estimate 

of the potential and confirms the Nernstian behavior of the pH sensor.  

Redox pH sensing at the nanoscale using carbon nanomaterials solves the main limitations 

highlighted above, namely coverage of the full pH range and a clear miniaturization of the sensor 

down to the nanometer scale. Although the accuracy requires further improvement, this work 

demonstrates for the first time an optical pH sensing scheme that is analogous to a conventional 

pH sensor equipped with a built-in internal reference.   

 

 

Keywords: pH sensor, Single-Walled Carbon Nanotubes, graphene, Pt redox couple, Raman 

spectroscopy. 
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Chapter 1: Introduction  
 

1-1 Definition of pH 

In the 17th century, when the clarification of chemical concepts began, Robert Boyle (1627-91) 

gave the first distinction between acids and bases  (he called bases alkalies). He found that acidic 

solutions could redden some kinds of vegetable juice (like cabbage juice), whereas basic ones 

would change the color to blue. He was the first scientist to employ such juices to distinguish 

between an acidic and a basic reaction and his work was a precursor for the use of indicators to 

label acidic and basic solutions1. However, he did not have a reasonable definition of acids and 

bases. 

In the late 1800s, Svante Arrhenius proposed that water could dissolve many compounds by 

separating them into their individual ions. Arrhenius found out that acids are compounds which 

contain hydrogen and can dissolve in water to release hydrogen ions (H+), and that bases are 

substances that can also dissolve in water to release hydroxide ions (OH-) in solution. The 

hydrogen ion in aqueous solution is too reactive to remain isolated as a bare nucleus. Because of 

its extraordinarily high charge density, the proton strongly bounds to any part of a nearby atom or 

molecule which has an excess of negative charge. In the case of water as the solvent, the hydrogen 

ion immediately bonds to the water molecule through the lone pair electrons of the oxygen atom 

and forms a hydronium ion (H3O+), which has a pyramidal shape. In the presence of a 

proton, H2O is in a sense acting as a base here and produces a hydronium ion2. 

 In 1909, Sorensen made use of two existing techniques, namely the hydrogen electrode and the 

saturated calomel reference electrode (RE)3. The RE maintains a constant potential, while the 

hydrogen electrode builds up a potential proportional to the hydrogen ion (H+) concentration of 

the solution. The potential difference between this two-electrode system depends on the hydrogen 

ion (H+) concentration of the solution. He defined pH as the negative logarithm base 10 of the H+ 

concentration. The first definition of pH by Sorenson in 1909 was based on his calculations of the 

electromotive force which could be used in conjunction with the Gibbs energy (equation  

(1-1)): 

 

△ 𝐺 =△ 𝐺଴ + 𝑅𝑇 𝑙𝑛 𝑄                                (1-1) 
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where ∆𝐺 and ∆𝐺0 are the Gibbs energy change and the same under standard state. 𝑅, T, and 𝑄 are 

the gas constant, absolute temperature, and the reaction quotient, respectively. 

In 1932, two main general definitions of pH were discussed in the scientific community4. The first 

definition considered pH as a negative logarithm base 10 of the concentration of H+, as Sorensen 

described it previously, and the second one was a function of the activity of H+. In that case, ion 

activity was used in the definition to account for the interaction of ions within a solution, which 

can cause some ions to deviate from ideal behavior and effectively appear inactive. In 1948, pH 

measurements were practiced under equation (1-2) (where pH is a function of the H+ activity): 

 

𝑝𝐻(𝑋) − 𝑝𝐻(𝑆)  =  
[ா(௑)ିா(ௌ)]

ቀ
ೃ೅

ಷ ೗೙భబ
ቁ

                 (1-2) 

 

where 𝑝𝐻(𝑋) and 𝑝𝐻(𝑆) are the pH of an unknown solution (X) and a reference solution (S), 𝐸(𝑋) 

and 𝐸(𝑆) are the potentials of the cell containing the standard solution and the unknown sample 

and the quantities R, T, and F represent the gas constant, temperature and the Faraday constant, 

respectively. According to equation (1-2), there is a link between the measured potential difference 

(𝐸(𝑋) − 𝐸(𝑆)) and the pH difference between the unknown solution and the reference solution, 

𝑝𝐻(𝑋) − 𝑝𝐻(𝑆). 

 

Nowadays, the second definition of pH (pH as a function of H+ activity) is the most accepted 

because of the dependency of the electrode potential to the ion activity. Furthermore, the pH 

dependency on temperature is another reason that H+ activity presents a better mode of 

measurement, since H+ activity varies in a directly proportional manner with temperature4. Though 

the history of the definition of pH has seen many changes and modifications, today’s 

measurements are based on this latest definition.  

 

1-2 Importance of pH Measurement 

The measurement and control of the pH is important and fundamental in many applications such 

as food processing, pharmaceutical manufacturing, biomedical system, industrial processing and 

environmental and clinical monitoring, to name a few. In environmental science, the quality of 
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water has become a global issue of concern in many aspects, including the quality of human life, 

industrial processes, agricultural activities, and climate changes5. The pH of the water has for 

example been identified as one of the most important parameters affecting the quality of the water. 

In fact, chemical, biological, and physical factors can affect the pH of water6,7. For example, the 

pH of rainwater is controlled by the dissociation of dissolved CO2 and is naturally acidic (around 

a pH of 5.6). Due to the excessive release of CO2 and some pollutants, rain is becoming excessively 

acidic8 due to the dissolution of additional CO2 in water to form carbonic acid:  

𝐶𝑂ଶ  +  𝐻ଶ𝑂 ⇌  𝐻ଶ𝐶𝑂ଷ                       (1-3) 

The acidity of rainwater in some places has increased and reaches harmful levels (pH between 4.0 

and 5.0)9. The acidic rainwater removes minerals and nutrients from soils, which are essential for 

plants to grow. Therefore, various environmental organizations are trying to reduce the pollutants 

that cause acid rain, and the pH measurement is a good indicator for environmental monitoring10. 

In the food industry, the pH value of food products is an important factor that affects food 

characteristics, such as color, texture and taste11. For example, the pH value of most food products 

varies between 3.5 and 7.0 and variation of pH could have an effect on pigments, which are 

responsible for the color of fruits, vegetables and meat12-14. The texture of food products plays an 

important role in the quality of the food and could influence consumer satisfaction. Texture in 

vegetables is often related to cell wall structure and composition, and the pH value during the food 

processing and preservation processes affects the firmness and softness of vegetables. For 

example, Doesburg15 showed that plant tissues have the highest firmness at pH values between 

4.0–4.5 which decreased at both higher and lower pH. The pH value also has a great impact on 

water-holding capacity and tenderness of meat and fish that are improved at acidic conditions 

below the typical pH of post-mortem16, 17. Thus, measuring and controlling the pH has a significant 

impact in the production of safe, high-quality products.  

Furthermore, many physiological processes show a strong dependency on pH and could be 

monitored through the changes of this value. For example, in wound healing, which is a complex 

regeneration process, the pH value within the wound environment affects indirectly and directly 

all biochemical reactions involved in the healing process. For several decades, physicians thought 

that low pH favored wound healing but new investigations have shown that some healing processes 

require an alkaline pH18, 19. Research also shows that humans who have problems regulating their 
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pH are more at risk of infection. Decreasing the pH on the surfaces of implanted medical devices 

has been related to bacterial colonization of the implant20, 21. There has also been an established 

link in the literature between cancer cells and pH, in which cancer cells show lower pH compared 

to the normal cell. Cancer cells are known to acidify their environment and, consequently, the 

interior of the cells is alkalized. The deregulated pH of cancer cells promotes cellular processes 

that are sensitive to small changes in pH, including cell proliferation, migration and metabolism. 

This, in turn, affects the activity of proteins, which are regulated within a narrow cellular range of 

pH22, 23. 

1-3 pH Measurement Techniques  

There are two main approaches involved in pH measurements, the potentiometric approach and 

the optical approach. The first one includes the popular and commonly used potentiometric glass 

electrode, Ion Sensitive Field-Effect Transistors, Metal-Metal Oxide pH Sensors and Metal Oxide-

Metal Oxide pH Sensors. The second one includes titrations and pH sensing based on optical 

measurements such as UV-VIS absorption spectroscopy and photoluminescence (PL). All these 

techniques are described below.  

1-3-1 Potentiometric Methods 

The most popular and common techniques of potentiometry are described here.  

 

1-3-1-1 Glass pH Electrodes 
The well-known glass pH sensor measures the pH value based on the potential difference between 

a glass electrode and a reference electrode. The glass pH electrode consists of a thin membrane 

made of a specific type of glass that is selectively permeable to hydrogen ions and gives a potential 

difference that is proportional to the concentration of ions. This electrode is placed at the end of a 

glass tube (Figure 1.1). The internal solution consists of a buffer solution (usually 0.1 mol/L 

sodium chloride), in which a silver (Ag) wire covered by a silver chloride (AgCl) coat is immersed. 

This wire forms the electrical connection. The pH value of the internal solution is usually 7. The 

reference electrode is located in the outer glass tube and it also contains Ag/AgCl in buffer 

solution. The potential difference between the measuring system and the reference system is 

determined and this difference is created by penetrating hydrogen ions of the measuring solution 

into a small portion of the hydrated layer of the outer boundary area of the glass membrane and by 
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the hydrogen ions of the inner buffer solution of pH= 7 to the hydrated layer of inner boundary 

area of the bulb. 

If the hydrogen ion activity (which is related to the pH) differs from the activity of the outer part, 

a measurable potential difference is created. Thus, if the inner activity of hydrogen ions is lower 

(or higher) than that of the outer, the pH of the solution is acidic, i.e. pH< 7 (higher, i.e. pH > 7). 

In the case of equal activity of the inner and outer parts, the pH value is neutral (pH=7). The 

potential of the system, which is related to pH, can be calculated using the Nernst equation: 

𝐸 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 + 2.303
ோ்

௡ி
𝑙𝑜𝑔 𝛼ு

௦                         (1-4) 

where 𝑅 is the universal gas constant, T is temperature, n is the charge of the species, F is the 

Faraday constant and  𝛼𝐻
𝑠  is the activity of the hydrogen ion in the solution. The constant term is 

the sum of the potential differences of the other interfaces evaluated relative to the reference 

electrode (i.e, a standard cell potential)24, 25. 

 

 

Figure 1.1. Schematic of a standard glass pH electrode 

The glass electrode can measure potentials in the range of a few hundred millivolts. The glass 

electrode presents several advantages such as its stability, non-expensiveness and short response 



6 
 

time. The glass pH electrode also is usable over a wide working range and possesses high accuracy. 

However, there are some difficulties and disadvantages to the use of the pH glass electrode, which 

include a acid and basic errors, difficulty in miniaturization, leakage of the reference electrode 

buffer into the sample solution, fragility and storage problems (needs to be correctly stored and 

can’t be dry)26. 

1-3-1-2 Ion Sensitive Field-Effect Transistors (ISFET) 
Ion-selective field effect transistors (ISFETs) are another common technique to measure the pH, 

which were developed more than 40 years ago27. These transistors belong to the wider category of 

field effect transistors (FETs) and are used for measuring ion concentrations in solution. The 

structure of the ISFET is similar to that of a MOSFET (metal-oxide-semiconductor field-effect 

transistor), but the metal gate is replaced by a sample solution with a reference electrode immersed 

in the solution and an ion-sensitive membrane for detecting a specific analyte (figure 1.2). This 

membrane is sensitive to positive proton and causes the approach of negative charge to the other 

side of the membrane. Therefore, a current flow between source and drain. The existence of proton 

close to the membrane creates, depending on concentration, more or less negative charges on the 

other side of membrane, forming a gating effect that increases or decreases the FET current28, 29.  

 

Figure 1.2. Structure of metal–oxide–semiconductor field-effect transistor (MOSFET) (left) and ion 

sensitive field-effect transistor (ISFET) (right). 

 Using ISFETs as a pH sensor could solve some of the problems of the glass pH electrode such as 

the size of the ISFET pH sensor, which is smaller than a glass bulb pH sensor, unbreakable and 
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can be stored dry. ISFET pH sensors are otherwise limited by the size of the reference electrode, 

and the fact that they are more expensive and less accurate and sensitive than pH glass electrodes30. 

Nowadays, there is a lot of research focusing on reducing the price of the transistor setup and on 

miniaturizing the reference electrode toward micrometer sizes31-33. 

To have a cost effective, flexible and disposable pH sensor, M. Münzer et al. compared two 

different semiconducting materials as a channel: carbon nanotubes (CNT) networks and poly(3-

hexylthiophene), which is mainly known for its application in organic solar cells. Both devices 

show sensitivity to the pH in buffer in a way that the electrical current increases with higher pH 

values, but carbon nanotube transistors show faster response and this agrees with their higher hole 

mobility compared with polymeric semiconductors. They also showed that the carbon nanotubes 

transistors were more stable compared to the P3HT transistors34. 

Back and Shim showed that single-walled carbon nanotubes (SWCNT) transistors exhibit 

significant pH-dependent electron-transport properties. They observed a negative shift of the 

threshold Voltage with decreasing pH, which is ascribed to a p-doping of the SWCNTs. They also 

showed that the increase of the electrolyte concentration leads to a screening of the pH-induced 

changes35. 

Tang et al. demonstrated that SWCNTs and graphene decorated with nanoparticles of platinum 

and placed as a channel in a FET induce a negative shift of the threshold Voltage in acidic solutions 

and a decrease in current compared to uncoated SWCNTs, which is ascribed to a p-doping. This 

research highlighted for the first time a doping mechanism of platinum decorated SWCNTs at 

different pH values36. 

Many efforts have been invested to minimize the size of the reference electrodes such as using a 

uniquely microfabricated parylene tube structures filled with chloride rich electrolyte and a 50 μm 

diameter silver (Ag) wires covered with a 7.4 μm thick silver chloride (AgCl) layer, which is 

inserted inside the parylene tube37. Screen-printed silver/silver chloride (Ag/AgCl) reference 

electrode have also been developed38. 

Kakiuchi et al. showed that the ion-gel reference electrode could improve the accuracy of ISFETs 

by at least one order of magnitude39. To increase the sensitivity, a passivation layer is used as a 

hydrogen ion sensitive membrane but a reference electrode is still needed. Szkopek et al. recently 
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presented a new ISFET pH sensor made of encapsulated graphene deposited on an ultrathin layer 

of parylene, which is hydrophobic, and coated with an ultrathin pH-sensing layer made of either 

aluminum oxide or tantalum pentoxide. This ISFET configuration helped reduce the detection limit 

to 0.1 mpH40. 

1-3-1-3 Metal-Metal Oxide pH Sensors 
As mentioned earlier, the glass pH electrode is the most commonly used method to measure pH 

because of its stability, response time, lifetime and accuracy but it also comes with some 

limitations, such as the cumbersome size of the electrode and the difficulty in obtaining a proper 

response to pH in some corrosive environments (e.g., in hydrogen fluoride solutions). These 

drawbacks justify the introduction of new techniques. A recent method used to overcome some of 

the above constraints is the use of a metal-metal oxide (MMO) for pH sensing. Metals such as Sb, 

Sn, Fe, Ir, Ag, Cu or Zn, which are covered by an oxide coating, are used in this technique, which 

is based on the reduction-oxidation (redox) reaction on the surface of the metal. A reference 

electrode is also used in this technique41.  

The most well-known example of this MMO technique is the antimony electrode, which can be 

used in harsh conditions where the glass pH electrode is not stable, such as in HF42. The potential 

of an antimony-based MMO electrode can be determined by the equilibrium relation and the 

Nernst equation41, 43: 

𝑆𝑏ଶ𝑂ଷ +  6𝐻ା  +  6𝑒ି ⇆  2𝑆𝑏 +  3𝐻ଶ𝑂                            (1-5) 

 

𝐸 =  𝐸଴ +  
଴.଴ହଽ

଺
  𝑙𝑜𝑔 

ଵ

[ுశ]ల
=  0.152 −  0.0583 𝑝𝐻          (1-6) 

where E and 𝐸଴ are respectively the electrode potential and standard potential and ൣH+
൧ is the 

proton concentration.  𝑆𝑏 − 𝑆𝑏ଶ𝑂ଷ electrodes do not reach the expected Nernstian behavior, 

which reduces the slope compared to theoretical slope and decreases the sensitivity of these 

electrodes in alkaline conditions (equation 1-6). Also, these electrodes are not suitable for long 

term applications due to the drift of potential response44.  

However, researchers are still trying to improve the stability of the electrode, for example, by 

modifying the antimony with cation-conducting polymers like Nafion45. To further improve the 
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sensitivity of MMO pH sensors, researchers found that the stacking two different metal oxides 

could provide a good pH response. This kind of sensor is called the Metal oxide-Metal oxide pH 

sensor. 

1-3-1-4 Metal Oxide-Metal Oxide pH Sensors 
Researches have shown that the oxides of Pt, Pd, Rh, Ru and Ir can be used as a pH sensor46, 47. 

Kreider et al.47 and  Fog et al.46 showed that Ir and Ru oxides are the most promising for pH 

sensing. For the Ir oxide, the redox reaction involved after the hydration of the IrOx is: 

2 𝐼𝑟𝑂ଶ  +  2 𝐻ା +  2 𝑒ି ⇄  𝐼𝑟ଶ𝑂ଷ  +  𝐻ଶ𝑂                    (1-7) 

It is obvious from equation 1-7 that for every two protons, two electrons are required. Therefore, 

the current and the cell Voltage measured by the electrode are related to the pH value of the 

solution. This kind of metal oxide electrode shows good sensitivity with a Nernstian response of 

59 mV/pH48. 

Later electrochemical techniques could solve many of the problems facing the glass electrode, but 

the need of a reference electrode makes the miniaturization of the pH sensor extremely 

complicated.  

 1-3-2 Optical pH Sensing  

As said before, the potentiometric method, especially the glass pH electrode, is widely used to 

measure the pH value. A glass pH electrode is reliable and easy to operate, and has the advantages 

of being relatively low cost, offering rapid measurements over a wide range of pH. However, glass 

pH electrodes are generally big, limited by rigid design, suffer from leakages of electrolytes and 

are fragile against aggressive analytes such as alkaline solutions or fluoride ions. Other 

potentiometric methods tried to overcome these limitations, but they still need a reference 

electrode, which makes a miniaturization of the sensing device more difficult.  

Optical pH sensors don’t need reference electrodes and can be miniaturized. They also do not 

require a separate reference sensor, do not suffer from electrical interferences and could provide 

both invasive and remote pH measurements. Optical pH sensors have therefore attracted the 

interest of researchers for overcoming the limitations of potentiometric methods. Other advantages 
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associated with optical pH sensors include low energy consumption, capability of continuous 

measurements and ease of handling 49. 

Optical sensors consist of reagents associated with a change in their optical properties on 

interaction with the analyte of interest. The most common optical properties for that purpose are 

absorption, fluorescence intensity, light scattering, reflectance, refractive index, and light 

polarization 50. Optical pH sensors have been developed for over 40 years, 51, 52 but only few have 

been commercialized53. In optical pH sensing, changes in pH value are detected using pH 

indicators, which are typically weak organic acids or bases having specific optical properties (e.g., 

color) related to their protonated (acidic) and deprotonated (basic) forms. For example, the 

absorption or fluorescence properties of dyes change with a change in proton concentration (or 

pH)54. The important challenges for optical pH sensors are the need of a robust pH indicator that 

does not photobleach as well as the formulation of an inert matrix material in which the dye can 

be immobilized while also allowing fast diffusion of protons52, 55-58. 

The highest sensitivity of pH indicators is observed at pH close to the pKa at which their optical 

properties (such as absorption, fluorescence, light scattering or reflectance) change as a function 

of the pH of the environment. The dynamic range of optical pH sensors is usually limited to acid 

dissociation constants (pKa ± 1.5). Therefore, pH indicators with two pKa values or groups of 

similar dyes with different pKa values to cover the full range of pH (from 0 to 14) have been used59, 

60. Recently, Tormo et al. discussed using ruthenium metal−ligand complexes as luminescent pH 

indicators61. 

Nowadays, nanomaterials such as silica and polymer nanoparticles are used to encapsulate the 

indicators for pH sensing in cells for example. Burns et al. fabricated optical pH-sensitive silica 

nanoparticles (NPs), which were used to detect pH in rat basophilic leukemia mast cells62. 

Much effort has been invested in finding proper indicators and stable solid matrices, but further 

improvements of the optical sensing technologies are still needed in order to increase the 

performance of these devices, such as increasing the working range and the sensitivity.  
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1-3-2-1 Optical pH Sensing with Carbon Nanomaterials 
 

Carbon-based nanomaterials like graphene, graphene oxide, graphene quantum dot and carbon 

nanotube have unique mechanical, electrical and optical properties, which make them good 

candidates for optical pH sensing. Some of recent research related to optical pH sensing with these 

materials are described here. 

Graphene Oxide (GO). The GO is the oxidized form of graphene. It is a single-atomic-layered 

material which is chemically rich (because of the π electrons). It forms 2-dimensional (2D) flat 

surfaces that can be used for chemical functionalization with nanoscopic functional groups. 

Graphene oxide is easy to process since it is dispersible in water and other solvents. The GO can 

be functionalized with pH indicators, which are optically active, such as thiophene dyes64. 

Graphene oxide acts as the solid matrix allowing high functionalization loading of pH reporting 

dyes and good control of the spacer length between the GO and dye. The GO intermediate during 

functionalization can be dissolved in several organic solvents, allowing its combination with 

indicator dyes that are not soluble in water63. Also, the addition of GO has a high impact on 

nanofibrous-based pH sensors, for example polyurethane/poly2-acrylamido- 2-

methylpropanesulfonic acid /graphene oxide with indicator dyes showing quick response to pH 

variations over a wide range of pH (1–8 )64. 

GO can also be used as a matrix for Lanthanide-doped up-conversion nanoparticles (as a 

replacement of organic dye) for pH sensing based on photoluminescence.65 

Graphene Quantum Dots (GQDs). GQDs are fluorescent carbon-based nanomaterials similar to 

GO, regarding structural and physical properties, but they differ in size (less than 10 nm)66. The 

GQDs have several advantages compared to other carbon materials, such as ease of synthesis, 

alternative green synthetic procedure, ultra-small size, non-toxicity and excellent aqueous 

solubility67, 68. Kumawat et al. presented a new one pot microwave assisted synthesis of GQDs, 

which are used as optical pH sensors between pH=3 and pH=10 with a sensitivity of −50 ± 

4mV/pH69. GQDs could also be used with polymers to increase the pH range like using poly 

(acrylic acid) and poly(2-vinylpyridine) quantum dot hybrids integrated on a single sheet graphene 

oxide70.   
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Carbon Nanotubes. Another carbon material that has been investigated is carbon nanotubes 

(CNTs). They are cylindrical molecules that consist of rolled-up sheets of single-layer carbon 

atoms (graphene). They can be single-walled (SWCNT) with a diameter of the order of nanometer 

(nm) or multi-walled (MWCNT), consisting of multiple rolled layers of concentric nanotubes of 

graphene inside other nanotubes with diameters reaching more than 100 nm.  

CNT-base nanocomposites are potential candidates for optical pH sensing71, 72. Composites of 

CNTs made with a wrapped polymer like polyaniline (PANI) have been designed, with pH 

dependency related to a change in the oxidation state of the PANI in PANI -carbon nanotube 

nanocomposite reflected by a change in color (optical change). It is also possible to miniaturize 

optical sensor devices using PANI-CNT nanocomposite- coated optical fibers. This kind of 

nanocomposite was developed both with MWCNTs71 and SWCNTs72 and can cover the whole 

range of pH.  

The pH dependency of photoabsorption and photoluminescence of the SWCNTs wrapped by 

deoxyribonucleic acid (DNA) was also reported73. Similarly, Dai et al. reported that non-

covalently functionalized SWCNTs with fluorescein-polyethylene glycol could show absorbance 

and fluorescence pH dependency74.  

p-Aminothiophenol (pATP)-functionalized MWCNTs have been shown to behave as a pH sensor 

for living cells. Gold/silver core-shell nanoparticles (Au@Ag NPs) on functionalized MWCNTs 

are reported to have a pH-dependent SERS performance. By using multiwalled carbon nanotubes 

as the substrate, the pH sensing range could be extended to pH 3-14. This nanocomposite is 

expected to have applications as an intracellular pH sensor for biomedical applications75. The same 

idea implemented by decorating SWCNTs with bimetallic nanoparticles (silver-coated gold) 

nanoparticles has formed a SERS-based sensor capable of measuring the pH over the range of 5.6 

to 8.2 pH units76. 

Graphene. The pH dependency of the Raman response of graphene was also reported77-79. Paulus 

et al. made use of this phenomenon to analyze the metabolic activity of cells. They showed that 

the graphene Raman biosensor can detect various analytes such as immunoglobulin and dopamine 

by the dependency of the graphene Raman response to doping 77. Camerlingo et al. also used this 

phenomenon (i.e. the pH dependency of the Raman response of graphene) to evaluate pH changes 

in the cells after X-Ray irradiation 78. For the context of this thesis, we will see in the last chapter 
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that the response of graphene itself is unlikely here, but nevertheless the study is important because 

it showed a clear dependency of the Raman response to pH changes and serves as a proof of 

concept to use the approach of mapping pH. 

Zuccaro et al. found a new technique to obtain chemical information after noncovalent attachment 

of a small quantity of functional moieties on graphene and also on carbon nanotubes. By using 

surface-enhanced Raman scattering processes (SERS), the technique does not affect the Raman 

signature of the underlying nanostructure and avoids expensive techniques like tip-enhanced 

Raman spectroscopy (TERS). In this research, they observed a clear signature in the Raman peaks 

of the pH sensitive polymers (polypyrrole and polyaniline) when deposited on graphene (or carbon 

nanotubes). They also monitored the Raman peaks of graphene (and carbon nanotube) by 

depositing nanoparticles of gold on top of the polymers80. Overall, much research was done on the 

Raman-pH dependency of polymers81, 82, which could open up a new way for pH sensing when 

the polymers are combined with graphene or carbon nanotubes. 

The use of carbon nanomaterials as optical pH sensors has opened the way to the miniaturization 

of the pH sensor, but the detection range of these kinds of sensors are limited and this is one of the 

main ongoing problems with optical pH sensors. 

1-4 Scope of the Thesis and Objectives 
 

In this thesis, we aim to develop a pH sensor based on carbon nanomaterials, which uses a non-

destructive optical technique (Raman spectroscopy). The work targets a better understanding of 

redox pH sensing with nanomaterials and proposes new schemes for pH sensing that can solve the 

main limitations highlighted previously, namely a sensitivity to the full pH range and the feasibility 

of miniaturization of the device.  

In order to do this, two types of nanomaterials, graphene and single-walled carbon nanotube, were 

examined. First, we chose SWCNTs because of the high intensity of their Raman peaks compared 

to graphene. Based on the knowledge of the Raman spectroscopy of carbon nanotubes as well as 

electrochemistry, we have explored the use of proper reduction-oxidation (redox) couples allowing 

charge transfer with the SWCNTs. The shifting fingerprints of the Raman peaks of SWCNTs were 
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used to monitor charge transfer in acidic and basic solutions. To achieve this goal we deposited a 

thin layer of platinum on the SWCNTs film. 

To develop a practical pH sensor, we investigated the potential errors introduced by the local 

environment to the pH measurements: 

1- the effect of the substrate. 

2- the effect of the ionic strength of the buffer.  

3- We also measured the resistance of the film of SWCNTs decorated with a chosen redox 

couple. To improve the Raman response with pH of the hybrids and explore the effect of 

semiconducting nanotubes, we worked with sorted metallic SWCNTs (metallic SWCNTs) 

and compared the results with those of unsorted SWCNTs (mixture of metallic and 

semiconducting SWCNTs). The metallic SWCNTs, which were wrapped with surfactants, 

were also decorated with nanoparticles of platinum using a one pot reaction and used to 

investigate the Raman-pH sensitivity of the hybrids. Different metals, which are well 

known for oxygen reduction reaction (such as platinum, palladium and ruthenium) were 

tested and Platinum was found to be best adapted for pH sensing.   

In the second part of the project, we made use of the interesting optical and chemical properties of 

graphene and investigated the Raman-pH dependency of graphene coated with a thin layer of 

platinum. This last study was used to evaluate the charge transfer doping in relation with the 

expected Nernst behavior. 

1-5 Thesis outline  
 

This thesis is organized into 6 chapters, which includes this overview of the thesis as chapter 1. 

In chapter 2, the theory needed to understand the thesis is described. This chapter covers the 

electronic and phononic structures of SWCNTs and graphene, important concepts in Raman 

spectroscopy of SWCNTs and graphene and the key notions behind charge transfer in these two 

nanomaterials. The effects of doping on the main Raman features of graphene and carbon 

nanotubes as well as the theory behind conductivity measurements are also explained. 
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Chapter 3 is devoted to the preparation of the samples and it is divided in seven sections. The first 

section is related to the growth of graphene and the transferring methods on substrates with 

position markers, which serves to accurately locate the Raman measurements in one spot. In the 

second section, the purification of different sources of carbon nanotubes and the functionalization 

with different metals (platinum, palladium and ruthenium), as well as methods to deposit them on 

substrates, are described. The next two sections are about the preparation of the buffer solutions 

and samples for sheet resistance measurements and the last three sections are devoted to the 

preparation of the samples for Transmission Electron Microscopy (TEM), Atomic Force 

Microscopy (AFM) and Raman measurements and to the description of these instruments. 

In chapter 4, the dependency of the doping of laser ablation single walled carbon nanotubes to the 

solution pH is investigated, along with the effect of the substrate, the ionic strength of the buffer 

solution and other effects such as the Raman response of the semiconducting SWCNTs. In this 

chapter, the pH sensing of metallic SWCNTs functionalized with nanoparticles of platinum is 

compared with other nanoparticles (palladium and ruthenium). Finally, the results of pH sensing 

of unsorted SWCNTs decorated with nanoparticles of platinum and electrical resistance 

measurements of this sample are presented.  

Chapter 5 covers the dependency of the Raman spectra of uncoated graphene and platinum coated 

graphene in the region of the G- and D- bands on the pH value. In chapter 6, finally, a general 

conclusion and the scientific contributions of this thesis are summarized.  
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Chapter 2: Theory and Main Concepts  

In this chapter, the structure and the electronic and vibrational properties of graphene and carbon 

nanotubes are introduced. Basics notions of electrochemistry are also exposed along with the 

influence of charge transfer doping on the Raman G band of graphene and SWCNTs. 

2-1 Structure of Carbon Nanotubes from Graphene 

Carbon is the sixth element of the periodic table with six electrons in the 1s, 2s and 2p atomic 

orbitals. The four valence electrons (2s2 2p2) are involved in the covalent bonding of carbon 

materials through spn (n = 1, 2, 3) hybridized bonds83, 84. Diamond and graphite are two natural 

carbon allotropes, with sp3 and sp2 hybridization, respectively, exhibiting very distinct physical 

properties. They have remained for a long time the only known carbon allotropes until the 

discovery of fullerenes (C60) in 198585 also referred to as zero-dimensional (0D) carbon materials. 

A few years later, one-dimensional (1D) carbon nanotubes (CNTs)86 were identified for the first 

time and a decade later, in 2004, the exceptional electronic properties of two-dimensional (2D) 

isolated graphene87 were uncovered. The atomic structures of each member of the low-dimensional 

carbon materials family are related to one another, despite having unique properties. From a 

structural point of a view, graphene may be considered as the fundamental building block88-90. In 

particular, single-wall carbon nanotubes are often viewed as a monolayer graphene rolled up along 

a certain direction from which semi-conducting or metallic properties will emerge. 

The crystal structure of graphene consists of a hexagonal network of carbon atoms (Figure 2.1a) 

sometimes called “honeycomb lattice”, with two vectors 𝑎1ሬሬሬሬ⃗ , 𝑎2ሬሬሬሬ⃗  forming the unit cell. There are 

different ways to roll graphene into a tube, which are defined by the chiral vector (or 

circumferential vector) 𝐶ℎ
ሬሬሬሬ⃗  through the mathematical expression: 𝐶ℎ

ሬሬሬሬ⃗ = 𝑛𝑎1ሬሬሬሬ⃗ +  𝑚𝑎2ሬሬሬሬ⃗ ≡ ( 𝑛 , 𝑚 ), 

where 𝑛 and 𝑚 are positive integers 91, 92. The angle θ that 𝐶ℎ
ሬሬሬሬ⃗  makes with 𝑎ଵ

→, called the chiral 

angle (Figure 2.2), is used to differentiate three classes of carbon nanotubes: zigzag (𝜃 = 0°), 

armchair (𝜃 = 30°) and chiral 0° < 𝜃 < 30°. 
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Figure 2.1. (a) The unit cell of graphene (inside the dashed blue line) contains two atoms A and B. (b) The 

Brillouin zone (hatched region), and high symmetry points M, K, and 𝛤. The real- and reciprocal-space unit 

vectors are shown by 𝑎ଵሬሬሬሬ⃗ , 𝑎ଶሬሬሬሬ⃗  and 𝑏ଵ
ሬሬሬ⃗ , 𝑏ଶ

ሬሬሬሬ⃗ . 

 

The diameter of the SWCNT can be calculated from this equation: 

𝑑௧  =  |𝐶௛
ሬሬሬሬ⃗ |  =  𝑎 √𝑛ଶ + 𝑚ଶ + 𝑛𝑚 .      (2-1) 

The vector 𝑇ሬ⃗  In Figure 2.2 is called the translation vector and is the 1D unit vector of the SWCNT. 

It is oriented parallel to the SWCNT axis, and perpendicular to 𝐶ℎ
ሬሬሬሬ⃗ . The translation vector is defined 

as 𝑇ሬ⃗  =  𝑡ଵ𝑎ଵሬሬሬሬ⃗ +  𝑡ଶ𝑎ଶሬሬሬሬ⃗  ≡  (𝑡ଵ, 𝑡ଶ). Defining the unit cell of carbon nanotube is more complex than 

graphene and could be shown with the rectangle OAB’B in Figure 2.2, in which the vectors 𝐶ℎ
ሬሬሬሬ⃗  

and 𝑇ሬ⃗  contain the unit cell of the SWNT. 
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Figure 2.2.  The unrolled honeycomb lattice of a nanotube. The chiral vector 𝐶௛
ሬሬሬሬ⃗   and translation vector 𝑇ሬ⃗   

chiral angle 𝜃 for a (6,3) SWCNT.  

 

As said before, reciprocal space of graphene is described by the vectors 𝑏ଵ
→, 𝑏ଶ

→. In the same way, 

the reciprocal space of carbon nanotube can be described by two vectors, 𝐾1
ሬሬሬሬሬ⃗  and 𝐾2

ሬሬሬሬሬ⃗ , which are 

the reciprocal space vectors. The 𝐾ଵ
→ and  𝐾ଶ

→vectors define the separation between the adjacent 

cutting lines and the length of cutting lines, respectively. The first Brillouin zone of the carbon 

nanotube is expressed as a section of 𝐾ଶ
→ which is known as a cutting line92, 93. 

2-1-1 Electronic Structure 

Much of the electronic structure of SWCNTs can be derived from that of 2D graphene (Figure 

2.3). The extrema of the valence and conduction bands of graphene are located at the six corners 

(K points) of the Brillouin zone (Figure 2.3a). The zone center is called the Γ and M is the midpoint 

of high symmetry between adjacent K points, also known as the Dirac points (Figure 2.3(b))94. 

Around these points, the dispersion relations for the electronic bands are linear and form the so-

called Dirac cones. 
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Figure 2.3. Electronic band structure. a) Band structure of graphene. b) Zoom on the linear dispersion 

region of electronic structure near the Fermi level, showing the vertically mirrored Dirac cones intersecting 

at the Fermi level. Adapted from reference [95]95. Copyright © 2012 WILEY‐VCH Verlag GmbH & Co. 

KGaA, Weinheim 

 

The electronic band structure of SWNTs is strongly influenced by their cylindrical structure, which 

imposes new periodic boundary conditions on the electronic wavefunction 96. Therefore, the 

electronic band structure of carbon nanotube consists of 1D sub-bands represented by cutting lines 

(not shown here) in the reciprocal space of 2D graphene. 

If a cutting line passes through the K point, the nanotubes are metallic, otherwise it is 

semiconducting. More generally, the nanotubes that satisfy the conditions 𝑀𝑂𝐷(2𝑛 + 𝑚 , 3) =

0 are metallic nanotubes (M-SWCNTs) and those for which 𝑀𝑂𝐷(2𝑛 + 𝑚 , 3 ) = 1 𝑜𝑟 2  are 

semiconducting (usually referred to as 𝑀𝑂𝐷1 and 𝑀𝑂𝐷2 respectively)84, 97, 98. 
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2-1-2 Density of States (DOS) 

The electronic density of states (DOS) refers to the number of allowed electronic states at a given 

energy level. The density of states in a 1D system presents strong singularities, also known as the 

van Hove singularities (VHSs) shown in Figure 2.4. The DOS of semiconducting nanotubes 

(Figure 2.4b) contains a series of VHSs corresponding to the band edges of each hyperbolic band, 

while for metallic nanotubes, there is a constant DOS at low energies, followed by VHS for non-

linear bands at higher energies (Figure 2.4a) 96, 99. 

 

 

Figure 2.4.  The electronic structure (left) and corresponding density of states (right) for a metallic nanotube 

(a) and a semiconducting nanotube (b). Adapted from reference [100]100. Copyright © 2012 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim 

 

2-1-3 Optical Transitions  

The optical properties of SWNTs are governed by the electronic transitions between the joint DOS 

related to the VHSs of the valence and conduction bands. An optical transition from the ith valence 

band to the jth conduction band, of energy Eij, is optically allowed only if i = j92. The energies of 

the 𝐸𝑖𝑖 for a specific (n, m) nanotube is widely used in absorption and in resonance Raman 

spectroscopies due to a matching between the incident or scattered light frequencies and the 
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electronic transitions of the VHSs of a selected nanotube 101-103. The main optical transitions are 

labeled 𝑆𝑖𝑖 and 𝑀𝑖𝑖 for semiconductor and metallic nanotubes, respectively. The Kataura plots in 

Figure 2.5 presents the evolution of the 𝐸𝑖𝑖 transition energies as function of the nanotube 

diameter, which values are systematically being used to characterize the optical properties of a 

given carbon nanotube 104, 105. 

 

 

 

 

Figure 2.5. The Kataura plot displaying the calculated energy separations between van Hove singularities 

with nanotube diameters below 3.0 nm (a). Schematic of the density of states of semiconducting and 

metallic carbon nanotubes. Arrows indicate the allowed transitions for light absorption. Adapted from 

reference [106]106 with permission from the Royal Society of Chemistry. 
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2-1-4 Phonon Structure of Graphene and Carbon Nanotubes 

The phonon dispersion relation of a carbon nanotube can be obtained from those of the 2D 

graphene sheet using the same approach as was used here before to find the electronic structure 96. 

With two atoms in the unit cell, 2D graphene presents, based on symmetry arguments, six phonon 

modes. Three of them originate from the Γ point of the Brillouin zone and correspond to the 

acoustic (A) modes. The three remaining are optical (O) modes, one non-degenerate out-of-plane 

mode and two in-plane modes that remain degenerate as we move away from the Γ point. 

Depending on the vibrational amplitude parallel or perpendicular to the basal plane, there are 

longitudinal (L) and transverse (T) modes respectively (Figure 2.6) 93. 

For carbon nanotubes, the phonon dispersion relations further depend on the indices (n,m) or 

equivalently in the diameter and chiral angle of the nanotube, an example of the phonon dispersion 

for a (10,10) SWNT is presented in Figure 2.6c. By superimposing the N “cutting lines” on the six 

phonon frequency plot in the reciprocal space of graphene, sharp spikes appear on the phonon 

density of states of carbon nanotube (Figure 2.6d), which is similar to what is observed for the 

electronic DOS. Owing to symmetry selection rules, there is no allowed infrared mode for the 

graphene itself and only a few of the modes are Raman and infrared active for the nanotubes 107, 

108. 
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Figure 2.6.  a) and c) are phonon dispersion of graphene and armchair carbon nanotube (10, 10) (SWCNTs) 

(respectively) and b) and d) are phonon density of state of graphene and carbon nanotube (10, 10), 

respectively. Adapted from reference [109]109. Copyright © 2004 Elsevier B.V. All rights reserved. 

 
2-2 Raman Spectroscopy 
 

When a material (a molecule or a solid) is irradiated by a light source, a major part of it is 

transmitted, absorbed or reflected and only a small fraction is scattered. If the incident and 

scattered photons have the same energy, the scattering process is elastic, and this is called the 

Rayleigh scattering93. When incident and scattered photons have different energies, the process is 

inelastic and called Raman scattering. The incident photon of a Raman process can create (Stokes 

process) or absorb (anti-Stokes process) a phonon in the crystal 110-112. Compared to the Rayleigh 

scattering, the Raman scattering event is much less probable and gives much weaker signals.  

A Raman spectrum typically displays the scattered intensity, 𝐼௦ , which is the total number of 

scattered photons as a function of 𝐸௟௔௦௘௥ −  𝐸௦௖௔௧௧௘௥௘ௗ ௣௛௢  (called Raman shift commonly 

expressed in cm-1). The scattered intensity shows peaks corresponding to the phonons involved in 

the Raman scattering process. The first-order Raman scattering process is the most common case 

in which an electron from the valence band is excited to the conduction band by absorbing a 

photon. The photon can generate an excitonic transition, which corresponds to an electron-hole 
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bounded state due to Coulombic interactions. While excitonic levels in bulk semiconductors have 

excitonic levels of a few meV below the band gap, this energy in carbon nanotubes is much larger, 

on the order of a few hundreds of meV. Then, the scattered exciton emits (or absorbs) a phonon 

before relaxing back to the ground state. The second, third, or higher order scattering processes 

involve two, three or more scattering events, respectively. The Raman process is sometimes called 

one-phonon, two-phonons or multi-phonons Raman process, depending on the number of phonons 

emitted or absorbed during the process 93, 109. 

2-2-1 Raman Spectra of Graphene 

The strongest peaks observed in the Raman spectrum of a monolayer of graphene (shown in Figure 

2.7) are the D band at ∼1345 cm-1, the G-band at ∼1582 cm-1 and 2D band at ∼2700 cm-1. The G 

band corresponds to in-plane vibrations of sp² hybridized carbon atoms related with the degenerate 

(TO and LO) phonon modes at the Γ point. It is the only signal associated with a first order Raman 

scattering process. 

Figure 2.7. a) Raman spectra of graphene with laser excitation 514 nm. b) A scheme of the lattice vibration 

corresponding to the G band signal 
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 Another peak called the D′ band is often detected ∼1625 cm-1. The D and D′ bands are signatures 

of disorder and related to the presence of defects in the lattice. These modes involve second-order 

scattering where one elastic scattering event is driven by a defect and the other inelastic scattering 

event is due to phonon scattering113, 114. Located at higher wavenumber, the 2D band is a two-

phonons process (also a second-order process), involving two iTO phonons near the K point 

(Figure 2.8). 

 

Figure 2.8. Calculated phonon dispersion relation of graphene showing the iLO, iTO, oTO, iLA, iTA and 

oTA phonon branches. Adapted from reference [115]115. Copyright (2008) by the American Physical 

Society 

2-2-2 Raman Spectra of Single Walled Carbon Nanotubes (SWCNTs) 

Most of the Raman-active phonon modes of graphene are observed as well in carbon nanotubes, 

such as the D band, the G band and the 2D band (Figure 2.9). However, another peak is detected 

at low wavenumbers and is related to the radial breathing modes (RBMs), which is characteristic 

of carbon nanotubes. 
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Figure 2.9. A typical Raman spectrum of single-walled carbon nanotubes with the main modes, as 

indicated.  

 

Radial Breathing Mode (RBM): The RBM is a Raman signature of carbon nanotubes which 

corresponds to the expansion and contraction of the nanotube along the radial direction (Figure 

2.10). It is related to out-of-plane stretching vibrations where carbon atoms move coherently in the 

radial direction. It is a first order Raman process detected between 100 cm-1 and 500 cm-1. Its 

frequency is inversely proportional to the carbon nanotube diameter as: 

𝜔ோ஻ெ =  𝐴/𝑑௧  +  𝐵                                                   (2-2) 

where the A and B parameters are determined experimentally 116-119. 

The B parameter is associated with an environmental effect on 𝜔ோ஻ெ, rather than an intrinsic 

property of SWNTs. The environmental effect can be linked to nanotube-nanotube interaction in 

the case of bundling, or nanotube-environment interaction, such as the surfactants used for the 

dispersion of SWNTs in water or the substrates on which the tubes are deposited 120. For isolated 

carbon nanotubes deposited on an oxidized silicon substrate, C = 248 cm-1٠nm and B = 0 121, while 

for bundles C = 234 cm-1٠nm and B = 10 cm-1 119.  
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Figure 2.10. Schematic image showing the atomic vibrations for the RBM mode 

 

High Energy Modes: In CNTs, the G band splits into two modes called G+ (larger energy) and G- 

(smaller energy) modes. The curvature of the carbon nanotubes causes a rehybridization of the 

carbon valence orbitals from sp2 (planar graphene) to sp3 -like. The softening in the Raman peaks 

occur because of the different strengths of this hybridization of the orbitals depending on the 

longitudinal and radial directions. This mode softening for semiconducting tubes is associated with 

atomic displacements perpendicular to the tube axis, which implies that the transverse optical (TO) 

phonon is soften more than the longitudinal optical (LO) phonon (displacements parallel to the 

tube axis). Longitudinal optical (LO) phonons become less weakened by the rehybridization and 

therefore yield a much smaller softening of the phonons 122,123. 

In the metallic nanotubes, this dependency on curvature and rehybridization occurs for the same 

reason as semiconducting nanotube, but phonons are further affected by a Kohn anomaly in the 

band structure 124-126. The Kohn anomalies effect is when the atomic displacements perturbs the 

energy of electrons at the Fermi surface, i.e. near the Fermi level. These electrons rearrange 

themselves during the process, which screens the potential due to atomic vibrations and softens 

further the vibrational frequency. This strange behavior of the phonon dispersions, called the Kohn 

anomaly, is a central feature for this thesis 127. The Kohn anomaly softens only the LO mode and 

causes an inversion of the sequence between TO and LO for the lowest frequency peak. That is, 

for the metallic tube, the lowest frequency peak is a LO mode, whereas it is a TO mode for the 

semiconducting tube. 
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As seen in Figure 2.11, the lineshapes of G- peaks are significantly different between metallic and 

semiconducting tubes. The latter exhibits a sharp Lorentzian shape for both G+ and G-, while for 

metallic tubes, the linewidth of the G- peak presents an asymmetric Breit-Wigner-Fano (BWF) 

lineshape due to electron-phonon interaction 109. 

 

 

 

Figure 2.11. Raman G-band of semiconducting and metallic nanotubes. For semiconducting nanotubes, 

there are two sharp Lorentzian peaks while the G- peak of metallic species is broad and asymmetric, typical 

of a Breit-Wigner-Fano lineshape. Motions of LO and TO phonon modes of SWNTs are shown on the right 

panel.  

 

Disorder Induced Mode. The Disorder induced mode, which is also called the D band, is observed 

in the range between 1300 cmିଵand 1400 cmିଵ. As discussed already in the section on the Raman 

modes of graphene, the D band is common and seen in all sp2-hybridized disordered carbon 

materials; the presence of this mode is attributed to disorder and is generally induced by the 

presence of heteroatoms, vacancies or other defects 128. 

Like the D-band in graphene, this feature is a second-order Raman process, which involves high 

momentum iTO phonons near the K-point. Because the scattering photon has a low momentum at 

typical wavelengths for Raman, momentum conservation implies that only scattering at Γ point 
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(q=0) is allowed and therefore, the process most involved a high momentum (non-Γ point) phonon 

and a defect to compensate the extra momentum129.  

2D-Band. The 2D band (also referred to as G' band) is located around 2700 cmିଵand originates 

from a second order process with two phonons of opposite momentum, similar to the graphene 

case 130. 

2-3 Charge Transfer in Graphene and Carbon Nanotubes 
 

The kinetics of charge transfer processes at the electrochemical interface of graphene (or carbon 

nanotubes) and electron donor (or electron acceptor) species can be explained by the Marcus-

Gerischer theory. During an electron transfer process, charge transfer is the fastest when the 

overlap of the occupied / unoccupied states of graphene (or carbon nanotube) matches that of the 

unoccupied / occupied states of the electron donor (or acceptor) species131. It is also known in 

electrochemistry that an oxidation-reduction (redox) reaction is a chemical reaction, which 

involves a transfer of electrons between two species. For this reaction, the Nernst equation 

provides a quantitative relationship between the potential and concentration of species. The 

relation is obtained from arguments based on thermodynamics. For the simplest reaction:  𝑜𝑥 +

𝑛𝑒ି ⇆ 𝑟𝑒𝑑, where ox and red are species in their oxidized and reduced style, respectively, the 

standard the Gibbs free energy, ∆𝐺 , can be calculated from following equation 24: 

∆𝐺 =  ∆𝐺଴ + 𝑅𝑇ln 𝑄  .                                                                   (2-3) 

In this equation, ∆𝐺଴ is the standard-state free Gibbs energy and Q is the reaction quotient. The 

potential E of this electrochemical reaction is defined by: 

∆𝐺 =  −𝑛𝐹𝐸     and     ∆𝐺଴ =  −𝑛𝐹𝐸଴                                        (2-4) 

, where F is  Faraday constant, 𝑛 is the number of transferred electrons and 𝐸଴ is the standard 

potential. From (2-3) and (2-4) equations the Nernst equation could be reached: 

𝐸 = 𝐸଴ −  
ோ்

௡ி
ln 𝑄 =  𝐸଴ +  

ோ்

௡ி
 ln 

௔ೀೣ

௔ೃ೐೏
                                            (2-5) 
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For simplicity, the activity coefficients, an Ox and a Red are considered at low concentrations to 

be one. Therefore, Nernst equation could be written in new form, by converting the ln to 

logarithmic and the activity to concentration: 

                                                   𝐸 =  𝐸଴ +
ଶ.ଷ଴ଷ ோ்

௡ி
log 

[ை௫]

[ோ௘ௗ]
                                            (2-6) 

To understand which species are electron donor or electron acceptor, the standard potential is used. 

The standard potential is defined relative to a standard hydrogen electrode (SHE) reference with a 

potential of 0 V. Any chemical species that accept electrons from H+/H2 redox couple is defined 

as having a positive standard potential; any system donating electrons to this redox couple is 

defined as having a negative standard potential. According to the International Union of Pure and 

Applied Chemistry (IUPAC) convention, all electrode potentials are considered as reduction 

potentials; therefore, the electrode reaction reads in the reduction direction 24. 

In electrochemistry the potential of a species can be taken as absolute-electrode potential. The 

absolute electrode potential is the difference in electronic energy between a point inside the species  

system (Fermi level) and a point outside the system (such as the potential of a free electron in 

vacuum) and is expressed (in Volt units) as 132 : 

            𝐸ୟୠୱ =  −( 𝐸ୗୌ୉ + 4.44)                           (2-7) 

Therefore, the Nernst equation in terms of absolute potential could be written: 

𝐸୰ୣୢ୭୶(ୟୠୱ) =  −( 𝐸୰ୣୢ୭୶ + 4.44) =  
థ(ୣ୚)

௘
                                      (2-8) 

where 𝜙(eV) is the work function (Figure 2.12). 
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Figure 2.12. Relationship between SHE and absolute potential relative to the vacuum level. 

In electrochemistry language, charge transfer is mainly driven by the difference between the 

electrochemical potentials, Eredox, of the redox couple and the internal potential, Ef, of graphene 

(or carbon nanotubes). In solution, the reaction proceeds until an equilibrium is reached between 

the two systems (i.e., Eredox = Ef), resulting in the electrochemical doping of those systems24. 

As mentioned above, the doping of graphene depends on the position of the electrochemical redox 

potential, 𝐸୰ୣୢ୭୶, and the Fermi level of graphene. The 𝐸௥௘ௗ௢௫  is therefore the equivalent of the 
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Fermi level of the redox couple, which is the energy required to add or remove an electron in/from 

the redox couples and is usually referenced to as the standard hydrogen electrode (SHE)133. When 

the Fermi level of the redox couple (Eredox) is  higher (lower) than the Fermi level of graphene (or 

carbon nanotubes), the electrons (holes) induced by a reaction will flow to graphene (or carbon 

nanotube) until the equilibrium is met, Eredox = Ef , and graphene (or carbon nanotubes) become n-

type (p-type) doped. 

 

2-4 Effects of Doping on the G Band  
 

Raman spectroscopy is a powerful non-destructive technique that has been widely used to study 

and measure doping in graphene 134-136 as well as in carbon nanotubes 137-139. The G-band of 

graphene and carbon nanotubes, which comes from a first-order (one-phonon) Raman-scattering 

process, has been used for characterizing and measuring the doping in graphene and carbon 

nanotubes. The Raman G-band phonon modes in a doping situation depends on the nature of 

electron-phonon coupling in these two systems. According to perturbation theory, the electron-

phonon interaction is considered as a perturbation and causes a phonon energy renormalization 

that depends on the electronic structure and the Fermi level 140-143. The deformation of the 

electronic structure and deformation of the phonon structure happen during the electron-phonon 

interaction, which are called renormalization of the electron energies by the phonon and of the 

phonon energies by the electron, respectively. This electron–phonon coupling causes a controllable 

modification to the G-band frequency as a function of the Fermi level. 

The frequency of the Γ-point LO- and iTO-phonon modes in graphene (also in SWNTs) can be 

shifted due to the electron–phonon (e–ph) interaction and can be calculated via the perturbation 

theory. The phonon energy, including the e–ph interaction, can be written as: 

ℏ𝜔ఒ =  ℏ𝜔𝜆
0 + ℏ𝜔𝜆

2                                                                        (2-9) 

where 𝜆 are for LO and iTO,  ℏ𝜔ఒ
0 is the phonon frequency without considering the e–ph interaction 

and ℏ𝜔ఒ
ଶ is a perturbation term, which is given from perturbation theory to be: 

ℏ𝜔ఒ
2 = 2 ∑

|〈𝑒ℎ(𝑘)|𝐻𝑖𝑛𝑡|𝜔𝜆〉|2

ℏ𝜔𝜆
0−൫𝐸𝑒(𝑘)− 𝐸ℎ(𝑘)൯+𝑖𝛤𝜆

𝑘 × [𝑓(𝐸ℎ(𝑘) − 𝐸𝐹) − 𝑓(𝐸𝑒(𝑘) − 𝐸𝐹)].           (2-10) 
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In this equation, 〈𝑒ℎ(𝑘)|𝐻𝑖𝑛𝑡|𝜔𝜆〉 is the matrix element related to the creation of an electron– hole 

pair (exciton), 𝐸௘(𝑘),  𝐸௛(𝑘) are electron and hole energies, respectively and 𝛤ఒ is the decay width. 

The energy of electron -hole pair is 𝐸 = 𝐸௘(𝑘) −  𝐸௛(𝑘) (Figure 2.13).  

 

Figure 2.13. (a) An intermediate electron-hole pair state that contributes to the energy shift of the optical 

phonon modes is shown. A phonon mode is illustrated by a zig-zag line, and an electron-hole pair is 

represented by a loop. The low-energy electron-hole pair   0 ≪ 𝐸 ≪ 2𝐸ி   is forbidden (b) The plot for the 

real and imaginary parts of ℎ(𝐸)  is made for  𝛤 =  5 𝑚𝑒𝑉 . Adapted from reference [144] 144. Copyright 

(2008) by the American Physical Society. 

 

The matrix element for the creation of an electron-hole pair (exciton) is a smooth function of 

𝐸 = 𝐸௘(𝑘) −  𝐸௛(𝑘), which appears in the denominator of the equation. Therefore, the ℏ𝜔ఒ
2 

depends on its energy. The real and imaginary part of the energy of electron-hole pair, ℎ(𝐸) =

 
ଵ

(ℏఠబିாା௜௰)
, which is in the denominator of the equation, can be plotted versus the excitation energy 

E (Figure 2.13b). The real part (Re(ℎ(𝐸)) has the negative and positive value in relation of ℏ𝜔0 

and therefore, has positive and negative contributions to ℏ𝜔ఒ
ଶ, where the e-ph interaction causes 

the upshift (downshift) in the phonon frequency. 

If the energy of an electron–hole pair (exciton) is less than double of the amount of Fermi energy 

(𝐸 <  2𝐸ி), it cannot contribute to the energy shift (yellow regions in figure 2.13 a,b) because of 

the Fermi distribution function 𝑓 (𝐸) in Eq. (2-10) tends to zero. Therefore, the phonon energy 
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can be controlled by an intermediate electron–hole pair (exciton) and therefore, change with the 

Fermi energy, 𝐸ி. If the 𝐸ி =
ℏఠబ

ଶ
 , ℏ𝜔ఒ

2 has the minimum value and the maximum of downshift 

and phonon softening could be seen 93, 144. 

 

Figure 2.14.  Shifting of the G band of graphene measured at room temperature as a function of gate 

Voltage. Adapted from reference [135]135. Copyright © 2007, Nature Publishing Group 

 

The experimental results on graphene and carbon nanotube show an upshift and downshift of the 

frequency of the G band with 𝑛 doping and 𝑝 doping. The shift in frequency of the G band with 

the Fermi level is predicted by the perturbation theory and the linear dependency as well (Figure 

2.14). The hardening and softening of the G band can be also explained by a lattice distortion 

induced by doping. That is, p-type doping induces a hardening and upshifting of the G band 

frequency (𝜔ீ) and n doping causes the softening and downshift of the frequency 𝜔ீ 93. 
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Figure 2.15. (a) Electronic band structure of graphene near the K point with the band structure of metallic 

carbon nanotube overlapped in the gray section with the cutting line. Schemes (b) and (c) show the changes 

in the electronic band structure caused by the activation of iTO (transverse) and LO (longitudinal) phonon 

modes. Adapted from reference [93]93. Copyright © 2011, John Wiley and Sons 

 

In carbon nanotubes e-ph interaction is different for LO than for iTO phonons and the presence of 

cutting lines in the Brillouin zone also has a significant influence. For metallic carbon nanotubes, 

the quantized line crosses the K point and the valence and conduction bands are degenerate 

(crosses) at this point (Figure 2.15a). The displacement of the G-band iTO phonon causes the 

changing in the position of the crossing point along the cutting line direction, and no major change 

in the electronic structure can be seen (Figure 2.15b). Meanwhile, the displacement of the G-band 

of the LO phonon (Figure 2.15c) moves the crossing point perpendicular to the cutting line 

direction, thus opening a band gap. This effect has a high impact on the electron-phonon coupling, 

which is stronger than in graphene due to a significant change of the total electronic energy of the 

carbon nanotube. According to equation (2-10), the strong e-ph coupling involving LO phonons 

causes the strong dependency of this coupling to the Fermi level and a softening of this mode as a 

function of 𝐸ி
145, 146 (Figure 2.16). 



36 
 

 

Figure 2.16. The EF dependency of the LO (gray curve) and iTO (black curve) phonon energy in the case 

of the (10, 10) armchair nanotube. Adapted from reference [144] 144. Copyright (2008) by the American 

Physical Societ 

There also is a renormalization of the phonon energy for semiconducting carbon nanotubes due to 

phonon-electron coupling, but the coupling is much weaker than in metallic tubes due to the large 

electronic band gap compared to the phonon energy 147. 

 

2-5 Effects of Doping on the D-Band and RBM (Radial Breathing 
Mode) 
 

The Raman D-band is assigned to a double resonance process involving defects and iTO phonons 

located in the vicinity of the K point of the Brillion zone. The Raman D-band is enabled by iTO 

phonons and defects simultaneously. The frequency of the SWCNT D-band shows a dependency 

on eventual shifts of the Fermi level and this is also true for the G-band. Changing the Fermi level 

causes in effect a modification in the equilibrium lattice parameters, which is a consequence of the 

strengthening/weakening of the phonon modes.  

Changing the Fermi level by an increase in carrier concentration (e.g. electron doping) could cause 

further shielding of ions in the lattice, which weakens the interactions among neighboring lattice 

ions and induces a red shifting of the phonon frequency. Conversely, reducing the number of 

carriers (e.g. hole doping), strengthens the lattice ion interactions and blue shifts the phonon 



37 
 

frequency. Another explanation of the frequency shifting by doping (by electrons or holes) is the 

effect on the strength of the electron-phonon interaction, which leads to the phonon self-energy 

renormalization, which modifies the frequency and lifetime of the phonons144.  

As mentioned before, the RBM is a landmark of carbon nanotubes and it is related to breading 

vibrations of carbon atoms in radial direction. The RBM frequency is dependent to the diameter 

and chirality of the carbon nanotube.  For metallic SWNTs, a shifting of the RBM frequency as a 

function of Fermi level is expected. This phonon frequency shift is similar to that discussed for the 

G band but it is much smaller. 144 The RBM peak intensity is a function of energy of the laser. The 

RBM is intense when the incident light or the scattered light is in resonance with the SWNT optical 

transition energies Eii. The doping of carbon nanotubes could change the Eii and this induces 

changes of the resonance conditions and hence the RBM intensity. Therefore, the doping of carbon 

nanotubes could have the effect on the intensity of the peak, but only a weak dependency on the 

RBM frequency. 
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Chapter 3: Methodology 
 

This chapter intends to give a brief description of fabrication process and preparation of graphene 

and carbon nanotube samples that are used thought this thesis. This chapter includes seven 

sections. The first section presents the growth of graphene and its transfer on a patterned substrate 

and describes the final preparation of graphene samples for Raman measurements. Second section 

is devoted to the purification, functionalization and preparation of thin layers of carbon nanotube 

on a patterned and describes as well the functionalization procedures of the silicon substrates. The 

following two sections present the details on the preparation of the buffer solutions and show how 

the electrical sheet resistance measurements were performed. The last three sections are devoted 

to the preparation of samples for Transmission Electron Microscopy, Atomic Force Microscopy 

and Raman measurements. These sections also provide the characteristics of the instruments.   

 

3-1 Preparation of Graphene Electrodes 
 

3-1-1 Growth of graphene 

A monolayer of large area graphene was grown on copper foil by chemical vapor deposition 

(CVD). The growth makes use of a protocol modified in our laboratories by S. Choubak et al. and 

the procedure is the following156: 

1- The copper foils were cut into pieces of 2 x 2 cm (Alfa Aesar, 99.8% purity, 0.025 mm 

thick) and chemically cleaned in 1 M acetic acid (Fisher chemical, Reagent Plus > 99.7%) 

at 60 ºC, followed by acetone (Fisher chemical, Reagent grade) and then 2-propanol (Fisher 

chemical, Reagent grade) rinses for 10 min in each step. At the end the pieces were blown-

dried with nitrogen. 

2- The foils were placed without delay on a quartz slide in the CVD furnace.  

3- The system was pumped down to a vacuum of 5 x10-6 Torr using a turbo molecular pump. 

The copper foils were then heated to 1000 ºC and annealed at this temperature for 30 min 

under the flow of H2 (Praxair, UHP Grade: 5, O2 <1 ppm, partial pressure: 50 mTorr). Then, 

the chamber was purged with carbon dioxide (CO2, Praxair, Anaerobic, Grade: 4; 99.99% 

purity) for 20 seconds to burn residual carbon from the copper surface 
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4- Finally, methane (CH4, Air Liquid, RES Grade: 5N, O2 <15ppm, partial pressure: 450 

mTorr) was introduced into the chamber and growth is carried out at temperatures 1000 °C 

for 10 min.  

5- The chamber was cooled down under a flow of hydrogen to room temperature. 

The graphene thus grown by this method is of high-quality and grows on both sides of the copper 

substrate. The preferred layer used in our studies is the one directly exposed to the gas feedstocks.  

 

3-1-2 Preparation of the Patterned Substrates 

Patterned surfaces were prepared using standard photolithography followed by a deposition of the 

metal by e-beam evaporation on the silicon substrate coated with a 300 nm oxide (SiO2), according 

to several steps: 

1- Spin coating a photoresist onto the substrate and bake out at 90 °C for 15 min.  

2- Exposure of photoresist on the substrate to the UV light through a patterned mask, which 

contains small crosses and numbers (using Karl Suss MA-6 mask aligner). 

3- Development of the resist in PG-remover solution at room temperature to remove the 

irradiated part of the resist. 

4- Evaporation with an e-beam evaporator of titanium (5 nm) and platinum (20 nm) on the 

patterned sections. 

5- Removing the resist in hot acetone for few minutes. 

 The pattern simplifies the identification of the sample regions to be probed by Raman 

spectroscopy and allows repeated experiments in the same spot. The patterned substrates were 

cleaned by sonicating 15 min each in acetone (reagent grade) and isopropanol (reagent grade).  

 

3-1-3 Graphene Transfer 

The use of the graphene, which is formed on copper, requires transfer onto an oxidized substrate. 

The transfer method was adapted from the method by Ji Suk et al.157and modified in our group. 

The transfer procedure consists of the following steps: 
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1-  Spin coating one side of graphene/copper foils with poly methyl methacrylate solution 

(PMMA, M.W. 15000 GPC, Acros organics, 4% in chlorobenzene) at 4000 rpm for 30 s 

and drying in the air for 1 hour. 

2- As said before, graphene is grown on both sides of the copper foils. To extract a monolayer 

of graphene, the layer on the bottom side of the copper foil is etched by Reactive Ion 

Etching (RIE) technique using oxygen at 125 mTorr for 1 min at 50W power (Technic 

Serie 800 RIE) 

3- Etching of copper is performed in a solution of ammonium persulfate (0.1M, ACS 98+%, 

Acros Organics) at room temperature. The following reaction shows the mechanism of 

etching the copper: Cu + (NH4)2S2O8 → CuSO4 + (NH4)2SO4. 

4-  Transferring and rinsing of graphene in contact with PMMA (PMMA/graphene) into the 

Milli-Q water to remove the residue of ammonium persulfate. 

5- Transferring the PMMA/graphene onto the target substrate (as illustrated in the Figure 3.1) 

6-  After drying, heating of the PMMA/graphene/substrate in a low vacuum at 150°C for 2 

hours. This step removes the adsorbed water between the graphene and the substrate and 

helps creating a better adhesion. 

7-  Putting PMMA/graphene/substrate in the acetone bath to remove the PMMA and drying 

in air. 

 

 

 

 

Figure 3.1. Schematic of transferring graphene to the flat substrate 
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3-1-4 Platinum Coating onto Graphene 

After transferring the PMMA/graphene/substrate, the PMMA was removed by dissolving in 

acetone 20 min following by isopropyl alcohol (IPA) for 5 minutes. Then, a deposition of a thin 

layer of platinum (6 nm) was performed by e-beam evaporation at base pressure of 1×10-6 torr 

(Edwards FL-400). 

 

3-2 Preparation of Carbon Nanotube Electrodes 

3-2-1 Carbon Nanotube Sources 

In this thesis, different sources of single walled carbon nanotubes (SWCNTs) were used to prepare 

the samples:  

1- Plasma torch SWCNTs provided by Raymor company. This product is unpurified and 

contains 27% of metal (catalyst) residues. The diameters of the nanotubes are in the range 

0.9-1.5 nm and the lengths are between 0.3 and 4 μm. 

2-  Laser ablation SWCNTs received from the National Research Council of Canada158. The 

metal content is less ~5.8% and the nanotube walls are highly crystalline, which make them 

resistant to defects. The laser-ablation SWCNTs have a narrow diameter distribution, 

between 1.1 and 1.5 nm, and the lengths are around a few hundreds of nm to several 

micrometers. 

3- Arc discharge metallic SWCNTs provided by Raymor NanoIntegris and containing 

metallic nanotubes at 99% purity. The SWCNTs are wrapped using a mixture of sodium 

cholate (SC) and sodium dodecyl sulfate (SDS). The diameter range of this kind of 

SWCNTs is around 1.2-1.7 nm and the lengths are in the 300 nm to 5 µm range. The metal 

content is less than 1%. 

3-2-2 Purification of SWCNTs 

The plasma torch SWNTs were purified by the producer (Raymor) using a method in Martel group 

described previously159. The SWCNTs were purified by refluxing in 3 M nitric acid (reagent grade) 

at 130°C for overnight and filtered on a Polytetrafluoroethylene (PTFE) filter (1.2 µm pore size, 

Sartorius), followed by washing in sodium hydroxide (3 M, reagent grade) and hydrochloric acid 
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(3 M, reagent grade) to remove amorphous carbon and neutralize the SWCNTs respectively. The 

final step consists of washing in Milli-Q water and filtrating on the PTFE membrane. 

The SWCNTs produced by laser ablation were purified by refluxing in concentered nitric acid 

(reagent grade) 130°C for overnight followed by washing in Milli-Q water and filtering on PTFE 

membrane. For deposition of metal nanoparticles on the SWCNTs, the good number of defects on 

the side wall of SWCNTs is needed. Therefore, refluxing in concentered acid overnight is 

necessary to create defects on the rigid walls of this kind of carbon nanotubes.  

To remove the wrapping polymer around the metallic SWCNTs, 2 mL of wrapped SWCNTs (10 

µg/ml) was sonicated for 15 min. The mixture was refluxed for six hours at 70oC. The solution 

was centrifuged at 12000 rpm for 10 min, followed by thorough washing with distilled water 

several times (10 times). Finally, the SWCNTs were dried at 50oC. 

3-2-3 Platinum Deposition on Plasma Torch and Laser Ablation SWCNTs 

Two methods of deposition were used to prepare Pt-coated SWCNTs for the Raman experiments. 

The first method employed an electron beam (e-beam) evaporator (a basic vacuum of 1×10-6 torr, 

Edwards FL-400) to deposit about 10 nm of platinum on a mat of entangled SWCNTs supported 

on the oxidized silicon wafer.  

 

The second method involves a one pot preparation from platinum nanoparticles grown in solution 

using Chloroplatinic acid hydrate (H2PtCl6·xH2O, ≥99.9%) and sodium borohydride (NaBH4, 

98%) as the reducing agent. First, SWCNTs were ultrasonically dispersed in deionized water 

mixed with 2-propanol (reagent grade). The metal precursor (H2PtCl6·xH2O) was then added to 

the solution to reach a total metal content of 40 wt. % vs. the SWCNTs. The platinum salt was 

reacted with NaBH4 (molar ratio of PtCl6
-: NaBH4 of 1 to 50) at 80 °C for 3 h under vigorous 

agitation to ensure its complete reduction. Finally, the final mixture was filtered, washed and dried 

under vacuum at 120 °C for 4 h160. 

3-2-4 Platinum Deposition on Arc-Discharge Metallic SWCNTs 

The one pot procedure consist of sonication of 2 ml of sodium dodecyl sulfate (SDS) and sodium 

cholate (SC) wrapped metallic carbon nanotubes (10 µg/mL, 99%) for 15 minutes and adding the 

respective metallic salt (Chloroplatinic acid hydrate (H2PtCl6·xH2O, ≥99.9%), palladium 
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dichloride ( PdCl2, ≥99.9%) and Ruthenium trichloride (RuCl3, ≥98%) in a proportion of 1:50 

(nanotubes: metal precursor). The resulting mixture was refluxed for six hours at 70 oC. The 

solution was centrifuged at 12000 rpm for 10 min to obtain the pellet at bottom followed by 

thorough washing with distilled water several times (10 times) to remove any un-reacted salt from 

the solution. Finally, the pellet was dried at 50 oC. 

3-2-5 Preparation of Patterned Silicon Substrate 

The patterned substrate (which is described in the previous section) was cleaned by sonication 

steps for 15 min each in acetone and isopropanol (IPA) followed by 15min in a piranha solution 

(using 3 parts of sulfuric acid (H2SO4 concentrated, reagent grade) and 1 part of hydrogen peroxide 

(H2O2 , 30% reagent grade) to oxidize the surface of substrate and prepare the surface to the 

attachement of the aminosilane to the surface. Then, the substrate is washed with Milli-Q water. 

In order to functionalize the surface with aminosilane, the vapor-phase silanization method was 

used161, 162. The procedure consists of placing the substrate on a glass slide suspended above a 

small crystallization dish containing 1 mL of (3-Aminopropyl)triethoxysilane (APTES). The 

desiccator was vacuum pumped for one minute and the chamber was sealed for an additional thirty 

seconds. Finally, the APTES layer was annealed in air for 1 h at about 100ºC in a conventional 

oven. The reaction is schematized in Figure 3.2. The Coulombic attraction between the positively 

charged –NH2 groups on the surface and the negatively charged SWNTs makes the SWCNTs stick 

well on the surface of substrate. 
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Figure 3.2. Schematic representation of functionalization of oxidized silicon substrate. 

3-2-6 Deposition of Parylene-C on Silicon Substrates 

In some experiments, the parylene-C polymer, which is chemically inert, was deposited on silicon 

substrate to remove or reduce the effect of the functional groups at the oxide surface of the silicon 

substrate. Parylene-C polymer was deposited on the oxidized silicon substrate (300 nm oxide) 

using the SCS 2060PC Parylene deposition system from Kisco company. The thickness of the 

polymer on silicon was around 1 µm. 

3-2-7 Deposition of SWCNTs on Silicon Substrates 

Two methods were used to deposit the functionalized or non-functionalized SWCNTs. The first 

was by drop casting the dispersed SWCNTs in a IPA solution onto the patterned and silanized  

silicon substrate. The second method was inspired from Rinzler and coworkers163, which is 

schematically shown in Figure (3.3). Thin films of SWCNTs were prepared by vacuum filtration 

of an aqueous dispersion of SWCNTs (7.5 ×10-9 g/L) through a nitrocellulose membrane and dried 

in air. The harsh sonication of SWCNTs for 1 hour and the vacuum filtration play important role 

in this procedure. At the beginning, the vacuum level is controlled by a relief valve to reach a slow 

flow for the filtration (one drop of water in 30 second). This ensures a better contact between 

SWCNTs and the filtration membrane. At the end of filtration, the vacuum level is increased to 

reach fast filtration (one drop in 1 second). Then we transferred the membrane / SWCNTs to a 

patterned substrate consisting of an oxidized silicon wafer (Si/SiO2, thickness = 300 nm) by 



45 
 

placing the membrane side that contains SWCNTs directly to the surface of silicon substrate. 

Before transferring, it is important to soak the membrane in dichlorobenzene for 1 min, which 

ensures a complete removal of the water from the porous membrane; this is critical to gain a good 

adhesion between SWCNTs of the membrane and the substrate. Then, the membrane was placed 

in the silicon holder and immersed in the petri dish with the funnel inside (upside down). Then 

acetone was added to the petri dish. The end of the funnel is connected to the vacuum and by 

increasing the vacuum the level of acetone is raised to cover the whole silicon wafer. The sample 

was kept in the acetone for 45 min to dissolve the membrane. The final step consisted of soaking 

in IPA for 5 min and drying the sample. The thickness of the films, as measured by AFM, were 

around 3 to 6 nm. In Figure 3.4, we present a typical AFM image of one of these samples having 

a thickness between 3 to 5 nm. 

 

Figure 3.3. Schematic representation of a SWCNTs film on a silicon substrate: (a) A SWCNT film prepared 

by filtration of dispersed SWCNTs in water using a nitrocellulose membrane. (b) Film transfer step on 

silicon substrate with the silicon holder. (c) The silicon holder placed inside the upside-down funnel. 

Increasing the vacuum raises the level of acetone to cover the substrate. (d) A picture of SWCNTs on silicon 

substrate by dissolving membrane. 
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Figure 3.4. AFM height image of the border of a single walled carbon nanotube film to estimate the 

thickness of the film (thickness between blue and red markers are 3.46 nm and 4.82 nm respectively) (a) 

and height cross-section (b). The dash lines in the cross-section graph shows the border of two different 

markers in the AFM image. 

3-3 Preparation of Buffer Solutions 
 
Two kinds of buffer solutions were used for the pH sensing experiments: 1) constant and 2) non-

constant ionic strength buffer. 

1) Macllavanie buffer164 usually used as a constant ionic strength buffer, which covers the 

range of pH from 2 to 8. To cover all the range of pH up to 12, the Britton–Robinson buffer 

is usually used165. To prepare this buffer solution, acetic acid, phosphoric acid, boric acid, 

sodium hydroxide and potassium chloride (all reagent grade) were used. Buffer solutions 

of different pH were prepared using various quantities of acetic acid, phosphoric acid, boric 

acid and sodium hydroxide to reach a specific pH value. For each solution, a quantity of 

potassium chloride was added to increase the ionic strength of the buffer solution to 1 M.  

2) The ionic strength, 𝐼, of a solution as a function of the concentration of all ions present in 

that solution, could be calculated by: 

𝐼 =  
ଵ

ଶ
 ∑ 𝐶௜𝑍௜

ଶ       (3-1) 

where 𝐶௜ is the concentration of ion 𝑖,  𝑍௜ is the charge of the ion and the sum is taken over all ions 

in the solution. Therefore, the amount of acid and base and salt in each pH to reach constant ionic 
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strength (𝐼 = 1 M) could be calculated. For example, for a buffer solution of pH=2.09, we used 

0.558 g/L of sodium hydroxide, 2.234 g/L acetic acid, 3.647 g/L of phosphoric acid and 2.301 g/L 

of boric acid and added 73.064 g/L of potassium chloride to reach1 M ionic strength. 

 

3-4 Conductivity Measurement of SWCNTs 
 

As said before, the single-walled carbon nanotube is an interesting nanomaterial because of its 

unique electrical, mechanical, and optical properties. SWCNTs have been studied with all types of 

characterization tools148, 149. In this section, we focused on the film conductivity of SWCNTs, 

which arises from the carrier transport along the cylindrical sidewall and hopping from one tube 

to another 150. Since the conductivity of SWCNTs is dependent on charge carriers, the conductivity 

of SWCNTs is expected to change by reaction with redox dopants, which can induce hole doping 

or electron doping into the SWCNTs network, which shifts the Fermi level to a lower or upper 

energy position, respectively. For example, a treatment of SWCNTs with nitric acid151, 152, thionyl 

chloride151, 152 or sulfuric acid153 was shown to increase the electrical conductivity, a change 

ascribed to a hole doping of the SWCNTs network (i.e. a lowering of the nanotube Fermi level) 
154. 

In this thesis, a four-probe setup was used to measure the conductivity of thin films of platinum 

decorated SWCNTs. This test was to confirm the doping of SWCNTs via the redox action of the 

Pt/PtO couple at different pH. The reason of using a four-probe measurement instead of two- probe 

measurement is explained next. 

3-4-1 Sheet Resistance Measurements via the Four-Probe Method 

In two probe setup, the Voltage (V) is applied across a device containing SWCNTs and the devices 

responses (current, I) include contributions from contact resistances. The contact resistance is 

attributed to the contacting interfaces between the SWCNTs and the metal probe (Figure 3.5). 

According to the ohm’s law, 𝑉 = 𝐼 𝑅(௧௢௧௔௟) , the resistance could be calculated from the applied 

Voltage and measured current. The total resistance in a two-probe measurement (Figure 3.5 (a)) 

includes the contact resistances, which are measured along with the exact sample resistance ( 𝛥𝑉 =

𝐼 𝑅(𝑡𝑜𝑡𝑎𝑙) = 𝐼 ( 𝑅𝑐 1 + 𝑅𝑠𝑎𝑚𝑝𝑙𝑒+ 𝑅𝑐 2),  when the sample resistance is low.  
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Figure 3.5. (a) Two-probe electrode configuration with platinum electrodes on a platinum coated SWCNTs 

film. (b) A typical two configuration represented by a simplified resistor network. 

 

To avoid the issue with the contact resistances, we employ a four-probe method to interrogate 

electrical properties of a Platinum coated SWCNTs system, while allowed us to probe the doping 

of SWCNTs without the effect of the contact resistance. Figure 3.6 (a) shows a schematic of the 

four-probe setup and Figure 3.6 (b) shows a simplified resistor network of the equivalent circuit. 

R12, R23, and R34 are the film resistances between probes 1 and 2, 2 and 3, and 3 and 4, respectively. 

𝑅௖ ଵ, 𝑅௖ ଶ, 𝑅௖ ଷ and 𝑅௖ ସ are the contact resistances between film and probes 1, 2, 3 and 4, 

respectively. The buffer that is used in 4–probe setup consists of Voltage buffers, as shown in 

Figure 3.7. There are two important rules in these buffers: 1) No current into the input and 2) the 

input Voltage equals the output Voltage. 

 According to these rules of known current, I, flows from probe 1 to 4 through the outer contacts 

and the film. The total Voltage, 𝑉ଵସ, required to drive this current, depends on both the outer 

contact resistances and the film resistance. 
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Figure 3.6. (a) Four-probe electrode configuration with Platinum electrodes and a Platinum coated 

SWCNTs film. (b) A typical four configuration represented by a simplified resistor network.  

 

According to the Ohm’s law, (𝑉ଵସ = 𝐼 𝑅(௧௢௧௔௟) ), where 𝑅(௧௢௧௔௟) is the total resistance of the film 

plus two contact barriers,  𝑅(௧௢௧௔௟) =  𝑅௖ ଵ + 𝑅ଵଶ+𝑅ଶଷ + 𝑅ଷସ +  𝑅௖ ସ. In the four-probe method, 

the Voltage difference between probes 2 and 3, 𝑉ଶଷ, is measured using the buffers, which do not 

allow current to flow across 𝑅௖ ଶ nor 𝑅௖ ଷ and force all of the current to pass through the film. 

Therefore, the Voltage drops across these contact resistances is zero and 𝑉ଶଷ is directly related to 

the Voltage drop across 𝑅ଶଷ. Because the current passing through 𝑅ଶଷ is I (according to the Ohm’s 

law), the film resistance could be measured in terms of 𝑅ଶଷ =  𝐼𝑉ଶଷ, which avoids the presence of 

contact resistance155. 

 

 

Figure 3.7. Schematic of Voltage buffer 
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3-4-2 Sheet Resistance Measurement  

The film SWCNTs decorated with nanoparticles of platinum (12x3 mm piece) was deposited onto 

an aminosilanized quartz substrate via the method mentioned above. Six electrodes composed of 

Titanium(Ti) /gold(Au) (30/20 nm) were deposited using e-beam evaporation and a shadow mask. 

Kapton tape was used to cover the electrodes and the film, with only a section of the film between 

two inner electrodes exposed. The sample was submerged in an ionic constant buffer solution of a 

particular pH value for 20 minutes and film resistance was measured. The sample was then washed 

by rinsing and submerging in deionized water for 10 minutes.  

 

Figure 3.8. Schematic of electrical measurement sample of PtN-SWCNT before (left) and after (right) 

covering electrodes and selected films with Kapton tape. 

3-4-3 Characteristics of 4-Probe Setup 

The resistance of the films was measured using a four probe electrical set up: A DC Voltage (± 

0.25 V) was applied between the outer electrodes and the current and the Voltage drop between 

the inner electrodes were measured using a homemade electronics and a National Instruments 

DAQ (USB-6211). The film resistance was obtained by taking a linear fit of the current vs. inner 

Voltage drop. 
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3- 5 Characterization of SWCNTs by Transmission Electron 
Microscopy (TEM) 
 

TEM is widely used to visualize nanomaterials, especially carbon nanotube and nanoparticles, and 

it is also used to determine the diameter of carbon nanotubes. By directly measuring the distance 

in a TEM image, the parameters can be extracted.  There are many factors like the defocus value 

and the size of the objective aperture that could change the appearance of the TEM images. The 

important part of visualization of carbon nanotube with TEM is the ability to see the material 

deposited on the surface, which provides information about the size and shape of that material166, 

167. In this thesis, the size of the metal nanoparticles were measured by TEM technique and an 

example is shown in Figure 3.9.  

 

 

 

Figure 3.9. TEM image of an SWNT decorated with nanoparticles of platinum. 

3-5-1 Characteristics of TEM instrument  

The TEM images were taken by JEOL 2100-F FEG-TEM which operated at 200 kV in the bright 

field mode. TEM samples were prepared by ultrasonication of aqueous solutions of the metal 

decorated SWCNTs for 30 min. A drop of the suspension was deposited on a standard TEM grid 

covered with a lacey carbon film and dried in air. These characterizations were performed at Centre 

de Caractérisation Microscopique des Matériaux (CM)2 from École Polytechnique de Montréal. 
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3-6 Characterization by Atomic Force Microscopy (AFM) 
 
AFM is the most widely used instrument among scanning probe microscopy (SPM) techniques 

because of the accurate three-dimensional imaging of samples with quasi-atomic resolution, low 

cost, short time acquisition and nondestructive technique. Among the many possible 

characterizations of carbon nanotube with the AFM, we have determined the diameter distribution 

and evaluated if the nanotubes are isolated and measured their length. We have also used the AFM 

technique to define the thickness of SWCNTs films and the distribution of SWCNTs on the silicon 

substrate (Figure 3.4). 

3-6-1 Characteristics of AFM instrument  

The AFM images were produced using a Dimension 3100 scanning probe microscope equipped 

with a Nanoscope IV controller and the system was operated in the non-contact mode.  

 

3-7 Characteristics of Raman Spectrometer  
 

Raman spectra were acquired using a Raman spectrometer (Renishaw, InVia) with two excitation 

wavelengths (λex = 514 nm and 633 nm) and a maximum power of 150 µW µm-2.  Although the 

main region of interest is around the G-band (1450–1650 cm-1), spectra were recorded from 100–

3000 cm-1. Acquisition times of 10–30 s was used to achieve a good signal to noise ratio. Raman 

measurements in a pH-controlled aqueous solution were performed using the liquid cell shown in 

Figure (3.10).  
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Figure 3.10. Schematic of the liquid cell for Raman spectroscopy. Raman spectra are collected at room 

temperature using a laser at a wavelength of 633 nm. 

 
All three components of the main peak of Raman measurements (G-bands) in Chapter 4 (Single 

walled carbon nanotubes-based Raman pH sensor) were fitted with a Voigt function. As an 

example, the mathematical of a deconvolution of the G-bands in pH=2.45 for the platinum 

evaporated SWCNTs is reported In the Figure 3.11, and the result of this deconvolution is 

presented in Table 3.1. 
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Figure 3.11. Example of the mathematical deconvolution of the Raman spectrum of a thin film of Pt-coated 

SWCNT at pH=2.45 (blue line). The red curves are the Voigt functions used to fit the three peak 

components. 

 

Table 3.1. Example of peak deconvolution (Voigt function) data of the Raman spectrum of Pt-
coated SWCNTs at pH=2.45  

Voigt 

function 

Location(cm-1) Height Width Area FWHM* 

(cm-1) 

Peak0** 1555 1.113 0.138 14.281 28.58 

Peak1*** 1568.2 0.4524 0.144 5.5774 12.01 

Peak2**** 1588.4 1.687 0.099 30.185 23.91 

* Full width at half maximum; ** Gf mode; *** G- mode; **** G+ mode 

 

In chapter 5 (pH dependency of graphene in contact with Pt), the Raman spectra were acquired 

using the Renishaw, InVia and also on a custom built spectrometer equipped with different laser 

excitation lines (488, 514, 532, and 633 nm) and a nitrogen-cooled silicon detector array ((JY 

Symphony) mounted on a Jobin-Yvon Triax iHR550 spectrometer (grating 1,800 g·mm blazed at 

630 nm) with a precision of 0.2 cm-1. The laser power was kept near 1000 μW on the sample and 
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the signal was collected near-diffraction limited resolution using a 50× objective with a numerical 

aperture of 0.5.  Spectra in solutions are acquired in-situ using the setup described above. 

In chapter 5, the two main peaks of Raman measurements (G-bands and D-band) were fitted with 

a Lorentzian function. 

 

 

 

 

 

 

 

 

 

 

 



56 
 

pH Responsive Platinum-Coated Single-Walled Carbon 
Nanotube Optical Sensor with Internal Reference 

Fatemeh Shoghi, Suraj Mal, Monique Tie, Antonella Badia and Richard Martel* 

Département de chimie, Université de Montréal, Montréal, Québec H3C 3J7, Canada 
 

 

 

Authors' Contribution: F. Shoghi has performed the synthesis and the preparation of the samples 

and she has characterized, analyzed, and interpreted the data. F. Shoghi drafted the manuscript and 

revised it accordingly. S. Mal carried out the synthesis of the metallic SWCNTs decorated with 

nanoparticles of platinum, palladium and ruthenium. M. Tie did the electrical resistance 

measurements. A. Badia provided advice during the course of these experiments and revised the 

manuscript. R. Martel designed the experiments, revised the manuscript critically and approved 

the final version.  

 

 

 

 

  



57 
 

Chapter 4: pH Responsive Platinum-Coated Single-Walled 
Carbon Nanotube Optical Sensor with Internal Reference 

 
Measuring proton [H+] concentrations in chemical or biological environments is central to a wide 

range of applications, such as medical diagnostics19, 20, 168, environmental analysis169-171 and 

industrial processing172, 173. pH sensing methods have evolved over the years around 

potentiometric techniques in which the sensing electrode is made of either a glass electrode or an 

Ion-Sensitive Field-Effect Transistor (ISFET) for potential measurements in solution. Modern pH 

sensors are robust, accurate and low cost, but they are limited by the macroscopic sizes of the 

electrodes and by errors associated with the contamination of the small electrode liquid junctions27, 

174. As a result of these limitations, electrodeless measurements based on optical techniques such 

as photoluminescence spectroscopy175-177 and UV-Vis absorption178-180have raised interest 

following clear demonstrations of high precision pH measurements on the micrometer scale. The 

optical responses are, however, prone to oxidation or photobleaching and generally provide non-

specific signals that can be mixed with other signals (contaminants, biomaterials, support, etc.). 

Furthermore, optical pH sensors are generally poorly referenced and their performance depends 

on the concentration of the analyte, which is typically unknown in complex media.  By relying on 

the relative Raman intensity of pH sensitive molecules in the protonated and deprotonated states, 

Surface Enhanced Raman Spectroscopy (SERS) has been applied to pH sensing to gain 

unambiguous signals from active molecules, thanks to the vibrational fingerprints of these pH 

reporters. The pH measurements remain, however, semi-quantitative due to the local nature of the 

hotspots, which induces large distributions of the electric field depending on the interparticle 

distance and geometrical configuration of the plasmonic response near the reporting molecules181. 

These hurdles have so far challenged the development of remote optical pH sensors that are 

properly referenced. Therefore, finding the specific materials and proper optical technique are 

important to design the remote optical pH sensors. 

 

In this work, we present an optical pH sensor based on the Raman response of metallic Single-

Walled Carbon Nanotubes (SWCNTs) functionalized with a transition metal nanoparticles. 
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SWCNTs have been chosen because of their huge surface-to-volume ratio and their strong Raman 

activity182, making them well suited to the development of sensors for biology and medicine183-186. 

The Raman G-band of SWCNTs is of particular interest for sensor applications as it provides 

significant softening (red-shift) or stiffening (blue shift) of the G-band with nanotube doping138, 

147, 187-189. 

 

Here, we report that the Raman signal of nanoparticles of Pt on SWCNTs (PtN-SWCNTs) is best 

adapted for pH sensing and that it can be used for making referenced measurements of the local 

pH over a wide range (pH = 0–12) with a best accuracy of ±500 mpH units. The signal of PtN-

SWCNTs supported on an oxide surface in solution consists of a reversible and reproducible 

transformation of the Raman G-band upon changes in the solution pH. The Raman spectral shifts 

and intensities are linear with pH, which is ascribed to charge transfer doping of the SWCNTs via 

the  Pt/PtO redox pair according to the equilibrium reaction: 𝑃𝑡𝑂 +  2𝐻ା  +  2𝑒ି(𝑆𝑊𝐶𝑁𝑇)  ⇌

 𝑃𝑡 +  𝐻ଶ𝑂. This study explores the influence of different transition metals (Pt, Ru and Pd), of 

semiconducting vs. metallic SWCNTs and of the supporting substrate on such pH sensing scheme. 

The results demonstrate that the Raman signal of metallic nanotubes can be used to reference the 

electrochemical potential of the solution. This optical nanotube-based pH sensor consisting of a 

referenced nanotube redox reporter is discussed as the nanoscale optical analogue of a 

conventional pH sensor. 

 

4-1 Materials and Methods 
 

4-1-1 Materials and Instruments.  

SWCNTs with a diameter distribution of 1.1–1.5 nm were produced by laser ablation 158. 

Chloroplatinic acid hydrate (H2PtCl6·xH2O, ≥99.9%) and sodium borohydride (NaBH4, 98%) were 

from Sigma-Aldrich. Reagent grade nitric acid (HNO3), sulfuric acid (H2SO4), acetic acid, 

phosphoric acid, boric acid, sodium hydroxide (NaOH), hydrochloric acid (HCl), potassium 

chloride (KCl), acetone, and isopropyl alcohol were used as received from Fisher Scientific. 

Raman spectra were acquired using a Raman spectrometer (Renishaw, InVia) with two excitation 

wavelengths (λex = 514 nm and 633 nm). Raman measurements in a pH-controlled aqueous 
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solution were performed using the liquid cell shown in Figure 3.6 (more details about Raman 

measurement and instrument in chapter 3). The size of the platinum nanoparticles was estimated 

using a Transmission Electron Microscope (TEM). The preparation of TEM samples, 

characteristic of TEM instrument and also buffer solution were explained in chapter 3.  

The pH meter (Education Series EL20 Benchtop METTLER TOLEDO) was calibrated with three 

standard buffer solutions (pH=4.01, pH=7.00, and pH=10.00). 

4-1-2 Preparation of Solid-Supported SWCNTs  

The SWCNTs were purified and thin films of SWCNTs were prepared by vacuum filtration of an 

aqueous dispersion of SWCNTs through a nitrocellulose membrane and then transferred to a 

patterned substrate consisting of an oxidized silicon wafer (Si/SiO2, thickness = 300 nm). More 

details about purification, the substrate patterning and functionalization are given in chapter 3.   

4-1-3 Synthesis of Pt-SWCNTs 

Direct metal deposition to form metal-coated SWCNTs was performed by an electron beam (e-

beam) evaporator (more details in chapter 3). The method allows to deposit about 10 nm of 

platinum on a mat of entangled SWCNTs supported on the oxidized silicon wafer. The resulting 

sample is referred to in the main text as Pt-SWCNT.  

4-1-4 Synthesis of PtN-SWCNTs.  

The second method involves a one pot preparation from platinum nanoparticles grown in solution 

using H2PtCl6·xH2O and sodium borohydride as the reducing agent, giving a sample labeled as 

PtN-SWCNTs (more details about synthesis of PtN-SWCNTs in chapter 3) 

4-1-5 Synthesis of PtN-m-SWCNTs, PdN-m-SWCNTs and RuN-m-SWCNTs 

A third method was devised to prepare nanoparticles of various metals (Platinum(Pt), Palladium 

(Pd) and Ruthenium(Ru)) attached to metallic (sorted) SWCNTs (Isonanotube-M 95%)  in an 

aqueous solution with sodium-dodecyl sulfate (SDS) and giving samples labeled as PtN-SWCNTs, 

PdN-SWCNTs and RuN-SWCNTs (more detailed about synthesis in chapter 3) . TEM images of 

the products of the synthesis of PtN-SWCNTs, PdN-SWCNTs and RuN-SWCNTs are shown in 
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Figure 4.12 (Supporting Information section 4-4). The image shows extensive and uniform 

coverage of nanoparticle distributed along the SWCNTs.  

4-1-6 Electrical Measurements of PtN-SWCNTs. 

A 12x3 mm piece of PtN-SWCNTs was deposited onto an amino-silanized quartz substrate via the 

method mentioned above. Six electrodes composed of Ti/Au (30/20 nm) were deposited using e-

beam evaporation and a shadow mask (Figure 3.5 in chapter 3). Resistance was measured using a 

four probe electrical set up: dc Voltages (± 0.25 V) was applied between the outer electrodes and 

the current and the Voltage drop between the inner electrodes were measured (more details in 

chapter 3). Film resistance was obtained by taking a linear fit of the current vs. inner Voltage drop. 

 

4-2 Results and Discussion  
 

 4-2-1 The Raman Response of Pt-SWCNTs with pH.  

The Raman response of Pt-SWCNTs prepared by e-beam deposition of Pt on a thin film of laser 

ablated SWCNTs (diameter range 1.1-1.5 nm )158 was first benchmark with the response of films 

similarly treated without Pt. Figure 1 presents the G-band region (1450–1650 cm-1) of the Raman 

spectra of both samples in buffer solutions of pH ranging from 1.80 to 11.80. For these sets of 

experiments, an excitation wavelength of ex = 632 nm was selected to specifically target the 

Raman resonance of the metallic nanotubes in our sample. While semiconducting SWCNTs are 

present, these species are not in resonance at 632 nm due to the diameter distribution, and hence 

their Raman signal does not appear in the spectra104. The Raman spectra of both samples undergo 

changes as a function of the solution pH, but the overall spectral response of the Pt-SWCNT 

sample (Figure 4.1(a)) is significantly more pronounced than that of the SWCNTs. As explained 

below, this result is central to our study.  

More details about the spectral transformations with pH are garnered from each of the three 

components of the G-band region. The first peak at the highest Raman shift, labeled G+ mode, is 

clearly the least affected by pH. This mode is associated with the TO phonon branch with 

displacements of atoms perpendicular to the nanotube axis. Because its position and intensity vary 

little with pH, the G+ mode can serve as a spectral reference point for normalization. By contrast, 
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the second and third peaks located below the G+ mode evolve with pH. These components of the 

Raman signal are the most interesting for sensing and discussed next using the responses shown 

in Figure 4.1(a). The peak labeled G- mode, which is right below the G+ mode, is ascribed to LO 

phonons which is related to the vibrations of carbon atoms along the axis of the nanotube. This 

mode has been reported to undergo a blue shift upon doping, a behavior ascribed to strong 

electron–phonon coupling in SWCNTs, which affects the lattice parameters (i.e., C-C bond length) 

and renormalizes the phonon energy 190Because of its peculiar lineshape (broad and asymmetrical), 

the low energy peak at around 1548 cm−1 is called the Fano mode (labeled here as Gf). Due to a 

Kohn anomaly in the nanotube band structure, the position and shape of the Gf mode depend 

strongly on charge density; mode broadening and softening are maximal when the doping state of 

the SWCNT is near charge neutrality 125, 136, 142, 147, 190-192As discussed below, these important 

characteristics of the Gf mode can be used to reference the potential of the solution. 

In Figure 1a, both the shift of the G- mode and the asymmetric broadening of the Gf mode of Pt-

SWCNTs are clear signatures of a doping process in which the pH of the solution consistently 

shifts the Fermi level of the metallic SWCNTs. On the basis of the trends observed, i.e., red shifting 

of the G- mode across the entire pH range of 1.80 to 11.80 investigated and maximal broadening 

of the Gf mode at pH 12, we deduce that the SWCNTs are p-doped at pH = ~1 and quasi undoped 

at pH = ~12. In comparison with previous work, the Raman shifts observed here are higher than 

those reported in doping studies of SWCNT devices using gate Voltages 147and the behavior in 

Figure 4.1(a) is comparable to that measured for Raman spectroelectrochemistry of metallic 

SWCNTs. 

A qualitative comparison of the pH response of metallic SWCNTs prepared with and without Pt 

shows that the local environment surrounding the SWCNTs is a key parameter controlling the 

doping process. That is, the gradual and uniform transformation of the G-band of Pt-SWCNTs 

(Figure 4.1(a)) over the full pH range contrasts with the almost unperturbed Raman spectrum of 

the uncoated SWCNTs in the pH range of 1–8 (Figure 4.1(b)). To quantify the different responses 

of each sample, Figure 4.2 reports the results of a deconvolution of the G-bands at each pH value 

(peak fitting details are provided in the chapter 3). There are several significant observations. First, 

the Raman shifts of the G- and Gf modes and the normalized integrated intensity of the G- mode 

relative to the G+ mode, hereafter labeled I(G-/G+), shows nearly linear dependencies with pH. 
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Compared to the SWCNTs, the slopes of the G-–pH and Gf–pH plots are steeper for the Pt-coated 

SWCNTs (i.e., Gf mode gives -0.89 ± 0.02 cm-1 /pH unit vs. -0.33 ± 0.03 cm-1/pH unit); there is a 

three-fold larger change for every incremental increase of the pH unit. For both samples, the G- 

and Gf modes red shift with pH and the I(G-/G+) also increases with pH. Surprisingly, both 

samples give similar fitting parameters at pH = ~12, meaning that SWCNTs are roughly at the 

same doping state, i.e., near the charge neutrality. Last, pH-induced doping takes place in both 

cases, but the doping is much stronger for metallic SWCNTs in contact with Pt. 

The different pH dependencies of the G-band between the two samples are rationalized by the 

reduction-oxidation (redox) reactions occurring in the environment around the SWCNT film. 

According to the Marcus-Gerischer theory193, 194, charge transfer on solid electrodes can be 

estimated using the overlap integral between the occupied/unoccupied states at the valence and 

conduction band edges of the electrodes and the unoccupied/occupied states of the redox system 

at the origin of hole (p-type) or electron (n-type) doping. In electrochemistry language, charge 

transfer is mainly driven by the difference between the electrochemical potentials, Eredox, of the 

redox couple and internal potential, Ef, of the SWCNTs. In solution, the reaction proceeds until 

equilibrium is reached between the two systems (i.e., Eredox = Ef), effectively resulting in the 

electrochemical doping of the SWCNTs. As previously proposed by our team to explain the 

unintentional doping of SWCNT transistor devices, air doping can be ascribed to the O2/H2O redox 

pair according to the well-known reaction: O2(aq) + 4H+
(aq) + 4e-(SWCNT) ⇌ 2H2O(l). 195, 196. 
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Figure 4.1. Comparison of the Raman spectra of Si/SiO2-supported films of (a) Pt-SWCNTs and (b) 

purified SWCNTs without Pt. The spectra were recorded in buffer solutions of constant ionic strength (1 

M) at unitary pH increments between 1.80 (red) and 11.80 (blue) (from red to blue, pH = 1.80, 2.50, 3.60, 

4.30, 5.40, 6.10, 7.10, 8.50, 9.20, 10.40, and 11.80). The intensity is normalized relative to the G+ mode 

maximum intensity. 
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For this redox couple, a fundamental expression of the potential under equilibrium conditions is 

given by the Nernst equation: 

𝐸୓మ/ୌమ୓  =  1.229 +
0.0592

4
(𝑝𝑂2 )  −  0.059 ∙ pH 

 𝐸୓మ/ୌమ୓ = 1.229 +
0.0592

4
(𝑃𝑂2 ) − 0.0592 pH    or   𝐸୓మ/ୌమ୓  =  1.226 −  0.059 ∙ pH   (4-1)                                                  

where pO2 = 0.65 bar is the oxygen pressure, which is equivalent to an oxygen concentration of 

8.26 mg/L, under the experimental conditions used here. 𝐸୓మ/ୌమ୓ is expressed in Volt in eq 4-1. 

In the context of solids, the potential is more conveniently defined in terms of energy levels (in 

eV) with respect to the vacuum level using the expression: 

𝐸ୟୠୱ,୓మ ୌమ୓⁄  =  −4.44 −  1.229 + 𝐸୓మ/ୌమ୓ or  𝐸ୟୠୱ,୓మ ୌమ୓⁄  =  −5.669 +  0.059 ∙ pH    (4-2)             

Hence, depending on the pH of the solution, the energy level or Fermi energy lies between -5.61 

eV (pH=1) and -4.95 eV (pH=12) (See Figure 4.3). 

Because the valence band of small diameter semiconducting SWCNTs is roughly located between 

-5.3 eV and -5.7 eV, which is close to the redox potential of O2/H2O in acidic solutions (Figure 

4.3), electrons can transfer from the SWCNTs to the solution, yielding p-doping in air196. The 

presence of finite energy states of metallic SWCNTs provides significant charging for ensuring 

energy level alignments with the absolute O2/H2O redox system at every pH value between 1 and 

12. However, our experiments with uncoated SWCNTs (Figure 4.1(b)) show only small shifts of 

the G- and Gf modes, indicating little or no charge transfer with pH. This sluggish pH dependency 

is ascribed to exceedingly slow kinetics at the surface of the SWCNTs for oxygen 

oxidation/reduction, i.e., non-Nernstian behavior. Namely, charge transfer to aqueous oxygen 

produces unstable intermediates on the surface of the SWCNTs, which cannot be easily anchored 

to the surface of the SWCNT, and hence, they can move back to the solution after transfer, yielding 

only partial reaction (4 electrons in total are required for the equilibrium). In other words, the 

SWCNTs have self-passivated surfaces and the oxidized form is poorly stable, which is bad 

chemically for ensuring the equilibrium of the O2/H2O redox system. As discussed below, a Pt 

coating provides different kinetics in this respect because the Pt/PtO redox pair can produce stable 

reduction/oxidation states while direct contact enables free charge transfer to the metallic 
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SWCNTs. In effect, the platinum nanoparticles provide sites for the strong chemisorption of 

oxygen, thereby making the splitting of aqueous O2 more efficient than on uncoated SWCNTs. 

 

Figure 4.2. Spectral changes for thin films of SWCNTs (red,  ) and Pt-coated SWCNTs (blue,  ) as a 

function of pH obtained using constant ionic strength buffers (1 M). Energy shifts of the G- mode (a) and 

Gf mode (b) and normalized integrated intensity of the G- mode relative to G+ mode (c). Correlation 

coefficients are: -0.97 (blue) and -0.94 (red) in (a), -0.99 (blue) and -0.95 (red) in (b), and 0.98 (blue and 

red) in (c). 
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Figure 4.3. Energy level diagrams of the Pt/PtO (left) and O2/H2O (right) redox couples compared to the 

density of states (DOS) of metallic (left) and semiconducting (right) carbon nanotubes of small (blue) and 

large (red) diameters in our sample (between 1.1 nm and 1.5 nm). The arrow indicates the direction of the 

charge transfer reaction. The energy scale is based on a work function of 4.7 eV for the SWCNTs.  

 

Many studies have demonstrated that the platinum surface in air contains a mixture of Pt and 

PtO197, 198. The Pt/PtO redox couple could therefore compete with the O2/H2O reduction reaction 

discussed above according to: PtO + 2H+ + 2e-(SWCNTs) ⇌ Pt0 + H2O. The redox potential of the 

Pt-SWCNT system is therefore given by:  𝐸୔୲ ୔୲୓⁄ =  0.88 −  0.059 ∙ pH, where EPt/PtO is in Volt 

. The energy level (in eV) with respect to the vacuum level is199
 : 

     𝐸ୟୠୱ,୔୲ ୔୲୓⁄  =  −4.44 −  0.88 +  0.059 ∙ pH  (4-3) 

In Figure 4.3, the energies of both redox systems, O2/H2O and Pt/PtO, at different pH values are 

presented with respect to the vacuum level and serve as a theoretical standpoint for the discussion 

of the pH dependencies. Using a work function of 4.7 eV for the SWCNTs200, the model can be 

used to predict the equilibrium position of the potential with the pH of the solution. In an acidic 

solution of pH 1, the diagram predicts, for example, that the energy level of the Pt/PtO redox pair 
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lies between the first and second valence band edges of semiconducting SWCNTs, while it is 

deeper below the second band edge for the O2/H2O redox pair. In a basic solution of pH 12, the 

energy level of Pt/PtO redox pair is near midgap, whereas it is next to the valence band for the 

O2/H2O redox pair.  

This model provides an interesting comparison with the pH-induced spectral changes presented in 

Figures 4.1 and 4.2. The model predicts that the Pt-SWCNT system should drive at pH = 12 the 

nanotube Fermi level towards the midgap, which is consistent with the broad and red shifted 

spectrum in Figure 4.1(a). Unexpectedly, the model predicts a potential difference of about 0.3 eV 

with uncoated SWCNTs, but the results (Figure 4.1(b)) show instead an undoped situation at pH 

= 12 for the latter, i.e., the equilibrium should favor p-doping whereas the Raman spectrum 

indicates midgap alignment. We hypothesize that the inconsistency between the model and the 

experimental findings on uncoated SWCNTs is probably due to slow kinetics, giving out-of-

equilibrium conditions, which implies that the SWCNT is a poor redox system. That is, uncoated 

SWCNTs are self-passivated, hence, their surfaces cannot stabilize intermediate species of the 

O2/H2O equilibrium reaction, whose presence is required to stabilize the positive charges (p-

dopant) on the nanotubes. 

4-2-2 Effect of the Ionic Strength of the Buffer Solution.  

In the experiments presented in Figure 1, the ionic strength (I) of the buffer solutions was kept 

constant at 1 M 45. To address the aforementioned discrepancy between the observed Raman shifts 

(Figure 4.2) and the model presented in Figure 4.3, we explored the effect of the ionic strength of 

the buffer solution on the resulting doping states of uncoated SWCNTs and Pt-SWCNT samples. 

Buffer solutions of different ionic strengths were prepared with the same ionic species for the 

different pH and the results are presented in Figure 4.4. The ionic strength does not impact 

significantly the pH response of the Pt-SWCNTs, as evidenced by the parallel slopes of the G- and 

Gf modes. However, when measured in buffer solutions where I is not constant, the Raman modes 

show shifts that are generally downshifted relative to that of the buffer solutions of constant I. As 

discussed above, the Raman shift of the G- mode indicates that charge transfer doping drives the 

Pt-SWCNTs response. Hence, this downshifting for a given pH is a clear indication of a significant 

doping change associated to charge screening from the ions in solution. The effect is more clearly 

illustrated using three solutions of fixed pH (3.54) but different ionic strength (I = 1, 0.5, and 0.1 
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M) (see insets of Figure 4.4). For a given pH, decreasing the ionic strength generally reduces the 

doping level, which is evidenced by a blue shift of the G- and Gf modes (insets of Figure 4.4(a,b)) 

with increasing I. The effect is also noted in the inset of Figure 4c by a general decrease of the 

integrated intensity with I.  

Surprisingly, the effect of the ionic strength on the Raman shift of the G-band of the uncoated 

SWCNTs is very weak. Additionally, it is interesting to point out that a reduction of the ionic 

strength, i.e., lower screening, does shift the doping state towards the energy position predicted by 

the model. That is, the model in Figure 3 indicates that charge neutrality should be observed at pH 

of >12 and ~ 4.9 eV, ~ 4.6 eV for the uncoated SWCNTs and Pt-SWCNTs, respectively. The 

results in Figure 4 indicate that this is indeed the case but for a solution with I = 0.1 M. This 

surprising result demonstrates that the pH response is mostly driven by the Pt/PtO reaction and 

that the reaction at the SWCNT surface in the bare section has no or little effect on the final 

potential of the Pt-SWCNT system. Overall, all of the experiments on uncoated SWCNTs show a 

reduced pH response and no noticeable screening effects from the ions, which reinforces our 

conclusion that an uncoated SWCNT is a poor redox couple. Our investigation of the effects of 

additional parameters on pH sensing was therefore pursued with the Pt-coated SWCNT samples. 

4-2-3 Raman Response from Semiconducting SWCNTs.  

So far, all the experiments were carried out on metallic SWCNTs, thanks to strong resonance 

effects of the laser at a wavelength excitation of 633 nm, which selectively targets the metallic 

species in this laser ablation source (diameters of 1.1-1.5 nm)158. The Raman of semiconducting 

SWCNTs can be highlighted at different wavelength excitation, but the model prediction a poor 

overlap at basic pH between their DOS and the electrochemical window of the Pt/PtO system 

(Figure 4.3, right panel). As shown in the examples of the Raman spectra in Figure 4.11 

(Supporting Information in section 4-4), the Pt-SWCNT film measured at 514 nm wavelength 

excitation, which resonantly excites the semiconducting species, show a consistent Raman 

response with no or little effect on changing pH. These results further support the model in which 

the overlap of the DOS with the electrochemical potential of the Pt/PtO system is key to explain 

the sensing behavior reported here. 
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Figure 4.4. Raman shifts of the G- mode (a) and Gf (b) mode and the normalized integrated intensity of the 

G- mode relative to the G+ mode, I(G-/G+) (c) for uncoated SWCNTs (red) and Pt-SWCNTs (blue) in 

buffer solutions of different ionic strength. Insets show zooms of the results on Pt-SWCNT (blue) along 

with additional data at pH = 3.54 ± 0.01 and different ionic strengths (I = 1 M (green), 0.5 M (red) and 0.1 

M (brown).  

The presence of the SWCNT bandgap appears as an obstacle for sensing and the remaining of the 

study was therefore performed on metallic SWCNTs. 
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4-2-4 Sorted Metallic SWCNTs 

With the understanding that pH sensing is due to the doping of metallic SWCNTs, we prepared 

nanoparticles of various metals on metallic SWCNT samples, which were previously sorted from 

a mixture of individualized SWCNTs in surfactant in water. A commercial source of SWCNTs 

from Raymor NanoIntegris was used for pure (>95%) metallic species, which is hereafter referred 

to as m-SWCNTs. For these experiments, syntheses of PtN-m-SWCNTs, PdN-m-SWCNTs and 

RuN-m-SWCNTs were carried out in one pot (see chapter3). Surprisingly, we found that the 

SWCNTs themselves can act as reducing agent in the conditions used, which makes the synthesis 

easy and versatile. As shown in the TEM images in Figure 4.12 (Supporting Information in section 

4-4), the attached nanoparticles are uniformly distributed along the SWCNTs. The m-SWCNTs in 

that source have diameters in range between 1.2 nm to 1.7nm and the size of the nanoparticles 

ranges between 3-5 nm for Pt and Pd and 10-500 nm for Ru.  

The Raman responses of each SWCNT-nanoparticle film in buffer solutions of constant ionic 

strength (1 M) at unitary pH increments between 1 and 12 are presented in Figure 4.5. The PtN-m-

SWCNTs (Figure 4.5(a)) and uncoated m-SWCNTs (Figure 4.5(d)) are first used to draw a 

comparison with the results of Pt-SWCNTs and uncoated SWCNTs in Figure 1. The new results 

on sorted m-SWCNTs are fully consistent with the previous results: the shift of the G- mode is 10 

cm-1 compared to 6 cm-1 for the Pt-SWCNTs and the slope is also steeper. The larger shift is 

probably related to the complete elimination of semiconducting SWCNTs in the sample. The 

uncoated m-SWCNTs do not show any changes with pH and this is also true for the radial 

breathing mode (RBM) region (Figure 4.14, Supporting Information in section4-4). Surprisingly, 

the RBM spectra of the PtN-m-SWCNTs in Figure 4.14(a) show a general loss of mode intensity 

between 160 cm-1 and 180 cm-1, which is again consistent with doping201 Because the Raman shift 

of the RBM is inversely proportional to the diameter, this trend indicates that larger diameter m-

SWCNTs are more doped at given acidic pH compared to the smallest diameter nanotubes. This 

evidence of doping distribution across m-SWCNTs of different diameters suggests that a better 

sensitivity of the pH response is expected with m-SWCNTs sorted by diameter.  
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4-2-5 Comparison with Different Metals 

 While the response of the PtN-m-SWCNTs at pH = 12 shows undoped m-SWCNTs, the PdN-m-

SWCNTs and RuN-m-SWCNTs are similar at basic pH, but their general behaviors vs. reducing 

pH are different. Fits to the pH responses are reported in Figure 4.13 (Supporting Information in 

section 4-4). The slopes of the G- mode shift vs. pH is negative for all metals, but the shifts are 

much smaller than for the PtN-m-SWCNTs. In addition, the G- mode intensity decreases with pH 

for both Pd and Ru, while it increases for the PtN-m-SWCNT. These results indicate that the Fermi 

level alignments of both Pd/PdO and Ru/RuO redox couples are less favorable for maximum 

Raman response in pH solutions, which is somewhat consistent with up-shifted potential-pH 

diagrams compared to what is shown in Figure 4.3 for Pt/PtO. We speculate that the work function 

of Pt, which is high (i.e.  (Pt) >  (Pd) ~  (Ru)), helps to drive a strong shift of EF relative to the 

midgap state of the m-SWCNTs, an initial condition that is required for getting a maximal Raman 

response to pH. While a pH dependency is still visible for both Pd and Ru, the signature is more 

broad and complex and this is probably due to the overlap of the potential-pH diagram with the n-

type doping region of the m-SWCNTs. 
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Figure 4.5. Raman spectra at 633 nm wavelength excitation versus pH of buffer solutions in contact with 

films of sorted metallic SWCNTs (m-SWCNTs) decorated with selected metals and deposited on a Si/SiO2 

substrate: (a) PtN-m-SWCNTs, (b) PdN-m-SWCNTs, (c) RuN-m-SWCNTs and (d) uncoated m-SWCNTs. 

The spectra were recorded in buffer solutions of constant ionic strength (1 M) at unitary pH increments 

between 1 to 12. 
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4-2-6 Environmental Effects on pH Sensitivity 

 Our previous results demonstrate the high sensitivity of Pt-coated SWCNTs to the local pH. To 

develop a practical pH sensor, we specifically investigate the potential errors introduced by the 

local environment to the pH measurement. To highlight possible interferences from the substrate, 

two kinds of surfaces were prepared: i) parlyene-C deposited on an oxidized silicon wafer and ii) 

an aminoalkyl-silanized oxidized silicon wafer, for which the results are compared with those of 

an oxidized silicon substrate (i.e., without surface modification). On the one hand, we note that an 

organosilane surface significantly improves the adhesion of the SWCNT film, which is easily 

peeled off from the untreated Si/SiO2. On the other hand, parlyene-C renders the adhesion more 

problematic while it should eliminate altogether the effect of the oxide surface on pH sensing as it 

has no acid/base functional groups capable of local charging. The shift of the G- mode of the Pt-

SWCNTs with pH on these substrates is presented in Figure 4.6 (see Supporting Information for 

Gf mode shift and I(G-/G+)). The Raman shifts on all three surfaces are similar at low pH, but 

deviations are clearly observed at higher pH, which results in different slopes. Depending on the 

preparation and cleaning steps, the surface of the Si/SiO2 wafer (without functionalization) can be 

chemically complex as it exhibits different densities of functional groups (silanols, protonated and 

deprotonated silanols), each with their own 𝑝𝐾𝑎. At a given pH, these groups influence the local 

surface charge next to the deposited SWCNTs. For example, the 𝑝𝐾𝑎 of silanols (Si-OH) is 

approximately 5.6 or 8.5, depending if they are out-of-plane or in-plane, respectively, and 

protonated silanols (Si-OH2
+) have a 𝑝𝐾𝑎 ~ 5202. For clarity, the above 𝑝𝐾𝑎’s are indicated by blue 

arrows in Figure 4.6. The silanization reaction converts the terminal silanols into amino groups 

(𝑝𝐾𝑎  10, black arrow), which adds further complexity to the surface depending on the density 

of all of the functional groups. As mentioned before, we probe the charge state of the SWCNTs 

for pH sensing and the results show that the different surface functional groups complicate the 

response and influence locally the charge density on the SWCNTs. The theoretical 𝑝𝐾𝑎 values 

indicate that the silanized and untreated Si/SiO2 surfaces have mostly basic groups, which is 

consistent with the deviations of the G- mode shifts from those of the parlyene-C at higher pH. 

Again, the effect of the supporting substrates demonstrates that the Pt-SWCNTs are highly 

sensitive to the local environment. The measurement of the pH is therefore influenced by the local 

potential, which induces an error compared to the electrochemical potential in the bulk of the 

solution. 
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Figure 4.6. Raman shift of the G- mode of Pt-SWCNTs supported on three different substrates 

(aminopropyl-silanized, non-silanized, and parylene-C coated silicon/silicon oxide wafer) with pH in 

constant ionic strength (1 M) buffer solutions.  

4-2-7 Performance of the pH Nanoprobe 

To address the potential problem of uniformity in the preparation of the Pt-SWCNTs, we 

developed a synthesis procedure (see chapter 3) to prepare unsorted SWCNTs (laser ablation 

source) uniformly coated with Pt nanoparticles (PtN-SWCNTs) and used films of the synthesized 

PtN-SWCNTs as a proof of concept of a pH sensor. Figure 4.7(a) shows a TEM image of the 

morphology of the sample from which the size distribution of the Pt nanoparticles is obtained 

(Figure 4.7(b)). The PtN-SWCNTs deposited as a thin film on an aminoalkyl-silanized 

silicon/silicon oxide wafer were used to test the pH response of the sensor. Compared to the 

Parylene-C surface, which was found to induce residual stress after deposition (more information 

in the Supporting Information), the silanized surface, although more complex chemically, presents 

better adhesion and good stability. As shown in Figure 4.7(c), the PtN-SWCNTs provide the 

expected strong Raman response to pH, namely a shift of the G- mode by more than 7 cm-1 across 

the pH values between 2 and 12. The results for the Gf mode and the I(G-/G+) are shown in the 

Supporting Information. To examine the accuracy of a pH measurement, two different calibration 
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curves were constructed: a calibration based on solutions of 12 buffers of pH values between 1 

and 12 (12-point curve) and another based on 3 buffers (3-point curve, pH = 1.93, 6.87, and 12.22). 

This procedure is analogous to the calibration of a standard pH meter with, for example, three 

buffer solutions.  

 

Figure 4.7. (a) TEM image of the platinum nanoparticles attached to the SWCNTs of the synthesized PtN-

SWCNT pH sensor and (b) a histogram of the particle size distribution. (c) Raman spectra recorded in 

buffer solutions of a constant ionic strength of 1 M for unitary increments of pH. (d) Calibration curves 

based on the Raman shifts of the G- mode of PtN-SWCNTs supported on aminopropyl-silanized Si/SiO2 

versus the solution pH using 12 buffers (blue) or 3 buffers (red) solutions. Blue and red lines are linear 

regression of the 12 and 3 buffer data sets, respectively. The ionic strength of 1 M is used. 
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As seen in Figure 4.7(d), the calibration curves for the G- modes (see Supporting Information for 

Gf mode and I(G-/G+)) show similar slopes (-0.71 and -0.68 for 12- and 3-buffers, respectively). 

While the 12-point calibration is statistically more accurate, the 3-point calibration is much quicker 

to perform and shows a similarly good precision.  

As a final proof of concept of the PtN-SWCNT pH sensor for analytical measurements, we prepared 

three different PtN-SWCNT samples and exposed them to solutions of different pH. For 

comparison, the pH of the test solutions was measured using a conventional pH meter equipped 

with a combined glass electrode. Using the standard calibrations in Figure 4.7(d), the solution pH 

was determined using the Raman shifts with the relation y(Raman-shift)=b(pH)+a, where 

𝑦(𝑅𝑎𝑚𝑎𝑛 𝑠ℎ𝑖𝑓𝑡) = 𝑏𝑥(𝑝𝐻) + 𝑎a and b are fitting parameters (the uncertainty is obtained from 

the linear regression). Raman measurements were carried out on 5 different spots of the samples, 

each repeated 3 times. The data and fitting parameters are summarized in Table 4.1. The pH values 

determined from the 12-point calibration curve are very close to those measured using a 

commercial pH meter calibrated with three buffer solutions (pH = 4.01, 7.00, and 10.00). While 

the precision remains high across the full range, the accuracy of the Raman-based measurements 

is about ±700 mpH in basic solutions and ±500 mpH in acidic solutions. This slight difference is 

ascribed to the response of the silanized surface. The precision appears lower for acidic solutions 

with non-constant ionic strength, which is expected considering the importance of the ion 

concentration for screening the local electrochemical potentials. Using the 12-point calibration, 

both the precision and accuracy is generally improved, but the procedure requires additional effort 

to gain better statistics.  

The remote platinum-coated SWCNT optical sensor presents improved flexibility and accuracy 

compared to other electrodeless optical sensors203-205, which have issues such as a limited pH range 

and lack of accuracy. One recent non-conventional pH sensor based on a graphene transistor, that 

includes working and reference electrodes, provides for instance a much higher accuracy of 0.1 

mpH, but it is electrically biased relative to a reference electrode40.  Compared to conventional 

(electrode-based) pH meters, which provide accuracies ranging from ±0.1 pH to ±0.001 pH (e.g., 

Mettler Toledo and Fisher Scientific instruments), the PtN-SWCNT-based Raman sensor in its 

current version shows a lower accuracy. It has, however, the advantages of being optically 

addressed, electrodeless, and of nanoscale dimensions. Hence, the PtN-SWCNT pH sensor is 
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uniquely flexible and appears complementary and useful for remote investigations of the local pH 

at the nanometer scale or in living cells. 

Table 4.1. pH values of unknown solutions (at constant and non-constant ionic strengths) obtained 
from 3-point and 12-point calibration curves using the Raman shift of the G- mode. For 
comparison, the pH from a conventional pH meter is also given.  

pH* 

Conventional pH meter  

pH (3 buffers)** 

PtN-SWCNTs  

pH (12 buffers)*** 

PtN-SWCNTs  

4.80 ± 0.01 (I = 1 M) 3.4 ± 0.9 4.5 ± 0.7 

11.80 ± 0.01 (I = 1 M) 11 ± 1 11.5 ± 0.7 

4.50 ± 0.01 3.3 ± 0.8 4.5 ± 0.5 

11.00 ± 0.01 10 ± 1 10.8 ± 0.7 

* Note: error is the instrumental error 
** Note: error of 3 buffers is obtained using the parameters: 𝑎 = 1568.4 ± 0.3 ;  𝑏 =  −0.68 ± 0.04 
*** Note: error of 12 buffers is obtained using the parameters : 𝑎 = 1569.3 ± 0.2 ;  𝑏 =  −0.71 ± 0.02 
 

Finally, a definitive proof of the doping model of the PtN-SWCNT films with pH was obtained 

using electrical resistance measurements performed buffer solution of different pH and constant 

ionic strength (Supporting Information in section 4-4, Figure 4.17). We found that the film 

resistance increased by 39% going from pH 1.89 to pH 11.98. This is consistent with our Raman 

study that shows the films go from a heavily p-doped state to an undoping state at higher pH, 

depleting the film of hole charge carriers and thus increasing the film resistance. Compared to 

films of uncoated SWCNT films, the change in film resistance is significantly less, down to 6%. 

 

4-3 Conclusion 
 

We characterized the spectral response of single-walled carbon nanotubes coated with platinum to 

pH across a broad range of pH from 1 to 12 and compared it to that of uncoated SWCNTs. Two 

preparation methods giving SWCNTs coated with a thin film of Pt and SWCNTs functionalized 

with Pt nanoparticles (PtN-SWCNTs) were compared and both exhibited a significant 

transformation of the Raman spectra with pH in the region of the G-band of the nanotubes. This 
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effect is ascribed to charge transfer doping between the Pt/PtO redox pair and the SWCNT 

electrode. While uncoated SWCNTs appear to be a bad redox couple for pH measurements, the 

pH responsive PtN-SWCNTs provide precise and referenced measurements of the solution 

electrochemical potential through the reaction with the Pt/PtO redox system, giving an accuracy 

as low as ±500 mpH unit in acidic (pH = 1-7) solutions of constant ionic strength (1 M). The 

nanotube-based optical pH sensor exhibits slight differences in acidic and alkaline solutions, which 

is ascribed to the surface functional groups of the supporting substrate and is sensitive to the ionic 

strength of the solutions. Our findings pave the way to the design of electrode-less nanoprobes for 

optical measurements of the local pH across the full pH range for potential applications such as 

in-situ cancer cell detection, metabolism studies, etc. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 



79 
 

4-4 Supporting Information 
 

4-4-1 Effect of the Internal Stress of Parylene-C Coated Silicon Wafer on the 
Raman Spectra. 

 

Poor adhesion of films of SWCNTs to parylene-C coated substrates using the transfer technique 

can be a source of internal stress206. The presence of stress is shown in Figure 4.8. The Raman 

spectra acquired at two different spots of uncoated SWCNTs in the dry state (Figure 4.8(a,b)) give 

bands with different positions. Many reports suggest that annealing the substrate can reduce stress 

as it recrystallizes the parylene interfaces207, 208. Hence, the sample was annealed at 300°C under 

vacuum to remove this internal stress and the results are shown in Figure 4.8(c,d). The Raman 

spectra of uncoated SWCNTs in the dry state are overlaid on those of the sample in the buffer 

solution at two different pH values (pH = 2.01 and pH = 12.00). 
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Figure 4.8. Raman spectra at 633 nm wavelength excitation of SWCNTs on parylene-C coated substrates 

taken before and after annealing at two different spots (a and b) and (c and d), respectively. Spectra recorded 

in the dry state are in black; acidic buffer solution in red, and basic buffer solution in blue.  
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4-4-2 Additional Results 

 

 

Figure 4.9. Raman shift of the Gf mode and the I(G-/G+) ratio, i.e. the normalized integrated intensity of 

the G- mode relative to the G+ mode of Pt-SWCNTs in buffer solutions of constant ionic strength (1 M) 

with three different substrates (aminopropyl-silanized, non-silanized, and parylene-C coated silicon/silicon 

oxide wafer). 

4-4-3 Effect of the Laser Excitation Wavelength on the Raman Response  

The two main sources of SWCNT used in our study, the laser ablation SWCNTs and the sorted 

metallic SWCNTs from Raymor-NanoIntegris, exhibit different diameter distributions. The laser 

ablation source has diameters between 1.1 and 1.5 nm whereas the sorted metallic SWCNTs from 

Raymor NanoIntegris have diameters in range between 1.2 nm to 1.7nm. They have as a result 

different response in Raman. Figure 4.10 resume the response of the Pt-SWCNT system observed 

from these sources at three different excitation wavelengths (633nm (red line), 514nm (green line) 

and 488 nm (blue line). The spectra show the radial breathing mode, the G-band and the 2D band 

regions for each source. 
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Figure 4.10. Comparison of Raman spectra under three different excitation wavelength  633nm (red line), 

514nm (green line) and 488 nm (blue line) of Pt-SWCNT supported on Si/SiO2-supported made using 

unsorted laser ablation nanotubes (a: radial breathing mode; b) G-band and c: 2D band regions) and using 

sorted metallic SWCNTs (Raymor NanoIntegris) ((d: RBM, e: G-band and f: 2D band )  
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Figure 4.11. pH response of resonantly excited semiconducting Pt-SWCNTs (laser ablation source) at 514 

nm wavelength excitation. The spectra show a zoom in G-band of Raman spectra of Si/SiO2-supported 

films of Pt-SWCNTs in two different spots (a and b) in constant ionic strength buffer (1M) at different pH 

value between 1 and 12. 

4-4-4 Comparison Between Different Transition Metals 

     
 

Figure 4.12. TEM images of metal nanoparticles deposited on metallic m-SWCNTs (Raymor 

NanoIntegris). Left PtN-m-SWCNTs, Middle: PdN-m-SWCNTs and Right: RuN-m-SWCNTs. 
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Figure 4.13. Spectral changes for thin films of Non-coated m-SWCNTs, PtN-m-SWCNTs, PdN-m-

SWCNTs and RuN-m-SWCNTs as a function of pH obtained using constant ionic strength buffers (1 M). 

(a) Energy shifts of the G- mode and (b) Gf mode and (c) normalized integrated intensity of the G- mode 

relative to G+ mode. Note the line fits for Ru samples are limited to the acidic buffer solutions. 

 

 

Figure 4.14. Raman radial breathing mode region vs. solution pH of (a) resonantly excited PtN-m-SWCNTs 

(b) and uncoated m-SWCNT at 633 nm wavelength excitation. 
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4-4-5 Additional Results and Proof of Concept of the PtN-SWCNT Nanoprobe 

 

Figure 4.15. Variations of the Raman shift of the Gf mode and the I(G-/G+) ratio, i.e. the normalized 

integrated intensity of the G- mode relative to the G+ mode of PtN-SWCNTs vs pH at constant ionic strength 

(1 M). 

 

Figure 4.16.  Calibration curves based on the Raman shifts of the Gf mode and the I(G-/G+) ratio, i.e. the 

normalized integrated intensity of the G- mode relative to the G+ mode of PtN-SWCNTs versus pH using 

solutions of 12 buffers (blue) and 3 buffers (red). 

4-4-6 Calculations of the Uncertainty in the pH Values Determined from the 
Raman Shifts and Intensities 

A linear regression using y(Raman-shift)=b⋅(pH)+a, where 𝑦(𝑅𝑎𝑚𝑎𝑛 𝑠ℎ𝑖𝑓𝑡) = 𝑏𝑥(𝑝𝐻) + 𝑎a 

and b are fitting parameters, was performed using the standard curves with different buffers (Figure 

4.7(d)). One can determine from the Raman shift the pH value using: pH=[y(Raman-shift)–a]/b.  
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The fitting parameters a and b are given for each calibration curve under the Tables for each 

parameter extracted, G- (Table 4.2), Gf (Table 4.4) or I(G-/G+) (Table 4.6). The Raman parameters 

Gf and I(G-/G+), for each unknown solution with the associated standard deviation are given in 

Tables 4.3, 4.5, respectively. The uncertainty on the pH is therefore obtained using 
∆௣ு

௣ு
=

(∆௬ା∆௔)

|௬ି௔|
+

∆௕

|௕|
.  

Table 4.2. Raman shift of the G- mode repeated at different spots for each unknown sample; 
standard deviation and mean of the Raman shifts as well as pH measured using a conventional pH 
meter. 

pH 

Conventional pH meter 

Raman shift G- mode  

(cm-1) in different spots 

Standard Deviation (SD) 
Mean of data (Mean) 

4.80 ± 0.01 (I = 1 M) 1566.2 

1566.2 

1565.8 

1565.9 

1566.3 

Mean = 1566.1 

SD = 0.2 

11.80 ± 0.01 (I = 1 M) 1561.1 

1561.1 

1561 

1560.9 

1561.2 

Mean = 1561.1 

SD = 0.1 

4.50 ± 0.01 1566.1 

1566.3 

1566.2 

1566.1 

1566 

Mean = 1566.1 

SD = 0.1 

11.00 ± 0.01 1561.8 

1561.7 

1561.6 

1561.5 

1561.6 

Mean =1561.6 

SD = 0.1 



87 
 

  

Table 4.3. pH value of unknown samples (at constant and non-constant ionic strength) with 
different calibration curves using the Raman shift of the Gf mode. 

pH  

Conventional pH meter 

pH* 

PtN-SWCNTs (3 buffers) 

pH**  

PtN-SWCNTs (12 buffers) 

4.80 ± 0.01 (I = 1 M) 4.0 ± 0.5 4.8 ± 0.5 

11.80 ± 0.01 (I = 1 M) 11.1 ± 0.6 12.0 ± 0.8 

4.50 ± 0.01 3.3 ± 0.4 4.1 ± 0.5 

11.00 ± 0.01 10.2 ± 0.6 11.1 ± 0.8 

* Error obtained using the calibration curve with 3 buffers: 𝑎 = 1555.1 ± 0.2 ;  𝑏 =  −1.05 ±
0.02 
** Error obtained using the calibration curve with 12 buffers: 𝑎 = 1555.8 ± 0.3 ;  𝑏 =  −1.03 ±
0.05 
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Table 4.4. Raman shift of the Gf mode repeated at different locations of each test sample. Mean 
and standard deviation of the Raman shifts as well as the pH measured using a conventional pH 
meter.  

pH 

Conventional pH meter 

Raman shift of  

Gf band (cm-1)  

Standard Deviation and 
Mean of data 

4.80 ± 0.01 (I = 1 M)  
1550.7 

1551.2 

1551 

1550.8 

1551 
 

Mean = 1550.9 

SD = 0.2 

11.80 ± 0.01 (I = 1 M) 1543.5 

1543.4 

1543.3 

1543.2 

1543.5 

 

Mean = 1543.4 

SD = 0.1 

4.50 ± 0.01 1551.8 

1551.7 

1551.5 

1551.6 

1551.5 

Mean = 1551.6 

SD = 0.1 

11.00 ± 0.01 1544.4 

1544.3 

1544.5 

1544.3 

1544.6 

Mean = 1544.4 

SD = 0.1 
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Table 4.5. pH value of unknown samples at constant (1 M) and non-constant ionic strength using 
different calibration curves and the variation of I(G-/G+), i.e. the integrated intensity of the G- 
mode normalized with the G+ mode.  

pH 

Conventional pH meter 

pH* 

PtN-SWCNTs (3 buffers) 

pH ** 

PtN-SWCNTs (12 buffers) 

4.8 ± 0.01 (I = 1 M) 4 ± 2 5 ± 2 

11.8 ± 0.01 (I = 1 M) 12 ± 4 12 ± 3 

4.5 ± 0.01 4 ± 2 4 ± 2 

11.0 ± 0.01 11 ± 3 11 ± 3 

* Error obtained using the calibration curve with 3 buffers: 𝑎 = 52 ± 7 ;  𝑏 =  4.2 ± 0.8 
** Error obtained using the calibration curve with 12 buffers: 𝑎 = 49 ± 4 ;  𝑏 =  4.4 ± 0.5 
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Table 4.6. The I(G-/G+) ratio, i.e. the integrated intensity of the normalized G- mode relative to 
G+ mode, mean and standard deviation of the data for solutions of different pH as well as the pH 
measured using a conventional pH meter 

pH 
Conventional pH meter  

Normalized I(G-/G+) 
(different spots) 

Mean of data (Mean) 
Standard Deviation (SD) 

4.80 ± 0.01 (I = 1 M)   
69.2 

68.8 

68.3 

70.4 

68.9 

Mean = 69.1 

SD = 0.8 

 

11.80 ± 0.01 (I = 1 M) 101.7 

97.3 

102.4 

103.9 

99.2 

Mean = 101 

SD = 3 

 

4.50 ± 0.01 69.4 

68.6 

69.1 

68.1 

67.2 

Mean = 68.5 

SD = 0.9 

 

11.00 ± 0.01 95.1 

99.3 

94.6 

96.7 

100.1 

Mean = 97 

SD = 3 
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4-4-7 Electrical Measurements 

Figure 4.17 shows the film resistance in ionic constant buffer solution of pH 1.89 to 11.98 

normalized to pH 7. Due to a large hysteresis (shaded blue), multiple sweeping of the full range of 

pH were measured to determine stability and reproducibility of the results. Doing a linear fit, there 

is a 39% change of film resistance from the whole pH range. The hysteresis observed was up to 

16% after going a full sweep cycle. We compared this to films of uncoated SWCNT and observed 

a smaller change in film resistance of 6%.  

 

Figure 4.17. Normalized resistance of PtN-SWCNT ( ) and uncoated SWCNT ( ) films in ionic constant 

buffer solution from pH 1.89 to 11.98. Shaded blue area represents the maximum hysteresis observed in 

PtN-SWCNT.
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Chapter 5: pH Dependency of Graphene in Contact with 

Platinum 

Graphene is a one atom thick material in which all the carbon atoms are at the surface and exposed 

to the local environment 209-211. A graphene layer can therefore interact with ions in solution. It is 

therefore expected, and observed experimentally, that the properties of graphene are significantly 

affected by analytes in solution212, 213. Similar to the case of carbon nanotubes, this conjuncture 

along with advances on surface functionalization has stimulated a plethora of studies on the use of 

graphene for high performance chemical sensors214, 215. 

At the core of the sensing principle behind this thesis, early work on graphene devices have shown 

that graphene can be doped in solution in two distinct ways: using an applied electric field or by a 

direct exposure to an adsorbate, which can be either a reductant or an oxidant. On one hand, the 

electric field doping is generally performed using graphene-field effect transistors (FET), in which 

charge carriers are induced by establishing an electric potential between the graphene layer and a 

gate electrode. In air, the concentration of charge carriers can be freely tuned by changing the gate 

Voltage and measured by the current, but the doping levels obtained are rather low because of the 

small capacitance of the gate stack, which is generally limited by the oxide thickness and its 

dielectric constant 87, 216. Using the FET configuration, it was shown, after many conflicting 

reports, that graphene transistors are unintentionally p-doped in ambient conditions and additional 

care must be made to control the initial doping of the graphene217. In relation with pH sensing, it 

was also shown that the graphene itself (i.e. when unfunctionalized) is not sensitive to the pH of 

the solution218. Significantly higher doping levels can be achieved with graphene FET using 

electrolyte gating, which led to demonstrations of sensing devices in solution operating near the 

quantum-capacitance limits, with pH detection approaching the Nernstian limit of 55 mV/pH219. 

Through surface functionalization, graphene ion sensing FET (ISFET) arrays have shown 

significant improvement and can provide now selectivity to ion detection near the sensitivity limits 

of such device of 60 mV per decade at room temperature220.  
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The other form of doping involves charge transfer at the graphene surface, which occurs via a 

direct interaction between graphene and the adsorbed molecules 221. When the absorbates 

participate in an electrochemical redox reaction, higher doping levels than field-effect doping is 

possible due to significant difference of the chemical potentials of the graphene and molecules, 

such as hydrazine or 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ), in solution 222. 

As a good example of the latter, past studies in our group have highlighted the ubiquitous role of 

the molecules in the environment in graphene p-type doping, which is ascribed to the water/oxygen 

redox couple 217. Ambient doping of graphene by the changing the redox potential involves the 

following equilibrium reaction: Oଶ(aq) + 4 Hା + 4 eି(graphene) ⇌ 2 HଶO , which predicts a 

shift in equilibrium with pH, an apparent contradiction with the work in reference 195. An example 

of the Fermi level position of graphene in contact with the O2/H2O redox couple in equilibrium 

conditions at pH = 1 is illustrated in Figure 5.1 (right). Provided that an oxidized species can be 

stabilized at the surface of the graphene, this model predicts a strong p-doping of the layer at acidic 

pH.  

In this last chapter, we explore more specifically the use of graphene instead of carbon nanotubes 

as a pH sensitive electrode. This study can serve as a basis to generalize the principles presented 

earlier in this thesis using SWCNT materials. This work targets better accuracy and aims to deepen 

further our understanding of the Nernstian behavior of the graphene electrode system. Here, we 

postulate that a graphene layer when in contact with a Pt/PtO redox couple should exhibit strong 

pH dependency in aqueous solutions as illustrated in Figure 5.1 (left).  In this chapter, we make 

use of Raman measurements to probe the doping of the graphene reference electrode in solution.  
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Figure 5.1. Doping mechanism of graphene via two different redox couples in solutions of pH=1.  

Schematic of the electronic state of graphene near a K-point of the Brillouin zone and the electrochemical 

potential of the Pt/PtO (left) and O2/H2O (right) redox couple at different pH. The equilibrium position at 

pH = 1 is shown for both of these redox systems in contact with graphene. The energy scale is based on a 

graphene work function of 4.6 eV. Blue and red regions of the Dirac cone indicate occupied and unoccupied 

states in graphene and a p-doing for both cases is shown. 
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5-1 Preparation of the Samples 
 

In these experiments, two samples were investigated: uncoated graphene (u-graphene) and 

platinum coated graphene (Pt-graphene). The latter defines a direct (physical) contact with the 

Pt/PtO redox couple. The graphene was grown on a copper foil by chemical vapor deposition at 

1000 °C using methane as a carbon source and the layer was transferred using PMMA to a silicon 

wafer covered with a 300 nm thick oxide layer. The uncoated graphene sample was prepared by 

removing the PMMA in an acetone bath, followed with drying by IPA. The platinum coated 

graphene sample was prepared the same way as uncoated graphene with an extra step that consists 

of coating the surface with a thin layer (~ 6 nm) of platinum using e-beam deposition. The Britton 

– Robinson buffer solutions of constant ionic strength (1M) were prepared using the same 

procedure as detailed in chapter 3. Raman spectra were acquired using a custom built spectrometer 

equipped with different laser excitation lines (488, 514, 532, and 633 nm) and a nitrogen-cooled 

silicon detector array ((JY Symphony) mounted on a Jobin-Yvon Triax iHR550 spectrometer 

(grating 1,800 g·mm blazed at 630 nm) with a precision of 0.2 cm-1. The laser power was kept near 

1000 μW on the sample and the signal was collected at near-diffraction limited resolution using a 

50× objective with a numerical aperture of 0.5. Spectra in solution were acquired in-situ using the 

setup described in section 3-7 of Chapter 3. 

5-2 Results and discussion 
 

Figure 5.2 presents the Raman spectra at ex = 488 nm in the G-band (1525–1660 cm-1) and D-

band (1300–1425 cm-1) regions for both samples, u-graphene and Pt-graphene, in buffer solutions 

of pH ranging from 1.60 to 11.89. The top and bottom panels present the results for u-graphene 

and Pt-graphene, respectively. At first sight, the results show strong shifts of the bands with pH 

for the Pt-graphene sample. Further experiments performed at ex = 514 nm (not shown here) gave 

the same results except that the signal to noise (S/N) ratio are much lower due to a Raman cross 

section one thousand times lower than that of carbon nanotubes184. 
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As discussed already in Chapter 2, the G-band is a first-order scattering process associated with 

degenerated phonon modes (iTO and LO) at the 𝛤 point (i.e. at the center of the Brillouin zone). 

These phonons consist of in-plane vibrations of the sp2-hybridized carbon lattice. In contrast, the 

D-mode is a second-order process involving light scattering with two iTO phonons near the K 

point of opposite, yet high, momenta so that the scattering process takes place across the Brillouin 

zone. Both of these modes undergo a blue shift with increasing doping and this surprising behavior 

has been extensively discussed in the literature135, 136. As seen in Figure 5.2 for Pt-graphene, a 

change in pH from 1 to 12 induces a gradual red shift of the D-band and G-band of about 12 cm-1 

and 25 cm-1, respectively, whereas the shift of both is generally less than 1 cm-1 for u-graphene. 

As per the results with the metallic nanotubes in Chapter 4, the shifting trend observed here is 

consistent with a charge transfer reaction at the surface of the graphene with the protons in the 

buffer solution. Considering that doping induces a blue shift of the Raman bands, it is possible to 

deduce that the Pt-graphene appears strongly p-doped at pH = ~1 and its doping level decreases 

significantly with increasing pH across the whole range. At pH 12, the Raman shift of the G-band 

is at ~1583 cm-1, which indicates that graphene is nearly undoped at this point 135, 136.The G-band 

spectra for u-graphene show a slightly blue shifted position at pH=1 near to ~1580 cm-1, i.e. weak 

p-doping, but the graphene remains nearly undoped across the full pH range investigated. The 

absence of a pH dependency of the Raman bands of u-graphene is not surprising and consistent 

with earlier results by Schöenberg’s group using graphene transistors218. The direct comparison 

between u-graphene and Pt-graphene illustrates well the important role of the surface 

functionalization with Pt in this doping process. 
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Figure 5.2. Comparison of the Raman spectra of Si/SiO2-supported films of (a,b) uncoated graphene (u-

graphene) and (c,d) platinum coated graphene(Pt-graphene). (b,d) and (a,c) show the G-band and D-band 

regions, respectively. The spectra were recorded in buffer solutions of constant ionic strength (1 M) at 

unitary pH increments between 1.60 and 11.89. Lorentzian fits to the spectra are shown. 
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As shown in the schematic of Figure 5.1, this electrochemical doping is consistent with a charge 

transfer between the redox couple in interaction with the graphene electrode. That is, the 

equilibrium requires that the electrochemical potential of a redox couple, Eredox, is aligned with the 

electrochemical potential of the graphene electrons, which sets the graphene Fermi level, Ef. A 

difference between Eredox and Ef should drive a charge transfer process between the graphene and 

the redox couple until the equilibrium is reached between the two systems (i.e., Eredox = Ef). The 

case of pH=1 is illustrated in Figure 5.1, which predicts a strong p-doping of graphene at this 

equilibrium position with the redox couples present at the surface (i.e. Pt/PtO and O2/H2O redox 

pairs shown on the left and right panels, respectively). At pH = 1, the Pt/PtO system acts as a 

charge acceptor, which drives the Ef of graphene well below the neutrality (or so-called Dirac) 

point, which is the reference point in the diagram located at zero relative energy. This is in effect 

a charge transfer from the graphene to the Pt.  

As mentioned above, a shift in Ef of the graphene causes a blue shift of the Raman G-band and 

this signal can therefore be used to determine experimentally the doping state of graphene. 

Assuming that an equilibrium is reached in the solution, one can use the Raman response to probe 

the potential of the graphene to assess the potential of the solution in the vicinity of the graphene 

surface. To test the hypothesis of the equilibrium behind the use of the Raman signal as a reference, 

we have reported in Figure 5.3 the fitting results for the D-band (panel a,c) and G-band (panel b,d) 

at each pH value for both samples, respectively. The spectra were fit using a Lorentzian function 

and Figure 5.3 reports the peak maxima for each buffer. For Pt-graphene, the Raman shift of the 

G-band vs. pH is nearly linear and the slope is -2.4 ± 0.2 cm-1 per pH unit (the correlation 

coefficient is -0.98). This is much steeper than for u-graphene (-0.13± 0.06 cm-1 /pH unit), giving 

about 2 cm-1 shift in total across the range of pH compared to 24 cm-1 for Pt-graphene. The Raman 

shift with pH of the D-band appears also nearly linear and the slopes are -1.2 ± 0.1 cm-1/pH and -

0.12± 0.03 cm-1 /pH for Pt-graphene and u-graphene, respectively. Overall, the results demonstrate 

strong doping of the graphene in contact with platinum and that the doping is inversely 

proportional to the pH of the solution. The u-graphene sample undergoes only a weak p-doping 

with decreasing pH and it is clear that the graphene itself does not follow the expected equilibrium 

with the O2/H2O redox couple. 
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Figure 5.3. Energy shifts of the D- (a) and G-bands (b) for uncoated graphene (red,  ) and Pt-coated 

graphene (blue,  ) as a function of pH obtained in buffer solutions of constant ionic strength (1 M) and an 

excitation wavelength of ex = 488 nm. The positions are determined using Lorentzian fits on each spectrum. 

The different pH dependencies of the G-band are rationalized by a redox reaction occurring in the 

environment near the graphene film. As mentioned in Chapter 4, an electrochemical charge 

transfer process at this interface can be used to describe the doping of graphene in a buffer solution. 

Considering, for instance, a reaction with the O2/H2O redox couple using O2(aq) + 4H+
(aq) + 4e-

(graphene) ⇌ 2H2O(l), one can infer the energy level (in eV) at equilibrium using the following 

relationship: 𝐸abs,O2 H2⁄ O =  −5.669 +  0.059 ∙ pH (in eV). This gives at equilibrium a Fermi 

energy position relative to the vacuum level between -5.61 eV and -4.95 eV for pH between 1 and 

12, respectively. Considering a work function of roughly 4.6 eV for graphene223, the model 

predicts therefore a strong p-doping of graphene in oxygenated water across the whole range of 

pH (Figure 5.1 right panel). While this model highlights the presence of a driving force for doping 

with the proton concentration, the results with u-graphene indicate no or little doping dependency 

with pH, which is inconsistent with the model. The results suggest that the graphene itself does 

not react with the O2/H2O redox couple, at least during the course of the experiment. That is, the 

u-graphene in solution appears to stay in an out-of-equilibrium state. In fact, previous work from 

our group has already shown that the charge transfer kinetics takes months before reaching 

equilibrium217. In our experiments, only few minutes elapse between each Raman measurement, 

which seems far from being enough for achieving equilibrium. Because graphene bares no 
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functional groups and considering that a total of four electrons are needed for this reaction, the 

surface inertness appears to provide no anchoring for the intermediate species of the reaction. As 

evidenced by the relatively low intensity of D band, the u-graphene used in these experiments is 

relatively clean and free of surface groups, which explains why it is a poor redox system for pH 

sensing.  

Pt/PtO redox pair solves the surface problem of u-graphene because it can catalyze the redox 

reaction at its surface and the surface produces stable reduction/oxidation intermediates. When in 

direct contact with the graphene surface, the Pt/PtO also allows free charge transfer to the graphene 

until equilibrium is reached between the graphene, the Pt/PtO system and the buffer solution. As 

discussed in Chapter 4, the Pt coating enables the following redox reaction224: PtO +  2Hା  +

 2eି(Pt − graphene)  ⇌  PtO +  HଶO, which can provide a potential energy shift with pH as: 

𝐸ୟୠୱ,୔୲ ୔୲୓⁄  =  −5.32 +  0.059 pH (in eV).  The energy level or Fermi energy of the Pt/PtO at 

different pH values is between -5.26 eV (pH=1) and -4.62 eV (pH=12), which lies below the 

graphene work function of 4.6 eV. That is, an acidic solution makes graphene strongly p-doped, 

whereas a basic solution favors intrinsic graphene, these predictions are quite consistent with the 

results in Figure 5.3.  

Because the shift of the Raman G-band can probe the carrier concentration, 𝑛(𝐸ி), in monolayer 

graphene, one can use calibrated experiments to estimate the carrier concentration in Pt-graphene 

for each pH experiment. Based on experiments with graphene FETs, Das et al. estimated using the 

device capacitance a relationship between the G-band position and 𝑛(𝐸ி) for monolayer 

graphene141. assuming a linear correlation between the Das results and the pH results in Figure 5.3, 

we can superpose the two experiments together on the same graph as shown in Figure 5.4. 

Interestingly, this comparison shows a fair agreement, suggesting that there is a linear relation 

between the pH and dopant concentration. Hence, one can use this comparison to determine the 

Fermi energy in graphene for each 𝑛(𝐸ி) using 𝑛(𝐸ி) = 𝑠𝑔𝑛(𝐸ி) 
ாಷ

మ

గ(ħ𝜐ಷ)మ
, where 𝜐ி is the Fermi 

velocity (106 m/s) and 𝑠𝑔𝑛(𝐸ி) is the sign of the Fermi level (negative for hole doping). The 

resulting values (black curve) are reported in Figure 5.3b, which compares again the Das results 

with the experimental results of the Raman G-band shifts vs. pH (blue) for Pt-graphene. Because 

of the fortuitous linear relationship, one can directly compare these results to estimate the Fermi 

level position for each pH value of our Pt-graphene experiments. Interestingly, the model, which 
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predicts a slope of 59 mV/pH for the Nernstian limit (red dotted line), is in a very good agreement 

with the Raman results obtained here (blue points). It is therefore reasonable to conclude from this 

simple model that the Pt-graphene surface is at or near equilibrium with the solution. The Raman 

sensing behavior of Pt-graphene with pH indicates a Nernstian behavior. 

 

Figure 5.4. Comparison of the Pt-graphene Raman results with pH with the Nernstian model presented. (a) 

Raman shift of the G-band with pH (blue data points) compared with the carrier concentration according to 

a fit of the results from Das and al. (black line)141. (b) Calculation of the Fermi level position for each 

Raman shift taken in panel (a) superimposed with the G-band position results from this study with the pH 

of buffer solutions.  
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5.3 Conclusion 
 

We characterized the Raman response of graphene coated with platinum in the regions of the G- 

and D-bands in buffer solutions over a broad range of pH values between 1 to 12. The Raman 

results are compared to that of uncoated graphene in the same conditions. The uncoated graphene 

shows small perturbation vs. pH, whereas the Raman spectrum of Platinum decorated graphene 

undergoes a significant transformation with pH. Increasing the pH induces a linear red shift of 

both the G- and D-band positions, a phenomenon ascribed to a charge transfer doping. The results 

are consistent with a redox reaction involving the Pt/PtO redox pair and the proton in the solution. 

The results indicate that the Pt-graphene electrode is p-doped in acidic pH. Increasing the pH of 

the solution gradually reduces this hole doping and the graphene becomes intrinsic at pH=12. The 

linear response observed here in Raman is compared with literature data on graphene FETs. The 

model shows that the Pt-graphene system follows a Nernstian behavior.  

While uncoated graphene is to be a bad redox couple for pH measurements, the platinum coated 

graphene electrode provides a direct measure of the pH of the solution. This work presents Pt 

coated graphene as a convenient reference electrode to sense optically the pH of solutions across 

a broad range between 1 and 12. These results pave the way for development of graphene based 

optical pH sensors requiring no electrical contact.   
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Chapter 6:  General Conclusions  
 

By making use of carbon nanomaterials and a non-destructive optical technique, we designed and 

developed an optical pH sensor capable of referenced pH measurements on a surface. We have 

explored the concept of the use of carbon nanomaterials for referencing the potential and made a 

proof of concept that aimed to address important limitations of conventional pH meters and other 

optical techniques, such as a miniaturization of the sensor, referenced pH measurements across the 

full pH range, albeit slightly dependent on the concentration of the analytes. This thesis has 

examined two different carbon nanomaterials: single walled carbon nanotubes and graphene as 

reporters of the solution pH. We prepared platinum decorated SWCNTs and graphene samples and 

integrated the hybrids into a Raman pH setup. The Raman measurements were done on these 

hybrids in different buffer solutions of pH values between 1 and 12. Raman experiments on the 

hybrids made of Pt/PtO attached to the reporters show that a red shift of the G-band of the hybrid 

material was generally measured with increasing pH and the position was referenced to evaluate 

the pH of unknown solutions. 

The achievements of this thesis could be described into two main parts: 

A) pH sensing from single-walled carbon nanotubes  

We chose single-walled carbon nanotubes to design the first pH sensor because of their specific 

and attractive characteristics, which include strong Raman signal, high surface to volume ratio, 

insensitivity to pH, and ease of chemical functionalization to include redox-active species. These 

results showed a clear dependency of the Raman fingerprint peaks of the SWCNTs, the G-band 

and D-band, which is consistent with a doping of the SWCNTs. 

We have investigated the dependency of the fingerprint Raman peak (G-band) of plasma torch 

SWCNTs (diameters between 0.9 nm and 1.5 nm) on the pH value. An excitation wavelength of 

ex = 633 nm was selected to specifically target a Raman resonance of the metallic nanotubes in 

our sample.  

The results showed that uncoated SWCNTs are not capable of forming good redox couples with 

their oxidized forms and gave only slow charge transfer kinetics. However, the platinum coated 

SWCNTs showed much improved results, which were shown to compete against the O2/H2O redox 
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pair already present in the solution. Uncoated (oxidized) SWCNTs nevertheless showed a slight 

red shift in the position of the G-band with changing pH, giving only a sluggish response.  

The G+ mode, first peak at the highest Raman shift, is the least affected by pH whereas the G- 

mode and the Gf mode (low energy peak) of metallic SWCNTs are found to be the most sensitive 

to pH. The Raman response of semiconducting SWCNTs was also explored, but the shift of their 

response was found to be weak. To maximize the signal, we explored SWCNTs prepared by  laser 

ablation method because of their narrow diameter distribution (1.1 nm – 1.5 nm), which allows a 

specific detection of the metallic SWCNTs in Raman measurements at 633 nm wavelength 

excitation. A much stronger pH-induced response was found for these metallic SWCNTs when 

placed in contact with Pt.  

By considering the energy level of the two redox couples (O2/H2O and Pt/PtO) and Fermi level of 

SWCNTs, a model was presented and shown to describe the doping of uncoated and Pt-coated 

SWCNTs. This model for the Pt/PtO redox pair was shown to predict a p-doping of the SWCNTs 

in acidic solution and a quasi undoped state in basic solution. An inconsistency between the model 

and the experimental findings was noted and investigated using buffer solutions of different ionic 

strengths with Pt-coated SWCNTs. The results showed that the ionic strength impacts weakly the 

pH response, as evidenced by the parallel slopes of the G- and Gf modes. Decreasing the ionic 

strength generally reduces the doping level, which is ascribed to a reduced charge screening. 

Surprisingly, a reduction of the ionic strength, i.e., lower screening, reduces the doping state 

towards a position predicted by the model. The discrepancy between the observed Raman shifts 

and the presented model remains, however, a point to clarify. 

Our previous results showed a high sensitivity of Pt-coated SWCNT sensor to the local pH. We 

investigated the potential errors introduced by the substrate to the pH measurements. Two kinds 

of surfaces were prepared: the parlyene-C deposited on an oxidized silicon wafer and an 

aminoalkyl-silanized oxidized silicon wafer and these were compared with an oxidized silicon 

substrate without any modification on the surface. The results demonstrated some deviation in 

basic solutions, which is ascribed to different densities of functional groups (silanols, protonated 

and deprotonated silanols). The experiment showed that the measurement is also influenced by the 

local charges, which induces additional shifts of the electrochemical potential in the bulk of the 

solution. 
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To solve the potential problem of uniformity in the preparation of the Pt-SWCNTs, we developed 

a synthesis procedure to prepare SWCNTs uniformly coated with Pt nanoparticles (PtN-SWCNTs) 

and assembled thin films of these PtN-SWCNTs for pH sensing. The PtN-SWCNTs provided the 

expected strong Raman response with pH, namely a shift of the G- mode by more than 7 cm-1 

across the pH values between 2 and 12. As a proof of the feasibility of the PtN-SWCNT pH sensor 

for analytical measurements, we prepared three different PtN-SWCNT samples and exposed them 

to solutions of different pH. Test solutions measured by a conventional pH meter equipped with a 

combined glass electrode were used to determine an accuracy of the Raman-based measurements 

of ±700 mpH in basic solution and ±500 mpH in acidic solution. The precision of the remote pH 

sensor remains high across the full range of pH. The difference in accuracy for the acidic and basic 

solutions is ascribed to the response of the silanized surface.  

The PtN-SWCNT-based Raman sensor in its current version shows a lower accuracy compared to 

conventional (electrode-based) pH meters. However, it has the advantage of operating optically 

without physical electrodes. The sensor has nanoscale dimensions and provides non-specific 

signals that can be mixed with other signals (contaminants, biomaterials, support, etc.) and a slight 

dependency on the concentration of the analyte. 

To improve the response, we investigated the use of sorted samples of pure (>95%) metallic 

SWCNTs coated with nanoparticles of platinum, thanks to a one-pot synthesis of the PtN-m-

SWCNTs hybrids. The results demonstrated a larger shift of the G- mode (10 cm-1) compared to 

the PtN-SWCNTs (6 cm-1) , a steeper slope (-1.02 ± 0.03 cm-1/pH unit compared to -0.70 ± 0.02 

cm-1/pH unit for unsorted PtN-SWCNTs) and a reduced broadening of the G-band. The action of 

the platinum nanoparticles was compared with that of palladium and ruthenium (PdN-MSWCNTs 

and RuN-MSWCNTs). The PdN-MSWCNTs did not show any Raman shifting with pH, while the 

RuN-MSWCNTs demonstrated a clear Raman shifting but limited to the acidic region. These 

findings indicate that platinum is the best choice among these three metals. 

 

B) pH sensing with graphene 

The second achievement of this thesis is related to the results of Raman-pH sensing using 

graphene. Graphene is the fundamental building block of all carbon allotropes with its own unique 
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properties. Previous research encouraged us to investigate the Raman-pH dependency of graphene. 

We characterized the spectral response of platinum coated graphene to pH across a broad range of 

pH from 1 to 12 and compared it to that of uncoated graphene. The uncoated graphene sample 

demonstrated small perturbations of the Raman spectra compared to the platinum-coated graphene. 

A significant transformation of the Raman spectra with pH was measured with the Pt-graphene 

system in the region of the G-band. Similarly to the SWCNT hybrids, the phenomenon is ascribed 

to charge transfer doping between the Pt/PtO redox pair and the graphene electrode. 

The shifting in position of the G-band in Pt-graphene (25.5 cm-1) was more than two times larger 

than PtN-m-SWCNTs (10 cm-1) and the slope was steeper  (-2.4 ± 0.2 cm-1/pH unit compared to -

1.02 ± 0.03 cm-1/pH unit). The increased sensitivity is related to the unique electronic structure of 

graphene. The highest Raman intensity of the SWCNTs makes overall better sensors, but of lower 

accuracy.  

Nonetheless, our findings have the potential to impact the design of optical carbon-based pH 

sensors. These sensors can be miniaturized and are effective over the entire pH range, which would 

make them attractive in a multitude of applications such as in the food industry or in biomedical 

applications, to detect local changes in pH at the small scale.  

Future research could continue to solve the Raman intensity problem of graphene samples using 

graphene nanoflakes. Next experiments will examine the accuracy of the pH sensor made with 

graphene and this will allow a direct comparison with the performance of pH sensors based on 

SWCNTs. Finally, we plan to prepare a prototype of the pH sensor having the best performances 

and adapt the sensor to industrial needs.  
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