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Doctor of Philosophy 

NANOSTRUCTURED PALLADIUM HYDRIDE ELECTRODES: FROM THE 

POTENTIOMETRIC MODE IN SECM TO THE MEASURE OF LOCAL PH DURING 

CARBONATION. 

By Mara Serrapede 

 

The detection of local variations of the proton activity is of interest in many fields such as 

corrosion, sedimentology, biology and electrochemistry. Using nanostructured palladium 

microelectrodes Imokawa et al. fabricated for the first time a reliable and miniaturized 

sensor with high accuracy and reproducibility of the potentiometric-pH response. In 

absence of oxygen, the nanostructured palladium hydride tips are sensitive only to the 

activity of the protons close to their local environment and they have an almost Nernstian 

theoretical response with a slope of 58.7 mV/pH (25C) from pH 2 to 14. In the bulk, 

the lifetime of the palladium hydride sensor is 60 times longer when the solution is 

saturated with argon than with oxygen. Besides, the open circuit potential (OCP) recorded 

during the discharge of the hydride is more positive in an oxygenated solution. To unravel 

the influence of oxygen on the potentiometric response of these tips, we carried out a 

series of potentiometric and amperometric scanning electrochemical microscopy (SECM) 

experiments over a range of tip-substrate distances against an inert substrate. 

Potentiometric SECM experiments in aerated solutions demonstrate that the duration of 

the hydrogen discharge and tip potential depend on the tip-substrate distance: the closer 

the tip is to an inert substrate, the longer the lifetime of the sensor is, and the more 

cathodic the open circuit potentials are. Linear sweep voltammetry (LSV) near the OCP 

values reveals that the polarization resistance decreases when the tip approaches the 

substrate. These trends are confirmed by Tafel plots recorded over a range of tip-substrate 

distances. Potentiometric and amperometric measurements are found to be in good 

agreement. These results can be analysed in terms of a mixed potential theory as used in 

corrosion. They reveal that in the potentiometric mode, despite being held at zero current, 

the tips promote the reduction of oxygen which in turns leads to the rapid discharge of 

hydrogen from the palladium hydride. The closer the tip is to the substrate, the smaller is 

the flux of oxygen, the longer is the duration of the discharge and the more negative is the 

OCP. This dissertation will therefore show that even in a potentiometric SECM 

experiment where the tip is supposed to be a passive probe, hindered diffusion can affect 

the tip potential and produce a dependence on the tip-substrate distance. In aerated 

solutions, a simple correction can be made to bulk experiments. In this study the 

exceptional potentiometric properties of pH microprobes made with nanostructured 

palladium hydride microelectrodes are reported to demonstrate their application by 

monitoring pH variations resulting from a reaction confined in a porous medium. Their 

properties were validated by detecting pH transients during the carbonation of Ca(OH)2 

within a fibrous mesh. Experimental pHs recorded in situ were in excellent agreement 

with theoretical calculations for the CO2 partial pressures considered. Results also showed 

that the electrodes were sufficiently sensitive to differentiate between the formation of 

vaterite and calcite, two polymorphs of CaCO3. These nanostructured microelectrodes are 

uniquely suited to the determination of pH in highly alkaline solutions, particularly those 

arising from interfacial reactions at solid and porous surfaces. 
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1. Introduction 

The aim of this project is to develop the understanding of the carbonation processes in 

lime based mortars. The study presented in this thesis focuses on the development and 

application of microelectrodes to monitor the proton activity during the carbonation 

reaction. The main objectives of this study are to develop an experimental approach that 

can be used to monitor the reaction processes when growing carbonate crystals at the 

solid-liquid interface and to develop the knowledge of the electrochemical sensors used 

for those measurements. This research is carried out through collaboration between the 

Department of Architecture and Civil Engineering of the University of Bath and the 

Electrochemistry group of the University of Southampton.  

Lime has been used as an inorganic binder in construction for thousands of years, 

examples of its use have been found in Palestine and Turkey dating from 12000 BC and 

lime mortars were widely also used by the Romans. The manufacturing techniques and 

the design of mortars to obtain materials with different performances are well understood, 

but the carbonation mechanism in lime mortars is still under observation. Some results 

have been published about the influence of various parameters on the growth kinetics of 

CaCO3 crystals on an electrode.
1-12

 

The origin of the precipitation of calcium carbonate has been studied using impedance 

spectroscopy
2, 3

, thermal and gravimetric techniques
4, 11-14

 and Raman spectroscopy
6, 8, 10, 

12
.  The chemical reactions which lead to CaCO3 precipitation have been well described

5, 

15, 16
, and are reported in the reactions (1-4) below: 

                       (1) 

              
    (2) 

    
            

         (3) 

         
            (4) 

However, this mechanism does not include the amorphous intermediate phases with the 

formula Ca1+x CO3(OH)2x yH2O (x > 0.05, y = [0.6; 0.8])
17

. The existence of these phases 

suggests that the mechanism is more complicated than generally described.  

The pH is the most important parameter to characterize the state of the solution with 

respect to the various calcocarbonic equilibria. The fundamental phenomena that lead to 

the nucleation and subsequent growth of the CaCO3 involved in the carbonation, have 
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been studied and postulated, but no one has reported the proton concentration at the 

interface because of the difficulties encountered. In the field of calcium carbonate 

precipitation, the interfacial pH is of major importance and the main aims of the project 

are to determine the pH in the small volume of water sitting on top of lime crystals and to 

monitor how the carbonation reaction occurs. The rate of carbonation has traditionally 

been studied using an external approach, the simplest being the application of 

phenolphthalein as pH indicator to a surface and the assessment of compositional changes 

using thermogravimetric analysis
14, 18

. Other approaches have used the changes in weight 

and carbon dioxide uptake
19

; however these methods do not give detailed information on 

the surface reactions. 

In this project, the procedure proposed to measure the pH is to use electrodes as passive 

probes. Those will be held with a micro-positioner in a configuration analogous to the 

scanning electrochemical microscope (SECM) in order to get precise spatial information. 

With this technique, it is possible to perform electrochemical measurements very close to 

the interface of interest (order of μm) using micrometre size sensors. 

1.1. The carbonation reaction 

1.1.1. The theory about the carbonation 

On exposure to air, lime reacts with atmospheric carbon dioxide (CO2) to form calcium 

carbonate. This process is known as carbonation and is responsible for the hardening of 

the mortar. Ca(OH)2 is alkaline, whereas CaCO3 is mildly acidic. Since the cement 

industry is several orders of magnitude larger than the lime industry, it is not surprising 

that research on carbonation is mainly published on cement mortars. Upon hydration, 16 

to 20% of Portland cement is converted to portlandite
20

, which is the active binder in lime 

mortar. Cement, in fact, is the building material made by grinding calcined limestone and 

clay to a fine powder, which can be mixed with water and poured to set as a solid mass or 

used as an ingredient in making mortar or concrete. Mortar is the workable paste used to 

bind construction blocks together and fill the gaps between them. The blocks may be 

stone, brick, cinder blocks, etc. Mortar becomes hard when it sets, resulting in a rigid 

aggregate structure. Modern mortars are typically made from a mixture of sand, a binder 

such as cement or lime, and water. While portlandite is the name of the particular 

structure of Ca(OH)2.  

http://encyclopedia.thefreedictionary.com/Rock+(geology)
http://encyclopedia.thefreedictionary.com/Brick
http://encyclopedia.thefreedictionary.com/Aggregate+(composite)
http://encyclopedia.thefreedictionary.com/Sand
http://encyclopedia.thefreedictionary.com/Cement
http://encyclopedia.thefreedictionary.com/Lime+(material)
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The subsequent carbonation process is the same in both and much of the research findings 

are therefore transferable from cement to lime. The carbonation process can be described 

overall by the chemical process
21

: 

                                                                                          mol
-1

  (5) 

The carbonate weighs about 35% more than the hydroxide from which it was formed. 

There is also an increase in the volume of solids. Ca(OH)2 (portlandite, which has a 

specific gravity of 2.24 g cm
-3

 and molar volume of 33.0 cm
3
 mol

-1
) is converted into 

CaCO3 (calcite, or the more unusual crystalline forms vaterite and aragonite, which has a 

specific gravity of 2.71 g cm
-3

 and molar volume 36.9 cm
3
), resulting in an 11.8% 

increase in the volume of solids. This increase in volume is accommodated by the pores 

of the mortar and tends to reduce access to CO2. The heat generated by the reaction, 74 kJ 

mol
-1

, may marginally contribute to evaporation of water from the pores, which can have 

the effect of reducing the rate of carbonation since water is the primary vehicle for 

carbonation. Ca(OH)2 is accessed by the CO2 in its dissolved state
22-24

. There are five 

stages involved: (i) diffusion of gaseous CO2 through the pores of the mortar, (ii) 

dissolution of Ca(OH)2 in the pore water as in equation (1), (iii) dissolution of the CO2 in 

the pore water as described in equation (2), (iv) chemical equilibration of dissolved CO2 

in the pore water as expressed in equation (3) and (v) precipitation of CaCO3 as shown in 

equation (4). Since carbonation only occurs in solution, low relative humidity will inhibit 

the reaction. The carbonation process is not only limited by pore blocking. It has been 

shown that even after carbonation has apparently completed, there are still small amounts 

of uncarbonated portlandite present 
25

. Studies on medieval mortars have revealed the 

continuing presence of residual portlandite. Cultrone et al 
26

 proposed that carbonation is 

limited by the heat generated by the portlandite-calcite reaction, but it is more plausible 

that some portlandite crystals can be covered by an impervious layer of insoluble calcite, 

thereby blocking the access of CO2 to the portlandite core 
27, 28

. Swenson and Sereda 
29

 

used optical extensometry and chemical analysis to demonstrate that particles of lime can 

be coated with calcium carbonate. This results in moisture being trapped inside the 

coating. When the moisture outside the coating dries out, a moisture gradient is created 

which is sufficient to produce cracking. A sequence of deposition of calcite, slowing of 

the reaction, drying and cracking continues until the build-up of the coating eventually 

stops the reaction and no further carbonation takes place, trapping some uncarbonated 

lime inside the coating. Theoretically, the size of the portlandite crystals has an impact on 
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the rate of carbonation since the smaller the crystal, the higher the surface area is and the 

faster the access of CO2 will be. The smaller particle size of aged lime putty also means 

that it retains a larger quantity of water which improves the workability
30

. The 

disadvantage of this higher water retention is that aged lime putty mortars show more 

shrinkage cracks than dry hydrate mortars 
31

. 

1.1.2. The measurement of the carbonation 

Although a wide range of methods are available to measure the carbonation, the 

traditional method of detecting this process is to spray a freshly broken surface of mortar 

with phenolphthalein. Where the surface is stained deep pink it indicates the presence of 

the highly alkaline portlandite, whereas uncoloured areas indicate that the portlandite has 

carbonated into neutral calcite. The implication often drawn from this is that there is a 

sharp boundary between carbonated and uncarbonated material. It has been demonstrated 

that a carbonation front develops which moves through the material as carbonation 

progresses
21

. Until now little research has been conducted into the measurement of the 

shape of this front. Parrot
32

 used a range of different indicators to measure different levels 

of pH through concrete. Dewaele et al 
33

 measured changes in permeability across the 

front, and Lo and Lee
34

 used FTIR to measure changes in the intensity of the 

characteristic peak C-O bonds stretching which is associated with changes in CaCO3 

content. Houst and Wittmann
35

 used a homemade machine consisting of an induction 

oven and an infra-red analyser to measure the concentration of the thermal evolution of 

CO2. This was done to a resolution of 0.2-0.5 mm on concrete specimens. Except for 

qualitative techniques such as phenolphthalein staining, quantitative measurements are 

generally based on average measurements
36

 that often give misleading results. Portlandite 

is a strong alkaline material whereas calcite is neutral. This change in alkalinity can be 

used to detect the change in state from fresh lime to carbonated lime using a range of 

different techniques. 

(a) Chemical indicators 

In 1828 Vicat 
37

 described the use of ‘slightly moistened test paper’ to produce ‘…an 

evidence of the breadth of the carbonated parts.’. Phenolphthalein is an indicator which 

changes from clear to a deep pink above a pH of about 9.3, and it is the most common 

method used to detect carbonation in both lime mortars and concrete. Indicators do not 

change colour sharply at one particular pH, but rather over a narrow range. For 
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phenolphthalein, this range is between 8.3 and 10.0. When applied to a freshly broken 

specimen of lime mortar, a stained area is seen which marks the ‘un-carbonated’ material. 

This colour change is used to measure the ‘carbonation depth’. A phenomenon which is 

occasionally observed in lime mortars is the presence of Liesegang patterns: this is a 

quasi-periodic self-organising precipitation of a sparingly soluble product in the wake of a 

moving reaction front
38

. As the carbonation front progresses through the mortar, under 

certain circumstances the carbonation product will be more concentrated at some 

distances from the surface than at others, these are characterized in lime mortars by 

concentric rings of stained and unstained material most often seen when the binder is an 

aged lime putty. The pale rings represent areas of mortar with a higher level of 

carbonation than the areas to either side. Other indicators have been experimented with to 

detect carbonation in concrete but with little success
32

. The problem with many of these 

indicators is that they are not readily visible and the pH at which the colour change occurs 

in other indicators is not at the right level to show carbonation satisfactorily. 

(b) Chemical titration 

Chemical titration can be used to measure the Ca(OH)2 content of mortars
39, 40

. This 

method involves the mixing of ground material in a fixed concentration of portlandite 

solution for 24 hours followed by titration with nitric acid (HNO3) until a pH of 12.0 is 

attained. The amount of HNO3 required can be used to calculate the amount of hydroxide 

contained in the solution. 

(c) Gravimetry 

Lime mortar increases appreciably in mass as it carbonates. Medici and Rinaldi
41

 used 

gravimetry to establish the weight of CaCO3 that was formed at a particular point in time. 

The mortar under study was a dry hydrate/sand mortar in a high CO2 environment, forcing 

complete carbonation within a period of 7 days. This technique requires the use of micro-

balances in an enclosed controlled atmosphere in order to eliminate errors due to 

differences in absorbed water at different weighing times. For this reason the technique is 

most commonly used with small cement or lime paste samples
42

. The technique is 

effective with forced carbonation experiments, where the experiment may last a few 

hours or days. It is not appropriate for long-term studies of carbonation in atmospheric 

conditions. The information gained from gravimetry provides bulk carbonation data and it 
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is not possible to establish anything about the movement of the carbonation front through 

the material in terms of rates of progression or shape of the carbonation front. 

(d) Velocity of ultra-sound 

This non-destructive technique has been pioneered by Cazalla et al.
31, 43

. The carbonation 

process is characterized by an increase in the velocity of longitudinal ultrasonic waves 

and is related to the degree of compactness. The greater the longitudinal velocity, the 

greater the decrease in the total anisotropy of the samples is. The advantage of this 

method is that it is non-destructive, and a large number of measurements can be taken 

rapidly. This technique does not give absolute data, but rather gives a measurement of the 

changes in mechanical properties taking place within the mortar. Cazalla promotes this 

technique as a quick and inexpensive, non-destructive method for comparing the 

performance of different materials. 

(e) Thermogravimetry 

Thermogravimetry (TG) is frequently used for the compositional analysis of materials 

because it measures the weight loss resulting from the thermal decomposition of a 

sample
44

. TG is a technique that gives results that are intrinsically quantitative because it 

is based on those reactions that take place with a change in weight. Thus the measured 

weight loss reflects the overall reaction taking place. As with all analytical techniques the 

procedure requires careful planning and control. The requirements for a successful TG 

analysis include: (i) a good knowledge of the material being analysed, (ii) awareness that 

a dependency exists between the components in the mixture, (iii) good instrument 

condition with a sufficient pre-analysis purge in order to remove any gasses present in the 

furnace that may react with the sample, (iv) proper selection of parameters like 

temperature halts, gradients, atmospheres. The basic technique can be improved using the 

thermogravimetry derivative because the first derivative of the TG data can be very 

revealing in identifying the onset and finishing temperatures for individual mass changes. 

Typically, for calcium carbonate samples four distinct phases of weight loss can be 

identified: (i) loss of physically adsorbed water from 20 up to 110 C, (ii) the thermal 

breakdown of iron impurity always present in the aggregates between 250 and 300 C, (iii) 

thermal breakdown of the Ca(OH)2 into CaO and water (dehydroxylation) between 400 

and 475 C and (iv) the thermal breakdown of CaCO3 into CaO and CO2 
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(decarboxylation or calcination) between 800 and 900 C. The knowledge of the 

stoichiometry of these reactions allows an accurate quantification of the weights of 

material originally present in the sample under investigation. The shape of the 

decarboxylation curve can also be used to identify different crystalline forms of CaCO3 as 

amorphous carbonate, calcite, aragonite and vaterite. 

(f) Raman spectroscopy 

The Raman Effect was discovered in 1928 and has been used ever since to characterize 

materials. The Raman spectroscopy involves the excitation of the molecules in a 

specimen using a monochromatic-laser beam. The spectra of the resulting emissions are 

characteristic of particular molecules
45, 46

. Only recently, the technique has been applied 

to lime mortars
42, 47

. There is a general carbonate peak at 1085 cm
-1

 that clearly identifies 

the presence of CaCO3. Calcite, vaterite, and aragonite signals overlap closely, but they 

all have distinctive spectra in the 700 – 800 cm
-1

 region that allow the forms to be 

differentiated
48

. Ca(OH)2 produces a strong peak at 3620 and 3640cm
-1

 
49

. The Raman 

signal is produced by exciting the material using a laser beam with a diameter of 

approximately 4 μm
42

. The resulting data are very informative about the functional 

groups under the laser spot, but if the material under investigation is inhomogeneous, it 

can be misleading. The presence of a range of different constituents in the mortar can 

produce strong fluorescence
50

. This can cover the true Raman signals which tend to 

restrict the use of Raman to pure pastes rather than multi-phase materials such as mortars. 

(g) X-Ray diffraction (XRD) 

The dimensional structure of crystalline materials consists of regular repeating planes of 

atoms that form a crystal lattice. When a focused X-ray beam interacts with this lattice, 

part of the beam passes through, part is absorbed, part is refracted and scattered and part 

is diffracted. The part that is diffracted is characteristic of the mineralogical structure of 

the sample. The angle between the incoming X-ray beam and the detector is varied during 

an X-ray scan, and the resultant signals are measured in 'counts per second' (cps) and can 

be displayed graphically against the angle formed between source, sample and detector. 

This angle is referred to as 2θ. The distances between the planes of the atoms that make 

up the sample can be measured by applying Bragg's Law: 

              (6) 
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where n is an integral multiple of λ, the wavelength of the incident X-ray beam, d is the 

distance between adjacent planes of atoms (referred to as the 'd-spacings') and θ is the 

angle of incidence of the X-ray beam. In order for the diffraction patterns to occur, the X-

ray beam reflected from the upper atom and the X-ray beam reflected from the lower 

atom must be in phase which allows them to reinforce each other. This requires the beam 

distance between the reflection planes to be an integral multiple of the wavelength of the 

beam. Since the beam has to travel twice this distance the integral multiple wavelength of 

the beam when the phases of the beams coincide and reinforce each other is equal 

to        . Since λ and θ are known, it is possible to calculate the d-spacings. An X-ray 

scan will produce a set of d-spacings which are a characteristic fingerprint of the minerals 

present in the sample. XRD is a reliable technique that is widely used for characterisation 

of mortars
51

. It has also been used to investigate carbonation in new materials, 

particularly for the measurement of the relative proportions of calcite and portlandite
26, 31, 

36
. This technique is capable of identifying the form and size of portlandite crystals in 

lime putty
52

. The phase analysis of calcium carbonate can also be identified using XRD - 

allowing differentiation between calcite, aragonite and vaterite
48

. However, XRD does 

not easily quantify the relative proportions of different materials. Firstly, the signals for 

each material have to be separated and, secondly, relative intensities are not directly 

proportional to relative quantities
53

. In general, researchers use XRD to detect the 

presence of a certain material, rather than their quantity
36

. 

(h) Optical microscopy (OM) 

Crystalline materials can be identified with the use of polarisation and fluorescence 

microscopy (PFM). When a beam of light enters an anisotropic crystal, it is split into two 

beams of polarised light with different refractive indices. When viewed through a 

microscope between crossed polarisers, characteristic interference patterns can be 

observed which allow the crystals to be identified. In addition, voids can be seen and 

counted if the specimen is impregnated with a fluorescent resin. This procedure gives 

insight into the pore structure
53, 54

. Preparation of slides is time consuming and 

problematic for friable materials, such as lime mortars. However, once prepared, they can 

be quickly examined, photographed and analysed. 
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(i) Scanning electron microscopy (SEM) 

SEM offers the opportunity to examine materials at far greater magnifications than can be 

achieved using optical microscopy (OM). Environmental SEM (ESEM) gives the 

opportunity for low-vacuum analysis of wet or larger samples, and is suitable for 

examination of the carbonation front in lime mortars. Individual crystals can be 

examined
55, 56

, as can the bonding between carbonated binder and filler. Pores in the 

structure, through which CO2 gains access to uncarbonated Ca(OH)2 can also be 

examined
57

. Once a suitable subject has been located in the specimen, ESEM 

photomicrographs can be rapidly taken for subsequent analysis. Back-scatter mode SEM 

used on polished specimens allows the internal structure of mortar to be clearly seen
58

. 

Combined with digital image analysis, the porosity and the pore size distribution can be 

visualized
59

. Energy dispersive X-ray analysis (EDX) allows the identification of the 

elemental composition of an area of a specimen under SEM examination. The difficulty 

with this system is that elements lighter than oxygen are difficult to detect quantitatively 

without a standard. It is therefore difficult to differentiate between Ca(OH)2 and CaCO3 

since the difference between them is carbon (atomic weight 12) and hydrogen (atomic 

weight 1), both of which have lower molecular weights than oxygen (atomic weight 16). 

(j) Fourier transform infrared spectroscopy (FTIR) 

Infrared spectra of the characteristic peak of the C-O bonds stretching can be detected 

using FTIR
34

. This technique appears to be considerably more sensitive than the 

phenolphthalein staining test. The technique involves taking powdered samples at 1.5 mm 

depth increments. The IR spectrum of each powder sample is mixed with KBr in the 

proportion of 1:10 to facilitate quantitative measurement of carbonation depth. Samples 

are dehumidified for 1 day prior to testing in order to minimize moisture effects. Each 

sample is scanned 50 times with a 4 cm
-1

 resolution in the range 400-4000 cm
-1

. The 

characteristic peak of the C-O functional group is in the range 1410 - 1510 cm
-1

. This 

technique is able to produce data which identifies the presence of carbonation in concrete 

more accurately than phenolphthalein staining. 

(k) Using a pH meter 

In theory, the pH of mortar could be measured using a pH electrode. The overall pH of 

mortars has been measured in order to establish the susceptibility of the environment to 
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fungal growth
60

. This technique involved suspending a 10 mm x 10 mm x 3 mm specimen 

of mortar in a fixed volume of distilled water for 2 days, followed by the measurement of 

the pH with an electrode. Given that the resolution of this system is 3 mm, this approach 

would not offer any advantages over phenolphthalein staining, and the test takes much 

longer to perform. 

1.2. The basic theory on potentiometric probes 

Potentiometric ion selective electrodes (ISE) are passive probes which, contrary to 

voltammetric sensors, do not convert the analyte in the sample. The response of an ISE 

depends linearly on the logarithm of the activity of the primary ion in presence of other 

ions. The cell potential is the sum of a number of local potential differences generated at 

the interfaces within the cell and measured between the two (reference) electrodes. At no 

current flowing, the cell potential, Ecell, is given by: 

                          (7) 

where EISE is the potential of the ion-selective electrode, Eref the potential of the reference 

electrode and Ejnc the liquid junction potential arising at the interface of the sample 

solution and the internal electrolyte solution of the reference electrode. In analytical 

applications, one chooses electrolyte combinations to eliminate liquid junction potentials. 

In ISE potentiometry, the cell potential reflects the dependence of the membrane potential 

on the primary ion activity. According to the Teorell-Meyer-Sievers
61, 62

 theory, the sum 

of three different potential contributions, the phase boundary potentials generated by ion-

exchange process at both interfaces, (Φ1 – Φm,1) and (Φm,2 – Φ2), and the inter-membrane 

diffusion potential, (Φm,1 – Φm,2), constitutes the membrane potential. 
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Figure 1.1 (a) Schematic diagram of ISE circuit. (b) Potential profile across an ion-selective membrane of 

fixed sites, symmetrically bathed with the sample and the reference solution. Reproduced from
63

. 

If the membrane composition is constant and there are no concentration gradients within 

the membrane, then the membrane diffusion potential is zero and the membrane potential 

can be described by phase boundary potentials. This approach is used to treat the response 

of ISE made with a range of membranes. For an ideally selective electrode, the measured 

cell potential is described by the Nernst equation: 

                      
  

   
          (8) 
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where ai refers to the activity of the primary ion i in the sample solution, zi is the charge 

of the primary ion i, R is the gas constant, T the absolute temperature, and F the Faraday 

constant.      
  

   
 is the Nernstian slope, which is equal to 

  

  
    at 25C. The constant 

term includes all primary ion i activity independent terms. 

In practice, however, deviation from the ideal electrode behaviour is common, and an 

additional contribution to the total measured ion activity has to be considered due to the 

presence of the interfering ion j in the sample solution. Under these conditions, the ISE 

potential can be approximated by the Nicolsky-Eisenman equation
64

: 

                      
  

   
   (    ∑    

       
  

  ⁄
    )  (9) 

where aj and zj are the activity and charge of interfering ion j. the weighting factor K
pot

ij is 

the selectivity coefficient. Naturally if the value of K
pot

ij is small, the contribution of the 

interfering ion to the total cell potential is negligible. The selectivity coefficients can be 

determined potentiometrically and are tabulated. Their values are used as guideline when 

designing ISE-based potentiometric experiments
63

. 

1.3. pH measurements with potentiometric sensors 

Although the most common technique for measuring pH in laboratory and industries is 

based on the use of the pH glass electrode
65-67

, developed 100 years ago by Haber and 

Klemensiewicz
68

, there are various sensors to measure the pH. Several inconveniences in 

the use of glass pH electrode have stimulated the research in other methods to measure 

the pH. The pH sensitive glass can be easily damaged; major cracks are obvious, but 

minor damage can be difficult to detect. The glass can become old and exhibit a slow 

response. The deposit on the glass electrode surface will also slow and alter the response. 

The damage of the glass is especially critical during pH measurements in living organism 

using catheter type electrodes. The miniaturization of electrodes also requires non glass 

sensing devices. The non-glass pH sensitive electrodes can be divided in several groups. 

There are sensors based on antimony and other metal oxides, ion sensitive field effect 

transistors, and various polymeric membranes loaded with ion carriers
69

. 
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1.3.1.  Conventional ionophore based pH electrodes 

The first pH sensing electrode based on ion carriers can be found in the literature between 

the late seventies and early eighties of 1900. The main interest was to exchange the glass 

membrane in microelectrodes dedicated to intracellular measurements with liquid or 

plastic membranes that possess less electrical resistance and are less fragile. Good 

reviews have been written by Buhlmann, Pretsch and Bakker
70, 71

. The sealing of pH glass 

membranes to bevelled silica pipets poses many technical problems. In contrast, liquid 

membrane microelectrodes
72

 are much easier to prepare and do not suffer from the 

disadvantages of tip geometry as the glass membrane electrode preparation technique. For 

this purpose, classical electrically charged ion carriers have been introduced for use in 

polymeric membranes
73-76

. However the selectivity against other ions was not satisfactory. 

One of the first work in this field was a H
+
 sensitive microelectrode based on a neutral ion 

carrier belonging to the class of lipophilic amines, tri-n-dodecylamine (TDDA)
77, 78

. The 

selectivity with respect to Na
+
, K

+
, Mg

2+
 and Ca

2+
 is sufficient for extra- intracellular H

+
 

ion activities being less or equal to 3.2 10
-6

 (pH 5.5) at typical ionic backgrounds. 

Electrodes with tip diameters around 1 mm have an electrical resistance around 10
11

 Ω 

and a 90% response time less than 5 s. An example of intracellular application of these 

electrodes can be founded in the pH determination of xwnopus laevis oocytes
78

 and in 

other cells
79

. Plastic electrodes have been developed for measuring pH in the human 

gastrointestinal tract
80

. The electrodes have plastic hydrogen ion sensitive membrane 

sealed to length of fluid filled PVC tubing. These electrodes have a potentiometric 

response of -52 to -58 mV/pH unit change in the range pH 4-9, with a diminished 

response outside this range. They have low resistance and a fast response time of 1 

second to reach 90% of their maximal response. The electrodes can be passed down the 

biopsy channel of an endoscope to obtain mucosal pH readings under direct vision. Those 

readings are comparable to those obtained with the glass electrodes. Neutral ion carriers 

selective for H
+
 ion were used in polymeric membranes for blood pH measurements

81
 and 

in sensors for a variety of other assays
82-86

 including potentiometric pH detection in 

suppressed ion chromatography
87

. A dual lumen catheter electrode design suitable for the 

simultaneous measurement of partial pressure of CO2 and pH in flowing blood was 

described: the probe was fabricated from a single segment of dual-lumen silicone rubber 

or polyurethane tubing that was impregnated with the proton ionophore tridodecylamine
88

. 

The impregnation step imparts H
+
 permselectivity to both inner and outer walls of the 
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tubing. By filling each lumen with a suitable buffer/electrolyte solution and an Ag/AgCl 

reference electrode wire, simultaneous potentiometric detection of both PCO2 and pH was 

achieved. Careful optimization of incorporated proton carrier (tridodecylamine), 

plasticizer (o-nitrophenyl octyl ether), and lipophilic counteranion sites (tetrakis[3,5-

bis(trifluoromethyl)phenyl] borate) within the tubing walls yielded catheter electrodes 

with resistance values of 10-20 MΩ and relatively high stability in flowing blood. Results 

from continuous measurements of pCO2 and pH during long-term 30-65 h blood loop 

experiments demonstrated that, after an initial conditioning period, the catheter exhibits 

low drift rates and yields continuously measured values in good agreement with those 

obtained on discrete samples with a commercial blood gas analyser. In vivo evaluation of 

the catheter sensors, performed by implanting silicone rubber dual-lumen probes in the 

arteries of anesthetized dogs, indicated that the proposed catheter design can closely 

follow pCO2/pH changes induced in the animals during 6-13 h of continuous monitoring. 

Although the obtained selectivities are impressive, the sensors have a narrower 

operational range in comparison to glass pH electrodes and the cation interference 

imposes limitations in their use at high pH values, while the anion interferences set a limit 

at the lower pH values. The pH range for the application of a hydrogen ion selective 

sensor depends on the acidity constant (pK) of the ionophore incorporated to the 

membrane. 

Eleven neutral hydrogen ionophores possessing a basic nitrogen atom for ion selective 

electrodes for a distinct pH range were proposed
89

. The pK of the nitrogen atom 

determines the position of the dynamic range of the electrode. A small value of pK shifts 

the dynamic range to smaller pH values and vice versa. For gastrological applications the 

pK value between 4 and 5 seems to be optimal. To reduce cation interferences, the 

ionophores should contain neither additional coordination centres such as amide, ester or 

ether functions, nor structural groups that might form chelate rings upon coordination 

with the cation. The ionophore should be of high lipophilicity, electrically neutral and in 

the unprotonated form. The potentiometric response of several ion selective polymer 

membranes prepared with aminated and carboxylated PVC were examined and compared 

to those observed with the non derivatised polymer
90

. The presence of carboxyl or amine 

functional groups within the membranes is shown to have little effect on the response and 

selectivity of the tridodecylamine based membrane. Blank aminated PVC membranes 

respond to pH in analogous manner to that of underivatised PVC membranes containing 
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tridodecylamine, while blank carboxylated PVC membranes exhibit little or no proton 

response. The implication of the findings is discussed in terms of the charged and 

uncharged nature of the functional groups within the membrane phase as well as the 

potential advantages of using functionalised PVC to fabricate biosensors. The ion-

exchange properties of carboxylated PVC are described and interpreted by theory and 

experiments for H
+
 membrane sensitive sensors

91
. A PVC matrix membrane pH electrode 

based on neutral carrier containing tertiary amino and azo groups was developed by Yuan 

et al.
92

. This electrode has an excellent pH response with a much wider linear range (1.7-

13.2) as compared with previously described sensors. The sensor has a near Nernstian 

slope of -57.4 mV/pH. The electrochemical impedance spectra of electrode membranes 

were also studied 
92

. The bulk resistances increased with increasing pH in the pH region 

less than 2.0, whereas in the range 2.0-3.0 the resistance decreased with increasing pH 

and it remained almost constant in the pH range 3.0-4.5. In the range 4.5-5.0, the 

resistance increased with increasing pH and remained almost constant in the pH range 

5.0-7.0. It has been proposed that failure of the Donnan exclusion starts at pH less than 

2.0. At pH more than 5.0, the charge transfer is mainly controlled by the tertiary amino 

groups of the incorporated ionophore, whereas in the pH range 2.0-5.0 the charge transfer 

is contributed by azo groups of the ionophore. The reported electrodes
92

 were used for 

blood serum analysis and for hydrofluoric acid titration. Polymeric membranes containing 

electrically charged H
+
 carriers were compared by Mi et al.

93
 with 

tridodecylmethylammonium chloride based membranes. The electrodes were stable and 

exhibited lifespan of over half a year. Derivatives of dibenzylamine have been used as 

neutral carriers in liquid membranes electrodes for the pH range from 2 to 10
94

. 

Especially octyldibenzylamine based electrode gave a better linear response to pH than 

other alkyldibenzylamines. The hydrogen ion selective PVC membrane electrode based 

on calix[4]arene was also reported by Kuruoglu et al.
95

. The electrode showed a near 

Nernstian response in the pH range 2-11.5 with good selectivity and long lifetime. 

Recently, fluorophilic ionophores for potentiometric pH determination with fluorous 

membranes of exceptional selectivity were developed by Boswell et al.
96

. These 

electrodes are the first fluorous ionophore based sensors described in the literature. Their 

selectivity is not only better than of similar sensors with nonfluorous membranes but it is 

also comparable to the best ionophore based pH sensors ever reported. These membranes 

are hoped to be more biocompatible than other matrices. The binding properties of neutral 

or charged H
+
 selective chromoionophores in solvent polymeric membranes were 
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characterised in situ by the so-called sandwich membrane method
97

. The pKa values of all 

investigated ionophores in membranes containing dioctylsebacate as plasticiser are 2-3 

order of magnitude smaller than of those containing nitrophenyloctyl ether. The 

quantitative structure activity relationship for neutral carriers used to prepare hydrogen 

ion sensors was studied by Cao et al.
98

. Series of synthesised carriers were taken as the 

training set and a new carrier was proposed and synthetized, (4-hydroxybenzyl)-

didodecylamine. The pH electrode based on this carrier had a wide pH linear response 

range of 2.0-12.5 and showed a near Nernstian response slope of -57.2 mV/pH. The 

sensor also had low resistance, short response time, high selectivity and good 

reproducibility. Moreover the sensor was successfully applied to determine the pH value 

of blood serum samples. 

Ion-selective microelectrodes have found some applications also in scanning 

electrochemical microscopy because of the micrometre dimension, the high selectivity 

and low detection limit
63

. The pH probes based on H
+
 sensitive liquid membranes have 

been used in pH microscopy where pH profiles have been measured in corrosion studies
99, 

100
 and in measuring biological activities

101, 102
. 

1.3.2. Ionophore based pH electrodes with solid contact 

A good review concerning solid contact ion-selective membrane electrodes is given by 

Bobacka et al.
103

. Elimination of the internal filling solution from conventional ion 

selective electrodes results in more durable and easier to miniaturise systems. Research 

and development of solid contact electrodes started in the early seventies with the 

invention of the coated-wire electrode
104

. The main disadvantage of this structure is poor 

potential stability resulting from the blocked interface between purely electronic 

conductor (metal) and the purely ionic conductor (ion-selective membrane). Introducing 

an additional material showing mixed electronic and ionic conductance between both 

faces improves the potentiometric stability of the sensor. Various arrangements were used 

including Ag/AgCl, Ag/AgCl/hydrogel, redox self-assembled monolayers, carbon based 

composites, Ag-based composites and conducting polymers such as polypyrrole (Ppy), 

polythiophen (POT) and polyaniline (PANI). Ppy doped with various anions was used as 

a solid contact in pH electrodes based on polymer membranes containing tertiary amine 

ionophores. Electropolymerised PANI was applied as a solid contact on plasticised PVC 

based membranes selective to pH
105

. The PANI is pH sensitive itself. PANI protonated 
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(doped) with phosphoric acid dihexadecyl ester was used both as ion-to-electron 

transducer and as pH-sensitive component in plasticised PVC based membranes
106

. 

Membranes containing 50% (w/w) PANI and 50% plasticised PVC showed the best pH 

sensitivity among the others. Several hydrogen ion-selective electrodes containing various 

alkyldibenzylamines
107

, tetrabenzylethanediamine
108

 and PANI as solid contact have been 

prepared. A solid-state pH electrode was developed by using electrochemically 

synthesised Ppy doped with cobalt bis(dicarbollide)
109

. The electrode showed a quasi 

Nernstian response (-50 mV/pH) from pH 3 to 12. Electrodeposited polymers based on 

various monomers containing amino groups such as 1,3-diaminopropane, 

diethylenetriamine, pyrrole, p-phenylenediamine and aniline were studied as pH sensors, 

showing a linear response in the range from pH 2 to 11
110

. Polypyrrole-based pH sensors 

were miniaturised by Lakard et al.
111

. A solid-state pH nanoelectrode was constructed by 

electrodeposition of PANI onto an ion-beam conically etched carbon fibre with a tip 

diameter of ca 100-500 nm
112

. The electrode had a slope of about -60 mV/pH in the range 

2.0-12.5. The selectivity coefficients in the logarithm scale were around -12 with respect 

K
+
, Na

+
, Ca

2+
 and Li

+
. A solid-state pH microelectrode based on PANI electrodeposited 

on a microband electrode was used for in situ pH measurements of self-oscillating Cu(II)-

lactate system
113

. A silicon substrate was used to construct a pH sensitive microelectrode 

with ion-selective PVC membrane on top of a polypyrrole layer doped with cobalt 

bis(dicarbollide)
114

. A microfluidic device was developed for measurements of pH, Ca
2+ 

and K
+
 concentrations with solid-state ion-selective electrodes incorporated in the 

channel
115

. A thick film H
+
 and K

+
-selective sensor arrays based on solvent polymeric 

neutral carrier membranes containing layers of silver, silver chloride and hydrogel was 

described by Cosofret
116

. The preliminary in vivo experiments were performed to monitor 

H
+
 and K

+
 distribution in the beating pig heart to determine the unique ionic conduction 

responsible for ventricular fibrillation in the setting of acute regional myocardial ischemia. 

Construction of various planar solid state microelectrodes as well as reference electrodes 

for flow analysis was reviewed by Maminska 
117

. 

1.3.3.  Ion-selective field effect transistors (ISFET) pH sensors 

In general, an ISFET is a modification of the field effect transistor used in many 

amplified circuits. In the ISFET, the metal gate, which is normally used as input, is 

replaced by an ion-sensitive membrane, the measured solution, and reference electrode. 
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The ISFET combines in one device the sensing surface and a signal amplifier which 

produces a high current, low impedance output and allows the use of connecting cables 

without excessive shielding. The ISFET theory and practice was widely discussed by 

Bergveld
118

. The same author first described the application of field effect transistors as 

transducers in electrochemical sensors and their application in medical research
119

. In the 

mid-eighties silicon chip pH sensors began appearing on the laboratory pH market. The 

small size, accuracy, fast response time and batch fabrication capability made the sensor 

ideal for medical applications. The ISFET pH sensors are now available for laboratory 

and industrial pH applications in a variety of configurations including 316 alloy stainless 

steel probes. The sensing surface of the ISFET can be silicon oxide and silicon nitride. In 

contact with aqueous solution the surface OH groups are in equilibrium with the OH
-
 and 

H
+
 ions from the solution. Alternative hydrogen ion sensitive coatings include aluminium 

oxide, zirconium oxide or tantalum oxide
118, 120

. The use of such dense hard materials as 

sensor surfaces makes ISFETs especially durable. However, in the case of biomedical 

instrumentation, often arises the problem of the biocompatibility. The pH sensors of the 

ISFET may also be a part of multifunctional analyser: a small combined ISFET pH 

electrode incorporating a reference electrode was located in the gastric corpus under 

fluoroscopic control
121

. The pH monitoring was performed over 21 hours and it showed 

an early morning rise in pH with three meal associated pH peaks lasting for about 2-3 

hours 
121

. The construction was inexpensive and disposable. The majority of works on pH 

ISFETs has been done with devices whose gate has been overlayered with solid-state 

insulators formed by either vacuum deposition or chemical vapour deposition. Another 

possible application is to use pH neutral carriers as a part of ISFET devices
122

. 

1.3.4.  Metal and metal oxides pH electrodes 

Requirements for precise and accurate pH measurements (mainly in biological research) 

as well as new technologies lead to the construction of pH sensors based on metal-metal 

oxide equilibria. This allowed to study in detail chemical parameters in smaller organs 

and organisms. Several researchers became interested in metal pH sensitive electrodes to 

overcome difficulties in making pH glass microelectrodes. 

Antimony 

Antimony and tungsten were the first metals that have been used
67, 123

. Because of its 

relatively low melting point, ease of fabrication and availability of substrate of high purity, 
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antimony became the most common substance used for making metal pH microelectrodes. 

At the real beginning, the tip of the electrode was as small as 1 mm and the pH range was 

found being nearly Nernstian in the range from 6.5 to 8 after very careful calibration 

procedure
124

. The biomedical use of polycrystalline antimony pH electrode was hampered 

by oxygen dependence and low pH resolution (0.1 pH) 
125, 126

. The pH resolution was 

improved by using highly purified crystallographically orientated monocrystalline 

antimony
125

. The sensitivity of metal-metal oxide electrodes to various buffer containing 

complexing components as well as to the redox potential has been studied
127

. Single-use 

commercially available antimony pH catheter sensors were recently compared with a 

glass electrode in a wireless pH monitoring system
128

. The nadir oesophageal pH values 

were recorded during the orange and cranberry juice swallows and were used to 

determine the accuracy of both electrodes in vivo. An approach named “capillary melt 

method” was developed to produce micro antimony wires, and the wire surface was then 

oxidized in nitrate melt at high temperature to obtain an antimony/antimony oxide 

electrode
129

. It was shown that the oxide layer on the wire surface is porous and consists 

of Sb2O3 crystal phase. The oxide layer is dense and uniform, with high physical and 

chemical stability. The pH electrode made using this method showed good sensing 

performance in buffer solutions in the test range pH 2 to 12. The linear relationship has a 

slope of -54.1 mV/pH. The advantages of the electrode are long term stability, fast 

response, good reproducibility and low cost. This electrode was used for pH 

measurements in agar medium for tissue culture
130

. When the antimony electrode is 

applied to SECM
99, 131

, the tip-substrate distance was obtained by amperometric approach 

curve in the conventional mode, since special pre-oxidation is not necessary before the 

pH measurement. Antimony microelectrodes have been used to measure the pH in the 

vicinity of platinum
131, 132

 and copper
133

 electrodes during various electrode reactions. 

The pH profile near a cathode during metal deposition has also been recorded 
134, 135

. 

Other applications were monitoring local pH changes near bilayer lipid membrane
136

 and 

ion-exchange membrane
137

. Recently, antimony tips were employed because the dual-

function characteristics of this material allow the combined amperometric/potentiometric 

operation of the SECM. The applicability of this technique was illustrated by Izquierdo et 

al.
138

 considering the galvanic corrosion of a model zinc–iron pair immersed in chloride 

aqueous solution. Spatially resolved images of pH and oxygen concentration above the 

metal specimens were obtained in the same experiment. The same authors also studied 

inhibitors of galvanic corrosion of copper coupled to iron by using benzotriazole
139

 and 

http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=Q2CpE3kC8ZjbqMwUAJn&field=AU&value=Izquierdo,%20J
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the electrochemical behaviour of magnesium-based materials
140

. The potential 

determining reaction of antimony electrodes was suggested by Bates
1
 and verified by Ha 

and Wang
129

 to arise from a redox reaction between the antimony metal and the surface 

oxide as shown in equation (10): 

                           (10) 

Iridium 

A large group of pH electrodes is based on iridium oxide. Sputtered platinum electrodes 

fabricated on flexible films or platinum wires were used as planar or cylindrical 

supports
141

. The pH sensing layer consisted of anodically electrodeposited iridium oxide 

film
126

. Each electrode site was coated with Nafion to decrease the interference of anionic 

redox species and to protect the electrode surface during in vivo measurements. The 

electrode showed a slightly super-Nernstian response with slope -63.5 mV/pH in the pH 

range from 2 to 10 for both wire and planar electrodes. The electrodes have a working 

lifetime of at least 1 month with precision of about 0.02 pH unit and fast response time. 

They showed very low sensitivities for different species, such as Na
+
, K

+
, Li

+
, NH4

+
, Ca

2+
, 

Mg
2+

, dissolved oxygen, lactate and ascorbate, which are all important in physiological 

applications
141

. A composite scanning micro pH electrode was developed based on 

iridium oxide produced in a carbonate melt
142

. The potentiometric response was very fast 

(less than 0.5 s) for a pH change from 1.75 to 13.90. The pH image on the surface of an 

Al/Cu galvanic couple showed that both anodic and cathodic areas could be sensed well 

and that the localized corrosion was taking place at the interface between Al and Cu. It 

developed over time and the pH value around the pitted region decreased gradually. The 

melt oxidation at high temperature was adopted to prepare Ir/IrOx pH electrodes, and 

different carbonates as Li2CO3, K2CO3, Na2CO3 and their mixture were used
143

. The 

electrodes have a good pH response characteristic such as stability, sensitivity, response 

time and anticorrosion ability in solution containing fluoride. A surface renewable pH 

electrode was prepared by using composite electrode technique
144

: iridium oxide micro 

particles were prepared by hydrolysis of (NH4)2IrC6 at elevated temperature. The iridium 

oxide particles were mixed with dispersed carbon black and then filtered. The mixture 

was suspended in DMF containing PVC as binder. The mixture was precipitated rapidly 

by adding large amount of water. The precipitate was grounded and pressure-melted to 

obtain an iridium oxide composite electrode material. The electrode showed a linear 
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response between pH 1 and 13 with a slope from -50 to -60 mV/pH maintained without 

appreciable slope drift for 170 days when stored in deionized water. The electrode surface 

can be renewed by a simple grinding process whenever contaminated or deactivated. 

Electrochemical, chemical and physical growth of iridium oxide on various substrates and 

obtained by various methods were recently reported
145-147

. More recently, direct 

electrochemical deposition of iridium oxide layer has also been reported
148-151

. It has been 

reported that iridium oxide electrodes tend to show two linear regions of pH response 

with the transition point around pH 6
148

, but most studies do not show this. It is also 

known that they tend to exhibit super-Nernstian (|slope|>59 mV/pH) pH response. This 

suggests that the number of electrons transferred for every proton varies, and that it is 

dependent on the method of preparation, as suggested by Fog and Buck
152

 and by 

Vanhoudt 
153

. Sputtering and thermal oxidation methods tend to produce anhydrous 

iridium oxide IrO2 and tend to show calibration slopes of -59 mV/pH. The potential 

determining reactions are thought to be: 

                       (11) 

                             (12) 

However, electrochemically oxidized iridium tends to produce iridium oxide that is 

hydrated to various degrees. These have calibration slopes up to -90 mV/pH suggesting 

that 1.5 electrons are transferred for each H
+
. A possible potential determining reaction 

for the hydrated iridium oxide is shown in equation (13): 

 [              ]             [               ]         (13) 

IrOx was also used as the main pH sensitive material for preparation of low cost solid-

state pH sensors
154

. The iridium content was reduced with addition of TiO2, forming the 

binary system IrOx–TiO2, whose electroanalytical properties were evaluated in 

comparison with a commercial glass pH electrode. The minimum iridium content which 

gave suitable results was 30 mol%, and the electrode presented Nernstian and fast 

response in the pH range from 1 to 13, with no hysteresis effect observed. Besides, the 

electrode showed high selectivity in the presence of alkali ions as Li
+
, Na

+
 or K

+
. The 

amount of iridium in the prepared electrodes was very small (<0.1 mg). 
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Applications of IrOx microelectrodes include SECM experiments
148

 to study the pH 

profile across a denitrifying biofilm
153

, to monitor cell metabolism
155

, for the fabrication 

of a wireless microanalysis system
156

 and to study the dissolution of calcite
150

. 

Ruthenium 

The ruthenium dioxide electrode showed a linear response in the pH range from 2 to 12 

and was useable for a period of 3 months
157

. It was used for the end-point detection in 

acid-base titrations. The device was prepared by galvanic deposition of noble metal onto 

electrodes etched on a copper clad printed circuit board. Screen printed pH electrodes 

containing RuO2 have been created by Koncki and Mascini
158

 by hand-mixing graphite 

ink with RuO2 so that the sensitive layer was sandwiched between a conducting layer of 

silver ink and an insulating layer with openings to allow contact. The calibration curve for 

this electrode yielded a slope of -51.2 mV/pH when the graphite ink was doped with 9.8% 

RuO2. The sensor showed a good response for pH 2-7, but it deviated from the expected 

response for pH  8. The response time was also longer for alkaline solutions and 

reducing agents adversely affected the response of the electrode. Sputtered thin-films of 

RuO2 were also reported by Kreider et al.
159

 in a paper in which they compared the 

response with that of platinum, palladium and iridium oxides. This study showed that 

RuO2 electrodes produced by reactive sputtering at room temperature were performing as 

well as iridium oxides electrodes. The calibration plot produced a slope of -54 to -59 

mV/pH and prolonged exposure in buffered pH 10 solution caused a drop in the 

sensitivity from -52 to -54 mV/pH. A low cost pH electrode using a thin film of RuO2-

TiO2 (70-30 mol%) was prepared on a Ti substrate and characterized
160

. The slope of the 

potential versus pH curve was -56.03 mV/pH and the electrode was insensitive to the 

presence of Li
+
, Na

+
 and Ca

2+
 in the solution. 

Tin 

A tin oxide (SnO2) membrane was employed in the fabrication of pH electrodes by the 

sputtering method. The substrate was based on the indium tin oxide (ITO) glass 

substrate
161

. The SnO2 films were employed to produce an array of sensors in order to 

reduce the errors on a single sensor
162, 163

. The real time sensing system included eight 

readout circuits and one data acquisition card. 

Tungsten 
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Several papers present tungsten oxide implementation in solid-state pH electrodes. A 

tungsten nanoelectrode was produced by etching a wire in 0.1 M NaOH solution at the 

potential of 0.4 V vs. a Ag/AgCl reference electrode for about 100 s and the diameters 

ranged from 500 to 800 nm. The pH ultramicrosensor was fabricated by producing WO3 

at the W nanoelectrode surface by electrooxidation in 2 M H2SO4 solution between 1 and 

2 V. At last, Nafion was coated on the surface of the WO3 to protect the pH ultra-

microsensor
164

. The W/WO3 pH sensor exhibited a good pH linear region from 2 to 12 

with a slope of -53.5 mV/pH. The response times ranged from 3 s at about neutral pH up 

to 15 s at alkaline pH. Interference from various ions, lifetime, stability and 

reproducibility of the sensor were studied. The sensor was applied to measure the 

extracellular pH values and to study pH variation at the normal, damaged and recovery 

endothelial cells
164

. Tungsten pH sensors have also been widely used to monitor localized 

corrosion
165, 166

, in flow injection potentiometry
167

. It has also been used for the pH 

monitoring of the heat transport circuits of thermal power plants in high temperature 

aqueous environments
168

. In the latter case, the electrode displayed a good linear response 

between pH 2-11 at different temperatures. A common agreement in the potential 

determining reaction has not been found yet. Yamamoto et al.
164

 proposed: 

                     (14) 

Dimitrakopulos et al.
167

 proposed a different potential determining reaction based on the 

dark-brown colour of their oxide layer: 

                     (15) 

                         (16) 

Lead 

A new highly sensitive potentiometric pH electrode with a response in the acid region has 

been proposed by Lima et al.
169

. It consists of a PbO2-paraffin matrix deposited on 

graphite. A direct relationship between the electric potential difference and the solution 

pH was observed from 1.2 to 7.5 with a slope greater than -100 mV/pH. A high 

correlation of the results with a conventional glass electrode was observed. A highly 

sensitive pH electrode based on a PbO2 film electrodeposited on carbon ceramic electrode 

was also proposed
170

. For both  and  crystal structures of PbO2, similar results were 

obtained
171

. The pH was linear from pH 1.5 to 12.5 with near-Nernstian slope of -64.8 
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and -57.8 mV/pH for  and  PbO2 respectively
170

. The lifetime of the electrode was 

about 1 month. The response time was about 1 s in acidic medium and less than 30 s in 

alkaline solutions. The pH values measured in complex matrices such as fruit juices were 

in good agreement with those obtained with conventional pH glass electrode. 

Palladium 

As previously mentioned, palladium oxide electrodes have been used as potential pH 

sensors
159

. Several are the paths that can provide the oxidation, such as anodization in 

molten NaNO3-LiCl
172, 173

, high temperature oxidation of Pd wires coated with NaOH
126, 

174, 175
 and electrolysis in sulphuric acid using a combination of AC/DC potentials

176
. Kim 

and Lee
173

 suggested the potential determining reaction as: 

                      (17) 

The reported slope values are nearly Nernstian for a pH range typically between 3 and 9. 

1.4. The palladium-hydrogen system 

Since Graham first observed in 1866 that huge amounts of hydrogen could be stored into 

a palladium rod, the palladium-hydrogen system has been the subject of many studies
177, 

178
 and reviews

179, 180
. The palladium-hydrogen system has been widely used as a model 

system to understand the sorption processes and because it represents a classic example of 

the removal of gas from a binary solid phase. In addition to academic purposes, it has also 

been utilised in many applications such as the hydrogenation of edible oil
181

, the 

manufacture of semiconductors and the purification and storage of hydrogen for general 

chemical purposes or as fuel in fuel cells
182

. From a practical point of view, the large 

specific gravity and the high cost have been the two main reasons for searching for other 

hydrogen absorbing substances. 

1.4.1. The solid-gas system 

Usually, hydrogen is introduced into the palladium lattice via the gas phase. For the 

reaction        to occur, the surface of the palladium needs to be sufficiently clean. 

The molecular hydrogen initially exhibits Van der Waals attractive interaction when 

approaching the metal surface, leading to the physisorbed state (Ephys ≈ -5 kJ/mol H) at a 

distance from the metal surface approximately equal to the hydrogen molecule radius 

(≈0.2 nm). Closer to the metal surface, hydrogen has to overcome an activation barrier for 
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dissociation and formation of the hydrogen-metal bond. The height of the activation 

barrier depends on the chemical composition of the surface. When the hydrogen atom 

becomes chemisorbed (Echem ≈-50 kJ/mol H2) it shares its electron with the metal atoms at 

the surface. These hydrogen atoms have high surface mobility, interacting with each other 

and forming surface phases
183

. In the next step chemisorbed hydrogen atom can migrate 

into the subsurface layer and, finally, diffuse into the interstitial sites through the host 

metal lattice, contributing their electrons to the band structure of the metal
184

. After 

dissociation on the metal surface, the H atoms generally diffuse rapidly through the bulk 

metal even at room temperature to form a Pd-H solid solution known as the α-phase. The 

standard representation of the palladium-hydrogen phase relationship is the hydrogen 

pressure vs. hydrogen content vs. temperature plot, often shown in the form of an 

isotherm, as shown in Figure 1.2. The regions where the solid hydrogen content 

undergoes large changes are shown in the diagram as the area undergoing the black line. 

In this region, the  and  hydrides coexist below the critical temperature value, Tc, 

which for the H/Pd system is approximately at 310C. It can be seen that the lower is the 

temperature, the larger is the region of coexistence of the two hydride phases. In this 

region there is a continuous transformation from the  to the  phase as the hydrogen 

content increases. The constant equilibrium pressure can be explained by the Gibbs phase 

rule. For a system in equilibrium, the number of degrees of freedom, F, can be expressed 

as: 

         (18) 

where F can be seen as the number of intensive variables that can be changed 

independently without disturbing the number of phases in equilibrium, C is the number of 

components and P is the number of independent phases present in the system. Only one 

degree of freedom is permitted in conditions of two components (H and Pd) and three 

phases (,  and H2).  

However the isotherms do not show the hysteretic difference in the hydrogen pressure 

exists between the → and the → phase transition
179

. When the hydrogen content is 

increased (absorption isotherm), the pressure measured shows a greater value than when 

the hydrogen content is being removed (desorption isotherm), shown in Figure 1.3. In 

this example, the combined adsorption/desorption isotherm shows a hysteresis loop for 

the palladium-hydrogen system at 120C. There is a marked difference of 30 kPa between 
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the two isotherms, however repeated absorption-desorption cycles have been shown to 

reduce the extent of the hysteresis as the increased temperature (at Tc there is no 

hysteresis). This method can be used to determine the critical temperature in metal-

hydride systems. 

 

Figure 1.2 Pressure-Composition-Isotherms (PCI) for a hypothetical metal hydride. Taken from
183

. 



27 

 

 

Figure 1.3 A hysteresis cycle shown for palladium-hydrogen at 120C. A hysteresis scan is also shown 

starting from the decomposition plateau. Taken from 
179

. 

Studies have also shown that at lower temperatures, hydrogen loading via solution of 

dissolved hydrogen proceeds at a faster rate than loading via the gas phase
185

. 

Researchers tried different methods to measure the hydrogen content of the palladium 

lattice in situ. Many different studies have been undertaken with the electrochemical 

quartz micro balance (EQCM)
186-190

, neutron diffraction, extended X-ray absorption fine 

structure (EXAFS) and X-ray diffraction (XRD)
191

 and with in situ resistance 

measurements (ISRM)
185, 192

. 

The EQCM is not a valid method for the measurement of absorbed hydrogen because the 

frequency changes due to two factors, the amount of hydrogen absorbed into the 

palladium lattice and the stress in the Pd. The stress is affected by different factors 

including the amount of hydrogen absorbed, the phase of the palladium and the electrode 

ageing
188

. 

Some problems have been encountered when measuring the resistance of the palladium 

film in situ and trying to relate this parameter to the measure of the hydrogen content. The 

inhomogeneous distribution of the hydrogen within the palladium lattice provides error in 
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the measurement of the hydrogen content. These errors are particularly significant in the 

+ coexistence phase
192

. 

1.4.2. The phases of the palladium hydride electrode 

Palladium hydride electrodes have been extensively used as reference electrodes
193-198

 due 

to the constant potential of the + transition phase. In palladium-hydride electrodes, it is 

the electrode itself that carries its own hydrogen supplies; therefore the saturation of the 

electrolyte with hydrogen is not necessary as for palladium-hydrogen electrodes. As 

previously mentioned, the potential of the electrode is dependent on the activity of 

protons in the solution, therefore + palladium hydride electrodes have also been used 

as pH sensors
197, 199-204

. The + palladium hydride pH sensors have been reported to 

show an almost theoretical potentiometric response with the slope of the potential-pH 

curve equal to about -59 mV/pH at standard temperature and pressure and they have been 

applied in experiments where the conventional glass electrode is not applicable such as at 

high temperatures
204

 and in fluoride solution
202

. 

The palladium hydride electrodes are typically prepared by an activation step in order to 

obtain a surface with high activity (e.g. by electroplating a Pd black layer
205

, oxidising 

and then reducing the surface or electrodepositing a nanostructured Pd film
206

) and then 

by loading hydrogen into the palladium by bubbling hydrogen through the solution or by 

electrolysis. Palladium hydride electrodes with different shapes were created, but only 

four are the reports about PdH microelectrodes
198, 205-207

. Webster et al. 
198

 created a 5 µm 

reference electrode on a chip using standard photolithography and physical vapour 

deposition to obtain miniaturized Pd metal electrodes that could be fabricated in a single 

metal patterning step and integrated inside a fluidic sensor assembly. Fleischmann et 

al.
207

 reported PdH electrodes prepared by loading bare Pd wires with hydrogen 

cathodically and afterwards coated the curved part of the cylindrical surface with Lacomit 

varnish. They reported that the PdH electrode was placed within 20 µm of the working 

electrode and that it gave a stable potential for periods up to 24 hours. Imokawa et al.
206

 

were the first to report a successful PdH microelectrode in terms of the quality of the 

potentiometric response (stability, reproducibility, etc.). Using the mesoporous electrodes, 

(e.g. a thin Pd film over a Au or Pt microelectrode), Imokawa et al.
206

 made hydrogen 

loading easier. However, the lifetime of the electrodes was shorter than in the other 

examples due to the small amount of hydrogen loaded. 
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(a) The hydrogen adsorption process 

The hydrogen electrode reaction on the metal surface of palladium is a multistep reaction 

which can be described by the Volmer-Heyrovsky-Tafel mechanism
208

. The first step is 

the formation of adsorbed hydrogen on the electrode surface in the Volmer reaction (19): 

the charge transfer is followed by the adsorption of hydrogen atoms on surface active 

sites (hollow site for underpotentially deposited hydrogen, HS, or on-top position for 

overpotentially deposited hydrogen, OTP): 

                 
 
 

 

 

 
←

  

           (19) 

This is followed by hydrogen evolution reaction, HER, according to the electrochemical 

process, Heyrovsky reaction (20) or the chemical recombination desorption process, Tafel 

reaction (21): 

                  

 
 

 

 

 
←

  

       (20) 

           
  

 
   

        (21) 

where ki are the rate constants and the arrows above them denote potential dependent 

forward and backward rate constants.  These reactions might also be accompanied by the 

underpotentially adsorption of hydrogen, HS: 

                       

 
 

    

 

 
←

     

           (22) 

Lynch and Flanagan
209

 postulated the presence of two adsorbed states of hydrogen 

(weakly and strongly chemisorbed, as in platinum) with different metal-hydrogen bond 

strengths. It has been suggested that weakly chemisorbed hydrogen might be located in 

subsurface interstitial sites and thus a precursor to absorbed hydrogen. The hydrogen 

electrode reaction at palladium is further complicated by extensive permeation of atomic 

hydrogen into the metal lattice to form α PdH and  PdH. In general, the HS hydrogen is 
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supposed to take part in the absorption reaction
180, 208, 210-212

. In the literature, no 

consensus has been found about the mechanisms by which hydrogen enters into the metal 

and in which way the adsorbed hydrogen is an intermediate between the adsorbed and 

absorbed process. Figure 1.4 shows a voltammogram recorded at 10 mV s
-1

 after the 

activation of the H1-e Pd (the films are termed H1-e to indicate that they were 

electrodeposited from the H1 lyotropic liquid crystalline phase made with the method 

proposed by Bartlett et al.
213

) was completed in order to present the characteristic features 

of the nanostructure in the hydrogen and oxides region. According to Bartlett
213

 and 

Birry
211

, the labelled peaks in the hydrogen region correspond to (a) HS adsorption and (f) 

desorption of hydrogen, the start of hydrogen (b) absorption and (e) desorption in the α 

PdH, the start of the hydrogen (c) absorption and (d) desorption for the  PdH. In the 

oxygen region the peaks can be attributed to (I) the metal oxides formation and (II) the 

reduction of the oxides. The well resolved pair of peaks a-f corresponds to the formation 

and removal of adsorbed hydrogen atoms at the Pd surface; this corresponds to the 

Volmer reaction (19). The evidence for the attribution of these peaks to the hydrogen 

adsorption is given in an experiment shown in Figure 1.7 in which an inhibitor for the 

adsorption of hydrogen is added in the solution in order to suppress the reaction 

producing the peaks a-f. Despite extensive research conducted with a variety of methods 

to study the electro-oxidation of Pd, many aspects of the process still remain poorly 

understood, first of all the type of oxides formed. A critical review on this topic has been 

written by Grden et al.
214

. It is important to notice that the nanostructure is fundamental in 

the resolution of the peaks related to surface processes: with bulk palladium the potential 

region of the hydrogen adsorption overlaps with that of hydrogen absorption and the 

separation of these processes requires special structures of the catalyst. Similar peaks 

have been observed by Baldauf, Kolb
215, 216

 and Czerwinski
180, 217-219

 in their studies with 

ultrathin palladium films (order of 1-500 ML) and for small palladium particles, but they 

never obtained the same resolution as Attard et al.
220

 and Bartlett et al.
213

 observed for 

catalysts with H1 structure
213, 221-223

. 
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Figure 1.4 Cyclic voltammogram of an H1-e Pd film (Q dep = 10 C cm
-2

) deposited on a platinum disc 

electrode (2a = 10 µm) recorded in 1 M H2SO4 at  = 10 mVs
-1

. The labelled peaks in the hydrogen region 

correspond to (a) HS adsorption and (f) desorption of hydrogen, the start of hydrogen (b) absorption and (e) 

desorption in the α PdH, the start of the hydrogen (c) absorption and (d) desorption for the  PdH. In the 

oxygen region the peaks can be attributed to (I) the metal oxides formation and (II) the reduction of the 

oxides
211, 213

. 

(b) The hydrogen absorption process 

The H1-e Pd electrodes allow the simultaneous study of bulk and surface reactions. As 

demonstrated by Baldauf and Kolb
216

 for ultrathin Pd layers (< 3 ML), hydrogen 

absorption does not occur, so it is possible to discriminate the signal that originates from 

the adsorption alone. However, for ultrathin electrodes, the response is significantly 

influenced by the underlying electrode on the voltammetric profile. The distinction 

between the peaks related to surface and bulk processes can be made with the help of 

certain surface poisons which adsorb on the electrode surface and influence the processes 

of hydrogen adsorption. Baldauf and Kolb investigated the influence of crystal violet 

adsorption on hydrogen electrosorption in acidic solutions. These studies were continued 

by Bartlett and Marwan
221, 222

, Birry and Lasia
211

 and Duncan and Lasia
210, 224, 225

. It has 

been observed that in the hydrogen adsorption region, currents were strongly decreased 

due to crystal violet adsorption, while the absorption process became electrochemically 

more reversible. It was concluded that crystal violet adsorption inhibits hydrogen 
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adsorption, but the kinetics of absorption is significantly enhanced. Birry and Lasia
211

 

made a comparison of the hydrogen absorption isotherms, expressed as atomic ratio in 

function of the loading potential H/Pd(EL), in presence and absence of 10
-4

 M of crystal 

violet in a solution of 0.1 M H2SO4 for different amounts of electrodeposited palladium; 

they observed that (i) the amount of H/Pd is similar for all the layers and practically 

independent of the presence of crystal violet and (ii) the differences in the isotherms 

appear at very thin layers (< 20 ML) where the adsorption charges constitute an important 

part of the H total charge. Nevertheless, in the presence of crystal violet the adsorption 

charge is negligible, leading to reproducible values of H/Pd even for different deposition 

thicknesses.  

Even if the Pd-H system has been studied for years, there is still no agreement about the 

mechanism of the absorption reaction. Multiplicities of studies in the last 10 years suggest 

that the hydrogen absorption reaction may proceed by two mechanisms
208

: 

i. Indirect absorption mechanism in which hydrogen is first adsorbed on the 

electrode surface in the Volmer step as OTP (19) and HS (22). The equation (19) 

is followed by absorption in the subsurface layer at a distance x = 0 from the 

interface and consequently in the bulk of the metal: 

                       
  

 
   

                    (23) 

                   (24) 

 

where M subsurface and M surface are the empty subsurface and surface sites.  

ii. Direct hydrogen absorption in which protons are reduced to form the subsurface 

absorbed hydrogen (25): 

         
 
 

 

 

 
←

  

         (25) 

This reaction may be accompanied by the hydrogen HS and OTP reactions and the HER. 

It is not certain which mechanism is responsible for the hydrogen absorption and if in the 

hydrogen adsorption Eq. (22) or Eq. (23) are the limiting steps. It is usually assumed that 

in electrochemical studies the direct path is faster in palladium catalysts. The same 
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authors
210

 suggested the scheme of the hydrogen absorption mechanism in palladium 

reported below: 

 

Figure 1.5 Mechanism of the hydrogen absorption in palladium. Taken from
210

 

Recently, Lukaszewski and Czerwinski
180

 have summarized selected aspects of the 

electrochemical investigation on hydrogen absorption in palladium limited volume 

electrodes: 

 

Figure 1.6 The steps of hydrogen electrosorption proposed in Pd LVEs are: (1) Volmer reaction, i.e., 

charge transfer followed by the adsorption of H atoms on surface active sites (hollow site for H HS or on-top 

position for H OTP); (2) transfer of atomic hydrogen ( H HS or H OTP) from the surface through the interface 

to an interstitial position in a subsurface layer (H subs); (3) diffusion of hydrogen from the subsurface layer 

to the bulk of the metal, where a particular phase of absorbed hydrogen is formed; (4) phase transition 

between the α- and β-phases of absorbed hydrogen; (5) charge transfer followed by the transfer of atomic 

hydrogen to an interstitial position in a subsurface layer, without the adsorption step (direct absorption); (6) 

discharge of adsorbed H atoms (only H OTP) in an electrochemical process (Heyrovsky reaction) or a 

chemical recombination process of H atoms (Tafel reaction), both leading to the hydrogen evolution 

reaction. According to the above scheme, the two main mechanisms of hydrogen absorption can be 

considered, namely, the so-called indirect absorption path and the direct absorption path.
180

 

The peaks (b and c) in Figure 1.4 are associated respectively with the start of the 

formation of the  Pd-hydride and  Pd-hydride phases. When the potential is scanned to 

more cathodic values, it is possible to observe the entire formation of the  Pd-hydride 

phase (cathodic scan) and its oxidation (anodic scan); this voltammogram is the black one 
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shown in Figure 1.7. The recorded voltammograms are extremely helpful in the 

understanding of the adsorption and absorption processes; therefore they are introduced in 

the introduction chapter. The behaviour of the H1-e Pd films in acidic solution has been 

observed with the addition of 1 mM of crystal violet in order to investigate the absorption 

process. Figure 1.7 shows the comparison between voltammograms recorded in the 

presence, red, and absence, black, of the poison. In the voltammograms recorded in 1 M 

H2SO4, at the potential -0.46 V on the cathodic scan, the peak corresponds to the 

formation of the adsorbed hydrogen which is oxidised in the anodic scan at -0.44 V 

(peaks a-f  in Figure 1.4 or II in Figure 1.7). The addition of 1 mM of crystal violet in 

the solution almost suppresses the presence of this peak confirming that it is due to the 

formation of adsorbed hydrogen at the metal surface. It is more interesting to observe that 

in presence of crystal violet (i) the absorption region is significantly shifted to more 

anodic potentials, (ii) the peaks separation between the reduction and oxidation processes 

is shorter, (iii) the oxidation peak is much sharper than in absence of the poison and (iv) 

the charge under the oxidation peak in presence and absence of the poison is not 

significantly different. These evidences in the voltammograms confirm that the kinetics of 

the hydrogen absorption in the presence of crystal violet is significantly enhanced and 

that hydrogen HS is not the only process participating in the hydrogen absorption into the 

palladium lattice. The fact that the charge under the hydrogen oxidation peak remains 

unchanged suggests a direct absorption mechanism. The recorded voltammograms are 

identical to those reported in Marwan’s work
222

. 
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Figure 1.7 Cyclic voltammograms of an H1-e Pd film (Q dep = 10 C cm
-2

) deposited on a platinum disc 

electrode (2a = 25 µm) recorded in 1 M H2SO4 at  = 50 mV s
-1

 without, black, and with, red, 1 mM crystal 

violet. (left) potential range for the whole hydrogen region E = [-0.8; -0.3] V
222

 and (right) the potential 

range for the hydrogen adsorption region E = [-0.65; -0.3] V. The labelled peaks in the hydrogen region 

correspond to (I) double layer zone, the start of hydrogen HS (II), the start of absorption in the α PdH (III) 

and  PdH (IV) phase, and the hydrogen evolution (V)
211

. 

(c) The phase transition in the palladium hydride 

The most important mechanism in the present study is the phase transition between  Pd-

hydride and  Pd-hydride phases. The composition at the solid state of the hydride during 

the transition from the  to the  phases does not affect the potential of the electrode. 

Beside, this potential only depends on the pH of the solution: 

                                  at 25 C   (26) 

A complete derivation of this equation is presented in chapter 7. From the schemes above, 

it is clear that the hydrogen electrosorption in palladium is a complex event consisting in 

several and parallel paths. In the study of hydrogen transport, the interpretation of the 

current due to the reduction and oxidation of hydrogen usually assumes that a single 

reaction step is much slower than all the others, so that reaction purely controls the rate of 

the overall reaction. Depending on the experimental conditions, different steps can be the 

rate limiting one in the electrosorption process, but a mixed control may occur as well. In 

the literature, two mechanisms of phase transition have been considered: the first is based 

on a nucleation and growth model while the second follows a moving phase boundary 

model. Zhang et al. 
226

 and Lee and Pyun
227

 developed a model for the movement of an 
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- boundary inside palladium, leading to discontinuous concentration gradients of 

hydrogen. In these models, the insertion/extraction of ions into/from the metal host lattice 

leads to different composition between the outer layers and the bulk. In the absorption 

process at potentials low enough for the  phase to be formed, after a rapid initial 

formation of the  phase, the  phase appears in the subsurface region with a phase 

boundary moving from the surface to the bulk of the electrode. It was suggested that in 

the presence of both  and  phases, the slowest process that controls the rate of the 

overall electrosorption reaction in ultrathin palladium layers is the phase transition 
226, 228

. 

Numerous studies have been made on the extraction of hydrogen from the metal lattice by 

anodic polarization. In the present study, only the spontaneous diffusion out of the 

saturated bulk palladium has been taken into account. This event has been studied by 

applying zero current at the electrode (OCP). This event is produced by a low partial 

pressure (~ 0 Pa) of hydrogen dissolved in the solution, which shifts the equilibrium 

between absorbed, adsorbed and gaseous hydrogen in the direction of the desorption
229

. It 

has been generally observed that traces of oxygen present in the solution may affect this 

process. This has been confirmed during bulk and SECM experiments reported below in 

chapter 3 and 4. 

It is generally accepted that the absorption into palladium leads to physical changes. In 

Table 1.1 the physical proprieties of the palladium hydride are summarised. 

Table 1.1 Summary of the physical properties of the palladium hydride. 

Properties Palladium  phase  phase 

Lattice structure
230

 f.c.c. f.c.c. f.c.c. 

Lattice constant
231

 3.882 3.882-3.886 4.017-4.031 

Diffusion coefficient of hydrogen - ≈ 2 10
-7 

cm
2
 s

-1
 ≈ 2 10

-6 
cm

2
 s

-1
 

 

The palladium hydrogen electrode therefore exhibits the unique propriety to be able to 

measure the pH of the surrounding solution. For this reason, we wanted to try it in SECM 

configuration to track local pH changes. 
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1.5. Scanning Electrochemical Microscopy 

Scanning electrochemical microscopy is a very useful technique for the investigation of 

surfaces ranging from conductive to insulating properties. The technique employs an 

ultramicroelectrode (UME), also known as a tip, to scan in close proximity to the surface 

of interest 
232

. The tip current is a function of the solution composition, the distance 

between the tip and the surface of the substrate and the state of the substrate itself 
233

. The 

beauty of the SECM is that it can be used to obtain valuable information about local 

surface conductivities, morphologies, concentration profiles, maps of reactive sites. It can 

be used to modify and structure conducting and insulating surfaces at the micro- and 

nano-scale 
234

. In addition, one of the main point of this technique is that it can be used as 

an imaging tool: the images can be obtained by monitoring the probe response as it is 

scanned across the substrate; these images provide information about the chemical and 

electrochemical activity at the substrate surface, as well as the substrate topography
233

. 

1.5.1.  Historical Background 

Bard et al.
235-237

 in 1989 introduced the principles of scanning electrochemical 

microscopy. The paper describes the methodology for characterising processes and 

structural features of a surface immersed in a solution. Studies on electrodes that were 

moved over a surface and electrochemical scanning tunnelling microscopy studies were 

published earlier in parallel works by Engstrom
238-241

 and Bard
242

. The SECM as 

electrochemical tool engages two different research issues that are the use of 

microelectrodes in electrochemistry and the application of piezoelectric elements to 

position the tip, like in scanning tunnelling microscopy (STM). Microelectrodes 

applications cover a wide area in the electrochemical research; therefore SECM is also 

able to incorporate a large number of experiments and techniques. SECM came from the 

realisation that the steady state current at a microelectrode is affected by the presence of a 

substrate that perturbs the diffusion layer of the tip. SECM has been extensively used to 

monitor the concentration of various species such as H2O2
243, 244

, Ag
+
 and I

-245
 and H

+246-

249
. It has also been possible to measure indirectly the dissolution of MnS from stainless 

steel 
250

. The redox mediator I
-
/I3

-
 was used by Paik et al.

250
 to measure the product of the 

dissolution HS
-
 and S2O3

2-
. Scanning electrochemical microscopy has been widely used 

for electrodeposition of metals
251-260

, metal oxides
261, 262

 and biological substances
263-265

. 
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1.5.2.  Principles of SECM 

SECM belongs to the group of scanning probe microscopes, a group that also includes 

scanning tunnelling microscopy (STM) and atomic force microscopy (AFM). As for these 

techniques, the SECM has a tip (an ultramicroelectrode) that is held by a three 

dimensional micropositioner above the sample surface. The tip and the substrate are both 

immersed in an electrolyte solution with a redox mediator. The fundamental principle of 

the technique is to control the electrochemistry of the tip and measure the electrochemical 

response when the tip is brought to the surface of the substrate. Earlier, the tip was moved 

by inchworm drivers or inchworm drivers combined with piezoelectric pushers which 

allowed work with nm resolution. Nowadays it is more common to use stepper motors, 

often with a piezoelectric pusher on the z-axis, to move the three dimensional stages with 

high positioning accuracy. 

The SECM technique provides two modes for the probe to characterize the 

electrochemical response of the sample surface. 

In the potentiometric mode
63

, the tip acts as a passive probe measuring either the 

distribution of potential at the interface or the local concentration of specific ions (e.g. 

dissolving metal ions during galvanic corrosion)
266

. Using the Nernst Eq.(8), the local 

concentration of the ion of interest (averaged over the sensing region) can be calculated 

from the electrochemical response of the tip. Scanning the surface, the tip produces an 

image that is only dependent on the concentration profiles of the species it encounters 

without producing or consuming any species. Since the sensor is passive, only the 

substrate generator-tip collection (the “generation/collection principle”, GC, is cited 

below) measurements are possible 
63

. 

The amperometric mode is the most popular mode of SECM because the tip acts as an 

active probe producing the diffusion layer which interacts with the sample surface. 

Therefore, experiments can be performed in a variety of ways. When a microelectrode at 

a sufficient positive potential is immersed in a solution containing species that can be 

oxidized, if the reaction is kinetically controlled by the diffusion of reduced species from 

the bulk to the electrode surface, the diffusion layer of the reduced species grows around 

the tip. After a short time (t ≈ 
  

 
 where a is the radius of the tip and D is the diffusion 
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coefficient of the reduced species) the shape of the diffusion layer becomes stable and the 

steady state current i T, ∞ is obtained (27): 

                (27) 

where c
∞
 is the concentration in the bulk for the reduced species. 

There are several modes of operation using the tip as an active probe. When the tip is 

moved near a surface, different reactions can occur due to the nature of the surface. If the 

diffusion layer at the tip is perturbed by the presence of a substrate, this is the basis of the 

feedback mode
63

. When the tip is brought near an electrically insulating surface, the 

substrate blocks the diffusion of reduced species to the tip and the current iT decreases 

compared with that recorded in the bulk iT,∞. The closer the tip gets to the substrate, the 

smaller iT becomes and this decrease in current with the distance is the negative feedback 

also called hindered diffusion. The positive feedback occurs when the tip is brought near a 

conductive substrate, while there is still the blockage of the diffusion of the reduced 

species to the tip by the substrate; there is also the reduction of the species oxidized by 

the tip at the surface-substrate. These new reduced species diffuse to the tip causing an 

increase in the flux, so the tip current is bigger than that in the bulk. The negative and 

positive feedback steady-state currents are shown in Figure 1.8. 
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Figure 1.8 Steady state voltammograms recorded with a nominal Pt 25 µm ᴓ as WE at   = 2 mVs
-1

 in a 

stagnant solution of 1 mM FcMeOH + 0. 1 M KCl in the potential window [-0.2 V; +0.65 V]. Black: 

Steady state current in the bulk, blue: close to a conductive substrate and red: close to an insulator. 

In the GC mode, the microelectrode tip or the substrate surface consumes the species 

generated by the other. For this reason, there are two different GC configurations: (i) the 

tip generation/substrate collection (TG/SC) and (ii) the substrate generation/tip collection 

(SG/TC). In the first case, the tip is held at a potential where the reaction occurs and the 

substrate is held at a different potential at which the product of the tip reacts and is 

detected. Normally for stable species the collection efficiency is 100% because in most 

cases the substrate is larger than the tip. In the SG/TC mode, the tip detects the reaction 

that occurs on the substrate surface
63

. With this approach, many interesting studies about 

the adsorption and desorption kinetics of protons on ionic single crystal surfaces were 

carried out by Macpherson and Unwin
267-269

, who demonstrated the possibility of 

inducing and monitoring dissolution processes from a single crystal surface via potential 

step chronoamperometry.  

The SECM can also be used to modify the substrate surface in a direct way or in the 

microreagent mode 
63

. In the latter case, the tip generates ions that diffuse towards the 

surface changing the local environment of the substrate. In the direct mode the tip is used 

as a small secondary electrode and the deposition or the etching of the substrate is 

-0.2 0.0 0.2 0.4 0.6
-2

0

2

4

6

8

10

12

14

16
i 

/ 
n

A

E vs. SCE / V

 bulk

 positive feedback

 negative feedback



41 

 

confined in a small region determined by the tip. The main advantages of active probes 

over passive probes are that they can be sensitive to different redox species present in the 

solution and the fact that it is possible to access the tip-substrate distance.  

The most popular solid electrodes for SECM are microdisc tips with diameter of 0.6-25 

µm, that are achieved by sealing a microwire into a glass capillary and polishing the end 

until a mirror finish. The RG (ratio between the radius of the glass and the radius of the 

electrode) of the electrode is typically below 10. 

1.5.3.  Potentiometric probes in SECM 

The potentiometric mode of SECM requires an independent determination of the absolute 

distance between the microelectrode and the sample surface. This is because the probe is 

usually very fragile and it is important to restrict its travel to avoid touching the sample. 

Furthermore, the potentiometric response of the tip does not hold the tip-substrate 

distance dependence found in the amperometric mode. Quantitative information regarding 

the concentration profiles can only be extracted with the knowledge of the tip-substrate 

distance. The tip position is precisely known only relative to a reference location in the 

solution. In the amperometric mode the probe acts like an electrochemical radar that 

produces/consumes redox species and the resulting concentration gradient in the tip-

substrate gap yields a unique tip current-distance dependence. In the potentiometric mode 

the tip is passive and does not interfere with the concentration profiles except by shielding 

the sample surface from the bulk solution. Therefore different procedures need to be 

proposed to assess the tip-substrate distance in these conditions. The simplest consists in 

approaching the tip under visual observation with a microscope until it is seen to barely 

touch the substrate surface. This tip is then assumed as the zero on the tip-substrate 

distant scale, but this method is not very accurate 
270

. 

As previously mentioned, the metal oxide potentiometric devices have different 

advantages. They can sustain Faradic reactions and therefore operate in the conventional 

amperometric mode when provided with a redox mediator in the solution. An approach 

curve can be recorded in the conventional feedback mode to assess the tip-substrate 

distance. Subsequently, the tip can be electrochemically reconditioned to perform 

potentiometric measurements. Following this approach, it is possible to have an accurate 

and precise control of the tip position. Horrocks et al.
131

 and Toth et al.
99

 recorded the 
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steady state current for ORR on antimony microdisc and showed that the current 

decreases when moving the electrode close to an inert substrate. The tip potential was 

held in the plateau region for the ORR and the approach curve was then recorded from the 

bulk to the substrate so as to avoid crashing the tip. After returning to the bulk, the tip 

potential was held well positive of the ORR in order to regenerate the antimony oxide and 

re-establish the pH function. After few seconds, the tip was switched to potentiometric 

mode to record pH profiles and maps over the substrate. This approach is only possible 

with solid-state ISEs and only with those rapidly electrochemically regenerated. Unless 

removed by purging, oxygen is always present in the solution and it alleviates the need 

for addition of a redox mediator that could interfere with the potentiometric signal. 

Moreover, the normalization of the approach curve with the limiting current in the bulk 

removes the need for the knowledge of the bulk concentration and diffusion coefficient of 

oxygen. Csoka and Mekhalif
271

 prepared recently a double function electrode for imaging 

copper ion concentration profiles. It was fabricated from a 25 µm platinum disc electrode 

in a glass capillary where the Pt was dissolved to obtain a small cavity that was filled with 

a carbon paste modified with diethyl-thiuram-disulfide ionophore. In the potentiometric 

mode, the electrode acted as a copper ISE with 16 s of response time. In the amperometric 

mode using dissolved oxygen as redox mediator the tip current could be used to estimate 

the tip-substrate distance. This approach was used to follow copper dissolution and the 

dissolution rate could be estimated from tip potential versus tip-substrate distance curves 

270
. 

1.5.4.  Applications of potentiometric pH detection in SECM 

The most common of all the applications is to monitor pH profiles near electrodes, 

corroding surfaces or membranes. Klusmann and Schultze
249

 made a comparison between 

theoretical and experimental pH profiles near planar and microdisc electrodes for constant 

flux and constant concentration sources. They also investigated the spatial resolution for 

pH mapping. Horrocks et al.
131

 reported the results of SECM experiments where 

potentiometric pH-selective tips were used to image local pH changes in several systems 

like platinum microelectrodes during water reduction. A detailed investigation of proton 

concentration profiles close to silver-iodide based ion-selective membranes was reported 

by the same authors
99

. pH measurements were carried out in the vicinity of a semi 

permeable membrane operating in a chlor-alkali cell
137

. The tip consisted in two channels 
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one filled with antimony to form pH-sensing disc and the other was left open to act as a 

Luggin capillary and eliminate the effect of the iR drop. This study showed the extent of 

penetration and leakage of hydroxides through the membrane. Similarly, pH profiles were 

recorded near bilayer lipid membranes with antimony microelectrodes
136

. pH 

measurements were also performed in the vicinity of a cathode evolving hydrogen gas 

using an antimony microelectrode
133

. The effect of a buffering agent, glycine, was 

investigated. Tanabe et al.
272

 used potentiometric and amperometric SECM techniques to 

investigate the ionic environment above pits on stainless steel surfaces.  They reported the 

detection of Cl
-
 with Ag/AgCl tips and protons with a 7 µm diameter carbon fibre, but the 

principle of detection of proton with the carbon fibre is not clear. Park et al. fabricated 

double barrel tips and probed the OH
-
 build-up generated by cathodic reactions on Al3Fe 

in contact with Al 6061 in a galvanic cell. Luo et al.
165

 also reported the fabrication of 

potentiometric pH tips to investigate localised corrosion. Micro-pH-sensitive iridium 

oxide electrodes with diameter less than 10 µm were developed by El-Giar and Wipf
273

. 

The electrode was fabricated from a glass micropipette having a tip opening of a few 

micrometres. A sonicated suspension of iridium microparticles in methanol was 

introduced into the tip. After the settling down and evaporation of the methanol, the 

particles were sintered to form a solid iridium cone inside the tip. Potential cycling in 

sulphuric acid at 3 V s
-1

 was employed to form the pH sensing oxide film on the iridium 

disc. The application of these pH-sensitive microelectrodes was demonstrated by imaging 

the pH changes due to the ORR at the surface of a cast iron sample. Mirkin et al.
101

 used 

Sb microelectrodes to perform amperometric and potentiometric experiments near living 

cells. The pH was probed potentiometrically while the topography and redox activity of 

the cells were probed amperometrically. The topography was determined with 

hydrophilic mediators as they cannot penetrate the cell membrane; in contrast, the redox 

activity was determined with hydrophobic mediators that can permeate across the cell 

membrane. The use of a single tip to probe intracellular redox activities and pH changes 

provides valuable information when investigating biochemical processes. However, the 

control of tip-substrate distance was found to be challenge since biological specimen are 

soft, not flat and can be easily damaged by the scanning probe. 
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1.6. Structure of the thesis 

Chapter 2 identifies all the reagents, instrumentation and standard experimental 

procedures which were used throughout the project. Chapter 3 introduces palladium 

hydride electrodes and their potentiometric signal is studied in detail in different 

atmospheres, with a particular attention reserved for solutions in which a oxidizing agent 

is introduced. Chapter 4 details the work conducted with SECM in order to have an 

insight of the reactions happening on the sensor in presence of oxygen. Chapter 5 presents 

a real case in which the palladium hydride sensors were used to monitor the carbonation 

of lime within a porous mesh. Chapter 6 reviews the achievements produced during this 

research project and lists possible paths for future work. In Chapter 7, appendices, the 

thermodynamic treatment of the potential in the miscibility gap is carefully explained, the 

most used procedures in NOVA are listed and an attempt of the electrogeneration of the 

portlandite crystals is presented. 
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2. Experimental 

2.1. Reagents 

This chapter contains the details behind all the undertaken experiments. Unless otherwise 

stated, all the reagents were used as received without further purification. See Table  2.1 

for details. The water used to prepare solutions and to clean the glassware was deionized 

from a Whatman Still and RO50 water purification system (resistivity 18.2 M Ω cm
-2

).  

Table  2.1 List of the reagents used in experiments. RE: reference electrode. 
 

Name Chemical Formula Manufacturer Purity Use 

Alumina powder Al2O3 Buehler  Polishing 

Ammonium Tetrachloropalladate (II) (NH4)2PdCl4 Aldrich 97% Plating mixture 

Argon Ar Boc gases 99.9% Purge gas 

Brij® 56 C16H33(OCH2CH2)nOH Aldrich n/a Plating mixture 

Calciumchlorite CaCl2 Fisher 97% Test solution 

Calcium hydroxide Ca(OH)2 
IBZ-Salzchemie  

GmbH & Co.KG 
25 g/l Sample 

Carbon dioxide CO2 Boc gases 99.9% Purge gas 

Chloridric acid HCl BDH 37-38% Test solution 

Crystal violet C25H30N3Cl Aldrich ACS reagent Test  Solution 

Ferrocenemethanol FcMeOH Aldrich 97% Test  Solution 

Heptane C7H16 Lancaster 99% Plating mixture 

Hexachloroplatinic acid H2PtCl6 xH2O Aldrich 99.9% 
Deposition 

solution 

Mercurous chloride Hg2Cl2 Alfa Aesar 95% RE 

Mercurous sulphate Hg2SO4 BDH 99.5% RE 

Mercury Hg Alfa Aesar 99.9998% RE 

Oxygen O2 Boc gases 99.9% Purge gas 

Potassium chloride KCl Fisher 99.5% Electrolyte 

Potassium chloride KCl BDH Analar RE 

Potassium sulphate K2SO4 BDH Analar RE 

Sodium hydroxide NaOH BDH 96% Test  Solution 

Trisodium phosphate dodecahydrate Na3PO4 12H2O Sigma Aldrich >98% Test  Solution 

Disodium hydrogen phosphate 

dodecahydrate 
Na2HPO4 12H2O BDH Analar Test  Solution 

Sodium dihydrogen orthophosphate 

dihydrate 
NaH2PO4 2H2O Fisher 99.2% Test  Solution 

Sodium sulphate Na2SO4 Sigma 99.0% Test  Solution 

Sulphuric acid H2SO4 BDH 95% Test  Solution 
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All glassware used was soaked overnight in a 5 % Decon 90 (BDH) and deionised water 

solution and washed thoroughly at least 3 times with deionised water and then dried in a 

drying oven at 40 C before the use. 

2.2. Preparation of the solutions for pH measurements 

2.2.1. Phosphate buffers 

Phosphate buffers (0.02 M, ionic strength (Is) = 200 mM, 100 ml) over the entire pH scale 

were prepared, according to the Liverpool buffers table
274

 using an acid component with 

deionised water (90 ml). Na2SO4 was added to ensure the ionic strength of the buffers was 

200 mM. The solutions were then titrated using aliquots of NaOH (0.1 M) at room 

temperature to the required pH. For pH 14, 1 M NaOH was used as a buffer.  

As the buffers were prepared at room temperature but used at 25 °C the pH of each buffer 

was re-recorded using a water-jacketed cell at 25 ± 0.5 °C using the glass electrode pH 

probe. As the glass electrode is deemed to be inaccurate at a pH greater than 12, buffers 

past this pH range were unable to be measured reliably under temperature-controlled 

conditions. 

2.2.2. Neutralization of 1 M NaOH with H2SO4 

A few experiments were carried out in a solution of 1 M NaOH (pH = 14) in which 

different aliquots of 5 M, 1 M and 0.1 M H2SO4 were added to decrease rapidly the pH to 

lower values. The resulting the pH was calculated theoretically for the equilibrium 

between the strong base and the strong acid used.  

2.2.3. Titration in a solution containing 1 M NaOH and 50 mM Na3PO4 

The potentiometric titration was done in a solution of 1 M NaOH in which the salt 

Na3PO4 was added.The pH values were calculated taking into account the dissociation of 

the phosphates: 

   
              

                                                                              (28) 

2.3. Scanning electron microscope 

The scanning electron microscope used was a Philips XL30 ESEM microscope. It was 

predominantly used in the “wet mode” so as to prevent charging up of the glass or other 
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insulators surrounding the metallic electrode. To take the images of interest, the gaseous 

secondary electron detector (GSE) was used in order to have the morphological features 

of the electrode. The images were predominantly taken at two different angles such as the 

view perpendicular to the electrode and a side view approximately at 70. In this way it 

was possible to check the quality of the electrode surface, its homogeneity, the 

smoothness of the tip’s insulator and the radii of the insulator and of the electrode. 

2.4. Electrochemical instrumentation 

All the measurements took place with the cell enclosed in a grounded Faraday cage in 

order to minimize the electromagnetic interferences. Electrochemical experiments were 

carried out with the Galvanostat / Potentiostat Autolab PGSTAT101 with NOVA 1.6 and 

NOVA 1.9. Some were recorded with a homemade high impedance differential amplifier 

for open circuit potential measurements (OCP). For scanning electrochemical microscopy 

(SECM), the tip was positioned using a system supplied by Physik Instrumente (PI) 

GmbH & Co. and consisting of three high-accuracy translation stages (model M-605) 

mounted as X-Y-Z combination axes and controlled by three DC-Servo-Motor Controller 

(model C-863). The travel ranges were 25 mm with an integrated 0.3 µm resolution linear 

encoder. The motor controllers were connected through a daisy chain and with a USB 

port to a personal computer. The axes were controlled by the PI MikroMove software. A 

video microscope was used to observe the relative location of the tip with respect to the 

substrate. This device was not used to measure distances but to avoid tip-substrate crashes. 

Rotating disc electrode (RDE) experiments were carried out with an AFCPRB Rotator 

supplied by Pine Instrument Company. 

2.5. Electrochemical cells 

Several cells with different shapes and functionality were used during this study: 

 15 ml water-jacketed glass cells had five or three necks to insert the electrodes and 

purge the solution, shown in Figure 2.1. When the constant temperature of 25C 

was kept, the necks of the jacket were connected to a Grant W14 thermostat. The 

tubing for the bath was surrounded with a grounded wire mesh to prevent the 

conduction of electrostatic noise. When necessary, the required gas for the 

experiment was bubbled for 15 minutes prior to measurements and was kept as a 

blanket by allowing the gas to flow over the top of the solution without causing 

any disturbance to the surface of the liquid during the recording; 
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Figure 2.1 Picture of a 15 ml water-jacketed glass cell with five necks. 

 a normal platinum mesh supported on glass made up the cell for electrodeposition 

within the surfactant template. The grid was used as CE and it was usually spread 

with the template mixture. The RE and WE were then inserted in the viscous 

mixture. The cell is shown in Figure 2.2 without the plating mixture; 

 

Figure 2.2 Picture of the cell for the electrodeposition of the Pd nanostructure with the RE (blue), CE (Pt 

gauze resting on the glass slide) and WE (red). 

 the open Perspex® cell shown in Figure 2.3, was used for the carbonation 

experiments. The saturated calcium hydroxide solution was absorbed in small 

strips (3 mm wide × 1 cm long) of cellulose mesh (lens cleaning paper, pure 

cellulose supplied by Whatman) under thermostatic conditions (23°C ) and with 
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different Ar/CO2 gas mixtures. The cellulose mesh was used for three reasons: to 

trap a thin film of solution and thus simulate carbonation in the confinement of a 

porous medium, to provide an ionic path between the electrodes and to analyse the 

solid phases formed during the carbonation. The reference electrode was clamped 

outside the cell and connected to the solution via a salt bridge (Agar saturated with 

K2SO4) attached to the body of the microelectrode and terminated by a capillary 

tip flushed with that of the microelectrode. This configuration was implemented to 

guarantee a constant distance between the pH sensing tip and the reference 

electrode and thus avoid Ohmic distortion while galvanostatically loading the 

microelectrodes with hydrogen. The cell contained up to 3 ml solution and had a 

removable lid (inset in Figure 2.3) designed to clamp the counter electrode at the 

bottom of the cell and prevent any movement during the tests. The two long side 

walls of the cell were made from glued microscope slides to facilitate inspection 

of the mesh and electrodes positions. The pH sensing electrode and attached salt 

bridge were introduced into the cell after closure of the lid, through a circular 

opening in the lid. At the bottom of the cell a plastic capillary was connected to a 

syringe to allow the removal of the solution. Gas mixtures were introduced in the 

cell via a glass pipette inserted through a second hole in the lid. The gas mixtures, 

oxygen free Ar and CO2, were streamed into the cell through a thermostated 

humidifier (pure water) to ensure the cellulose mesh never dried out. Specific pCO2 

were obtained by adjusting the valves and flow meters detailed in Figure 2.3. 

Each cylinder was connected to a flow meter that allowed a specific flow for each 

gas and, consequently, a specific volume or a partial pressure. The gas blend was 

homogenised in a mixing chamber and the stream was split between an exhaust 

line and a feed line regulated by a flow meter set at 0.25 L min
-1

. The exhaust 

valve was adjusted to avoid gas overpressure within the system.  



50 

 

 

Figure 2.3 Design of the cell used in the experiment reported in chapter 5. The main U body of the cell was 

built in Perspex® sandwiched with microscope slides. Schematic of the experimental assembly: (1) gas 

cylinders, (2) flow meters, (3) humidifier, (4) valves, (5) mixing chamber, (6) exhaust line and valve, (7) 

flow meter and regulator (8) cell, (9) gas mixture injector, (10) reference electrode salt bridge, (11) pH 

sensing electrode, (12) counter electrode, (13) capillary to remove the solution, (14) cellulose mesh. 

 the cells for SECM measurements had less traditional shapes because they need geometrical 

properties in order to fit in the most suitable way all the electrodes. The most used are: 

o a Perspex® cell ( Figure 2.4 ) with two walls made of microscope glass 

slides and in which the bottom could be covered with a glass slide; 
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Figure 2.4 Picture of the Perpex® cell with a RE in order to illustrate the size of the cell body. 

o a cell screwed on the EQCM holder for the electrodeposition of the desired 

metal on the quartz crystal electrode, Figure 2.5. 

  

Figure 2.5 Cell used during the plating of the gold electrode with platinum. The substrate is fitted in the 

EQCM holder. The deposit of platinum on gold is smooth and shiny. A small part of gold is still visible 

because it is shielded by the crystal retainer during the deposition. 
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2.6. Electrodes 

2.6.1. Reference electrodes 

Two different electrodes were used in this work: saturated calomel electrodes (SCE) and 

saturated mercury/mercurous sulphate electrode (SMSE). 

Homemade Hg/Hg2SO4, saturated K2SO4 electrodes (SMSE) were used in most 

experiments instead of SCE to prevent Cl
-
 ion contamination into the test solution. The 

electrodes were prepared according to the procedure proposed by Bartlett
275

. The 

electrodes were a combination of two glass pieces: one piece was a tube with one end 

closed and through which a platinum wire was sealed and a piece like a pipette with 

sintered glass at the very tip. Drops of liquid mercury were placed into the glass tube until 

the platinum wire was completely covered. A paste made of K2SO4/Hg2SO4 1:1 was then 

placed on the liquid mercury and everything was held by glass wool inserted into the tube. 

The tube was then inserted in the pipette filled with the saturated solution of K2SO4 

solution. The homemade SMSEs were stored, soaked in saturated K2SO4 solution and 

rinsed before use. 

Homemade Hg/Hg2Cl2, saturated KCl electrodes (SCE) were used as reference electrodes 

in experiment with solutions containing Cl
-
 ions. The preparation procedure was the same 

as for the SMSE, except that K2SO4 was replaced with Hg2Cl2 and K2SO4 by KCl. The 

homemade SCEs were stored soaked in saturated KCl solution and rinsed with purified 

water before use. 

In the experiments with the micro-positioning system, the reference electrodes used were 

SMSE with an Agar salt gel bridge obtained with a saturated solution of K 2SO4 + 1% 

of Agar. The salt agar mixture was soaked into a capillary in order to obtain a salt 

bridge that could be clamped with the working electrode with PTFE tape to 

minimize the iR drop during the SECM measurements. 

All reference electrodes were tested regularly against a hydrogen electrode in order to 

have the correct potential difference with respect to SHE. 
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2.6.2. Counter electrodes 

Two counter electrodes were used in this study: a platinum mesh with a dimension of 1 

cm
2
 and a large (4 cm

2
) platinum gauze. The first was used in a three electrode 

configuration for voltammetry, chronoamperometry and chronopotentiometry, while the 

latter was used as the counter electrode and the support of the electroplating mixture in a 

three electrode configuration for the electrodeposition of mesoporous palladium, 

according to the procedure reported by Bartlett et al.
213

 

2.6.3. Working electrodes 

Microelectrodes where prepared according to the procedure described by Denuault 
276

. 

Platinum microwires (5, 10, 25 and 50 µm diameters, 99.99% Goodfellow Metals) were 

inserted in borosilicate glass pipettes and the end of the pipettes was sealed using the 

flame of a Bunsen burner. Once sealed, the open end of the pipette was attached to a 

vacuum using a piece of tubing and the sealed end of the pipette was inserted into a 

heating coil and heated. This caused the glass to melt and collapse around the wire. The 

heating coil was gradually moved until 5 mm of microwire was left exposed to air at the 

top of the glass. After cooling and opening the vacuum line, finely cut indium was then 

inserted into the glass body until it covered the microwire. The glass tip was warmed 

gently until the indium melted. A copper wire (15 cm long x 500 µm diameter) was then 

inserted into the molten indium and twisted to ensure a good connection. On cooling, the 

indium was re-solidified and provided the connection between the microwire and the 

connecting wire. The pipette was then removed from the coil, allowed to cool down and 

the copper wire was fixed by the use of a quick set epoxy resin placed around the open 

part of the pipette so as to remove any strain on the connection. 

Before their use, the microelectrodes were polished using decreasing roughness of emery 

paper (silicon carbide paper 320, 600 and 1200) and then on velvet polishing pads 

(Buehler) with alumina (5.0, 1.0, 0.3 and 0.05 µm) water slurries on a microcloth in order 

to have a mirror finish surface. Between the uses of the different polishing papers the 

electrode was rinsed with deionised water and cleaned in the ultrasonic bath with water to 

remove any residues of the polishing pad. Then the electrodes were transferred to 1 M 

H2SO4 solution in which cyclic voltammetry measurements were carried out until a stable 

voltammogram was obtained. 
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For SECM experiments, the microelectrodes need to be coned (polished as a truncated 

cone) in order to reduce the thickness of the insulating glass surrounding the microwire 

radius. Usually the tips have an RG (ratio between the insulator radius, rg, and the 

microwire radius, a) of 10 or less. This is a very important factor in SECM experiments 

because the RG is a critical parameter which determines the amount of diffusion around 

the corner of the glass and therefore it needs to be well estimated in order to compare the 

experimental results with the simulated curves. A large RG also makes the experiments 

more difficult because any error in the alignment may result in a tip crash during the 

approach or the scanning. The RG of the electrode was estimated by taking a GSE image 

of the tip in the ESEM in order to have the ratio between the measured insulating glass 

and the metal radii. To obtain a truncated cone, the electrodes were ground by hands on a 

lapping machine using Al2O3 lapping films of 5, 1 and 0.3 µm. In between the different 

lapping films, the electrode was rinsed in acetone to remove any residues of the plastic 

binder of the lapping film. Another essential feature is that the microwire needs to be 

concentric with the entire tip in order to prevent asymmetric behaviours during the 

electrodeposition and the SECM experiments. 

In order to test the diffusional proprieties of the microelectrodes, steady state cyclic 

voltammograms were recorded in a solution containing 2.5 mM FcMeOH and 0.25 M 

KCl at 2 mVs
-1

. Figure 2.6 shows typical CVs for different microelectrodes. Figure 2.7 

shows that the relationship between the limiting current and tip radius is linear as 

expected from the theory (          ). The determination of the diffusion coefficient 

from the slope of the line and gives D ≈ 7.15x10
-6

 cm
2
s

-1
. 



55 

 

 

Figure 2.6 Steady state voltammograms recorded in aerated 2.5 mM FcMeOH + 0.25 M KCl solution for a 

series of platinum microdisc radii at 2 mV s
-1

. 

 

Figure 2.7 Plot of the limiting current vs. microdisc radius for the data reported in Figure 2.6 the gradient 

of the plot is the diffusion coefficient of the species. The straight line is the line of the best fit. 
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2.7. Deposition and characterization of the palladium film 

2.7.1. Preparation of the plating mixture 

The plating mixture for the nanostructured palladium deposition was prepared as 

described previously by Bartlett et al. 
213

 and consisted of 12% wt. (NH4)2PdCl2, 39% wt. 

H2O, 47% wt. Brij® 56 and 2% wt. heptane. These conditions produce the hexagonal 

phase H1 of the surfactant shown in the phase diagram in Figure 2.8. The water and 

palladium salt were combined in a glass container followed by the addition of the heptane 

and the surfactant Brij®. Upon stirring the mixture became very viscous and turned a red/ 

brown colour. The mixture was sealed in a glass container using Parafilm to prevent any 

changes in concentration during heating as this can change the phase obtained. The 

mixture was homogenised by gently heating for 30 minutes at 40 ºC, causing the mixture 

to become less viscous and then allowed to cool to room temperature. The mixture was 

then stirred before repeating the heating/cooling processes twice more. 

To determine the phase structure of the lyotropic liquid crystals, the texture of the plating 

mixture was observed using a polarising optical microscope (Olympus BH2 equipped 

with a heating stage). A small amount of the plating mixture was sandwiched between a 

glass slide and a cover slip and placed between two crossed polarisers that were 

perpendicular to one another. This allowed for the optical texture of the plating mixture to 

be determined as the anisotropic effect of the hexagonal phase of the plating mixture 

changes the polarisation of the light.  The mixture was then heated until a phase change 

was seen (~ 60 ºC) i.e. when no light was transmitted through the mixture. This is because 

the cubic and micellar phases are optically isotropic and cannot be viewed with the 

polarised light microscope
277

. Upon cooling to room temperature the sample appeared to 

have a feather like appearance, which is characteristic of the hexagonal phase (H1), shown 

in Figure 2.9. The hexagonal phase is anisotropic, alters the polarisation of the light and 

can be seen under polarised light. 

The hexagonal phase was further characterised using a drop of water on the slide as the 

hexagonal phase dissolves in water whereas the lamella phase is insoluble in water. The 

difference in the hexagonal and lamella phase could have also been distinguished by the 

difference in viscosity between the two phases, as the hexagonal phase is much more 

viscous than the lamella phase 
278

. 
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Figure 2.8 Phase diagram for mixtures of a 1.40 mol / l solution of (NH4)2PdCl4 in water, Brij
®
56 and 

heptane. The ratio between (NH4)2PdCl4 / water (0.4) and surfactant / heptane (22) was kept constant. The 

composition (by weight) of surfactant in the aqueous solution was increased from 20 to 80%.  H1 is the 

hexagonal phase, V1 the cubic phase, L the lamellar phase and L1 the micellar solution. Taken from
221

 

 

Figure 2.9 Polarized-light optical microscopy (POM) image of H2PtCl6: Brij56 liquid crystalline phase. 

Taken from Zhong et al.
279
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2.7.2. Electrochemical deposition of H1-e Pd film on platinum microdiscs 

The deposition of the nanostructured film of palladium onto platinum microdiscs 

(generally roughness factor, Rf, ~ 2 
280

) from the template mixture
213

 was carried out by 

sweeping the potential, cyclic voltammetry, and by potential step, chronoamperometry. 

The palladium salt was mixed with the non-ionic surfactant (Brij
®
 56), water and heptane 

in order to obtain the template mixture for the deposition of the mesoporous Pd films. No 

supporting electrolyte was added to the solution as this could influence the existence of 

the liquid crystalline phases and disrupt the pores arrangement. A platinum mesh and 

homemade saturated calomel electrode (260 mV vs. SHE) was used as counter and 

reference electrodes respectively. The working and reference electrodes were inserted 

closely together in the template mixture pasted onto the counter electrode. 

Figure 2.10 shows the current and the charge recorded during the deposition of the 

palladium by cyclic voltammetry in the first three scans. The potential was swept at 2 mV 

s
-1

 between 0.05 and 0.4 V starting with the cathodic sweep. The increase in the cathodic 

charge is due to the reduction of the Pd(II) to Pd(0) to form the film. The reduction starts 

to be observed at 0.2 V during the first scan, but with the increase of the amount of Pd 

deposited (following scans), the reduction potential progressively shifts to more anodic 

potentials. The amount of palladium electrodeposited from each cycle can be estimated 

by the respective deposition charge. The absence of any anodic charge during the sweeps 

indicates that the deposited Pd is not oxidised and re-reduced; this is due to the potential 

range chosen during the experiment. The total amount of Pd deposited during the cycles 

shown, assuming 95% deposition efficiency
222

, corresponds to a charge, qdep, of 50.51 µC. 
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Figure 2.10 Electrodeposition of H1-e Pd on a platinum microdisc (2a = 50 µm) by cyclic voltammetry. 

The potential was scanned at  = 2 mV s
-1

 in the potential range E = [0.05; 0.40] V vs. SCE in a plating 

mixture of 12 wt.% (NH4)PdCl4, 47 wt.% Brij® 56, 39 wt.% water and 2 wt.% heptane at room 

temperature
213

. (left) First three cycles recorded, (right) charge recorded for each cycle. q dep = -53.17 µC. 

Figure 2.11 shows the current and the charge recorded during the deposition of the 

palladium by chronoamperometry. The potential was stepped from the OCP to a value in 

in the double layer region, DL, (E DL = 0.4 V) where no reaction occurs at an appreciable 

rate, to the value (E dep = 0.1 V) where the steady state current of the reduction had been 

observed during the first cycle in Figure 2.10 until the desired charged had been passed. 

The reduction current rises to nearly -60 nA immediately after the potential step as a 

result of the double layer charging. The current decreases then to reach -35 nA after 42 s 

and then it increases again to reach -65 nA at the end of the experiment. The 

measurement was stopped when the desired amount of charge density had been reached 

(Q dep = 2 C cm
-2

). 
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Figure 2.11 Electrodeposition of H1-e Pd on a platinum microdisc (2a = 25 µm) by chronoamperometry. 

The potential was stepped from the OCP to the double layer region for 5 s (E DL = 0.4 V) and then at E dep = 

0.1 V until the desired charge has been passed. The plating mixture was the same plating mixture solution 

used for the experiment shown in Figure  2.10
213

. (left) Potential step applied and current transient recorded 

during the electrodeposition, (right) charge recorded after stepping to the plating potential. Q dep = -9.81 µC. 

When the films are deposited from the lyotropic liquid crystalline phase, the pores in the 

palladium are initially filled by the surfactant. Prolonged washing in water (circa 24 hours) 

is compulsory to remove the surfactant from the pores. Nerveless, the surface of the pores 

is never completely clean so the catalyst needs to be activated by sweeping the potential 

in the electrolyte potential region until stable voltammograms are obtained (usually at  = 

100, 50 and 10 mV s
-1

). The catalyst was activated in a solution of 1 M H2SO4 in which a 

platinum mesh was used as counter electrode and a homemade SMSE as reference (703 

mV vs. SHE). Cyclic voltammetry in acid solutions was systematically used to 

characterise the electrochemistry of the H1-e Pd films
213

. 

Figure 2.12.left shows a set of voltammograms recorded for a freshly prepared H1-e Pd 

film which was soaked in water for 4 days and then transferred to 1 M H2SO4 solution. 

The potential was swept starting from the double layer region (E = - 0.3 V) with the 

cathodic sweep in order to see the formation of adsorbed and absorbed hydrogen. On the 

anodic scan, first the oxidation of the hydrogen occurs and at more anodic potentials it is 

possible to observe the formation of the surface oxides. On the return (E = 0.05 V) the 

surface oxides are removed giving rise to a well-defined stripping peak in the 

voltammetry. It is possible to observe that the Faradic peaks increase in size with respect 

to each successive cycle. This event occurs as the surfactant, originally in the pores, 

diffuses out and is replaced by the acid solution. As this happens, the surface area in 

contact with the solution increases and the electroactive surface area increases as well. As 
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the amount of Pd deposited increases, the activation takes more time/cycles because the 

film grows in thickness and the pores become longer. Marwan 
221

 observed with EQCM 

measurements on the H1-e Pd film that dissolution of palladium starts with the formation 

of the surface oxides at around 0.1 V vs. SMSE on the anodic cycle and continues until 

0.05 V vs. SMSE on the cathodic cycle when the oxides is stripped from the electrode 

surface. In order to avoid any ageing of the nanostructured by this dissolution, repeatedly 

cycling of the electrodes into the oxide formation region was avoided. 

Figure 2.12.right shows a voltammogram recorded at 10 mVs
-1

 after the activation of the 

H1-e Pd was completed. It presents the characteristic features of the nanostructure in the 

hydrogen and oxide regions 
206, 213

. According to Bartlett 
213

 and Birry 
211

, the labelled 

peaks in the hydrogen region correspond to (a) HS adsorption and (f) desorption of 

hydrogen, the start of hydrogen (b) absorption and (e) desorption in the α PdH, the start of 

the hydrogen (c) absorption and (d) desorption for the  PdH. In the oxygen region the 

peaks can be attributed to (I) the metal oxides formation and (II) the reduction of the 

oxides. 

  

Figure 2.12 Cyclic voltammograms of an H1-e Pd film (J dep = 10 C cm
-2

) deposited on a platinum disc 

electrode (2a = 10 µm) recorded in 1 M H2SO4 at (left)  = 100 mV s
-1

 and (right)  = 10 mV s
-1

. (left) The 

increase in the current recorded in subsequent cycles during the activation of the catalyst is associated with 

the gradual removal of the surfactant from the pores. The numbers identify the scans. (right) The labelled 

peaks in the hydrogen region correspond to (a) HS adsorption and (f) desorption of hydrogen, the start of 

hydrogen (b) absorption and (e) desorption in the α PdH, the start of the hydrogen (c) absorption and (d) 

desorption for the  PdH. In the oxygen region the peaks can be attributed to (I) the metal oxides formation 

and (II) the reduction of the oxides. 
211, 280
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The charge associated with the removal of the oxide layer was used to measure the 

electroactive area of the palladium film. The stripping charge of the oxide was estimated 

by integrating the peak II, dividing the value with the scan rate in order to obtain a charge 

and dividing the last value for the charge of one monolayer of oxide (424 µC 
281

). In order 

to know the roughness factor of the electrode, the electroactive area was divided by the 

geometrical area of the electrode. The latter was measured either by steady state 

voltammetry in FcMeOH or in degassed (NH3)6RuCl3 or by taking an image of the film 

with the ESEM.  

The electrodeposition of nanostructured palladium was mostly carried out by 

chronoamperometry, nevertheless the same results can be achieved by the 

galvanostatically by fixing a current for a defined period of time in order to pass the 

desired charge for the electrodeposition. Results in Figure 2.13 show there is no 

difference in one or the other approach regarding the activity of the catalyst. In the 

potentiostatic mode, the potential was held (at 0.1 V) until the desired charge of 10 µC 

has been passed (red graph) and in the galvanostatic mode (blue graph) the current was 

fixed for a defined amount of time (50 nA for 200 s); in both cases identical 

characterization voltammograms were obtained. The potentiostatic electrodeposition is 

usually preferred to the galvanostatic one because the latter may produce non uniform 

films
282

. 

  



63 

 

 

Figure 2.13 Cyclic voltammograms at  =10 mV s
-1

 of H1-e Pd films in 1 M H2SO4 in the potential window 

[-0.65; +0.70] V. Q dep = 2 C cm
-2

; q dep= -10 µC. Red: potentiostatic mode, blue: galvanostatic mode. 

The electrodes prepared as reported in this chapter were used intensively for the 

experiments reported in the chapters 3, 4 and 5. All the electrodes were prepared with the 

same chronoamperometric procedure with a deposition charge density of 1, 2, 4 or 10 C 

cm
-2

 depending the desired lifetime. 

  

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

-200.0

-150.0

-100.0

-50.0

0.0

50.0

100.0

150.0

0 100 200 300 400 500
-30.0

-25.0

-20.0

-15.0

-10.0

-5.0

0.0

 

 

i 
/ 

n
A

t / s

i 
/ 

n
A

E vs. SMSE / V



64 

 

3. PdH microelectrodes as pH probes: the alkaline region 

and the role of oxygen. 

3.1. Introduction to the PdH microelectrodes 

Palladium hydride electrodes have long been used as reference electrodes
193, 194, 283

 by 

using the constant potential of the + phase obtained in fixed pH conditions. The 

advantage of using the palladium hydride instead of the platinum hydrogen electrode is 

that there is no need to bubble gaseous hydrogen in the solution because the palladium 

hydride itself carries the hydrogen supply. 

The palladium hydrogen electrodes have also been used widely as pH sensors
199, 204, 206, 284, 

285
 because the potential measured is dependent on the hydrogen ion activity in the 

solution. The advantages to employ palladium hydride electrodes as pH sensors are many: 

the potentiometric response is rapid, stable and reproducible. Imokawa et al.
206

 reported 

an almost theoretical potentiometric response for those sensors with a potential-pH 

calibration curve, reproduced in Figure 3.1, with an almost Nernstian slope of -59.2 mV / 

pH at 25C from pH 2 to pH 12. 

It needs to be stressed that all Imokawa’s measurements were carried out with 

nanostructured palladium hydride electrodes, with the palladium being electrodeposited 

on a platinum microelectrode. The linearity of the calibration curve over such a wide pH 

range is a rare characteristic for micro pH sensors. Furthermore, due to their nature, they 

can be used under extreme conditions of very high temperature or pressure
194

, or in 

fluoride media
202

. 

Imokawa et al. joined together the use of the nanostructured palladium films with the pH 

sensing ability of palladium hydride. The use of the nanostructure ensured to maintain the 

geometry of the electrode at micrometre size; therefore the peculiarities of disc 

microelectrodes were maintained. 

In this chapter, the fabrication of the hydride pH sensor will be presented with a particular 

enphasis on the calibration of this novel pH meter. The behaviour of the sensor will then 

be studied in presence of oxygenated and deoxygenated solution better to understand its 

limitations. 
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Figure 3.1 Calibration curve E PdH vs. pH taken from Imokawa et al.
206

. The data were obtained from the 

titration of a deaerated solution of 0.5 M Na2SO4 with H2SO4 and NaOH. The data at pH 7 were obtained 

by phosphate buffer.  

3.2. How to obtain a PdH-pH probe? 

Historically, palladium hydride electrodes were prepared by loading a palladium wire 

with hydrogen directly in the gas phase. This does not require a particular preparation of 

the palladium, it just needs to be clean enough and free from surface contaminants; 

usually this was achieved by dipping it in nitric acid. This ensures that a rapid equilibrium 

is established between the gaseous hydrogen and the hydrogen dissolved in the palladium.  

In this section, two different approaches to load the catalyst with hydrogen are presented. 

The metal can be totally saturated with hydrogen in a short period (due to the 

nanostructure) by applying a cathodic polarization either at constant potential or current. 
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3.2.1. Potentiostatic loading 

It needs to be stressed that in the potentiostatic loading, the potential is the driving force 

which controls the insertion of the hydrogen in the metal lattice and that the rate of 

absorption adapts itself according to the experimental conditions. 

Potentiostatically driven hydrogen insertion is the most reported path to load different 

metals. Lukaszewski, Hubkowska, Grden and Czerwinski have published an extensive 

literature about this using Pd limited volume electrodes 
180, 218, 228, 286-291

. LVEs offer the 

possibility to analyse different aspects of the hydride formation property such as the 

amount of absorbed hydrogen (H/Pd) as a function of the potential (EL) applied to load 

the palladium. Normally, to estimate the amount of hydrogen absorbed as a function of EL, 

the experimental procedure consists in the application of one potentiostatic jump between 

a potential where neither adsorption nor absorption exists (EDL) and a potential located in 

the hydrogen absorption region (EL). The chronoamperometric absorption of hydrogen 

can be coupled with voltammetric oxidative desorption in order to introduce the hydrogen 

at various potentials (EL) and extract it at different sweep rates. The dependence of the 

measured amount of sorbed hydrogen as a function of EL or scan rate, , can thus be 

estimated. 

Potentiostatic loadings ensure that the hydrogen is loaded to a maximum H/Pd ratio 

before HER occurs on the surface. Figure 3.2 shows chronoamperograms for H1-e Pd 

electrodes with different amounts of catalyst recorded during the potential step between 

EDL and EL in a deaerated solution of 0.5 M Na2SO4 with 0.05 M H2SO4. EDL and EL were 

chosen after a voltammogram in the entire hydrogen region had been recorded. According 

to Figure 1.7, EDL has been chosen in the region (I) and EL in the region (IV). The 

cathodic current of the loading transients has a clear behaviour that is independent of the 

amount of palladium electrodeposited. As the potential switches from EDL to EL, a large 

current signal that rapidly decays to a first plateau (III) is recorded (Figure 3.2). It has 

been attributed to the start of hydrogen HS (I) and to the start of absorption in the α PdH 

(II), while (III) is due to the phase transition to reach a pure  PdH phase (IV), and the 

hydrogen evolution reaction (V) 
285, 292

.  
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Figure 3.2 Potentiostatic loading. Chronoamperograms to load hydrogen into H1-e Pd films with different 

amounts of catalyst. The experiment was carried out in a deaerated 0.5 M Na2SO4 + 0.05 M H2SO4 solution. 

The potential was stepped for 60 s in the double layer region (E DL = -0.165 V vs. SMSE) and then to a 

potential in which the  PdH phase could be formed (E L = -0.75 V vs. SMSE) until the second plateau was 

reached. (A) Comparison of the time needed to load different amounts of catalyst (black, q dep = 25 µC and, 

blue, q dep = 5 µC) and (B) definition of the five regions during the loading of hydrogen. The labels 

correspond to the start of hydrogen HS (I), the absorption in the α PdH (II) and the phase transition region 

(III)  to reach a pure  PdH (IV) phase, and the hydrogen evolution (V) 
285

. 

Clearly, the potential chosen for the loading influences the kind of processes taking place 

at the electrode surface, so the shape of chronoamperograms recorded differs for different 

EL 
211, 292

. If the potential chosen is too cathodic, the HER produces bubbles that can be 

trapped in the pores
191

. Another problem is that the choice of EL depends on the pH of the 

solution: the more alkaline the solution, the more negative EL has to be. This clearly is a 

problem when the sensor has to operate in unknown pH solutions. 

3.2.2. Galvanostatic loading 

In the galvanostatic loading, the hydrogen injection reactions are driven by applying a 

constant current at the electrode surface. The main advantage of this method over the 

potentiostatic loading is that it is possible to obtain a higher level of control in the 
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generation of the hydride phases and in the mixed region between them. This approach is 

much more convenient than the potentiostatic loading because there is no need to know in 

advance the pH of the test solution. It is possible to load the electrode simply by going 

from zero current (OCP) to a negative current. 

The galvanostatic intercalation of hydrogen in the metal lattice is less common than the 

potentiostatic one. In the galvanostatic transient technique a controlled and constant 

current - is imposed to the system and the potential adjusts itself to select different 

reactions capable of delivering the required rate.. The amount of hydrogen loaded, qL, is 

simply estimated by the insertion current, iL, and the time needed to reach a complete  

PdH phase. Normally, to provide a complete saturation of hydrogen in the palladium, the 

experimental procedure consists in the application one galvanostatic jump between the 

zero current  and a current located in the hydrogen absorption region (iL).  

An example of typical chronopotentiograms recorded during the loading of hydrogen in 

the nanostructured palladium films is shown in Figure 3.3. In the main picture a 

comparison of the potential transients under different galvanostatic conditions for the 

loading is presented. The cathodic potential of the loading transients has a clear behaviour 

that is independent of the current, iL, applied. Only the transition time, ∆t in region (III), 

depends on the current chosen as the time is inversely proportional with respect to the 

current needed for the hydrogen loading. As the current switches from 0  to iL, the 

electrode potential rapidly moves to more cathodic values until a stable plateau (V) is 

recorded. The features in the chronopotentiogram have been attributed to the start of 

hydrogen HS (I) and to the absorption in the α PdH phase (II), while (III) is the constant 

potential due to the phase transition region to reach a pure  PdH (IV) phase, and the 

hydrogen evolution reaction (V) 
285, 292

. By multiplying the loading time with the loading 

current, the potential drift can also be plotted against the loading charge used to insert the 

hydrogen Figure 3.3.B.  
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Figure 3.3. Galvanostatic loading. Typical chronopotentiograms recorded during the loading of hydrogen 

into a H1-e Pd film (2a = 25 µm, Q dep = 10 C cm
-2

) in a solution of 0.5 M Na2SO4 at pH ~ 4. (A) 

Comparison of different loading currents (black, iL = -18 nA and, red, iL = -10 nA) and (B) 

chronopotentiogram for iL = -10 nA plotted against the hydrogen loading charge, qL. There are five clear 

regions which correspond to (I) the double layer zone and the start of hydrogen HS, (II) the absorption in 

the α PdH, (III) the phase transition region to reach (IV) a pure  PdH phase, and the (V) hydrogen 

evolution 
292

 

The steady current applied at the electrode forces the reduction of the protons in the 

solution to occur at a constant rate via the Volmer reaction (19). The potential of the 

electrode moves then to more cathodic values with time as the hydrogen is absorbed 

increasing the H/Pd ratio in the α PdH phase. The first plateau is reached as soon as the  

phase begins to coexist with the  phase and it ends with the completion of the  PdH 

phase. According to Williams 
292

, the last reduction potential plateau is due to the 

Heyrovsky (20) or the Tafel (21) reactions associated with the HER. One should note that 

the phase transition plateau (III) is at the same potential when the insertion of hydrogen is 

done by applying different currents. The equilibrium potential between the two hydride 

phases is in fact dependent only on the activity of protons in the solution. Besides, the  

→  transition plateau (III) is at 150 mV more lower potential than that for the extraction 
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of hydrogen,  → , at OCP conditions. This phenomenon is usually known as 

hysteresis
293

. Also in the case of galvanostatic loading, as previously mentioned, a good 

practice is not to maintain the polarization after the completion of the  PdH phase 

because of the production of hydrogen bubbles. The Ohmic polarization due to changes in 

concentration of the electrolyte along the main axis within the pores has never been 

considered on H1-e Pd. 

3.3. How does the PdH-pH probe work? 

The beauty of palladium hydride electrodes is that they behave as pH sensors. At standard 

temperature, the palladium-hydrogen phase diagram consists, in the hydrogen poor α PdH 

phase (H/Pd < 0.02), the intermediate region where the  and  coexist (0.02<H/Pd<0.6) 

and the hydrogen containing rich  PdH phase (H/Pd > 0.6). When the hydrogen is 

increased to the limit of the miscibility gap, the system has only one degree of freedom by 

virtue of the Gibb’s phase rule, which fixes the hydrogen content and therefore the 

hydrogen activity of the α phase. In the two phase region, the equilibrium imposes that 

the activity of hydrogen in the α phase must be equal to the activity of hydrogen in the  

phase. This constant hydrogen activity in the metal provides a wide ranging and stable 

activity against which the hydrogen ion activity in solution can be reliably measured. The 

pH response can be derived from the Nernst equation (29): 

          
  

  

  
     (29) 

where      is the potential of the electrode,     
  is the standard potential, R is the gas 

constant, T is the temperature and F is the Faraday constant 
193

. 

Typical potential transients during the spontaneous discharge of the sensor at OCP are 

reported in Figure 3.4. The measurements were performed at different pH, and this is 

reflected by the differences in the nominal value of the potential plateau at the phase 

transitions. Figure 3.4.left shows a typical potentiometric response, red, and its first order 

derivate, blue. The two curves were compared to estimate the two characteristic times t1 

and t2, whose difference determines the life time of the pH sensor. Imokawa et al. 
206

 

reported that the lifetime is roughly proportional to the geometrical features of the film. In 

Figure 3.4.right the features are labelled. The rising potential before reaching the plateau 

correspond to the  phase [t < t1] so the time t1 can be related to the H
→

/Pd ratio quoted 

in the literature 
180, 191, 206, 211, 213, 217, 219, 226, 227, 294

. The stable potential [t1 < t < t2] denotes 
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the period of time in which the progressive transition from  to  phase is taking place. 

During this time the two phases are in equilibrium and the value of this potential is related 

to the pH of the solution. After the plateau [t > t2] the potential rises again. This event is 

due to the progressive loss of hydrogen when the hydride is entirely in the  phase. In 

addition, Figure 3.4.right shows a comparison of the potential transients recorded after 

the palladium had been loaded by chronoamperometry (blue) and chronopotentiometry 

(red), in both the cases, the potentials agree within the experimental error. In this study 

the equilibrium potential is estimated considering the potentials at the life time limits, 

E(ti), and taking the average. The error for the potential transient is estimated as the half 

difference of the two potentials at the life time limits (     
|        |

 
).  

 
 

Figure 3.4 (left) (a) Potential transient recorded at OCP with an H1-e Pd film (Brij® 56) deposited (Q dep = 

1 Ccm
-2

) on a 25 µm diameter Pt electrode. The experiment was carried out in a deaerated 0.5 M Na2SO4 + 

0.05 M H2SO4 solution immediately after hydrogen was loaded at E L = -0.75 V at pH = 2. (b) First order 

derivative of the potential transient to measure the pH sensor lifetime defined by the vertical lines t1 and t2, t 

life = 39 mins. (right) Comparison of potential transients recorded with a H1-e Pd film (2a = 25 µm, Q dep = 

10 C cm
-2

) in 0.5 M Na2SO4 at pH ~ 3.7 in an open cell after the catalyst has been loaded potentiostatically, 

blue, and galvanostatically, red. The identification of the phases and the H/Pd ratio are in accordance with 

models 
227

 and isotherms in acidic solutions 
180, 191, 206, 211, 213, 217, 219, 294

. 

The H/Pd values in Figure 3.4.right were assumed taking in consideration the beginning 

and the end of the transition region, but they can be estimated by the atomic ratio as 

calculated as follow: 
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were m are the number of moles, q is the charge, n is the number of electrons. In 

particular, qH is the charge produced by the extraction of the inserted hydrogen by LSV 

between the OCP of the system and -0.1 V vs. SMSE (at pH = 7) and qPd is the charge of 

the electrodeposited palladium. 

3.4. The Nernstian behaviour of the phase transition in alkaline pH 

From the practical point of view, the excellent reproducibility of the plateau potentials 

between electrodes with different size and thicknesses
206

 allows to estimate the correct 

value of proton activity in solution (and interfaces) of an unknown pH upon comparison 

with the calibration curve. From previous preliminary studies 
285

, the nanostructured 

hydride sensors have shown an almost Nernstian linear behaviour also for solution at pH > 

12, where usually the glass pH electrode fails. 

In this project, the potentiometric pH response of H1-e Pd hydride microelectrodes was 

studied in extreme alkaline conditions with the purpose to use the sensors in Ca(OH)2 

solutions. Different approaches were followed. The potential transients were recorded (i) 

in homemade buffers, (ii) during the neutralization of 1 M NaOH and (iii) during the 

titration of a solution containing 1 M NaOH and 50 mM Na3PO4. 

For each plateau recorded during the experiments (i-iii), E PdH was estimated and plotted 

as a function of pH, as shown in Figure 3.5. The plot was built using a combination of 

data by measurements carried out in buffers (i) neutralizations and titrations (ii and iii). 

Eight different H1-e Pd sensors were used for these experiments. The linear trend of the 

data is in agreement with the previous study done for pH < 12. The calibration curve E 

PdH vs. SMSE as a function of pH can be fitted with the following equation: 

                                    (31) 

The parameters estimated after these measurements are close to the theoretical values in 

the Nernst equation referred to the palladium hydride system. Table 3.1 compares the 

parameters obtained, their maximum and minimum values with respect to the theoretical 

parameters. To our knowledge, this is the first observation of a microelectrode reliably 

measuring pH to such alkaline conditions. 
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Table  3.1 Comparison between the theoretical and the estimated parameters in the Pd 

hydride calibration curve . 

 Parameters E Theoretical vs. SMSE / mV E Experimental vs. SMSE / mV 

Intercept     
  -589 -567 ± 5 

Slope 
        

 
 -59.2 -58.7 ± 0.5 

 

Figure 3.5 Calibration curve EPdH vs. pH vs. SMSE at 25C obtained from potential transient measurements 

in homemade phosphate buffers (measured pH), forward neutralization in 1 M NaOH and forward titration 

in 1 M NaOH with 50 mM Na3PO4 (calculated pH). The red line draws the equation (39) of the linear 

regression of these data points. The error is estimated as 
|        |

 
 only for the data acquired in buffers. 

3.5.The identification of the processes upon cyclic voltammograms 

Previously, in paragraph 2.7.2, the voltammetry of H1-e Pd has been considered in 1 M 

H2SO4. In this section the main features of voltammograms in solution containing 

dissolved salt at more alkaline pH are observed and analysed in order to (i) assign 
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processes to different potentials, (ii) support the understanding of the peaks in cyclic 

voltammetry and linear sweep voltammetry and (iii) support the understanding of the 

potential plateaus in chronopotentiometry. 

The experimental data presented in this section were recorded in a solution of 0.5 M 

Na2SO4 adjusted to pH 4 by addition of 5 ×10
-5

 M H2SO4. The experiments were carried 

out in divided cells with the WE and CE (platinum ring or grid) in one compartment 

containing the analyte solution, and a homemade reference electrode SMSE (703 mV vs. 

SHE) in the second compartment. The two cells were divided by a homemade agar salt 

bridge obtained with a saturated solution of K2SO4 + 1% of Agar. This was adding 3 

mV to the potential of the SMSE vs. SHE. All the experiments were done at room 

temperature without any thermostatic control. 

In order to understand the processes taking place, preliminary tests were carried out at 

high and slow scan rates and in presence/absence of crystal violet; voltammograms were 

also recorded at different cathodic limits in the absence of air to avoid any signal from the 

ORR. The peaks are labelled as they appear in the voltammogram, clockwise, starting 

from peak 1 at -0.58 V. The different peaks that have been identified on the basis of 

Figure 3.6 and Figure 3.7 A and B are listed with their characteristic features in 

Table 3.2. 

Table 3.2 Analysis of the peaks labelled in Figure 3.6 and Figure 3.7. 

Peak Process Observations Conclusion 

1 cathodic  the peak potential remains constant by varying the 

negative limit, 

  it disappears in presence of crystal violet. 

surface process 

2 cathodic  it appears for E < -0.9 V,  

 the peak potential remains constant by varying the 

negative limit,  

 it does not disappear in presence of crystal violet. 

bulk process 

3 cathodic  it appears for E < -1.2 V,  

 the peak potential varies with the scan rate, 

 the crystal violet shifts the peak potential to more 

anodic values 

bulk process 
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4 anodic  it does not disappear in presence of crystal violet 

 it appears when the lower potential limit is -1.2<E<-

0.9 

 the peak potential remains constant by varying the 

negative limit, 

 the area under the peak is decreasing when the 

potential limit gets more anodic 

bulk process 

5 anodic  the peak looks asymmetric, due to the presence of 

the peak 4, 

 it appears when the lower potential limit is E<-1.2, 

 the peak potential is shifted to more cathodic values 

in presence of crystal violet, 

 the area under the peak remains the same in 

presence of different amounts of crystal violet. 

Bulk process 

6 anodic  it disappears in presence of crystal violet, 

 the peak potential remains constant by varying the 

cathodic limit except when bulk processes do not 

happen. In this case the peak potential gets more 

anodic. 

surface process 

7 anodic  the peak potential remains constant by varying the 

negative limit, 

 it disappears in presence of crystal violet. 

surface process 

 

Furthermore, the peak separation between 5 and 3 is decreasing with increasing 

concentration of crystal violet and therefore the process looks more reversible. According 

with the observations listed in Table 3.2, the processes can be identified ad linked 

between them as: (1) adsorption/(6) and (7) desorption, (2) absorption/(4) corresponding 

extraction, (3) absorption/(5) corresponding extraction. From this interpretation, the 

extraction 4 happens at more cathodic potentials than the 5. This might be due to a more 

reversible process that leads to a smaller peak separation. Less clear is the role of two 

desorption peaks when only one adsorption process has been observed. 
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Figure 3.6 Cyclic voltammograms for an H1-e Pd film (Q dep = 10 C cm
-2

, RG = 4.26) deposited on a 

platinum disc electrode (2a = 10 µm) recorded in a deaerated 5×10
-5

 M H2SO4 + 0.5 M Na2SO4 solution 

at a scan rate of  = 2 mV s
-1

. The cathodic potential was changed to identify the processes occurring in the 

hydrogen region. In the inset, the region with the peaks 1, 6 and 7 is enlarged. 
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Figure 3.7 Cyclic voltammograms for an H1-e Pd film (Q dep = 10 C cm
-2

) deposited on a platinum disc 

electrode (A : 2a = 10 µm, RG = 3.83 and B: 2a = 250 µm) recorded in a deaerated solution of 5×10
-5

 M 

H2SO4 + 0.5 M Na2SO4 at a scan rate of  = 50 mV s
-1

. The voltammograms were recorded in order to 

discriminate the hydrogen processes occurring at the surface and in the bulk by (A) the change of the 

cathodic potential and (B) the addition of increasing amounts of crystal violet in the solution. During every 

addition the solution was bubbled with argon to guarantee its homogenization and to remove possible air 

which could have diffused during the stabilisation of the voltammograms. 

In accordance with these considerations, it is possible to attribute the peaks in the 

hydrogen region to the hydrogen adsorption (a) and desorption (f and g), the start of 

hydrogen absorption in the α (b) and  (c) PdH phases, the hydrogen evolution reaction (d) 

and the extraction of hydrogen from the hydride (e). These are clearly identifies in 

Figure 3.8. 
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Figure 3.8 Cyclic voltammogram for an H1-e Pd film (Q dep = 2 C cm
-2

, RG = 3.25) deposited on a platinum 

disc electrode (2a = 25 µm) recorded in argon purged 5×10
-5

 M H2SO4 + 0.5 M Na2SO4 solution at 50 

mV s
-1

. The peaks in the hydrogen region correspond to (a, f-g) the hydrogen adsorption/desorption, (b) the 

start of absorption in the α PdH and (c)  PdH, (d) the hydrogen evolution reaction and (e) hydrogen 

extraction from the hydride. In the oxides region, the labels corresponds to (I) the formation of the 

palladium oxides and (II) their reduction. 

3.6.The effect of oxygen in the pH sensing 

The introduction of oxygen into the solution causes a negative shift in the current of the 

voltammograms below -0.3 V, and a clear limiting current was observed, see Figure 3.9. 

The limiting current obtained for an oxygen saturated solution, -68.91 nA, approximately 

4.5 times larger than that obtained for an air saturated solution, -15.07 nA, in good 

agreement with the oxygen level in air. 
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Figure 3.9 Voltammograms recorded with a 25 µm H1-e Pd electrode (Q dep = 2 C cm
-2

) at 1 mV s
-1

 and 

25±0.5 C in a 20 mM phosphate buffer, pH 12.6, Is= 200 mM in different gaseous environments; argon 

(red), air (blue) and oxygen (black). 

The limiting current was plotted vs. the pH (not shown) to determine whether any 

dependence existed between the two and to see whether the ratio of limiting currents 

between air and oxygen saturation remained constant across the pH scale. In air saturated 

solution, the limiting current is approximately -16 nA and the limiting current in oxygen 

saturated solution is -60 nA. This results in the limiting current of the ORR in presence of 

oxygen being approximately four times that recorded in air. The plot also demonstrates 

there is not definite trend and the limiting current did not seem to depend on pH. 

3.6.1. Effect of oxygen during the galvanostatic loading 

Galvanostatic loading was carried out in absence and presence of oxygen. It was noticed 

that the time taken to load hydrogen into the palladium to achieve the complete β phase 

was much longer in the presence of oxygen than in argon, see Figure 3.10. As the same 

current used to load in the different gaseous environments it was believed that the loading 

time was longer in presence of oxygen due to a proportion of the current being used to 

carry out the ORR. This results in the current needing to be passed for a longer period of 
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time to ensure the same level of loading as in the presence of air and argon is achieved. 

As the ORR occurs to a lesser extent in the presence of air, and should not be carried out 

at all in the presence of argon, the loading time was observed to be shorter in presence of 

air and the shortest in argon. 

    

Figure 3.10 Galvanostatic hydrogen loading of H1-e Pd 25 μm electrode at -80 nA vs. SMSE with a Pt grid 

as the CE in PB 200 mM, Is=200 mM, pH = 3.0 at 25 ± 0.5 °C. Loading in presence of oxygen (black), air 

(blue) and argon (red). 

3.6.2. Effect of oxygen on OCP measurements 

Chronopotentiometric measurements, Figure 3.11, demonstrate that the lifetime of the 

sensor in the presence of oxygen was much shorter than in presence of air or argon. If we 

assume that the rate of extraction was driven solely by the ORR, then according to the 

limiting current of the ORR recorded on the voltammograms, we would expect to see the 

lifetime of the sensor in air to be approximately four times longer than that in oxygen. 

From the OCP transient, Figure 3.11, it can be seen that the lifetime of the sensor in air is 

much greater than four times that in oxygen thus it can be said that the lifetime is 

governed by more than the rate of the ORR. It is thought that the extraction of the 

hydrogen from the nanostructured pores, which controls the lifetime, is dependent on two 
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reactions: the electrochemical reduction of oxygen, balanced by the hydrogen extraction 

via electron transfer through the surface of the metal, and the direct chemical reaction of 

oxygen and hydrogen on the surface of the electrode. The very short lifetime observed 

with oxygen suggests that the chemical reaction occurs at a much faster rate with oxygen 

saturation than with air saturation. 

It is also interesting to consider why the hydrogen loaded in presence of argon extracts at 

all as the proposed methods of extraction should not occur in an inert atmosphere. It is 

possible that the extraction is caused by a small amount of oxygen present in the solution, 

which is allowing for these reactions to occur. As the oxygen is in very low concentration 

the lifetime of the sensor is much greater than the lifetime in air or oxygen as these 

reactions are unable to proceed at a significant rate. 

 It is also likely that as there is equilibrium between the hydrogen in the lattice and the H2 

in the solution, when the molecular hydrogen diffuses away from the interface, then the 

hydrogen is extracted from the metal. This process will be occurring in all three gaseous 

environments, as it does not depend on the presence of oxygen. 
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Figure 3.11 Chronopotentiograms recorded at open circuit and 25 ± 0.5 °C with a 25 μm diameter H1-e Pd 

electrode ( Qdep = 2 C cm
-2

) in PB 200 mM, Is = 200 mM, pH = 7.0 at 25 ± 0.5 °C in presence of argon (red), 

air (blue) and oxygen (black). 

For each pH, the potential of the α-β transition plateau from the chronopotentiograms was 

recorded in presence of argon, air and oxygen. The open circuit measurements were 

repeated six times in air and oxygen and three times in argon due to time constraints. 

Having determined the potentials at t1 and t2 an average potential for the plateau region 

was determined, Ē. The average of the results obtained from the repeated experiments 

was then determined to provide an average Ē for each pH; the values obtained for Ē in the 

different gaseous environments were plotted against the pH of the solution to produce the 

corresponding calibration curves, see Figure 3.12. 
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Figure 3.12 Calibration curve E PdH vs. pH vs. SMSE at 25C obtained from open circuit potential 

transients in homemade phosphate buffers at 25 ± 0.5 °C. Argon (black), air (blue) and oxygen (red) with 

the associated trend lines and errors. 

The calibration plots, Figure 3.12, show that the linear relationship between the potential 

and the pH is maintained even in presence of air and oxygen in the solution, but the 

reproducibility (larger error bars) of the results is getting worse the more oxygen is in the 

solution. Furthermore, the slopes in presence of air and oxygen show a sub Nernstian 

response, this will be investigated in chapter 4. 

In the acidic region of the plot, below pH 6.2, the data is thought to be less reliable as 

there were fluctuations in the temperature due to problems with the thermostatic bath. As 

the Nernst equation is temperature dependent these fluctuations caused the potentials 

measured to be less reliable. The recordings for this acidic range were not repeated as the 

focus of this research was the neutral and alkaline region of the pH scale in order to use 

the sensor in presence of saturated solution of Ca(OH)2. 

The experiments carried out in argon, Figure 3.12, demonstrate the excellent 

reproducibility of the H1-e Pd electrodes and, as in previous studies
206, 285

, the almost linear 

Nernstian response of the pH-electrode. 
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In presence of air and oxygen the intercept of the trend line is shifted to a more negative 

potential than that seen for argon. Furthermore for pH > 1.5 the presence of oxygen 

creates a positive shift, but for pH < 1.5 the presence of O2 leads to a negative shift. 

It has been found that the electrode behaves very differently in presence of oxygen. The 

data collected demonstrates that the presence of oxygen significantly changes the 

behaviour of the sensor and that the behaviour of the palladium hydride system in oxygen 

is far from being understood. The complexity of the system and the poor reliability of the 

data collected in oxygen at this stage provide little practical use. 

For each point on the calibration plot the error associated with the potential was 

calculated using two different methods: first, the error was calculated by finding the 

standard deviation of the average potential for the plateau for each repeat of the 

experiment, second, the error was calculated using the difference in potential between t1 

and t2 (ΔE) determined for each repeat, the average ΔE value was found and divided by 

two. The standard deviation method provided the error associated with the different 

repeats. In many cases the error was found to be an order of magnitude smaller than that 

one measured as 
|        |

 
 . The error calculated using ΔE provided a more realistic 

overview of the error associated with the measurements as it calculated the error 

associated with the plateau. The errors obtained using this method are shown in the 

calibration plot.  

It can be seen that some of the errors associated with measurements taken in argon are 

quite large. It was thought that this is due to the increased lifetime seen in presence of 

argon, as over this extended lifetime oxygen may slowly enter the system. Furthermore, 

the error bars are not very large compared with the reproducibility of the data, whatever 

the gas. The error estimation is therefore not able to account for the unreliable behaviour 

of the palladium hydride in presence of dissolved oxygen.  

3.7. The driving factor 

From the data presented above, it looks clear that oxygen is playing an important role and 

its interaction with the palladium hydride needs to be considered, analysed and quantified. 

A series of stripping experiments were carried out in order to quantify the process of 

hydrogen extraction in presence of dissolved oxygen. The procedure consisted in (i) 
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galvanostatically loading the nanostructured palladium to fully charge the metal with 

hydrogen, (ii) leaving the electrode at open circuit potential for a set time to allow the 

“natural discharge” of hydrogen from the PdH, (iii) switching to the potentiostatic mode 

and recording a linear sweep voltammogram to completely extract the hydrogen from the 

Pd lattice and (iv) integrating the area under the stripping peak to quantify the amount of 

hydrogen left in the hydride. Figure 3.13 shows the recorded stripping peaks for different 

waiting times. The durations for which the sensor was left to discharge naturally are 

written on the figure. It is possible to see that the area under the peak decreases with 

increasing discharge duration and it is possible to observe from Figure 3.14 that the 

corresponding charge decreases linearly with the discharge duration. The slope of this 

linear relationship is a current, approximately -14 nA, which is analogous to the 

extraction current of the hydrogen from the metal lattice. 

As previously mentioned, oxygen looks to be a substantial component that is driving the 

reaction because in presence of oxygen (as air or pure oxygen) the lifetime of the sensor 

is decreasing and the loading time is increasing massively. In order to quantify the rate of 

oxygen reduced at the tip at the same time in which the extraction was occurring, a LSV 

of the ORR was acquired, Figure 3.15. 

The ORR limiting current observed has almost the same value (between 13 and 14 nA) as 

the slope of Figure 3.14. As previously mentioned, this slope is thought to be the 

extraction current of the hydrogen from the palladium hydride lattice. It can therefore be 

concluded that the hydrogen extraction current is driven by the diffusion controlled 

reduction of oxygen on the nanostructured Pd surface. 
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Figure 3.13 Linear seweeps voltammograms for the extraction of hydrogen from the PdH recorded after 

galvanostatically loading hydrogen and leaving the electrode at open circuit for the times indicated in the 

legend. The experiments were carried out in aerated 20 mM PB Is = 200 mM pH = 7 at room temperature 

and with a H1-e Pd electrode (2a = 25 µm and Q dep = 4 C cm
-2

). 
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Figure 3.14 Plot of the hydrogen extraction charges recorded after allowing the PdH to discharge at open 

circuit for different discharge durations along the  to  transition plateau. The extraction charges were 

calculated from the stripping voltammograms shown in Figure 3.13. 

 

Figure 3.15 Linear sweep voltammogram recorded with a H1-e Pd electrode (2a = 25 µm and Q dep = 4 C 

cm
-2

) in aerated 20 mM PB Is = 200 mM pH = 7 solution at 1 mV s
-1

. The LSV was started at OCP. 
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The same procedure was used to estimate the extraction current in absence of any oxidant 

(i.e. with the solution previously degassed for 20 minutes with argon and left covered 

with an argon blanket to prevent any uptake of oxygen). As for Figure 3.13, the charge 

under the stripping peaks recorded for different waiting times was found to decrease with 

increasing discharge durations. As in Figure 3.14, the plot of the hydrogen stripping 

charge vs. discharge time, shows a linear trend (Figure  3.16) but the slope, or hydrogen 

extraction current, is only -319 pA. It is therefore concluded that in absence of any 

oxidant, the rate of hydrogen extraction is extremely slow and this dictates the longer 

lifetime of the palladium-hydrogen electrode. 

 

Figure 3.16 Plot of the hydrogen extraction charges recorded after allowing the PdH to discharge at open 

circuit for different discharge durations along the  to  transition plateau. The extraction charges were 

calculated from the stripping voltammograms recorded with a H1-e Pd electrode (2a = 25 µm and Q dep = 2 

C cm
-2

) in argon purged 20 mM PB Is = 200 mM pH = 7 at room temperature. 
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3.8. Summary 

In the present study, accurate cyclic voltammetric experiments at different cathodic limits 

and in presence of surface poison allowed the study of processes taking place on the 

palladium in its hydrogen region. Furthermore, the cathodic electrolysis is employed for 

loading H1-e Pd films with hydrogen in order to prepare mesoporous palladium hydride 

micro pH sensors. It has been shown that the palladium hydride electrode can be prepared 

by galvanostatic or potentiostatic loading with hydrogen. The response proportional to the 

pH can be found during the discharge of the sensor when the electrode is in the transition 

between the  and  phases: that potential is stable and it is proportional to the log of the 

proton activity at the electrode-solution interface, therefore the potential is proportional to 

the pH. In order to have an accurate measurement of the pH, the potentiometric response 

of the electrode was studied in different buffers in order to obtain the calibration curve of 

OCP vs. pH shown in Figure 3.5. The curve show a linear response in the entire pH range 

with only one slope unlike other pH sensors and this linearity is in agreement with the 

theory. Remarkably, the linearity extends to pH 14 and we believe this is the first 

evidence of a pH microelectrode operating at such high pH. When oxygen is introduced 

into the system, the Nernstian response is no longer valid and the reproducibility worsens. 

The presence of oxygen also increases the loading time and decreases massively the 

lifetime of the sensor. In addition, the OCP is more positive, therefore a calibration curve 

was recorded also with two different oxygen concentrations, Figure 3.12. From 

Figure 3.15 the limiting current for the ORR is very close to the extraction rate obtained 

from stripping voltammetry, Figure 3.14. It can be concluded that the ORR current drives 

the extraction of hydrogen from the hydride. In absence of oxidants, instead, the hydrogen 

extraction rate is two orders of magnitude smaller, inducing a much longer transition 

between the  and  phases of the PdH. 

In the following chapter, the behaviour of H1-e Pd microelectrodes will be discussed in 

the context of SECM experiments. 
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4. PdH SECM tips: from potentiometric to amperometric 

sensing. 

4.1. Introduction to SECM experiments 

The majority of scanning electrochemical microscopic (SECM) experiments is performed 

in the amperometric mode, but microelectrodes have also long been used as 

potentiometric sensors. 

Potentiometric probes are the oldest form of electrochemical sensors. They can be used to 

study many chemical species that cannot be detected by amperometric techniques. In 

particular, hydrogen, alkali, alkaline earth metal ion concentrations of importance in 

biological system can be sensed with potentiometric ISE but not with amperometric 

techniques because they are not electroactive in aqueous media
270

. Other advantages of 

these ion selective tips are that they have a high selectivity towards the analyte and that 

potentiometric sensors are passive probes. In contrast to the amperometric probes, 

potentiometric devices do no alter the composition of the analyte in the sample. Since the 

electrode is not involving a Faradaic process, it does not alter the redox state of the 

species of interest, it does not does not consume/produce new species such as protons or 

hydroxyls, and it does not trigger mass transport in the analyte. This is particularly 

important for biological applications where the sample volume is very small. 

As shown in chapter 5, the palladium hydride electrode is extremely sensitive to dissolved 

oxygen for both the lifetime of the sensor and the OCP recorded. In this chapter, the 

SECM is used to study the potential of the PdH tip during the natural extraction of 

hydrogen in aerated conditions at different tip-substrate distances in order to shield the 

flux of oxygen toward the tip and understand the relation that links the OCP and the ORR. 

4.2. Amperometric approach curve with the ORR 

The potentiometric use of SECM requires an independent determination of the absolute 

distance between the UME and the substrate. Usually potentiometric probes are made 

with micro-or nano- glass pipettes filled with ion carriers or the electrodes are made with 

fragile glass membrane electrodes, so it is important to limit their movements to avoid 

touching of the sample.  
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During the experiment, the location of the tip in the solution is known only relative to a 

reference position of the micro-positioning system. In the amperometric mode the tip 

produces or consumes redox species and the resulting concentration gradients in the space 

between the substrate and the tip have unique tip-current distance dependence. But in the 

potentiometric mode the tip is passive should not interfere with the concentration profiles 

except by screening the substrate surface from the bulk solution. Several procedures can 

be used to assess the tip-substrate distance and the simplest is to approach the tip under 

microscope observation until it is seen to almost touch the sample surface. This position 

is then defined as the zero on the apparent tip-substrate distance scale. This method can 

be used when an accurate estimation of the tip-substrate distance is not required. In the 

case of solid state electrode it is possible to switch from the amperometric mode of the 

SECM to the potentiometric mode. Metal oxides and metal hydrides potentiometric 

devices are advantageous because they can sustain Faradaic reactions and therefore 

operate in the conventional amperometric mode if a redox mediator is present in the 

solution. This is the way the PdH electrode was used: an approach curve was recorded in 

the conventional hindered diffusion amperometric mode of the SECM in order to assess 

the precise tip-substrate distance. Later, when the absolute tip substrate distance was 

known, the tip was electrochemically reconditioned to perform potentiometric 

measurements. Following this approach, the steady-state current for ORR was recorded 

on a nanostructured palladium microdisc while approaching a glass substrate. It is shown 

in Figure 4.1 that the current decreases when moving the electrode close to an inert 

substrate. This is in agreement with the principle of hindered diffusion and the current-

distance curve was exploited to determine the absolute tip-substrate distance by the use of 

the theoretical curve computed for a disc-shaped tip 
295

. 
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Figure 4.1 Amperometric approach curve recorded with a nanostructured Pd tip at 1 µm s
-1

 in aerated pH 7 

phosphate buffer solution (Is = 200 mM); RG = 3.3. a = 18.7 µm. The amperometric response was taken at -

0.6 V vs. SMSE to ensure that the ORR was diffusion controlled over a glass substrate. 

4.3. Potentiometric and amperometric observations as a function of d/a 

When the desired tip-substrate distance was achieved, the tip was switched to the 

potentiometric mode and used to record different chronopotentiograms, cyclic 

voltammograms, linear sweep voltammograms for Tafel and linear polarisation 

experiments. 

4.3.1. Potentiometric behaviour 

Figure 4.2 shows a set of chronopotentiograms recorded at different tip-substrate 

distances above the inert substrate in the aerated phosphate buffer. They all show features 

characteristic of the loss of hydrogen from the palladium lattice. At short time the 

potential rises sharply as the  phase loses hydrogen and then reaches a plateau (OCP→) 

when the  phase begins to nucleate within the  phase. As described in the previous 

chapter, this is the transition region where the phase rule dictates that the electrode 

potential only depends on the activity of protons in solution but not on the H/Pd atomic 

ratio. Only in this region, the electrode can be used as a pH sensor. At the end of the 

plateau the potential rises as the entire PdH is now in the  phase. At longer times, a 

second shoulder is observed that is thought to reflect the hydrogen desorption from the 
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palladium surface. All these observation are consistent with the previous chapter. 

Surprisingly, all the chronopotentiograms depend on the tip substrate distance. As the tip 

approaches the inert substrate, the most important observation is that there is a significant 

increase in the lifetime of the phase transition. A second important observation is that the 

plateau potential, OCP→, becomes more negative as the tip approaches the substrate. 

This cannot be due to a change in the pH of the solution because it is buffered, nor it can 

be due to the tip sensing an Ohmic drop, as there is no current flowing within the cell. 

Such a potential shift would be a major problem if the tip were about to be used to 

monitor pH. 

 

Figure 4.2 Chronopotentiograms recorded at several tip-substrate distances, d, in an aerated pH 7 buffer 

solution (Is = 200 mM). a = 18.7 µm, RG = 6. 

4.3.2. Cyclic voltammetry 

At the same positions where chronopotentiograms were recorded, the potential was 

cycled in almost the entire potential range of the electrolyte until stable voltammograms 

were recorded at a scan rate of 50 mV s
-1

. The potential was not swept too cathodically 

otherwise the current due to the oxidation of the hydrogen extracted from the bulk would 

have led to less clear features of the hydrogen adsorption peaks. These voltammograms 

are shown in Figure 4.3. Figure 4.4 shows more clearly and with more details the 
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changes in the voltammograms recorded in the hydrogen region when the tip was getting 

closer to the substrate. From both these graphs is it possible to observe that all the 

features described in Figure 3.8 are unchanged. It can be seen that the peak potential of 

the oxides reduction peak is getting slightly more cathodic and smaller the closer the 

electrode is to the substrate. It can be noticed a strong dependence of the anodic peak e in 

the hydrogen region with the distance while the anodic peaks f and g do not look to be 

much affected by the different tip-substrate distances. It looks therefore that the hydride 

extraction peak is larger in the bulk than near the substrate. This may happen because the 

protons are hindered and the rate of hydrogen insertion decreases next to the substrate 

compared to the bulk. The hydrogen adsorption does not appear to be affected by the tip-

substrate distance probably because the hydrogen absorption requires only one monolayer 

of hydrogen. Furthermore at the beginning of the anodic scan, between -1.2 V and -1.1 V 

in Figure 4.4, a broad peak has its relative maximum changing to more anodic voltages 

as the tip gets closer to the substrate. As the tip-substrate distance decreases, the 

voltammograms shift up because the limiting current for the ORR decreases due to 

hindrance. 

 

Figure 4.3 Cyclic voltammograms for the H1-e Pd tip (RG = 10, a = 5 µm, Q dep = 10 C cm
-2

) recorded at ν 

= 50 mV s
-1

 for different distances with respect to the substrate. The solution used was an aerated 5×10
-5

 M 

H2SO4 + 0.5 M Na2SO4 in an open cell. 
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Figure 4.4 Cyclic voltammograms for the H1-e Pd film (RG = 5.35, a = 12.5 µm, Q dep = 10 C cm
-2

) 

recorded at different distances with respect to the substrate. The solution used was an aerated 5×10
-5

 M 

H2SO4 + 0.5 M Na2SO4 in an open cell. The voltammograms were recorded in the hydrogen region at ν = 

20 mV s
-1

. The harrows indicate the sequence in which the voltammograms where recorded when 

decreasing the tip-substrate distance. 

4.3.3. Tafel and Linear Polarization Resistance (LPR) experiments 

The behaviour of the PdH electrode was studied in aerated buffered conditions by 

recording OCP→ and LSV experiments at different tip-substrate distances, therefore at 

different rates of ORR. These linear sweep voltammograms were recorded at 1 mV s
-1

 ± 

100 mV around the OCP→ and they are shown in Figure 4.5 presented as Tafel plots in 

the top part of the figure. The equilibrium potentials found with the potential sweeps are 

in agreement with the OCP→ values measured by chronopotentiometry at the same tip 

positions, as shown in the bottom part of Figure 4.5. The corresponding exchange 

currents, from now on called hydrogen extraction currents, were estimated from the 

intercept between the cathodic Tafel branch and the vertical line corresponding to the 

equilibrium potential. Finding a clear linear region over one decade of current proved 

difficult; for this reason, the extraction currents, iT,ex, were also estimated from the 

polarization resistance (       
  

    
) determined from the gradient of the LSV taken 

within ±10 mV of the equilibrium potential for several tip-substrate distances, Figure 4.6. 
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The extraction currents found from RP are in good agreement with those derived from 

Tafel plots and follow the same tip-substrate distance dependence, Figure 4.7. The latter 

also shows that the extraction currents are comparable in magnitude with the limiting 

currents for the ORR at all tip-substrate distances. These results therefore strongly 

suggest that the kinetics of the hydride oxidation is controlled by the diffusion of oxygen 

to the PdH tip. 

 

Figure 4.5 Comparison between Tafel experiments (top) and chronopotentiograms at OCP→ (bottom) 

recorded at the tip-substrate distance indicated by d/a. LSV were taken at 1 mV s
-1

 around OCP→.in 

aerated pH 7 buffer solution (Is = 200 mM) with a H1-e Pd tip (a = 17.15 µm, RG = 5, Qdep = 10 C cm
-2

). 
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Figure 4.6 Linear sweep voltammograms (LSV) recorded at 1 mV s
-1

 around OCP→ to determine the 

linear polarization resistance at the tip-substrate distances indicated by d/a. LSV were taken at 1 mV s
-1

 in 

aerated pH 7 buffer solution (Is = 200 mM) with a H1-e Pd tip (a = 18.7 µm, RG = 6, Qdep = 10 C cm
-2

) 

 

Figure 4.7 Comparison between the hydrogen extraction currents (left Y-axis) and the limiting currents for 

oxygen reduction (right Y-axis) recorded at different tip-substrate distances. The extraction currents were 

estimated from the Tafel plots presented in Figure 4.5 and from the linear polarization resistance (not 

shown). 

   

-0.94 -0.92 -0.90 -0.88 -0.86
-3

-2

-1

0

1

2
i 

/ 
n

A

E vs. SMSE / V

2.
41.

91.
6

1.
10.

3

d/a

0 2 4 6 8 10 12 14 16
2

3

4

5

 i
T

, 
O

R
R
 /

 n
A

d / a

 i
T

, 
ex

 /
 n

A

 i 
T,ex

 from Tafel

 i 
T,ex

 from LPR

 i 
T,ORR

 from LSV
5

10

15

20
 



98 

 

4.4. Potentiometric approach curve 

A potentiometric approach curve recorded to assess the dependence of OCP→ on the 

tip-substrate distance is shown in Figure 4.8. The duration of the approach curve was 

kept shorter than the duration of the  to  transition to prevent any variation of the tip 

potential with the hydride composition. The curve confirms that the potential becomes 

more negative as the tip-substrate distance decreases. Surprisingly, the dependence of the 

potential on the tip-substrate distance matches the amperometric approach curve recorded 

with the same tip for the reduction of dissolved oxygen. The latter is in perfect agreement 

with the theoretical curve for hindered diffusion 
295

 shown in Figure 4.1, thereby 

confirming that the nanostructured film is sufficiently thin to behave as a disc. Figure 4.8 

clearly suggests that the potentiometric response was driven by a process analogous to 

hindered diffusion at all tip-substrate distances. The only redox active species present in 

the solution being oxygen, the tip potential must be related to the rate of the oxygen 

reduction reaction. Palladium is known to be a good catalyst for promoting the ORR 
296-

298
, and the nanostructured palladium is expected to be even better as found for 

nanostructured Pt tips prepared by the same method 
299

. As a result, the wave for ORR 

occurs at very positive potentials (circa -0.1 V vs. SMSE from the reverse sweep and -

0.35 V vs. SMSE from the forward sweep) according to Figure 4.9 and the OCP→ is 

more negative than the potential for the ORR wave. This potential difference is 

sufficiently large that the nanostructured PdH tip promotes the ORR at a diffusion 

controlled rate at all pH. In presence of oxygen, two Faradaic processes are therefore 

balanced at OCP→: the electrochemical oxidation of the hydride and the 

electrochemical reduction of the oxygen. Any increase in the oxygen flux toward the 

electrode is matched by an increase in the PdH oxidation rate and therefore by a larger 

hydrogen extraction rate. 
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Figure 4.8 Comparison with potentiometric (right Y-axis) and amperometric (left Y-axis) approach curves 

recorded with a nanostructured Pd tip at 1 µm s
-1

 in an aerated pH 7 phosphate buffer solution (IS = 200 

mM); RG = 3.3, a = 18.7 µm. The amperometric response was taken at -0.6 V vs. SMSE to ensure that 

ORR was diffusion controlled. The potentiometric response is the open circuit potential taken in the  to  

transition of the palladium hydride. 

 

Figure 4.9 Cyclic voltammograms recorded with and without dissolved oxygen with a nanostructured 

palladium tip (a = 7.9 µm; RG = ∞) at 1 mV s
-1

 in a pH 7.5 phosphate buffer solution, I S = 200 mM. 
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4.5. The mixed potential model 

It is possible to argue that the potential observed in presence of oxygen reflects a pH 

change due to the ORR, but if this was the case, the potential shift should be negative 

because the ORR is making the solution near the electrode more alkaline; experimentally 

the shift is always found to be positive. Instead the potentiometric and amperometric 

results suggest that the potential of the PdH tip obtained in presence of dissolved oxygen 

is not the thermodynamic potential predicted from the phase rule, but it is a mixed 

potential defined where the rate of anodic and cathodic processes are equal. This is akin 

to the mixed potential concept used in corrosion 
300

 and catalysis 
301, 302

. The main anodic 

reaction is the extraction of hydrogen from the hydride, while the main cathodic reaction 

is the reduction of oxygen on the nanostructured Pd surface. The oxidation of the PdH can 

thus be thought of as a corrosion problem: the larger the flux of oxygen, the higher the 

anodic current must be to match the cathodic current. As a result, the tip potential shifts to 

more positive values as schematically shown in Figure 4.10 for three tip-substrate 

distances. When d = 0 the diffusion of oxygen is fully hindered and ET,d=0 equals OCP→ 

in absence of any oxygen (OCP →, no O2). At a distance d 1 > 0, hindrance has decreased 

and a small flux of oxygen forces the tip to take the mixed potential E T,d1 > E T,d=0. At the 

distance d 2 > d 1, hindrance is much less pronounced and a large flux of oxygen forces 

the tip to take the mixed potential E T,d2 such that E T,d=0 < E T,d1 < E T,d2. The schematics 

also suggest that for any tip-substrate distance d, the mixed potential E T,d can be simply 

estimated as a linear function of the diffusion-controlled current for ORR at d, i T,d,ORR, 

via the polarization resistance recorded in absence of oxygen, R p,no O2, the latter being the 

inverse of the current-potential curve of the PdH tip recorded in the absence of oxygen. 

                  
  |      |            

 (32) 

This expression was tested for a nanostructured PdH microdisc with a small tip (a = 7.9 

µm, RG = ∞) to enhance the flux of oxygen to the electrode and produce a larger potential 

shift. In this experiment, performed in a pH 7.5 phosphate buffer, all the parameter in the 

right hand side of equation (32) were measured in the bulk so that the rate of ORR was at 

its maximum. Using the measured data for OCP→,no O2 (-1000 ± 3) mV and Rp, no O2 (21.6 

MΩ), both recorded in argon-purged solution and shown respectively in Figure  4.11 and 

Figure 4.12 with the blue plots, and of iT,d,ORR (-7.14 nA) recorded in aerated condition, 

Figure 4.13, the calculated tip potential (-840 mV) was in good agreement with the tip 
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potential measured in the aerated pH 7.5 buffered solution (-844 ± 3) mV, shown as the 

red chronopotentiogram in Figure  4.11. 

 

Figure 4.10 Schematic representation of the interplay between the current potential curves for the anodic 

(H extraction from Pd, black) and cathodic (ORR on the palladium surface, blue and red) processes 

leading to a mixed potential different from the thermodynamic value of potential found in the absence of 

dissolved oxygen. To illustrate the dependence of the tip potential on the flux of oxygen, the sketch is 

drawn for three tip-substrate distances, d = 0 < d 1 < d 2. E T, ORR is the half-wave potential for the ORR on 

the tip. 
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Figure  4.11 Chronopotentiograms recorded with (blue) and without dissolved oxygen (red, also 

reproduced below with a different time scale) with a nanostructured palladium tip (a = 7.9 µm; RG = ∞) at 

in a pH 7.5 phosphate buffer solution I S = 200 mM. 

 

Figure 4.12 LSV recorded at 1 mV s
-1

 around OCP→ to determine the linear polarization resistance in 

argon-purged solution. The experimental conditions are the same as the one used in the experiments in 

Figure  4.11. 
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Figure 4.13 Voltammogram for the ORR recorded in the bulk in presence of air with the same experimental 

conditions used for the experiments in Figure  4.11 and Figure 4.12. 

4.5.1. The linear dependence between OCP→ and i T,ORR 

By using the tip employed in Figure 4.8, equation (32) was then tested against all tip-

substrate distances by plotting the potentiometric approach curve (OCP→ vs. d) against 

the amperometric approach curve (i T,ORR vs. d), both taken from Figure 4.8. Figure 4.14 

shows a clear one to one correlation between the two approach curves. Furthermore, the 

intercept (-967 mV) which corresponds to a tip current equal to zero, as would be found 

with complete hindrance, is in perfect agreement with the thermodynamic potential 

measured in the absence of oxygen (OCP→,no O2 = -973 mV) in the pH 7 buffered 

solution; their difference is within the experimental error of 6 mV. The slope (4.48 MΩ) 

is one order of magnitude larger than R p, no O2 obtained for this tip (26.8 MΩ). 

Despite a good agreement found in the bulk, equation (32) should only be valid for low 

oxygen concentrations where the potential shift remains sufficiently small that the PdH 

current-potential relationship is linear. For high oxygen fluxes, i.e. small tips in the bulk 
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simple linear function of the limiting current for the ORR. This can be easily seen on the 

current potential curve recorded in the absence of oxygen with the small tip, Figure 4.9. 

With small PdH nanostructured tips the high oxygen flux discharges hydrogen rapidly 

and the lifetime of the  to  transition plateau becomes unworkably short. In oxygen 

saturated solutions, it is difficult to observe a stable plateau with the 25 µm diameter tips 

prepared as described above. With larger tips it is possible to deposit thicker 

nanostructured film, thereby increasing the hydrogen reservoir, and operate in oxygen 

saturated solutions. 

 

Figure 4.14 Plot of the tip potential recorded at different tip-substrate distances against the diffusion-

controlled current for ORR recorded at the same tip-substrate distances. All the experimental details as for 

Figure 4.8. 

4.5.2. Rotating Disc Electrode confirmation 

In order to verify that the potentiometric response observed with the SECM tip was 

generic, similar experiments were conducted with a nanostructured Pd film deposited on a 

rotating disc electrode and loaded with hydrogen to H/Pd = 0.6. The potential of the 

electrode, recorded for several rotation rates in aerated pH 7 phosphate buffer solution, 

was found to increase linearly with the square root of the rotation rate and the intercept 

was found to be within 3 mV of the potential measured in argon-purged solution. The 

RDE data therefore confirm the observations made with the SECM tip. 
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Figure 4.15 Plot of the dependence of OCP→ on rotation, w, for a nanostructured Pd RDE in aerated pH 7 

phosphate buffer solution, I s = 200 mM. The Pd film was electrodeposited (Q dep = 4 C cm
-2

) on a 5 mm 

diameter platinum rotating disc. 

4.6. Theoretical approach and validity 

While equation (32) is qualitatively convenient to explain the correlation between 

potentiometric and amperometric approach curves, its quantitative use is limited to 

conditions such that the potential shift is no greater than ca. 50 mV. Let us assume that 

the hydrogen insertion/extraction reactions at the Pd surface follow the Butler-Volmer 

kinetics. At the mixed potential the rate of hydrogen extraction is equal and opposite to 

the rate of oxygen reduction on the surface represented by the equality: 

      
    (

    

  
            

  ) (33) 

where i c., i a
0
, n a,  a, E m, E a

0
 are respectively the cathodic current, exchange current 

for the anodic process, number of electrons involved in the anodic process, anodic 

transfer coefficient, mixed potential and standard potential for the anodic reaction. 

Provided 
    

  
            

    , the exponential can be linearized and expression 
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Further rearrangements yield: 
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where Rp,a is the anodic polarization resistance. Expression (37) predicts a linear 

dependence of the mixed potential on the limiting current for the ORR but this 

approximation in only valid when  
    

  
            

     and so when the 

potential shift is: 

     
  

  

         
 (38) 

and so when      
          at 25C with n a = 1 and  a = 0.5. 

4.7. Summary 

This study demonstrated how the potentiometric mode of SECM can be used to 

sensitively probe and alter the mixed potential due to two independent redox processes 

provided that the transport of one of the species involved is controlled by diffusion. This 

was illustrated with the discharge of hydrogen from nanostructured Pd hydride films 

deposited on the SECM tip. In deaerated solutions, the OCP of the PdH in equilibrium 

between its  and  phases does not depend by the tip substrate distance while in aerated 

conditions it is found to be controlled on hindered diffusion of oxygen. 

Chronopotentiometric and amperometric measurements at several tip-substrate distances 

reveal how the flux of oxygen toward the Pd hydride film determines its potential. LSV 

shows that the polarization resistance increases when the tip approaches an inert substrate. 

The SECM methodology also demonstrates how dissolved oxygen affects the rate of 

hydrogen extraction from the Pd lattice. Over a wide potential window, the highly 

reactive nanostructure promotes the reduction of oxygen which rapidly discharges 

hydrogen from the PdH. The flux of oxygen toward the tip can be adjusted via hindered 

diffusion. Approaching the substrate decreases the flux of oxygen, lengthens the 
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hydrogen discharge and shifts the OCP negatively. The results are consistent with a 

mixed potential due to the rate oxygen reduction balancing that of hydride oxidation. The 

methodology is generic and can be applied to other mixed potential processes in corrosion 

and catalysis. 
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5. In situ monitoring carbonation in a porous medium 

5.1. The application of the PdH-pH electrode. 

Numerous chemical reactions involve pH changes but despite its importance pH still 

remains a difficult parameter to determine in many cases. On the one hand extreme pHs 

cannot be measured with most pH sensitive devices, including the conventional glass 

electrode. On the other hand pH is hard to measure in confined places with interfacial 

processes typically found in geochemistry, electrochemistry or biochemistry proving to 

be particularly challenging. Of all the pH sensors currently available the glass electrode is 

by far the most convenient for measurements in bulk solutions but it is unsuited for 

operations in localised environments. It is also unsuited to very basic media as the 

alkaline error (a phenomenon also known to increase with temperature
303

) affects the 

response for pH > 9; even with alkali glass membranes
283

 its range does not extend 

beyond pH 12. Among all the approaches cited in section 1.3, the palladium hydride (PdH) 

electrode stands out as the only one capable of producing a single Nernstian response 

over the whole pH range
304

. It can be turned into a microdisc electrode to perform 

localised measurements but its potentiometric response is not stable with time as the 

hydrogen diffuses in to the bulk of the Pd wire. To circumvent this problem Imokawa et 

al.
206

 electrodeposited thin nanostructured Pd films onto Pt microdiscs and showed that, 

once loaded with H, the PdH film exhibited a single Nernstian response from pH 2 to 12. 

We confirmed in chapter 3 that this response can be extended up to pH 14 with high 

stability and excellent reproducibility (Figure 3.5). Imokawa et al.
206

 also reported that 

the lifetime of the nanostructured PdH microdiscs was seriously shortened by the 

presence of dissolved oxygen. In chapter 3 and 4, we showed that the presence of oxygen 

also affects the potentiometric response where, instead of delivering a potential 

proportional to pH, the electrodes produce a mixed potential related to pH and to the flux 

of oxygen towards the electrode as it reduces on the nanostructured Pd film (Figure 4.10). 

We also were able to quantify the offset due to the presence of oxygen by the use of 

equation (32) and the calibration curve in air and oxygen saturated solution shown in 

Figure 3.12. The offset is significant only for very small electrodes since they promote 

higher ORR fluxes; furthermore it increases when the pH is larger than 1.5 as shown in 

the calibration curve in Figure 3.12. 
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In this chapter we describe how nanostructured Pd hydride microelectrodes were 

successfully exploited to monitor pH variations from a reaction confined in a porous 

substrate with solutions ranging from very alkaline to mildly acidic. In chapter 3, through 

calibrations, we first demonstrated that the potentiometric pH characteristic of the 

microelectrodes follows a single Nernstian response even in strong alkaline conditions 

and in chapter 4 we quantified the effect of oxygen on the calibration curve. In this 

chapter we employ the electrodes to record pH transients during the carbonation of lime 

within a humid fibrous mesh. To control the carbonation we performed the experiments 

with different partial pressures of CO2 and in each case validated the experimental results 

with theoretical calculations from PHREEQC
305

 and with SEM and XRD analysis of the 

CaCO3 particles deposited on the mesh fibres. 

5.2. A typical experimental procedure 

Experiments with the carbonation of lime were carried out with saturated solutions of 

Ca(OH)2 absorbed in small strips (3 mm wide × 1 cm long) of cellulose mesh (lens 

cleaning paper, pure cellulose supplied by Whatman) inside a homemade poly(methyl 

methacrylate) (PMMA) cell (Figure 2.5) under thermostatic conditions (23°C ) and with 

different Ar/CO2 gas mixtures. 

The cellulose mesh was used for three reasons: to trap a thin film of solution and thus 

simulate carbonation in the confinement of a porous medium, to provide an ionic path 

between the electrodes and to capture the solid phases formed during the carbonation for 

subsequent analysis. A typical experiment was conducted as follows: 1) the cellulose 

mesh was wrapped around the counter electrode. 2) The electrodes were positioned in the 

cell and clamped with the lid. 3) A stream of wet Ar was sent into the cell. 4) The cell 

was filled with about 3 ml of saturated Ca(OH)2 solution using a syringe fitted with a 

disposable filter (0.1 µm Puradisc 25 TF from Whatman) to avoid introducing solid 

phases. 5) Cyclic voltammograms were recorded to check the cleanliness of the Pd 

nanostructure. 6) A chronopotentiogram was recorded while loading the palladium film 

galvanostatically with hydrogen to a H/Pd ratio circa 0.6 corresponding to the beginning 

of the  phase of the hydride. 7) The microelectrode was set to open circuit and its 

potential was recorded to measure the pH in the bulk of the solution. 8) While 

continuously recording its potential the microelectrode was moved downwards until its 

tip touched the cellulose mesh. 9) After checking for signal stability, the solution was 
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removed from the cell using the syringe and capillary at the bottom of the cell thereby 

leaving some solution absorbed in the cellulose mesh. 10) The baseline pH for the thin 

film of solution was recorded. 11) The gas mixture was modified to allow a chosen partial 

pressure of humid CO2 in the cell. 12) The electrode potential was recorded continuously 

while carbonation occurred until a stable plateau was reached. The solid phases 

precipitated within the mesh samples were subsequently observed with a field emission 

scanning electron microscope and analysed with an X-ray diffractometer. 

5.3. Modelling of the results with PHREEQC 

Results of experimental measurements were compared with results of PHREEQC 

calculations. PHREEQC is a computer program for simulating chemical reactions and 

transport processes in natural or polluted water, in laboratory experiments, or in industrial 

processes. The program is based on equilibrium chemistry of aqueous solutions 

interacting with minerals, gases, solid solutions, exchangers, and sorption surfaces (which 

accounts for the original acronym: pH-REdox-EQuilibrium) but over the years it has 

evolved to include the capability to model kinetic reactions and one-dimensional 

transport.
305

 This software has already been used in several scientific fields such as 

geochemistry, hydrology and environmental pollution and was also used to study the 

phase and morphology evolution of calcium carbonate precipitated by carbonation of 

hydrated lime
306

. 

Simulations used in these tests were carried out using a solution and two equilibrium 

phases as initial conditions, according to a method already used by other researchers
307, 308

. 

The solution was made of 1 kg of pure water (set by default to pH = 7 and pe = 4, i.e. to a 

redox potential of 0.237 V vs. SHE) as solvent with the addition of calcium to simulate 

saturated solutions. In all simulations the pH was left as a variable to allow charge 

balance. The calculations were carried out at 20, 23 and 25°C. 

Gaseous carbon dioxide and one of the anhydrous polymorph of calcium carbonate where 

considered as equilibrium phases. According to the instruction provided with the software, 

for the gaseous phase the log of pCO2 (in bar) was considered instead of the saturation 

index required for the solid phases. The number of moles of carbon dioxide were set to 

high values to model the equilibrium with an infinite reservoir of CO2(g). The solid phase 

considered to form during the reaction (monohydrocalcite, vaterite, aragonite or calcite), 

was modelled using a saturation index of 0 and an infinite reservoir (although similar 
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results were obtained without considering the number of moles of solid phase introduced). 

The database used for the simulations was a modified version of the database developed 

by the Lawrence Livermore National Laboratory (LLNL) of Berkeley (California, USA). 

Modification consisted in the addition of data for vaterite (not included in this database) 

with data taken from the SIT database, developed by the French National Radioactive 

Waste Management Agency. 

According to PHREEQC calculations (Table 5.1), the initial pH of Ca(OH)2 saturated 

solutions at 20, 23 and 25°C are, respectively, 12.56, 12.45 and 12.37. The final pH, 

instead, varies from a minimum of 6.08 for a solution in equilibrium with calcite at 25°C 

and pCO2 = 0.75 atm, to a maximum of 7.21 for a solution in equilibrium with 

monohydrocalcite at 23°C and pCO2 = 0.038 atm. At 23°C temperature, the final pH of a 

solution in equilibrium with calcite varies from 6.08 to 6.92, depending on the pCO2. 

Simulations show that pH is more acidic in presence of calcite compared to the other 

solid phases and that it takes more neutral values with the less stable phases (respectively, 

aragonite, vaterite and monohydrocalcite). Aragonite produces pH values more similar to 

those produced by calcite while monohydrocalcite produces pH values closer to those 

produced by vaterite. 

The same simulations show that temperature has little effect on the final pH of the 

solutions in the range between 20 and 25°C. The smallest difference was found between 

the pH of two solutions at 20 and 25°C containing monohydrocalcite (0.001 pH) while 

the highest difference was found between the solutions containing vaterite (0.011 pH). 

Table 5.1 Theoretical pH values calculated with PHREEQC v.3.0 for the carbonation of Ca(OH)2 under 

different temperatures, CO2 partial pressures and resulting solid phases. 

 Final pH - PHREEQC simulations at 20°C 

(initial pH=12.56) 

pCO2 /atm Monohydrocalcite Vaterite Aragonite Calcite 

0.750 6.389 6.317 6.139 6.087 

0.167 6.805 6.734 6.559 6.508 

0.039 7.215 7.154 6.972 6.921 
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 Final pH - PHREEQC simulations at 23°C 

(initial pH=12.45) 

pCO2 /atm Monohydrocalcite Vaterite Aragonite Calcite 

0.750 6.338 6.310 6.135 6.083 

0.167 6.805 6.728 6.555 6.504 

0.039 7.214 7.139 6.968 6.917 

 

 Final pH - PHREEQC simulations at 25°C 

(initial pH=12.37) 

pCO2 /atm Monohydrocalcite Vaterite Aragonite Calcite 

0.750 6.388 6.306 6.132 6.08 

0.167 6.805 6.724 6.553 6.501 

0.039 7.214 7.135 6.966 6.915 

 

5.4. The neutralization of Ca(OH)2  

Figure 5.1 shows the potential transient recorded during the carbonation of a thin layer of 

solution using a partial pressure of CO2 of 0.167 atm. The figure shows the 

chronopotentiogram since the beginning of the experiment, just after the palladium 

electrode was loaded with hydrogen, until the  phase of the palladium hydride was 

produced. 
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Figure 5.1 Potential transient recorded during the carbonation of a thin layer of solution. The pH axis was 

calculated from the open circuit potential axis on the left and the calibration curve shown in Figure 3.5. The 

insert shows the same data with A, B and C respectively indicating when the working electrode touched the 

surface of the porous medium, the removal of the solution and the insertion of the CO2 in the gas stream. 

The Pd nanostructured film was electrodeposited (Qdep = 4 C cm
-2

) onto a 250 µm diameter Pt electrode. 

The beginning of the chronopotentiogram shows a rise in potential that corresponds to the 

transition of the palladium hydride from its  phase (t < t1 in Figure 3.4) to the + 

phase. The time in which the electrode was in its  phase is about 30 min. When the 

palladium hydride reached the + phase (t2 < t < t1 in Figure 3.4); the electrode started 

to work as a pH sensor. During this time wet Ar was blown inside the cell above the 

solution and, consequently, the solution was in equilibrium with a stable pH defined by 

the concentration of lime. At the time A, 45 min after the beginning of the experiment, 

the electrode was moved down to get in contact with the tissue paper and a few minutes 

later, at time B (about 47 min), the solution was removed from the cell, Figure 2.3, in 

order to obtain a thin layer of solution trapped in the mesh where the pH change was 

studied. Data recorded show that during this procedure the signal was very stable and that 

there were no variations in the potential between point A and B, hence the solution 
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trapped in the mesh has the same pH as the bulk solution and the microelectrode is not 

affected by the removal of the solution above the mesh. 

The potential measured from the beginning until the point C of the test corresponds to the 

pH of the saturated solution of pure Ca(OH)2 as measured by the PdH microelectrode. 

According to the calibration curve shown in Figure 3.5, the pH is 12.45 (OCP→ = -

1.295 V). This value is quite different from the pH measured with the glass pH meter 

during the preparation of solution (12.7) but is in perfect agreement with the results of the 

PHREEQC calculation (12.45; Table 5.1). After 50 min from the beginning of the 

experiment, at the time C, wet CO2(g) was introduced in the gas mixture and blown inside 

the cell. The inset in Figure 5.1 shows that a few seconds after CO2 was introduced, the 

potential began to rise (and the pH to decrease) until it reached a second plateau. This 

plateau was due to the stabilization of solution due to the complete consumption of the 

Ca
2+

 ions by the carbonation reaction as described by the following equation: 

             
                                     (39) 

The reaction between calcium and carbonate ions, in fact, promotes the dissociation of 

bicarbonate ion and carbonic acid that, in turn, promotes the dissolution of more CO2(g) 

and the release of protons that neutralize the solution, according to the following 

equations: 

                   (40) 

                           (41) 

    
           

               (42) 

   
                           (43) 

Once all Ca
2+

 are consumed, the concentrations of all species in the carbonic acid system 

reach an equilibrium that depends on the partial pressure of CO2 in the atmosphere 

surrounding the film of water and on the solid phases produced by carbonation (e.g. 

calcite or vaterite). 
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Table 5.2 Experimental pH values recorded at the end of the carbonation of Ca(OH)2 at different pCO2 and 

23°C 

 Final pH - experimental results at 23°C 

(initial pH=12.45) 

pCO2 /atm 1
st
 test 2

nd
 test 3

rd
 test average St. Err. 

0.750 6.13 6.06 6.17 6.12 0.03 

0.167 6.34 6.56 6.47 6.46 0.06 

0.039 6.95 6.78 6.85 6.86 0.05 

 

In Figure 5.1 the second plateau is clearly seen after 90 min from the beginning of the 

experiment. The pH value corresponding to this plateau is 6.34 (Table 5.2). The 

theoretical pH of a similar system as calculated by PHREEQC assuming formation of 

calcite is 6.50 (Table 5.1). Repetitions of the same test (Table 5.2) lead to a mean 

experimental value of 6.46 ± 0.06. The difference between this mean and the theoretical 

value is -0.04 pH. 

Formation of calcite (mainly) and vaterite (traces) during the experiment is proved by 

SEM images (Figure 5.2) and by XRD data (Figure 5.3). The products of the 

carbonation shown in Figure 5.2 were obtained after preliminary tests without the gas 

line shown in Figure 2.3. Before the use of the cylinder, some carbonation tests were 

recorded with CO2 produced by the sublimation of cardice (solid pellets of frozen CO2). 

These experiments were then discarded because of the impossibility to control accurately 

the sublimation rate and therefore the flux of carbon dioxide introduced into the cell. For 

these reasons, it was preferred to introduce CO2 using a gas cylinder and two flow meters. 

Nevertheless, this picture is important because it shows that without a complete control of 

the parameters, both phases can nucleate.  

With the use of the gas line, tests were carried out with a pCO2 of 0.039, 0.167 and 0.750 

atm. Results are reported in Table 5.2 and Figure 5.4. 
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Figure 5.2 FE-SEM images of the cellulose mesh sample with calcite crystals (rhombohedral) and vaterite 

crystals (spherulites). The sample was previously coated with chromium to avoid charging in the SEM 

chamber. In this experiment, the carbonation was induced by the sublimation of cardice (solid pellets of 

CO2). 

 

Figure 5.3 Typical diffractograms recorded on the cellulose substrate before (grey) and after (black) 

carbonation. The peaks confirm the presence of calcite (C) and vaterite (V) crystals on the fibres of the 

cellulose. 
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Figure 5.4 shows the calculated equilibrium pH of solutions containing calcite and 

vaterite, at different pCO2 (empty symbols). Results show a decrease in pH with the 

increase of pCO2. The same plot allows a comparison between the theoretical values and 

the experimental results (black symbol). Experiments at different pCO2 were repeated 

three times and the mean was plotted together with the related standard error. In almost 

all cases SEM analysis demonstrated formation of calcite as major solid phase produced 

by the carbonation (Figure 5.7). In only one case both the pH value (Figure 5.5) and the 

SEM image (Figure 5.6) suggested the formation of only vaterite. We surmise the 

crystallization of almost pure vaterite was related to the reaction kinetic because it was 

obtained in an experiment where the pH variation after the introduction of CO2 was 

unexpectedly fast compared with the other measurements. Comparison between the 

theoretical and experimental values shows that at 0.039 atm pCO2 the difference is 0.06 

points of pH and at 0.750 atm pCO2 the difference is about 0.04. This means that all the 

pH values determined from the microelectrode potentials are in very good agreement with 

the theoretical values calculated with PHREEQC. 

 

Figure 5.4 Dependence of pH on the pCO2. Theoretical (□) and experimental (■) results for calcite and 

theoretical (○) and experimental (●) results for vaterite. 
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Figure 5.5 Potential transient recorded during the carbonation of vaterite. The pH axis was calculated from 

the open circuit potential axis on the left and the calibration curve shown in Figure 3.5 

 

Figure 5.6 FE-SEM images of the cellulose fibres with prevalent vaterite formations. 
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Figure 5.7 FE-SEM images of the cellulose fibres with prevalent calcite crystals. 

To check the stability of the potentiometric response the electrode potential was 

monitored continuously over 24 hr. At regular intervals (typically 4 hr) the Pd 

nanostructure was galvanostatically reloaded with hydrogen (I = -12.2 µA cm
-2

 for 2 min 

for a 250 µm diameter electrode) until a H/Pd ratio circa 0.6 corresponding to the 

beginning of the  PdH phase. A new chronopotentiogram was recorded after each 

reloading sequence. In all cases the plateau potential was found to be reproducible 

throughout the 24 hr test. 

5.5. Summary 

Potentiometric pH microprobes made with nanostructured palladium hydride 

microelectrodes were exploited to monitor pH variations resulting from a reaction 

confined in a porous medium. Continuous operation was demonstrated by reloading 

hydrogen at regular intervals to maintain the correct hydride composition thereby 

alleviating the need for calibration. These properties were validated by detecting pH 

transients during the carbonation of Ca(OH)2 within a fibrous mesh. Experimental pHs 

recorded in situ were in excellent agreement with theoretical calculations for the CO2 

partial pressures considered. Results also showed that the electrodes were sufficiently 

sensitive to differentiate between the formation of vaterite and calcite, two polymorphs of 

CaCO3. The methodology described is particularly suited to the detection of pH at the 

surface of solid and porous materials, especially reactions involving high pHs. 
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6.  Conclusions and further work 

There are no practical and reliable micro pH sensors with a wide pH range, although a 

number of microsensors to measure local pH have been studied. In most cases the main 

disadvantage is obtaining a stable and reproducible potential due to the extremely small 

size of microelectrodes, especially in the case of potentiometric sensors. This study has 

demonstrated that pH microsensors made with nanostructured palladium hydride 

microelectrodes could operate reliably even in very alkaline environments. Their 

potentiometric response was found to be Nernstian up to pH 14. To our knowledge this is 

the first report of a pH microelectrode operating reliably at such high pH. The pH 

electrode is accurate, reliable, precise and reproducible over several hours. It also has the 

unique property in being able to monitor pH changes over a wide range of time: at regular 

intervals, when the PdH returns to its  phase, the electrode can be galvanostatically 

reloaded with hydrogen to take it back its  phase. The potentiometric pH response 

during the + phase is rapid, stable, reproducible and almost theoretical in deaerated 

solutions. The H1-e Pd hydride microelectrodes show such a reproducible potentiometric 

response that once calibration is performed, it is possible to conduct measurements 

without calibration before and after the pH measurements (procedure normally essential 

for potentiometric micro sensors). We successfully employed the electrodes to monitor 

the pH changes during the carbonation of a saturated lime solution confined in a porous 

substrate exposed to a partial pressure of CO2. The pH detected in situ was found to be in 

perfect agreement with theoretical calculations. The electrode response proved to be 

sufficiently sensitive and reproducible to differentiate, on the basis of pH, between the 

formation of calcite and vaterite, both polymorphs of calcium carbonate, inside the 

substrate. We believe these nanostructured pH microelectrodes are currently the only 

analytical tools capable of monitoring high pH in confined places and we expect they will 

be highly valuable to study geochemical processes involving very alkaline waters. 

However, performing experiment in presence of air, it has been noticed that the 

potentiometric sensor is extremely sensitive to the oxygen: the less oxygen is present in 

the solution, the longer is the lifetime of the pH electrode and the smaller is the potential 

offset with respect to the response in absence of oxygen. This feature has been observed 

also in standard experiments in bulk solution in presence of different concentration of the 

oxidant, O2 and ruthenium hexamine (not shown), and it has been confirmed also during 

SECM experiments: the closer the tip is with respect to the substrate, the smaller is the 
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flux of oxygen diffusing towards the tip and the smaller is the offset. Although the tip is 

held at zero current, its open circuit potential is negative enough to drive the reduction of 

oxygen and the quick extraction of hydrogen from the palladium lattice. The combination 

of these events in a process akin to localised corrosion produces the discharge of the 

sensor. The smaller is the flux of oxygen, the slower is the discharge and the more 

negative is the open circuit potential. Regarding the PdH system, our results clearly show 

that the presence of an oxidant capable of extracting H will significantly affect the pH 

measurement. The strong tip−substrate dependence makes use of such an electrode in 

SECM very challenging, as it becomes difficult to relate variations in tip potential to pH. 

This is particularly relevant when the flux of oxidant toward the tip is high as for example 

found with small tips or with a substrate capable of regenerating the mediator. The 

rotating disc electrode experiments confirmed perfectly the SECM and the bulk 

experiments: the higher the rotation rate, the larger the flux of oxygen at the tip and the 

more positive the mixed potential is. Extrapolating the potential at no rotation rate, the 

OCP estimated is within 3 mV of the actual potential measured in absence on any oxygen 

in the solution. 

The observations reported here clearly demonstrate that the potentiometric mode of 

SECM can be more complicated than anticipated; several remarks can now be made 

regarding this mode: the tip is not necessarily a passive probe as normally assumed, and 

one should consider the possibility of redox processes occurring on its surface even when 

held at zero current. Redox processes may force the tip potential to differ from the 

expected thermodynamic value by taking a mixed potential if the tip surface is able to 

promote two Faradaic processes with equal and opposite rates. Furthermore, the 

potentiometric response can be controlled by diffusion provided one of the species 

involved in the Faradaic processes reacts with the tip at a diffusion-controlled rate. Under 

these conditions, the potentiometric approach curve becomes diffusion-controlled and 

akin to the traditional SECM approach curves found in the amperometric feedback mode. 

Overall, the tip potential becomes sensitive to the tip−substrate distance and less so to the 

activity of a target species, as initially intended. These effects must be added to the 

dependence of the tip potential on Ohmic drop when current flows between other 

electrodes in the cell. One should not see the above as restrictions; the ability to finely 

control the mixed potential by simple adjustment of the tip−substrate distance opens new 

opportunities for the potentiometric mode of SECM. 
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The potential shift in presence of a controlled amount of oxygen has been extensively 

studied during this PhD and it can easily be controlled now, therefore the main 

disadvantage at the moment is the limited lifetime of the sensor in aerated solutions 

because of the oxidation of sorbed hydrogen by the dissolved oxygen. In order to increase 

the lifetime of the sensor, three approaches can be taken: (i) the electrodeposited 

palladium can be protected by a proton permeable membrane (i.e. Nafion) that can slow 

down the diffusion of oxygen toward the tip. With this coating, both the mixed potential 

arising from the two independent reactions and the limited lifetime can be fixed. (ii) 

Another possible solution to lengthen the lifetime is recessing the Pt microdisc electrode 

before the H1-e Pd film deposition. The procedure to etch Pt microdisc electrode is well 

known
242, 309

 and it can be easily applied to this problem. In this way, it should be possible 

to increase the thickness of the nanostructured Pd layer without enlarging the diameter. 

(iii) Another possibility is to reload in situ the electrode more frequently in order to keep 

it in the mixed + phases that allow the measure of the pH. This procedure has been 

successfully tested with the use of the software NOVA 1.9, but it has never been applied 

in real experiments, as for example the recording of an SECM pH image. These 

approaches may lead to apply the PdH electrodes to solutions containing oxidizing 

species, allowing performing SECM maps in aerated conditions. 

Another interesting possibility to develop is the miniaturization of the H1-e Pd electrode. 

The smallest size of electrodes used in this study was 10 µm diameter; decreasing the 

dimension of the electrode would allow the study of more systems at higher spatial 

resolution. In particular biomedical studies are seeking nano pH probes that would allow 

measuring the pH on single parts of the human/animal cells. Variations from the neutral 

pH, in fact, can be due to the early stage of a disease that could be identified by just 

monitoring the pH of the cell. The miniaturization of the PdH electrode could also be 

used for pH detection on single crystallographic facets in order to determine, in the case 

of Ca(OH)2, which is the preferential plane that is subjected to carbonation and to define 

if the reaction proceeds differently for different facets. Probably the best way to build 

these electrodes would be to electrodeposit a film of H1-e Pd on the real tip of a capillary 

previously pulled with a laser and filled with pyrolytic carbon to have the metallic contact 

and support for the electrodeposition. Those electrodes could then be loaded with 

hydrogen to form the correct phase that allows the measure of the pH and be used as 

punctual pH sensors. 
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A big step forward would be to understand the entire potential transient during the 

carbonation reactions and to relate the different gradients to kinetics or to different steps 

in the carbonation reactions. The experiments in chapter 5 indicate that kinetic 

informations are available form the transients, but a new gas line design would be 

required to have a proper control of the time when CO2 interacts with the lime solution. 

For the same purpose it would be nice to integrate the PdH-pH sensor with a Raman 

spectrometer in order to monitor the progression in the reaction by two analytical signals 

that could be inter-correlated. The design of the cell has to be carefully thought to acquire 

the spectrum and the pH with the analytical tools on the same area. 

Now that the experimental methodology has been established on pure lime, another 

interesting field would be to measure the progression in the pH during the carbonation in 

more complex systems like in those in which additives are commonly used in conjunction 

with lime and cement to enhance some particular propriety of the mortars (i.e. in presence 

of blast furnace slag, bottle glass, wood ash, hemp and metakaolin). This study will be of 

particular interest in conjunction with strength measurements for the industry on cements. 

Another interesting topic for further work is to study other mixed potential systems (like 

in corrosion studies) by applying the SECM methodology. For this, the tip would need to 

consist of the material of interest and the potentiometric response would be monitored for 

a range of tip−substrate distances above an inert substrate in the presence and absence of 

oxygen. For instance, the corrosion of a given alloy could be studied by fabricating a 

SECM tip from the alloy and recording its potentiometric response while approaching an 

inert surface in aerated solution. Alternatively, the substrate could be made from the 

sample of interest and the tip from an inert material. For example, the corrosion of a 

coated metallic surface could be investigated by approaching a submillimetre size 

polished glass disc toward a micrometre size pinhole, purposely made in the coating to 

behave as a microdisc. 

Further work can also be done by applying the H1 nanostructure to other potentiometric 

microsensors. It is known that the potentiometric signal gets worst with decreasing the 

size of the electrode, but because of their enormous surface active area, the mesoporous 

films are expected to have behaviour similar to macro electrodes. The work can be started 

considering metal/metal oxide sensors like for example Pd/PdOx and Ir/IrOx. By 
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producing these H1-e MOx films the role of the nanostructure in achieving the good 

potentiometric response can be studied and analysed in details. 
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7. Appendix 

7.1. Thermodynamic considerations on the + phase transition potential 

In the following section, the complete derivation of the potential in the transition phase is 

presented on the basis of the treatment previously reported by some authors
193, 199, 203

. 

As for gas phase conditions, the H in the PdH is in equilibrium with H2 in the solution, so 

the following chemical equilibrium is verified: 

                    (44) 

therefore 

                      (45) 
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hence 
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In parallel with the chemical equilibrium, there is the electrochemical equilibrium 

following the Volmer reaction (19): 

                 (50) 

At equilibrium, ∑  ̅            ∑   ̅          , so 
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Since      ,       and 
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where        , substituting (55) in (54) yelds 

        
                   

            
      

        

         

         (56) 

Rearranging to bring the potential terms on the left-hand side gives 
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Substituting (49) in (59), 
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When we consider the potential against SHE,         
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where       and    
          because it is considered at standard conditions 
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i.e.     
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By definition, the standard potential for equilibrium (62) is set as 0 V, therefore 
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Going back to equation (61) and replacing the left-hand side term with            

yelds, 
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Since                  and       
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From the paper of Tsuruta et al.
203

 at 25 C, the partial pressure of H2 is 0.02 bar when 

the PdH is in transition between the  and  phases, therefore equation (63) can be 

rewritten as follows: 

                                  (69) 

This equation predicts that in standard conditions the potential of the PdH electrode will 

be +0.050 V with respect to the SHE. 

7.2. Electrogeneration of the sample 

Deposition of hydroxides by electrogeneration of base has been practised by 

electrochemists for many years 
310

. A few papers have dealt with calcium carbonate 

formation by an electrochemical driving force and some results have been published 
5, 8, 10

 

regarding the influence of various parameters on the kinetic growth of CaCO3 crystals on 
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an electrode
8, 11, 12

. To study the carbonation reaction
5, 15

 occurring in concrete, it is 

necessary to monitor the processes on pure Ca(OH)2. For this reason we tried the 

precipitation of Ca(OH)2 induced by an electrochemical driving force in situ. In order to 

achieve high grade of purity of Ca(OH)2, the nucleation of portlandite crystals in the same 

electrochemical cell in which the carbonation would later be studied was performed. The 

shift to basic pH can be obtained by imposing a cathodic reduction on the electrode. The 

deposition of metal hydroxides has been achieved by different authors by 

electrogenerating hydroxyl ions to form films directly on the cathodic substrate. Different 

species for producing hydroxyl anions were proposed in the literature like oxygen
311

, 

water, hydrogen peroxide 
312

 and nitrate ions 
313

. The reduction of all of these species 

allows a controlled pH value to be reached at the electrode-solution interface. Therese and 

Kamath 
314

 investigated the yields of electrodeposited hydroxides obtained from nitrate 

bath and compared it with that obtained from chloride bath. Since the chloride ions do not 

participate in any reduction reaction, the yield of hydroxide from a chloride bath should 

be entirely due to the HER (19). They investigated the synthesis of Mg(OH)2 as a model 

because it is a stoichiometric compound with a well-defined structure and composition. 

Ca(OH)2 and Mg(OH)2 have both the metal cation in the s-block. The electrosynthesis of 

Mg(OH)2 has shown that the yield of hydroxides produced is much higher from a Mg-

chloride bath when compared to a Mg-nitrate bath under all deposition conditions. For 

this reasons, the attempt in the electrogeneration of Ca(OH)2 was carried out in CaCl2 

solutions. The yield of the deposition has been also studied in chloride baths at a different 

pH. The authors have used solutions at pH between 1 and 7. The yield of the reaction 

reaches a maximum value for pH > 3 
314

. The homogeneous nucleation of Ca(OH)2 

occurs, under thermodynamic conditions, at pH around 12.8
315

. Water reduction produces 

OH
-
 and H2 simultaneously, so the resulting gas bubbles on a substrate may be not 

appropriate for precipitate formations. Nobial et al. 
313

 considered the addition of nitrate 

ions to be a good way to increase the local pH, but the role of nitrate ions and the nature 

of the reduction products is almost unsolved, since nitrate ion reduction is very complex 

and involves different mechanisms with a large number of stable intermediates.  

For these reasons, we tried to generate calcium hydroxide crystals above the surface of 

platinum and gold electrodes. The generation of the base by cathodic reduction was 

performed at the cathode of a divided cell in order to separate the products of the cathodic 

reaction from those of the anodic reaction. The reference electrode used was a homemade 
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calomel electrode (250 mV vs. SHE). The anode was a conventional platinum grid 

immersed in a solution of 0.1 M KCl. The cathode was the working electrode immersed 

in a solution of 1 M CaCl2 saturated with oxygen at a pH close to 12 in order to facilitate 

the reaction. The two solutions were separated by a frit. The solutions used during the 

experiments related to the electrogeneration of the hydroxides were CO2 free with the 

intention not to precipitate calcium carbonate. Before the preparation of the solutions, 

water was boiled for 20 minutes, the flask was closed and when the water was cooled 

down at room temperature, it was used for the preparation of the solution. To avoid the 

diffusion of air in the flask, pure oxygen was bubbled until the compounds had dissolved. 

The bubbling helped also the homogenization of the solution. 

The electrosynthesis has several features which distinguish it from other synthetic 

methods: (i) it takes place close to the electrode within the electric double layer, which 

has a very high potential gradient of order of 10
5
 mV cm

-1 314
, (ii) the product is deposited 

on the electrode in the form of a thin film or a coating, (iii) the synthesis can be 

performed at low temperature, (iv) the kinetic control can be exercised by controlling the 

current passed through the cell, and (v) thermodynamic control can be exercised by 

choosing the applied cell potential. However, being an ambient temperature technique, 

electrosynthesis may lead to poorly ordered products making an unequivocal structural 

characterization difficult. For this reason, XRD measurements are prohibitive because of 

the amorphous impurities. In the design of the electrochemical synthesis, either the 

potentiostatic and galvanostatic synthesis have been tried: 

 Potentiostatic synthesis. In the potentiostatic synthesis, the electrode is polarized 

to a desired potential with respect to the counter electrode. The cell current usually 

decays rapidly as the reaction proceeds due to low rates of diffusion of the 

molecules of oxygen from the bulk to the electrode surface. This method allows 

the generation of selected single-phase products by the use of the potential applied. 

 

 Galvanostatic synthesis. The galvanostatic synthesis allows having the control 

over the rate of the reaction leading to deposits with good adhesion and a 

controlled morphology. The potential of the cell drifts as the reactant activity 

decreases. This may lead to a multiplicity of products. 

Figure 7.1 shows pictures of deposits obtained by the use of the potentiostatic synthesis 

on a platinum electrode, on the left, and by using a galvanostatic control on a gold 

electrode, on the right. The pictures presented are those in which the experimental 
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conditions allowed to produce the largest quantity of deposited particles with a correct 

chemistry. The experimental conditions are reported in the caption. It needs to be stressed 

that in both these experiments, the particles with the observed habit were measured for 

their elemental composition with the EDX detector. In those, and in other experiments not 

reported, the spectrum always reported peaks due to the presence of carbon. Quantitative 

EDX could not be performed because both the absence of standards of Ca(OH)2 and 

CaCO2 and the theoretical efficiency of the semiconducting detector for energy lower 

than 1 keV. 

 

Figure 7.1 ESEM –SEI images of electrogenerated Ca(OH)2 deposited on noble metal surfaces by cathodic 

reduction. (left) Platinum support, Rf  = 3.8
280

. The potential was held at E = -0.4 V vs. SCE for 4 h. (right) 

Gold support, Rf  = 3.2
316

. The current density was held at j = -124 µA cm
-2

 for 1 h. 

After the experiments, the samples were washed with water to remove the electrolyte and 

then dried in the oven. Even if the materials and the transportation to the SEM chamber 

were done carefully, the presence of carbon suggests that some carbonation occurred. 

This may be due to a reorganization of the compound in the low vacuum chamber (0.5 

torr) during a local heating of the sample because of the interaction with the electron 

beam that can provide a dehydration of the specimen and lead to a particular crystal habit 

of the CaCO3 for these experimental conditions. The presence of a metallic 

polycrystalline substrate, the low amount of sample produced and the room temperature 

synthesis are limiting the number of structural analysis techniques to assess which kind of 

material has been deposited in these set of experiments.  

It was therefore expected that the chloride bath would yield calcium hydroxide deposits, 

however these experiments failed, probably due to the instability of this compound. The 

production of hydroxyl ions is not the sole determining criterion for the success of this 

class of reactions. Other factors may also play a crucial role, like kinetic, experimental 
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(shape and distance of the CE) and stability factor of the produced compound (affinity 

with CO2).  

7.3. Nova 1.9 procedures 

7.3.1. Potentiostatic electrodeposition of nanostructured Pd from a template 

This procedure allows electrodepositing the palladium metal on the surface of another 

metallic electrode. If the underneath electrode is a 25 µm diameter platinum 

microelectrode, in order to electrodeposit 4 C cm
-2

 of palladium, the charge of -

19.625×10
-6

 C needs to be passed. To be sure that only the desired amounts of moles of 

Pd are deposited a cut off needs to be programmed. 

> Nested procedure 

 > Timed procedure 

  > Autolab control 

   WE(1) Mode Potentiostatic 

   WE(1) High stability 

   WE(1) Current range 1 µA 

   Integrator (1). Integration time 1 s 

  > Set potential 0.400 V 

  > Set cell ON 

  > Wait time 1 s 

  > Record signal (> 1 ms) 

   Duration (s) 5 

   Interval time (s) 0.01 

   Estimated number of points 500 

   Signal sampler Time, WE(1) Potential, WE(1) 

Current, WE(1) Charge 

   > Options 

    Automatic current ranging ON 

   Corrected time <array> (s) 

   Time <array> (s) 
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   WE(1) Potential <array> (V) 

   WE(1) Current <array> (A) 

   WE(1) Charge <array> (C) 

   Index <array> 

   > E vs t 

    X Time (s) 

    Y WE(1) Potential (V) 

    Z WE(1) Potential (V) 

    Show during measurement Yes 

    Measurement plot number 1 

   > i vs t 

    X Time (s) 

    Y WE(1) Current (A) 

    Z WE(1) Current (A) 

    Show during measurement Yes 

    Measurement plot number 2 

   > Q vs t 

    X Time (s) 

    Y WE(1) Charge (C) 

    Z WE(1) Charge (C) 

    Show during measurement Yes 

    Measurement plot number 3 

  > Autolab control 

   WE(1) Bandwidth High stability 

   WE(1) Current range 1 µA 

  > Set potential 0.100 V 

  > Record signals (>1 ms) 

   Duration (s) 10000 

   Interval time (s) 0.2 

   Estimated number of points 50000 
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   Signal sampler Time, WE(1) Potential, WE(1) 

Current, WE(1) Charge 

   > Options 

    Automatic current ranging ON 

    Cutoff on WE(1) Charge when value < -

1.9625E-5 stop complete procedure. Number of detection 1. 

   Corrected time <array> (s) 

   Time <array> (s) 

   WE(1) Potential <array> (V) 

   WE(1) Current <array> (A) 

   WE(1) Charge <array> (C) 

   Index <array> 

   > E vs t 

    X Time (s) 

    Y WE(1) Potential (V) 

    Z WE(1) Potential (V) 

    Show during measurement Yes 

    Measurement plot number 1 

   > i vs t 

    X Time (s) 

    Y WE(1) Current (A) 

    Z WE(1) Current (A) 

    Show during measurement Yes 

    Measurement plot number 2 

   > Q vs t 

    X Time (s) 

    Y WE(1) Charge (C) 

    Z WE(1) Charge (C) 

    Show during measurement Yes 

    Measurement plot number 3 
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  > Set cell OFF 

7.3.2.  Galvanostatic loading and OCP determination 

This procedure allows intercalating the hydrogen in the metallic bulk of the palladium 

galvanostatically (by fixing a current) and then measuring the potential at open circuit 

when the cell is open. It was chosen to select the cell off instead of measuring at no 

current flowing (galvanostatically i = 0 nA) because there is actually a small current into 

the circuit that when the cell is off is of order of pA and when i = 0 nA is imposet it is 

order of ten pA. 

> Nested procedure 

 > Timed procedure 

  > Autolab control 

   WE(1) Mode Galvanostatic 

   WE(1) High stability 

   WE(1) Current range 100 nA 

  > Set current 0 nA 

  > Set cell ON 

  > Wait time 1 s 

  > Record signal (> 1 ms) galvanostatic 

   Duration (s) 10 s 

   Interval time (s) 0.5 

   Estimated number of points 20 

   Signal sampler Time, WE(1) Potential, WE(2) 

Current 

   Options 0 Options 

   Corrected time <array> (s) 

   Time <array> (s) 

   WE(1) Potential <array> (V) 

   WE(1) Current <array> (A) 

   Index <array> 

   > E vs t 
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    X Time (s) 

    Y WE(1) Potential (V) 

    Z WE(1) Potential (V) 

    Show during measurement Yes 

    Measurement plot number 1 

   > i vs t 

    X Time (s) 

    Y WE(1) Current (A) 

    Z WE(1) Current (A) 

    Show during measurement Yes 

    Measurement plot number 2 

  >Set current -8.0E-08 

  >Record signal (> 1 ms) galvanostatic 

   Duration (s) 100 

   Interval time (s) 0.1 

   Estimated number of points 1000 

   Signal sampler Time, WE(1) Potential, WE(1) 

Current 

   Options 0 Options 

   Corrected time <array> (s) 

   Time <array> (s) 

   WE(1) Potential <array> (V) 

   WE(1) Current <array> (A) 

   Index <array> 

   > E vs t 

    X Time (s) 

    Y WE(1) Potential (V) 

    Z WE(1) Potential (V) 

    Show during measurement Yes 

    Measurement plot number 1 
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   > i vs t 

    X Time (s) 

    Y WE(1) Current (A) 

    Z WE(1) Current (A) 

    Show during measurement Yes 

    Measurement plot number 2 

  > Autolab control 

   WE(1) Mode Potentiostatic 

   WE(1) Bandwidth High stability 

   WE(1) Current range 10 nA 

  > Set cell OFF 

  > Record signal (> 1 ms) 

   Duration (s) 40000 

   Interval time (s) 4 

   Estimated number of points 10000 

   Signal sampler Time, WE(1) Potential, WE(1) 

Current 

   Options 

   Corrected time <array> (s) 

   Time <array> (s) 

   WE(1) Potential <array> (V) 

   WE(1) Current <array> (A) 

   Index <array> 

   > E vs t 

    X Time (s) 

    Y WE(1) Potential (V) 

    Z WE(1) Potential (V) 

    Show during measurement Yes 

    Measurement plot number 4 

   > i vs t 
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    X Time (s) 

    Y WE(1) Current (A) 

    Z WE(1) Current (A) 

    Show during measurement Yes 

    Measurement plot number 2 

7.3.3. Galvanostatic loading, OCP determination and hydrogen stripping 

> Nested procedure “Galvanostatic loading and OCP determination” 

 > LSV to have Q_H 

  > Autolab control 

   WE(1) Potentiostatic 

   WE(1) Bandwidth High stability 

   WE(1) Current range 1 µA 

  > OCP determination 

   Maximum time (s) 4 

   dE/dt limit 1E-6 

   Use average OCP No 

   OCP value -1.000 

   Time <array> (s) 

   WE(1) Potential <array> (V) 

  > Set cel ON 

  > LSV staircase 

   Start potential (V) -1.000 

   Stop potential (V) -0.100 

   Step potential (V) 0.00024 

   Scan rate (V/s) 0.1000 

   Estimated number of point 2961 

   Interval time (s) 0.002400 

   Signal sampler Time, WE(1) Potential, WE(1) 

Current 
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   > Options 1 Option 

    Automatic current ranging ON 

   Potential applied <array> (V) 

   Time <array> (s) 

   WE(1) Current <array> (A) 

   WE(1) Potential <array> (V) 

   Index <array> 

  > i vs E 

   X Potential applied (V) 

   Y WE(1) Current (A) 

   Z <empty> 

   Show during measurements Yes 

   Measurements plot 3 

  > Set cell OFF 
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