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A reliable micro pH sensor with a wide elective pH range is of interest to many Selds. 

In the present study an attempt was made to fabricate such a reliable sensor with 

nanostructured Pd hydride microelectrodes. Thorough investigation of the fabrication of 

nanostructured Pd films, their hydrogen absorption behaviour and the potentiometric 

response of the sensors are presented. 

Nanostructured Pd Sims (Hi e Pd Elms) were electrodeposited on Pt microdisc 

electrodes using a molecular template created by a hexagonal lyotropic crystalline 

phase. While retaining micrometer dimensions these electrodes possess huge 

electroactive surface areas; ie. roughness factors of Hre Pd films were estimated to be 

typically 300. Hydrogen absorption was shown to be very fast 5)r Hre Pd films and the 

films were readily loaded with hydrogen to P phase. It was 6und to be possible to obtain 

the Pd hydride with the desired H/Pd ratio by controlling the potential and the time of 

electrolysis. 

The nanostructured Pd hydride microelectrodes showed excellent potentiometric 

response over a wide rage of pH (2 - 12). The potentiometric pH response was rapid, 

stable, reproducible and almost theoretical in deaerated solutions. These properties, 

clearly superior to conventional micro pH sensors, were thought to be achieved by the 

combination of (1) the a+p Pd hydride phase which was known to show almost 

theoretical potential with normal size electrodes and a nanostructured film with a 

huge surface area and a rapid potential determinii^ process (H+ + e ^ H(Pd-H)). Hre 

Pd hydride microelectrodes had limited lifetime (typically 1 - 3 hours in deaerated 

solutions) because of the continuous removal of hydrogen under open circuit conditions. 

Although the lifetime is too short for continuous process monitoring, it is sufGcient for 

many analytical applications. The electrode can be reloaded with hydrogen quickly 

which makes it possible to perform pH measurements repeatedly 
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Chapter 1. Introduction 

The measurement of the pH of aqueous solutions is vital in many diverse areas 

such as environmental monitoring, wastewater treatment, industrial processes, 

and clinical chemistry The pH is an important parameter in so many Gelds 

because the stabihty of compounds, the rate and pathways of reactions, and the 

selectivity of reactions versus competing reactions all depend on the pH. 

Important electrochemical reactions are often associated with pH changes. For 

example, protons are produced or consumed during corrosion processes, metal 

deposition, electrop ainting, etc. The pH dose to an active region on the sur&ce 

can be significantly difkrent &om the bulk pH. The knowledge of pH 

distribution in such chemical processes can further our understanding of the 

mechanism of these processes and thus it is of great scientiBc and technical 

importance. Although pH is readily measured in the bulk of solutions, pH 

measurement with high spatial resolution at or near the interface is not an easy 

task. 

In this research, a novel potentiometric micro pH sensor was studied. This 

thesis will describe the preparation of nanostructured Pdhydride 

microelectrodes and demonstrate that they show excellent potentiometric pH 

response. In this chapter, the background relating to the fallowing topics will 

be presented: conventional methods of the pH measurement including local pH 

measurements, the palladium / hydrogen system, and a recently developed 

method for the preparation of nanostructured films. 

1 -1. Measurement of pH 

The degree of acidity (or basicity) of aqueous solutions may be expressed as pH, 

which is de&ned formally by the equation: 

pH = -loga^+ 

where aH+ is the activity of protons in the solution. 



J. 

1-1-1. pH-sensing electrodes 

An electrochemical cell, which can be represented by: 

Re&rence electrode | | pH sensing electrode, Test solution 

is commonly used for measurements of pH. Several pH sensing electrodes will 

be reviewed and discussed in this section. Among them, Pd hydride electrodes 

will be considered in section 12. 

Hydrogen electrodes 

A hydrogen electrode'^ consists of &eshly platinized platinum immersed in the 

test solution with a constant supply of pure hydrogen bubbhng. The electrode 

process occurring at the platinum surface of the hydrogen electrode is: 

H+ + e ^ 1/2 Hg 

For the sake of simplicity the partial pressure of Ha is assumed to be 1 atm, the 

customary standard state 6)r a gaseous component. Since the standard 

potential for the hydrogen electrode reaction is zero at all temperatures by 

convention, the Nemst equation yields the fallowing relationship between the 

equilibrium potential and pH: 

^ 7(7, 2.3037(7 
^ = -—Ina = pH 

The potential of the hydrogen electrode is the fundamental basis 6)r the 

establishment of all values &)r pH. 

The pH of a solution can be measured by determining the potential of a 

hydrogen electrode with respect to a re&rence electrode. However, it is often 

inconvenient to use hydrogen electrodes since the hydrogen gas has to be vented 

and the platinum electrodes have to be Aeshly plated with platinum black before 

use. Hence, in practice, indirect methods are often used rather than one based 

on the hydrogen electrode. 



1-1-1 -(2). Glass electrodes 

The &rrea(jimg application of pH measurementa in modern commerce and 

industry was made possible by the discovery of the hydrogen ion function of 

glass membranes which led to the development of convenient, practical glass 

electrodes^ 

In one of the most common Arms, the glass electrode consists of a thin glass 

membrane bulb inside which is mounted an internal re&rence electrode 

immersed in an internal solution of constant pH containing the ion to which the 

inner re&rence electrode is reversible. Normally 6)r an internal reference 

electrode and an internal solution, a Ag/j!^Cl electrode and a bu%red chloride 

solution are used. When dipped into an external solution (of unknown pH) 

containing a suitable re&rence electrode, the potential diGerence regarded 

between the two re&rence electrodes reflects a potential developed across the 

thin glass membrane. This arises since the glass functions as an ion exchange 

material and an equilibrium is established between Na+ cations in the sur&ce of 

the glass matrix and protons in the solution. 

The potential di%rence between the internal and external re&rence electrodes 

is given by: 

_ _ ^ ^ 2.303^7 ^ 
E = Constant pH 

F 

The glass electrode is known to behave almost theoretically in solutions with pH 

1 - 9 , ie. its pH slope is about 59 mV / pH. 

In highly basic solutions, particularly those containing a high concentration of 

Na+ cations, the glass electrode shows more positive potentials than expected 

6"om the behaviour at pH 1 - 9 , since Na^ cations inhibit the Na+ / H+ exchange 

reaction. Such alkah errors are well known and lead to unreliable pH readings 

in test solutions with pH > 9. However the use of special glasses, 6)r example 

hthium glass, minimizes this problem and can extend the reliable range of pH 

measurements to beyond 12. 

The mechanism through which the glass membrane alters its potential with a 

change of pH is not an electron transfer process; hence, the glass electrode is 

almost completely unaSected by oxidizing and reducing agents and not poisoned 

by heavy metals. 



1 -1-1-(3). Other pH-sensing electrodes 

Of the several electrodes sensitive to pH, the glass electrode is by far the most 

convenient and versatile. The use of other methods is limited to speciGc Selds 

where the glass electrode is not suitable: ie. under a high temperature and 

pressure condition, in Huoride solutions, use in food industry fragility is a major 

concern), local pH measurements, etc. 

(a) Antimony electrodes^- ̂  

The potential of antimony electrodes is thought to arise &om an 

oxidation-reduction process involving antimony and the thin layer of oxide on 

the surface. Assuming the oxide as SbgOa, the electrochemical process can be 

formulated as follows: 

SbaOs W + 6 H+ + 6 e ^ 2 Sb (^ + 3 HgO 

In actual practice, the antimony electrode is found not to furnish results of high 

accuracy. In fact, the reported slope values are smaller than the expected value 

(69 mV / pH) and varied in the range 53 - 59 mV / pH .̂ The condition of the 

metal, whether cast or electrodeposited, polished or etched, and that of the oxide, 

have influence on the behaviour of the electrode. The potential pH plot has 

been reported to consist of several linear branches. In common with other 

oxidation-reduction electrodes, the antimony electrode is disturbed by oxidizing 

and reducing agents. 

The rapid response and rugged structure of this electrode make it useful 5)r 

continuous industrial recording when great accuracy is not required. It can be 

used at high temperatures and in basic solutions with cells of the simplest 

design. Antimony "micro" pH sensors will be discussed in l-l-2-(2). 

(b) Ion-selective Seld efkct transistors (ISFET)^ 

Over the last twenty years, the currents flowing in tiny Seld eGect transistors 

(FET) have been used to probe ion concentrations. The FET is made of n-p n 



semiconductors which fbnn the source, channel and drain respectively. The 

ctLPrent fLovrinig betweeoi tlie SKmixx; zuicl tlwe cLnain La iiiQuencecl b)r a yoitayge 

applied to the gate. In an ISFET an ion-selective membrane acts as the gate 

and the electrical potential which the membreme exerts on the source to drain 

current depends on the extent to which substrate ions have entered the 

membrane. The current there&re rejects the ionic concentrations. To 

measure pH, the ion-selective membrane is typicalb^ a hydrated silica 

membrane. In this way pH can be measured on the surface of a tiny silicon 

chip. ISFETs are preferred in the food industry since their non-glass 

measuring surface will not break and can be stored dry 

1-1-2. IVIeasurement of local pH 

Important electrochemical reactions are often associated with pH changes. The 

pH change at or near the interface aGects the rate of the reaction and influences 

the mechanism of the processes. Hence, measurement of pH with high spatial 

resolution at or near the inter&ce can further our understanding of the reaction 

mechanism. 

The development of the scanning electrochemical microscope (SECM) has 

enabled the imaging of chemical species at or near a variety of substrates. In 

this technique, a microscopic electrode (the probe) is scanned across a substrate, 

and the electrochemical response is plotted as a function of position. In this 

manner, a chemical and/or topographical map of the sur&ce can be obtained. 

For example, if the probe is a micro pH sensor, the pH of the solution close to the 

inter&ce can be measured and plotted as a function of the tip position. 

Among the pH sensing electrodes discussed in the preceding section, the glass 

and antimony electrodes have been used for local pH measurements by a 

number of researchers. However, many attemps have also been made to 

develop other type of micro pH sensors, since the performance of the glass and 

antimony microelectrodes were not necessarily satis&ctory. The increasing use 

of micro pH sensors as a research tool has led to various technical developments 

for fabrication of micro pH sensors. Previously reported micro pH sensors can 

be divided into two groups! i.e. amperometric sensors and potentiometric 

sensors. 



1-1-2-(1). Amperomethc micmsensors 

In the steady state, the microdisc electrode is surrounded by a hemispherical 

diSusion Seld. The steady-state diGusion controUed current, Jz, is given by 

where a is the number of electrons trans&rred in the reaction and j^the Faraday 

constant, Z?and cthe diffusion coefBcient and the concentration of the species of 

interest, 67 the radius of the electrode. Maintaining all the other parameters 

unchanged, the steady-state current is directly proportional to the concentration 

of the species. Hence the concentration can be estimated by the measurement 

of the current at a potential where the reaction is diSusion controlled, on the 

condition that a, and a are known or that a cahbration has been per&rmed. 

It is important to note that the steady state current reflects the concentration of 

the species instead of the activity and thus a calibration (steady-state current vs. 

pH) is normally essential 

Two types of reliable amperometric micro pH sensors have been reported, 

(a) H+ reduction on Pt in acidic solutions 

Three reactions on Pt microelectrodes were studied^ 5)r amperometric 

measurements of pH; i.e. hydrogen evolution, oxide formation and oxygen 

evolution. The quantitative pH estimation was found to be possible solely &om 

the steady state limiting current for hydrogen evolution: 

-I- e —> 1/2 Hg 

A linear relationship was found between the logarithm of the limiting current 

and pH^ under their experimental conditions. The study on the efkct of 

supporting electrolytes*^ showed that in the absence of supporting electrolytes 

the limiting current was considerably larger than the predicted 

diffusion-limiting current. Howevei; at high electrolyte concentrations, the 

limiting current was 6)und to agree with predicted values. 
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This method has been used &>r probing protons in the vicinity of polyanihne film^ 

^ and 6)r measuring acidity in wines*, oils^ and polyprotic acids^". The 

apphcation of this method is limited to situations where a steady-state current 

for proton reduction is obtained; ie. solutions with pH < 6. 

(b) OH" oxidation on Au in basic solutions 

A well deSned wave for the oxidation of hydroxide ions was recorded by 

Abdekalam et al" in basic solutions on Au microelectrodes! 

OH" 1/4 O2 + 1/2 H2O + e 

The logarithm of the limiting current for this reaction was 5)und to depend 

linearly on pH over the pH range 9.0 12.6. Below pH 9 the wave could not be 

distinguished &om the baseline, while above pH 12.5 the wave became erratic 

because of the convection created by the release of O2 bubbles. 

Daniele et al'^ studied this system theoretically in detail. They reported that 

solutions with low concentrations of supporting electrolyte yielded currents 

enhanced by migration contributions, and that even in solutions with excess 

electrolyte the limiting current depended on the concentration because varies 

with the ionic strength and viscosity of the medium. They derived theoretical 

equations for the dependence of steady-state limiting currents on ionic strength 

and showed that the theoretical and experimental data compared satisfactorily. 

Furthermore, the determination of pH was shown to be possible by considering: 

pH = log 4- log [OH ] - log jKw 

The advantages and disadvantages of amperometric micro pH sensors (H3O+ 

reduction on Pt and OH" oxidation on Au) can be summarized as Allows. 

They both showed linear relationship between the logarithm of the limiting 

current and pH. It was possible to theoretically explain the experimentally 

observed limiting current, although the limiting current depended strongly on 

the concentration of supporting electrolytes. Hence, in general, pH 

measurement is expected to be possible with quite high accuracy and 

reproducibihty using these methods, on the condition that a calibration has been 

made in the same solution. Another important advantage of amperometric 

7 



sensors is ease of handling; ie. (a) special pre treatment of the electrode is 

unnecessary and (b) the influence of liquid junction potential (between the test 

solution and the solution of re&rence electrode solution) and zA drop is 

neghgible, since great accuracy in the potential is not needed. In addition, 

when an amperometric sensor is applied as an SECM probe, the absolute 

tip-substrate distance can be determined using experimental approach curves. 

However, the major drawback is their narrow pH range. It is impossible to 

cover acidic and basic solutions with a single sensor Furthermore, suitable 

method has not been found for the pH range 6 - 9 . 5 . It also has to be mentioned 

that redox species may af&ct their response (limiting current), and that when 

used as SECM sensors amperometric sensors can af&ct the concentration proSle 

of the species generated or consumed at the substrate. 

1-1-2-(2). Potentiometric micro pH sensors 

A majority of the works, in which local pH measurements were attempted, 

employed potentiometric micro pH sensors, rather than amperometric sensors. 

Potentiometric sensors are passive sensors, so they do not aSect the 

concentration proGle of the species generated or consumed at the substrate. In 

addition, the superiority to amperometric sensors can be found in the wider pH 

range and less sensitivity to the concentration of supporting electrolytes. 

However, the response of conventional potentiometric microsensors is unstable 

and &r 6om theoretical Potential / pH slope values often vary 6om one 

electrode to another even when a proven fabrication procedure is followed. 

Hence calibration for individual electrodes before and after pH measurements is 

normally essential Furthermore, the stabihty, precision and reproducibility of 

the potentiometric response tend to worsen as the size of the sensor decreases. 

Another disadvantage of potentiometric sensors is the difSculty in determining 

the distance between the tip and the substrate in SECM experiments, since they 

cannot rely on positive or negative &edback diSusion. Several approaches are 

available, but most are cumbersome. 

The potentiometric micro pH sensors can be divided into three categories; glass 

membrane electrodes, hquid membrane electrodes, and metal / metal oxide 

electrodes. 



7. ZadrcKAfcAKAO 

(a) Glass membrane microelecrodes 

Glass membrane microelectrodes have been applied to measurement of 

intracellular Their clear advantage is the selectivity of the response! they 

jire alincM&t coiiypletelbf iinaffecte(i try (yxidiairy? eind rtwjuciryf eyreirbs auncl rwyt 

poisoned by heavy metals. In addition, with regard to lifetime and dynamic 

range, glass electrodes are superior to any other tools used 5)r pH measurement. 

However; reducing the size of the glass electrodes proved a formidable problem 

One difSculty is their &agility which restricts their use in many situations. 

Another serious difSculty arises 6rom their high electrical resistance. It is 

difScult to keep the resistance within practical hmits, since the smaller the area 

of pH sensitive glass (which is in contact with the test solution), the higher its 

resistance. To overcome this problem, recessed tip microelectrodes^^ have been 

developed. In this conEguration the pH sensitive glass is confined inside the 

insulating tip. This allows a very small tip (the outside diameter of the tip can 

be less than 1.0 |im) with a comparatively lai^e area of pH sensitive glass in 

contact with the solution. Although high reliability and long lifetime have been 

reported, electrodes of this design are very dif&cult to fabricate and the response 

is inevitably slow. 

(b) Liquid membrane microelectrodes^^^^ 

For this type of micro pH sensors, a hydrogen sensitive liquid neutral charge 

carrier is used to plug the tip of a micropipette. An example of the 

electrochemical notation of a complete potentiometric cell assembly is given as: 

^ I AgCl, KCl I I salt bridge I I sample I membrane | internal solution, AgCl I Ag 

The cell potential reflects the dependence of the membrane potential on the 

primary ion activity. The membrane potential consists of the phase boundary 

potentials generated by ion exchange processes at both inter&ces and the 

intermembrane diSusion potential. For an ideally selective electrode, the 

measured cell potential is described by the Nernst equation: 

IT f 
= constant — — In 
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This type of electrode has been applied to the studies of oxygen reduction on Pt 

microelectrodes^^, cut edge corrosion of galvanized steel sheets^^ and 

phosphating processes''^. 

The pH range and selectivity of the liquid membrane microelectrodes can be 

optimised depending on the environment of interest by choosing a suitable 

charge carrier. The tip size can be as small as 20-50 nm, althoi^h the 

preparation of such a delicate device is not routine. 

The drawbacks of the hquid membrane microelectrodes are: &brication (the 

failure rate is often as high as 50% and reproducibility among electrodes is poor), 

variable response (not Nemstian), and poor stability (short hfespam - 1 day). 

Because of these drawbacks, it is important to calibrate micropipette electrodes 

before and after the e]q)eriment. If the two calibrations show significant 

diSerences, the experiment has to be discarded and repeated. 

(c) Metal/metal oxide electrodes 

Metal / metal oxide electrodes, of which Sb / SbOx is the best known example, 

show potentials dependent on pH. According to Ives and Janz\ a variety of 

metal / metal oxide electrodes have been considered. Among them, Sb / SbOx, 

Ir / IrOx, W / WOx and Pd / PdOx microelectrodes have been used for local pH 

measurements including a number of SECM studies. 

Their popularity can presumably be attributed to their ease of &brication and 

their relatively robust structure. The accuracy and reproducibility of the 

potentiometric response are not very high. The behaviour often varies 6om one 

electrode to another and hence calibration for individual electrodes before and 

after pH measurements is normally essential. 

The properties of several metal / metal oxide electrodes are described below, 

( c l ) Antimony electrodes 

The antimony microelectrode has been the most employed M / MOx pH sensor. 

Electrodes with quite small sizes (ff - 0.5 pm) have been reported. Electrodes 

are commonly fabricated by melting pure Sb shot and in some cases powdery 

SbzOs is added'^ while Tsuru electrodeposited Sb on Au substrates^L The 
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antimony electrodes are normally used as pH sensors without pre oxidization of 

the sur&ce. When the antimony electrode is applied to SECM% the 

tip-substrate distance can be determined by obtaining an experimental approach 

curve with the amperometric mode, since special pre oxidation is not necessary 

be&re pH measurement. 

The pH range is generally wide; e.g. Remis et aM reported a pH range of 2 - 10 

6)r d = 0.5 - 1.0 pm electrodes, although the range varies among studies. The 

reported slope values vary in the range 35 -55 mV / pH, and are significantly 

lower than the values observed 6)r conventional size electrodes (53 - 59 mV / pH) 

or the expected value (59 mV / pH at 25 °C) from the potential determining 

process presented in 11-1(3). It is also common to Snd difkrent slopes; one for 

pH < 7 and the other for 7 < pH. 

Antimony microelectrodes have been used to measure pH in the vicinity o fPt^ ̂  

and Cu^ electrodes, during various electrode reactions. pH proSle near the 

cathode during metal deposition has also been demonstrated^^ Some of 

the other apphcations were; monitoring local pH changes near bilayer hpid 

membrane^ and an ion-exchange membrane^\ 

(c-2) Iridium oxide electrodes^^^ 

Iridium oxide electrodes are also extensively used as micro pH sensors. 

Reasons for this include a wide range of pH response and a relatively low 

sensitivity to redox inter&rences^. 

Iridium oxide electrodes are normally prepared by electrochemical or thermal 

oxidation of Ir microelectrodes. More recently direct electrochemical deposition 

of iridium oxide layer has also been reported^ The potentiometric pH 

response of iridium oxide microelectrodes depends strongly on the preparation 

method. Anodically electrodeposited iridium oxide films coated with Nafion 

resin (AEIROF^) showed the widest efkctive pH range of 0 - 12. 

Iridium oxide electrodes tend to show two different linear regions of pH response 

with the transition point around pH 6. It is also known that they tend to 

exhibit super-Nemstian pH response (typically, 60 - 90 mV / pH), which 

indicates less than one electron is transferred per H+. Researchers have 

proposed several possible potential determining processes^ such as : 

2[Ir02(0H)2 2H2OP + 3H+ + 2e ^ Dr203(0H)3 SHgOla SHzO 
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Bezbaruah et al^ obtained slope values of 50 - 65 mV / pH for AEIROF and 

assumed one or both of the following as the potential determining reactions: 

IrOg + H+ + e <=2 IrO OH 

2Ir02 + 2H+ + 2e IraOs + HaO 

Iridium oxide microelectrodes have been used to study a pH profde across a 

bioSlm^, the localised pH changes during initiation, growth and repassivation 

processes of pitting corrosion of stainless steels^ using SECM, and the pH 

profiles near the substrate during electrochemical reactions (oxidation and 

reduction of H2O2 and Hg evolution on Pt electrodes) and enzymatic reactions^. 

(c-3) Tungsten / tungsten oxide electrodes 

Tungsten / tungsten oxide microectrodes have been used to study localized 

corrosion^ and endothelial ceUŝ .̂ Luo et al immersed a tungsten electrode in 

the test solution (O.O6M NaCD overnight to establish a stable oxide Sim. 

%mamoto et al̂ ^ formed an oxide layer on a tungsten wire by cycling the 

potential between + 1 . 0 and +2 .0 V vs. Ag/AgCl in 2 . 0 M H28O4, and they coated 

the electrode with NaSon to protect it &om protein and enzyme adsorption. 

The prepared electrodes were reported to show a linear pH response over a pH 

range of 2 - 12 with a slope of 53.6 mV/pH. 

(c-4) Palladium / palladium oxide 

The palladium / palladium oxide microelectrode has also been studied. 

Several oxidation processes have been proposed; ie. anodization in molten 

NaNOs LiCl^ high temperature oxidation of Pd wires coated with NaOH^^, 

and electrolysis in sulphuric acid using a combination of ac and dc potentials^. 

The suggested potential determining reaction is: 

PdO + 2H+ + 2 e ^ P d + H2O 

The reported slope values are nearly Nemstian; ie. 55 -70 mV / pH. The 

effective pH range was typically 3 - 9 . Palladium / palladim oxide electrodes 

have been apphed to the studies of immobilized cell layers^. 

12 
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1-1-2-(3). Summary 

In general, local pH meaBurements are possible with quite high accuracy and 

reproducibility using amperometric pH microsensors. In addition, when an 

amperometric sensor is applied as an SECM probe, the absolute tip subatrate 

distance can be determined using experimental approach curves. It is 

impossible, however; to cover acidic and basic solutions with a single sensor; 

because of their limited pH range. 

Although most potentiometric micro pH sensors possess wider pH range than 

amperometric sensors, they have been 6)und not to yield results of high accuracy 

They often do not show Nemstian response, and the behaviour often varies 6om 

one electrode to another, even when a proven lubrication procedure is 6)Uowed. 

In general, the potentiometric response is worse 5)r microelectrodes than for 

conventional size electrodes. This is thought to be caused by the di&rence in 

the surface area. Re&rring to re&rence electrodes, Ives and Janz' 

recommended making the electrodes as large as circumstances allow, since the 

larger the electrode-solution interface, the better the chance that it will be 

"representative", with local abnormalities "integrated out." 

1-2. Palladium / hydrogen system 

1 -2-1. Palladium-hydride phases 

Graham** first observed in 1866 that large volumes of hydrogen were absorbed 

by a palladium tube. Since then the unique ability of palladium to absorb large 

quantities of hydrogen has been the subject of numerous studies and reviews. 

The palladium-hydrogen system has widely been used as a model 5)r the 

physical and chemical properties of hydrides. In addition to academic purposes, 

this system has been researched into for application to the purification and 

storage of hydrogen to be used as a general chemical reagent or as a fuel From 

a practical point of view, however, a large speciGc gravity and a high cost have 

been the two main reasons 5)r searching for other hydrogen- absorbing 

substances. 
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1-2-1-(1). Palladium-hydrogen (solid-gas) system 

Many attempts have been made^- ^ to account for the isothermal 

presBure compogition relationehips derived in palladium-hydrogen (sohd/gaG) 

equilibration studies. Figure 1.1 shows the plots of fkg— H/Pd relationships for 

the solid/gas system. 
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When the hydrogen content is low, the equilibrium pressure shows a continuous 

increase. In this region the solid can be regarded as a sohd solution of 

hydrogen in the original palladium lattice (a phase hydride). 

The hydrogen content at which the pressure reaches a constant value 

corresponds to the maximum solubihty of hydrogen in the a phase structure 

(amai). It also represents the concentration at which a new hydride phase (p 

phase) begins to nucleate. The subsequent region where the equilibrium 

pressure remains constant corresponds to the hydrogen content range where a 

and p phase hydrides coexist. There is a continuous trans&rmation &om a to P 
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phase as the hydrogen content increases. The constant equilibrium pressure 

can be explained by the Gibbs phase rule. For a system at equilibrium, the 

number of degrees of hreedom, which is the number of intensive variables that 

can be changed independently without disturbing the number of phases in 

equihbrium, can be expressed as : 

F = C + 2-f 

where (7 is the number of components, and f 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 (a, p and Hg). 

Finally when the phase trans&rmation is completed, the hydrogen equilibrium 

pressure begins to increase again with a Airther increase in hydrogen content. 

In this region, a further solution of hydrogen in the p phase takes place. The 

composition at the end of the plateau corresponds to the initially Armed p-phase 

(Pmin). 

1 -2-1 -(2). Properties of palladium-hydride phases 

The absorption of hydrogen into palladium leads to physical changes. Key 

physical properties of palladium and Pd hydride phases are summarized in 

Table 1.1. 

Propardes 

Lattice structure" 

Lattice constant / kx 

Diffusion coefQciait of hydrogen" 

Palladium 

f C.C. 

3.882 

'Lewis^\ Aben and Burgers .47 

a phase 

f.c.c. 

3.882-3 886 

12 X 10"̂  cm̂  s ' 

P phase 

f C.C. 

4.017-4.031 

: 2 X 10"̂  cm̂  s"' 
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1-2-2. Potential of palladium hydride 

1-2-2-(1). Experimental studies on the potential 

A number of experimental works on the potential of palladium hydride 

electrodes as a function of hydrogen content have been pubhshed'*^^. Several 

review articles on this issue were also pubhshed^ 

Hoare and Schuldiner*^ studied the potential of palladium-hydrogen system in 2 

M H2SO4 solution through which hydrogen gas was bubbled. They found that 

the spontaneous absorption of hydrogen led to a steady state with a constant 

H/Pd ratio of 0.026, approximately at the limit of the a-phase. At the same 

time, a steady electrode potential of +0.050 V vs RHE (a platinum-hydrogen 

electrode in the same solution) was recorded. Hydrogen was loaded further into 

Pd by cathodization, and the potential could be brought to zero. On open circuit, 

however; a potential of about +0.050 V was recovered. By correlating to the 

H/Pd ratio, the potential was found to be constant at about 0.050 V until a H/Pd 

ratio of 0.36. To explain the continuity of the 0.050 V potential to the H/Pd 

range at which a and p phases coexist, they suggested a mixed potential of a and 

P phases with the a phase being the potential determining. 

Other workers*^ later found that the absorption of hydrogen &om acid 

solutions saturated by hydrogen gas does not stop at the limit of the a phase, but 

proceeds finally to the H/Pd ratio of 0.69, which is equed to the equilibrium 

concentration (H/Pd = 0.69) reported 6)r direct absorption &om the gas phase. 

This further absorption of hydrogen appeared to be more easily accomplished for 

palladium activated by anodization or paUadization. The final potential of the 

electrode was 0 V vs. RHE. 

Figure 1.2 gives the approximate representation of the potential and relative 

resistance, during hydrogen absoiTption &om a hydrc^en saturated 2 N 

HCl solution, reported by Flanagan and Lewis™. Here, 7? is the electrical 

resistance of the specimen and the initial "hydrogen-A-ee" value of 
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The relative resistance was measured to monitor the hydrogen contents (H/Pd) 

using ahnost hnear relationship between H/Pd ratio and k There is a very 

well marked plateau potential of about +0.050 y constant over a wide range of 

H/Pd ratios. They attributed this plateau to the coexistance of a and P 

palladium hydride phases. The drop in potential at the beginning to the +0.050 

V plateau was attributed to the pure a phase, and the subsequent drop toO Vto 

the pure p phase. Aben and Buî ers'*^ supported the work of Flanagan and 

Lewis by correlating the potentials with the surface structure (phases) of the 

electrode during hydrogen absorption, using X ray difGraction. 

Vasile and Enke^^ used cathodicaUy charged palladium hydride electrodes to 

study the relationship between the potential and the hydrogen content. 

Cathodically charged electrodes showed almost identical potential H/Pd 

relationship to that obtained for palladium electrodes directly absorbing 

hydrogen in hydrc^en saturated solutions. As shown in Figure 1.3, the 

potential is a function of the composition at H/Pd < 0.05 and H/Pd > 0 . 5 but 
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Considering that the reported H/Pd ratios of amai and jSmm were about 0.03 - 0.05 

and about 0.6, H/Pd ratio appeared to be constant in most of the a+P region. 
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In the wide H/Pd range corresponding to the a+p phase, a steady potential of 

about +0.050 vs. RHE has been reported. In this region, any absorption or 

desorption of hydrogen simply changes the ratio of a to P phases, but does not 

aSect the potential. Although slightly diBerent values have been reported as 

the steady potential for a+P phase region, the potential may be taken as +0.050 

±0.001 V vs. RHE at 25 °C in acid solutions. Taking advantage of this stable 

and reproducible potential, a+P phase palladium-hydride electrodes have long 

been used as re&rence electrodes. 
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The potential ck&enninu^reacdon of the a+P paHadium hydride has been 

suggested to be the following reaction : 

H+ + e ^ H (Pd-H) 

As can be expected &oni this reaction, the potential is dependent on the proton 

activity and hence a+P palladium hydride electrodes can also be used as pH 

sensors. 

1-2-2-(2). Thermodynamic considerations on the potential 

The potential of the palladium hydride electrode can be described by Nernst 

equation (see Equation 1.2) : 

J.,? 
^ Ĥ(Pd-H) 

P̂d-H — ^ /̂ H+ 7.^ 

where //f is the standard chemical potential of the species / Equation 1.3 

shows that the potential of the palladium hydride electrode is a function of the 

activity of hydrogen in palladium hydride lattice 0%(pd m), as well as the activity 

of protons in the solution (<%+). 

The activity of hydrogen in the lattice (OHCPd H)) at a certain temperature and 

H/Pd raito can be discussed by considering the palladitim—hydrogen gas system 

Cfkg — H/Pd relationship was shown in Figure l . l) . When the palladium 

hydride phase is in equilibrium with the gas phase, the chemical potential of 

hydrogen in the lattice is equal to that of hydrogen gas. 

2 H (Pd-H) ^ Ha 
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where is the chemical potential of the species The chemical potentials in 

Equation 1.6 are described by : 

It is important to note that A z is the pressure of hydrogen when the reaction 

described by Equation 1.5 is in equihbrium in the solid-gas system. 

Substituting Equation 1.7 and Equation 1.8 into Equation 1.6 gives the 

expression 5)r anCPd-H). 

1 

This equation shows the relationship between the activity of hydrogen in the 

lattice (OHCPd-H)) and the pressure of hydrogen ( f W when the reaction described 

by Equation 1.5 is in equilibrium. In this derivation, the gas sohd equilibrium 

data were used only as a means to calculate OHCPd m. The estabhshment of the 

potential rehes on the reaction described by Equation 1.2. 

Substituting Equation 1.9 and Equation 1.4 into Equation 1.3 yields: 

1 1 PT 2 303^7 
P̂d-H 

The first term of the equation is equal to zero when we consider the potential 

with respect to SHE (by definition). Hence, 

Z7 / c%jc\ D 2 . 3 0 3 ^ r ^ 
p̂d-H SHE) — 

This is the general expression of the potential of the palladium hydride electrode. 
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It is important to note here that A z in Equation 1.11 is the pressure of hydrogen 

in equilibrium with hydrogen in the palladium lattice. It is now generally 

accepted^^ that there is an interdependence between H vs H/Pd in acid 

solutions (Figure 1.3) and the A z vs H/Pd in solid-gas system (Figure l . l ) 

through Equation 1.11. This is discussed below, for each Pd hydride phase. 

(a) a phase region 

As shown in Figure 1.1, the equilibrium pressure of hydrogen increases with 

H/Pd. This corresponds to the 6 c t that H is a function of the hydrogen 

content and becomes negative with H/Pd ratio (see Figure 1.3). 

(b) a+p phase region 

In the two phase region, the equilibrium pressure of hydrogen has been reported 

to be independent of the hydrogen contents, as can be seen in Figure 1.1. This 

corresponds to the constant potential reported &)r oc+p palladium hydride 

electrodes. The values of the equilibrium pressure reported by various workers 

appeared to be somewhat different, depending on the procedure employed 5)r 

their determination. Furthermore, hysteresis is often observed between the 

absorption and desorption isotherms. Using the average of their data 

calculated by Tsuruta and Macdonald, A z = 0.02 atm at 25 °C, Equation 1.11 

can be rewritten as follows. 

(V VS. SHE) = -0.050 - 0.0592;,;/ (25 °C) 

This is equivalent to -0.050 V vs. RHE, which is in good agreement with the 

reported plateau potentials 6)r a+p palladium hydride electrodes. 

(c) P phase region 

As shown in Figure 1.1, the equilibrium pressure of hydrogen starts to increase 

in this region. This agrees with the gradual drop in the potential above the 

H/Pd ratio of about 0.5. 
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1-2-3. Palladium hydride electrodes 

Taking advantage of the constant potential 6)r a+p phase, Pd hydride electrodes 

have been widely used as re&rence electrodes^^ Pd hydride electrodes 

have a distinct advantage over platinum-hydrogen electrodes, since they carry 

their own hydrogen supply and the saturation of the electrolyte with hydrogen is 

not necessary. 

The potential is dependent on the activity of protons in the solution (e.g. at 25 °C, 

Equation 1.12) and hence a+p palladium hydride electrodes have also been used 

as pH sensors'^ The a+P palladium hydride pH sensors have been 

reported to show almost theoretical potentiometric pH response, where the slope 

of the potential pH calibration curve is about -0.069 V/pH (25 °C). They have 

been apphed to experiments where the conventional glass electrode is not 

apphcable; ie. under a high temperature and pressure condition, in fluoride 

solutions, etc. 

Pd hydride electrodes are normally prepared by loading hydrogen into Pd 

electrodes by bubbling hydrogen through the solution or by electrolysis. Before 

the loading procedure, palladium electrodes are subjected to an activation step 

(e.g. electroplating a Pd black layer; oxidation of the surface Allowed by 

electrolytic reduction of the sur&ce) to attain a sur&ce with high activity. 

Various shapes of electrodes were examined, such as foils, plates, wires and rods. 

However^ there have been no reports on Pd- hydride microelectrodes. The 

smallest of the reported Pd hydride electrodes were prepared by Fleischmann et 

al^, who loaded bare Pd wires (d » 100 pm) with hydrogen cathodically and 

afterwards coated the curved part of the cylindrical surface with Lacomit 

varnish, care being taken that the tip remained exposed. They reported that it 

was possible to place the Pd hydride electrode within 20 pun of the working 

electrode without undue screening. The electrode was reported to give the 

stable potential for periods up to 24 hours. However, the preparation method 

they used is clearly not apphcable to conventional microdiac electrodes. 

There are several possible reasons for the fact that there have not been 

successful Pd hydride microelectrodes reported so &r. 

(l) The quahty (stabihty, reproducibility; etc.) of the potentiometric response 
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electrodes, considering that the potentiometric response of microelectrodes are 

generally worse than that of normal size electrodes. 

(2) Charging a Pd microwire sealed in gleiss via its tip is expected to be difGcult, 

considering the diffusion of hydrogen to the buUc. Using a limited volume 

electrode (e.g. a thin Pd film on a Au microelectrode) should make hydrogen 

loading easier. However, this is in turn expected to result in a short li&time, 

because of the small amount of hydrogen loaded. 

1-2-4. Hydrogen reactions on palladium electrodes 

The absorption of hydrogen by cathodes of palladium during electrolysis was 

also first reported by Graham^. The hydrogen evolution reaction on palladium 

can take place by the multistep sequence (VblmerHeyrovski-Tafel route)™^̂ .̂ 

The first step in this process is the formation of adsorbed hydrogen atoms on the 

surface; ie. the Vblmer reaction 

+ e ^ + H^O J. 

This is followed by either a further electrochemical reaction (the Heyrovski 

reaction) 

Hgjg 4-HgO + e —> Hg + H2O J. 

or by combination of two adsorbed hydrogen atoms to give molecular hydrogen 

(the TaAl reaction) 

Had, + H ^ ^ 

The hydrogen reaction at a Pd electrode is further complicated by extensive 

permeation of atomic hydrogen into the metal lattice to form a bulk hydride. 

One of the important problems in the study of the hydrogen reactions of 
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palladium is the hydrogen absorption / desorption currents which are a few 

orders of magnitude higher than those of the sur&(^ processes. Several studies 

have shown that when thin Shns^^ or small particles^^^^ of palladium (of the 

order of a few nanometres) are used as electrodes, the adsorption and absorption 

processes can be distinguished. 

At present, it is still unclear whether the adsorbed hydrogen atoms Armed by 

the Vblmer reaction are intermediates in the hydrogen absorption process. It is 

also not known how hydrogen atoms enter the metal The formation of a 

subsurface layer^^ of sorbed hydrogen has been suggested as the Srst step of 

hydrogen incorporation during the absorption process. These uncertainties are 

discussed below. 

(1) role of adsorbed hydrogen 

Two pathways^ have been su^ested for hydrogen absorption into palladium 

One involves hydrogen entering the metal through an adsorbed state. 

Adsorbed hydrogen atoms resulting &om the Vblmer reaction diOuse into the 

metal 

ads abs 

in competition with the Heyrovski and Tafel reactions. 

The other establishes that hydrogen directly enters the metal without passing 

through the adsorbed state. 

(2) subsur&ce layer 

It has been suggested that a subsurfig^ce layer of sorbed hydrogen may be 

involved in the hydrogen absorption process. According to the literature, the 

thickness of the subsur&ce layer varies &om one layer to a value of 20 50 nm™ 

Conway et al™, in their model of cathodic hydrogen sorption, postulated that 

be&re the Airmation of absorbed phases some kind of equilibrium between the 

adsorbed and subsur^ice states of hydrogen exists: 
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electroaorption phase transfer diffusion and sorption 
H+ + e ( > Had« < > Hdiss > Hak, 

Where Haas ia a hydrogen atom dissolved directly below the sur^ice. They 

divided the electrochemical hydrogen sorption into the Allowing processes: 

(a) proton discharge and coupled chemisorption of hydrogen 

(b) phase transfer of hydrogen &om the surface to interstitial sites in the host 

lattice, just below the sur&ce 

(c) trans&r of hydrogen &om state (b) into the bulk by diffusion along the 

chemical potential gradient of hydrogen 

(d) parallel processes of desorption of the adsorbed hydrogen from the surface as 

Ha by the Heyrovski or Tafel reactions. 

Czerwinski et al̂ s a? demonstrated that the H/Pd ratio in the Pd limited volume 

electrode (a thin layer of Pd deposited on Au), calculated from the charge of the 

hydrogen oxidation peak, depends signiScantly on the rate of the potential 

sweep and the thickness of the deposited layer of Pd. They have suggested that 

the subsurface layer of hydrogen exists not only during hydrogen sorption, but 

also during the opposite process, ie . hydrogen desorption &om the metal They 

described the general scheme of hydrogen absorption / desorption in an acidic 

solution as Allows: 

- ^ 1 / 2 H , 

+e 

They suggested that during the desorption process, hydrogen present in the 

subsur^ice layer (supposed to be more hydrogen rich than the a and P phases) is 

responsible 5)r the generation of hydrogen adsorbed on the Pd surface, which 

can be directly oxidized electrochemically. The equillibria of other Sarms of 

hydrogen, ie . the a and P phases contribute indirectly (supplying subsur&ce 

layers) to the total rate of desorption. The process of hydrogen desorption can 

be controlled either by the rate of the surface reaction or by bulk diSusion. The 

thickness and/or the hydrogen concentration of the subsurface layer in a basic 

solution appeared to be smaller than in an acidic solution, owing to the presence 

of alkah metal in palladium which enters there during hydrogen electrolysis^. 
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(3) a P phase transition 

Several theories have been proposed concerning the a p phase transition^. 

One theory describes the a+P mixed phases as a single phase which has a 

hydrogen diffusion coefScient dif&rent Srom those of either the a or p phase. 

On the other hand, hydrogen permeation through Pd hydrc^en diSusion 

electrodes associated with transition have been carried out experimentally 

and explained theoretically*^. The main point of the theory is that there exists 

a concentration discontinuity between the a and P phase regions and the phase 

transition is accompanied by the phase boundary moving. This was: 

L 

where Co is the p phase concentration (H/Pd) at the entry surface, Cj the P phase 

concentration at the phase boundary Gg the a phase concentration at the phase 

boundary and the thickness of the membrane. The concentration at the exit 

surface is assumed to be zero. Good overall agreement was 6)und between 

permeation rates obtained experimentally and those calculated &om this 

theoretical relationship. 

1-3. Nanostructured films deposited from liquid crystalline 
phases 

1 -3-1. Principle of fabrication 

In 1995 Attard et a l ^ developed a method for the preparation of ordered 

mesoporous materials, which they called the true liquid crystal templating 

(TLCT) mechanism. This new method used a high concentration of sur&ctant 

(> 30 %) to generate a homogeneous Hquid crystalline template. The 

characteristics of this approach are; 

(l) The nanostructure of the final material is determined by the structure of the 

lyotropic liquid crystalline phase. Hence the nanostructure can be varied in a 

predictable fashion by the choice of surfactant and by the addition of co-solvents, 

based upon the knowledge of the phase behaviour of the system 
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(2) The method can be used to produce nanostructured materials not only by 

chemical but also electrochemical means. Electrochemical deposition makes it 

possible to form nanostructured thin films on electrodes, where the thickness of 

thus filmm (%in bw; dUbnactly isontrolled hgr tlie iiniouiit odF ichairgf; piasawsd jRir tlie 

deposition. 

Attard et a l have used the method to produce iiaiiostructuredlPt thin Slms^^^ 

by electroreduction of hexachloroplatnic acid within the aqueous domains 

surrounding the surfactant template. TEM micrograph of the Pt film indicated 

that the nanostructure consisted of cylindrical holes (approximately 2.6 nm in 

diameter) arranged in a hexagonal lattice and separated by walls of Pt 

(approximately 2.5 nm thick). It was found possible to control the pore 

diameter over a range of 1.7 - 10 nm by using either surfactants with different 

alkyl chain lengths or by adding hydrophobic swelhng agents (e.g. n-heptane) to 

the deposition mixture. They refer to these as Hre Glms to denote the fact that 

they have a regular nanostructure and are formed by electrochemical deposition 

from the Hi lyotropic liquid crystalline phase. Similarly, Co^, Sn^ metal 

alloys^ 97 90 100-102 semiconductorsand polymerŝ *̂̂  have been 

electrodeposited &om hquid crystalline phases. 

Figure 1.4 shows the principle of the deposition of a metal (Me) using the true 

liquid crystalline technique. Initially the surfactant molecules aggregate into 

rods which orientate to krm a three-dimensional template. Upon application of 

the potential, electrochemical deposition of the metal takes place in the aqueous 

region surrounding the liquid crystalline templates. After the deposition the 

liquid crystalline templates are simply removed by water, to leave a metal film 

with nanostructured pores. The resulting nanostructured metal film is a direct 

cast of the lyotropic crystalline phase 6rom which it is deposited. 
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1-3-2. Application 

Elliot et al'*)̂  deposited Hre Pt films onto Au microdisc electrodes and 5)und that 

tlie fiLois luad Ihigli ele(%bnoEU3bnne ajneas roMglirussB fzictors ()f ca. 21C0 eis a 

direct consequence of their electrochemically accessible nanostructure. The 

electrodes were shown to combine a high electroactive area with efScient mass 

ti^nsport characteristics unique to microelectrodes. They su^ested the 

significance of the nanostructured films to the Gelds of electroanalysis. Indeed, 

it was later shown that Hre Pt microelectrodes could be used as electrode 

materials for the measurement of oxygen^"^ and hydrogen peroxide 

Nanostructuring of metal filmA can also be used to control their physical 

properties. Bartlett et al̂ ^ have shown by magnetic measurements on 

nanostructured Co films that the coercivity of these cobalt films is three to Sve 

times greater than that 6 r polycrystalhne Co and that it varies systematically 

with the size of pores. 



1-3-3. Hi-e Pd films 

Bartlett et used the hexagonal (Hi) lyotropic liquid crystaUine phases of 

nonionic surfactants to template the electrochemical deposition of 

nanostructured palladium films on 1 mm diameter An electrodes. They used 

two non ionic surfactants namely octaethyleneglycol monohexadecyl ether 

(CieEOg) and Brg'̂ 'SG. Brij®56 is a polydisperse surfactant mixture with a 

distribution of headgroup sizes, the major components being &om C16EO4 to 

CieEOia with CiaEOg as the most abundant. In their work, the phase behaviour 

of the mixtures of non ionic sur&ctant and (NH4)2PdCl4 solution was 

investigated in detail The phase diagram of mixtures of CisEOg and 

(NHjgPdClt solution, reported by Bartlett et al̂ °̂ , is shown in Figure 1.5 

The hexagonal, Hi, phase exists between 30 40 wt.% CisEOa and 80 90 wt.% at 

room temperature. The bicontinuous cubic, Vi, phase has a smaller region 

between 55-60 wt.% and 80 90 wt.% at higher temperature than Hi phase. 

There is no evidence for the existence of the bicontinuous cubic phase at room 

temperature. At high concentrations of CieEOs the lamellar, L ,̂ phase 

predominates. 

In the case of mixtures of Brij®56 and (NH4)2PdCl4 solution, a phase behaviour 

similar to that of CieEOg and (NHjgPdCL solution, was reported. Both phase 

diagrams, using different non ionic surfactants (CieEOs or Brij®56) showed large 

composition and temperature ranges over which the Hi phase is stable and the 

compositions of the palladium deposition mixtures were chosen to correspond to 

the Hi phase. 
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Thus deposited Hre Pd filmm were reported to possess regular hexagonal arrays 

of cylindrical pores separated by palladium walls (pore diameter : 2.0 - 2.5 nm, 

wall thickness : 2.0 - 2.5 nm ) and very high surface areas (typical roughness 

factor: 260). 

They studied the hydrogen reactions on the Hre Pd films deposited on 1 mm 

diameter Au disc electrodes in 1 M H2SO4 solutions. The 6»rmation of adsorbed 

hydrogen could be readily distinguished because of the high electroactive area to 

volume ratio of the films. Hydrogen absorption / desorption reactions were 
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5)uii(i to be very f^t. The electrodes were reported to be stable towards 

repeated qychng to form the P phase showing that the hydrogen insertion and 

concomitant lattice expansion (about 3 %) does not destroy the nanostructure. 

The a ^ P transition was observed at the potential similar to those reported 5)r 

bulk palladium, which was consistent with the results &om X ray studies 

showing that the Sim had the same structure and lattice parameters as bulk Pd. 

No attempt has been made to study the potentiometric response of Hre Pd 61ms. 

Very fast hydrogen absorption / desorption reactions (corresponding to a high 

exchange current) are expected to be clear advantages of Hre Pd Sims, in cases 

where the Sims are applied as potentiometric sensors. Tb reach the a+p phase 

equilibrium potential of a Pd hydride electrode, its exchange current must be 

lai^e. If the exchange current is too low, not only may the electrode become 

polarizable, but it may no longer be able to attain its proper equilibrium 

potential at all Some other process dependent upon impurities but capable of 

sustaining a higher exchange current may take over. 

1-4. Summary 

Measurement of local pH 

The glass electrode is widely used to measure pH because it is much more 

convenient and versatile than any other pH sensing electrodes. It shows 

almost theoretical response over wide range of pH, and its response is almost 

completely unaf&cted by oxidizing and reducing agents. However, it is difScult 

to make reliable microelectrodes using ion selective glass, because of its fragility 

and high electrical resistance. 

Amperometric micro pH sensors showed linear relationship between the 

logarithm of the limiting current and pH. The experimentally observed 

limiting currents corresponded to the theoretical values, and hence pH 

measurement is expected to be possible with quite high accuracy and 

reproducibility using these methods. It is impossible, however, to cover acidic 

and basic solutions with a single sensor, because of their limited pH range. 

Although most potentiometric micro pH sensors possess wider pH range than 

amperometric sensors, they have been 5)und not to yield results of high accuracy. 
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They normally do not show Nemstian response, and the behaviour often varies 

Arom one electrode to another, even when a proven 6ibrication procedure is 

followed. Hence careful calibration before and after the pH measurement is 

normally essential. Their response generally worsens as the size of the sensor 

decreases. 

Pdhvdride electrodes 

The potential of a Pd hydride electrode has been shown to be independent of the 

composition in the wide a+P phase region. In this region, a steady potential of 

about +0.050 vs. RHE has been reported. Taking advantage of this stable and 

reproducible potential, a+P phase palladium-hydride electrodes have long been 

used as re6rence and pH electrodes. The a+p palladium hydride pH sensors 

have been reported to show almost theoretical potentiometric pH response, 

where the slope of the potential pH calibration curve is about —0.059 V/pH (26 

°C). However, there have not been any report on Pd hydride microelectrodes. 

There are several difGculties expected when Pd hydride "micro" pH sensors are 

considered; (l) the quahty of the potentiometric response cannot be expected to 

be comparable to conventional size Pd hydride electrodes, considerii^ that the 

potentiometric response of microelectrodes is generally worse than that of 

normal size electrodes, (2) charging a Pd microwire sealed in glass &om the tip 

is expected to be difGcult, but using a hmited volume electrode (e.g. a thin Pd 

51m on a Au microelectrode) is in turn expected to result in a signiGcant shorter 

li&time. 

Nanostructured Pd f!1mm 

Bartlett et al used the hexagonal (Hi) lyotropic liquid crystalline phases of 

nonionic sur&ctants to template the electrochemical deposition of 

nanostructured Pd filmA on 1 mm diameter Au electrodes. Thus deposited Glms 

appeared to possess regular hexagonal arrays of cylindrical pores separated by 

palladium walls (pore diameter: 2 . 0 - 2 . 5 nm, wall thickness : 2.0 - 2.6 nm ) and 

very high surface areas (typical roughness factor: 250). Hydrogen absorption / 

desorption were &)und to be very fast. The electrodes were reported to be stable 

towards repeated cycling to form the p phase showing that the hydrogen 

insertion and concomitant lattice expansion (about 3 %) does not destroy the 

nanostructure. The a P transition was observed at the potential similar to 



those reported for bulk palladium, which was consistent with the results 6om 

X ray studies showing that the film had the same structure and lattice 

parameters as bulk Pd. 

Objectives of the present study 

In the present study taking advantage of the stable and reproducible potential 

of a+p phase, an attempt was made to 6bricate Pd hydride micro pH sensors for 

the first time. Aiming for truly reliable micro pH sensors with a wide effective 

pH range, nanostructured Sims (Hre Pd films) were thought to be advantageous 

6)r the following reasons: 

(a) On Hre Pd 61ms deposited on 1 mm diameter Au electrodes, hydrogen 

absorption / desorption reactions were reported to be very 6i8t. The rapid 

potential determining process, which corresponds to a high exchange current, is 

beheved to contribute to the quality of the potentiometric response. 

(b) Hre Pd films possess huge electroactive areas, which might allow 

microelectrodes to show behaviour similar to normal size electrodes. 

(c) Hydrogen loading into the film is rapid. Hence, the loading can be 

completed in relatively short time and repeated frequently if needed. 

(d) The Hre Pd Elms were reported to be stable towards repeated cycling to form 

the P phase (the nanostructure was not destroyed). This means that Hre Pd 

Glms can be loaded with hydrogen and used as pH sensors repeatedly 

The majority of the results presented in this thesis was obtained with Hre Pd 

films deposited on Pt (not Pd) microdisc electrodes to avoid the diffusion of 

hydrogen deep into the bulk of the microwire. 

The objectives of the present study were set as fallows: 

(1) Establish the preparation method of Hi e Pd hydride (a+p) microelectrodes. 

This includes the deposition of Hre Pd Glms on Pt microdisc electrodes and the 

loading procedure of hydrogen into the Hre Pd fUms. 

(2) Study the potentiometric response of Hre Pd hydride microelectrodes and 

veri^ the apphcability to potentiometric pH sensors (e.g. in SECM 
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experiments). 

(3) Assess the role of Hi nanostructure in potentiometric response of Hre 

Pdhydride microelectrodes. 

Structure of the thesis 

The next chapter will present the reagents, experimental conditions, equipment 

and techniques used throughout this thesis. 

In Chapter 3, the deposition behaviour of Hre Pd and plain Pd films will be 

described Srst. The results for characterization of deposited filmm will then be 

presented. Optimum deposition conditions will be discussed. 

Chapter 4 will describe the hydrogen absorption behaviour of Hre Pd Sims. 

The behaviour during the potentiostatic loading procedure will be discussed by 

Reusing on the eSect of loading potential The method to control the H/Pd ratio 

via the loading potential and the loading time will be established and presented. 

In Chapter 5, the potentiometric response of Hre Pd hydride fUms loaded with 

hydrogen cathodically under the condition discussed in the preceding chapter 

wiU be presented. Results will be shown which illustrate that the 

potentiometric response of Hre Pd Sims is stable, reproducible, rapid and 

almost theoretical in deaerated solutions over the pH range investigated in the 

present study (2 - 12). The e@ect of oxidizing species will also be discussed. 

In Chapter 6, the outstanding properties of Hre Pd Sims (shown in Chapter 4, 5) 

will be compared with polished Pd microdisc electrodes and plain Pd Sims, in 

order to dari^ the role of the nanostructure. The advantages of Hre Pd Sims 

over Pd microelectrodes without the nanostructure wUl be discussed. 

Overall conclusions will be presented in Chapter 7. In this chapter, future work 

will also be described. 
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Chanter 2. Experimental 

2-1. Generalities 

2-1-1. Reagents 

AH reagents were used as received without further purification. The details of 

each reagent are listed in Table 2.1. 

2-1-2. Purified water 

All aqueous solutions were prepared using purified water (< 0.1 pS cm 0. 

Purification of water was accomplished in two steps. Water was first passed 

through a Whatman R050 water filtering system. This Sltered water was then 

deionised by passing it through a Whatman STILLplus carbon Slter. 

2-1-3. Glassware 

All glassware was soaked overnight in 5 % Decon 90 (BDH) solutions and rinsed 

thoroughly with purified water be&re use. 



Table 2.1. Reagents used in the present study 

Hi-e Pd film plating mixture 

Chemical formula Name Grade Manufacturer 

(NH4)2PdCl4 ammonium tetradiloropalladate 99.998 % 

CieH33(OCH2CH2)gOH octaethykne glycol monohexadecyl ether (CjgEO,) >98% 

Ci6H33(0CH2CH2).0H Bnj® 56 (CigEO.; n = 4 -12) 

CH3(CH2)3CH3 n-hq)taae 99 % 

Test solutions for electrochemical measurements 

Alfa Aesar 

Fluka 

Aldridi 

Lancaster 

Chemical formula Name Grade Manufacturer 

H2SO4 sulphuric acid ARISTAR BDH 

Na^SO* sodium sulphate ARISTAR BDH 

HCl hydrochloric acid ARISTAR BDH 

KCl potassium chloride ARISTAR BDH 

HCIO4 parchloric acid ARISTAR BDH 

NaClO^nH^O sodium perchlorate hydrate 99.99% Aldrich 

NaOH sodium l̂ rdroxide pdlets AnalaR BDH 

Ru(NH3)6Cl3 hexaamine ruthenium (HI) diloride 98% Aldiidh 

N^HPO^ IZH2O di- sodium hydrogen ortliophosphate 12-liydrate AnalaR BDH 

NaHzPO^ H2O sodium di-hydrogen orthophosphate 1- hydrate AnalaR BDH 

Na^CO] sodiimi carbonate anhydrous AnalaR BDH 

NaHCO] sodium hydrogen carbonate AnalaR BDH 

CgHaO^K potassium l^rdrogai phthalate 99.7% SIGMA 

Fabrication of reference electrodes 

Chemical formula Name Grade Manufacturer 

KCl potassium diloride AnalaR BDH 

K2SO4 potassium sulphate AnalaR BDH 

Hg macury 99.999 % Alfa Aesar 

HgzClz mercurous chloride AnalaR Hbpkmand Williams 

HgaSO, meicurous sulphate >97% Fluka 

Buffer solutions for combination pH electrode calibration 
Chemical formula Name Grade Manufactura^ 

- pH 1.679 ± 0.030 (25 °C) - Fluka 

- pH 4.00 ±0.01 (25 =C) - Aldrich 

- pH 7.00 ± 0.01 (25 °C) - Aldridi 

- pH 10.00 ± 0.01 (25 °C) - Aldrich 
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2-2. Electrochemical measurements 

2-2-1. Electrochemical cells 

Glass cells 6)r electrochemical measurements were constructed by the glass 

blower. They were water-jacketed cells and connected to a water bath (W14, 

Grant) to maintain the temperature at 25 ± 1 °C. The volume of the test 

solutions was about 5 ml When necessary, de oxygenation was accomplished 

by passing Ar gas (BOC) through the solution 5)r at least 15 minutes. The Ar 

bubbling was terminated before starting each measurement. A small flow of Ar 

gas was then introduced to the gas layer of the cell to keep the solution 

de-oxygenated throughout the measurement. 

2-2-2. Reference electrodes 

2-2-2-(1). Saturated mercury / mercurous sulphate electrode (SMSE) 

Homemade Hg / Hg2S04, K2SO4 (saturated) reference electrodes (SMSE) were 

used in most experiments instead of saturated calomel elecrodes (SCE) to 

prevent Cr ion contamination into the test solutions. The electrodes were 

prepared according to the procedure described by Bartlett'"^. The electrodes 

were combinations of two glass bodies! a glass tube with one dosed end through 

which a platinum wire was sealed, and a pipette with a sinter at the tip. Drops 

of mercury were placed into the glass tube until the platinum wire was covered. 

A paste comprising of K2SO4 / Hg2804 (l/ l) mixture and a saturated K2SO4 

solution was then placed onto the mercury layer. Glass wool was then inserted 

into the tube to hold the mercury and the paste in place. The glass tube was 

then inserted in the glass pipette Glled with a saturated K28O4 solution. 

Freshly prepared electrodes were left to stand 5)r at least 24 hours in saturated 

K2SO4 solutions to reach equilibrium. SMSEs were stored in saturated K2SO4 

solution and rinsed with purified water be&re use. The electrodes were tested 

regularly against a commercial SMSE (CRL/HG2S04, Russell), which was 

always soaked in a saturated K2SO4 solution and solely used Ar testing 
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homemade SMSEs. Homemade SMSEs were deemed suitable for use only if 

the potential against the commercial SMSE was less than 1 mV 

2-2-2-(2). Saturated calomel electrode (SCE) 

Homemade Hg / HgaCk, KCl (saturated) electrodes (SCE) were used as re&rence 

electrodes in some experiments (e.g. in solutions containing Cr ions). The 

preparation procedure was the same as for the SMSEs, except that Hg2S04 was 

replaced by HgaCk, and K2SO4 by KCl. Homemade SCEs were stored in 

saturated KCl solutions and rinsed with puriSed water be&re use. The 

electrodes were tested regularly against a commercial SCE (COLE PARMER), 

which was always soaked in a saturated KCl solution and solely used 5)r testing 

homemade SCEs. Homemade SCEs were deemed suitable for use only if the 

potential against the commercial SCE was less than 1 mV 

2-2-3. Experimental set-up 

In electrochemical measurements, care was taken to prevent electrical noise. 

All experiments were carried out in an aluminium Faraday cage connected to 

the earth. Electric connections were made using shielded cables, and the 

cables were made as short as possible. 

2-2-3-(1). Vbltammetric and chronoamperometric measurements 

Vbltammetry and chronoamperometry were undertaken using a two electrode 

system, where the reference electrode (either SMSE or SCE) served also as a 

counter electrode. Small potential shift of the re&rence / counter electrode due 

to the small current on microelectrodes makes it possible to use a two electrode 

conGguration. The potential of the working electrode was controlled using a 

wave&rm generator (HiTek PPRl), while the current was recorded using a 

homemade current 6)llower. F^ure 2.1 is the schematic diagram of the 

experimental arrangement used in voltammetric and chronoamperometric 

measurements. 
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lb check the potential shift of the reference / counter electrode in this system, a 

preliminary experiment was per&rmed. Cyclic voltammetry in 1 M H2SO4 was 

conducted using a nanostructured Pt electrode as the working electrode and an 

8MSE as the re&rence / counter electrode. During the cyclic voltammetry; the 

potential of the reference / counter electrode was recorded against another 

SMSE placed in the same solution. The experimental conditions were chosen 

so that a current up to ± 5 pA was passed between the working and the re&rence 

/ counter electrodes. This is a much greater current than that passed in other 

experiments of the present study. The potential shift of the reference / counter 

electrode was proportional to the current (3 mV / pA). In most experiments 

reported here, the current is typically less than 0.3 pA and the potential shift is 

there&re expected to be smaller than 1 mV It is also important to note that the 
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potential of the re&rence / counter electrode was reversible in the current range 

tested, which ensures that the potential returns to the initial value 

instantaneously by termination of the current. 

2-2-3-(2). Potentiometric measurements 

In potentiometric measurements, the input impedance of the measuring 

apparatus has to be high enough to ensure that the input bias current is 

neghgibly small This is particularly important when microelectrodes are used, 

since the current may either produce a significant voltage error or cause a 

chemical change to the sensor sur6ice. In the present study, a homemade 

battery operated high-input impedance diSerential ampliGer was used. In this 

instrument, the potential difference between the microelectrode and a l a i ^ 

inert Ft wire electrode is compared to the potential difkrence between a 

reference electrode and the Pt wire. The Pt wire is connected to the electrical 

ground of the electronic circuit. High input-impedance operational amplifiers 

are used as voltage followers to buffer the input of both the microelectrode and 

the reference electrode. The potential differences are compared with a 

precision unit gain difkrential amphAer (AMP03GP form Analog Devices). 

The differential amplifier was located inside the Faraday cage to prevent noise. 

Figure 2.2 is the schematic diagram of the system used in potentiometric 

measurements. 
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2-3. Preparation of microelectrodes 

2-3-1. Pt and Pd microdisc electrodes 

2-3-1 -(1). Fabrication of microdisc electrodes 

Microdisc electrodes were prepared in a similar way to the procedure described 

by Denuault^^°. A Pt (</= 10 or 25 pm; 99.99%, Goodfellow) or Pd (</= 25 

99.9%, Goodfellow) microwire was inserted into a soda glass pipette (constructed 

by the glass blower) and the narrow end of the pipette was sealed usi i^ a 

Bunsen burner. The pipette was then evacuated &oni the open end and the 

sealed end of the pipette was inserted into a heating coil. This caused the glass 

to melt and coUapse around the microwire. The coil was moved slowly until 

about 5 mm of the microwire was lefb exposed in the pipette. After the vacuum 
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line was opened, the pipette was leA to cool 6)r about 5 minutes, lb make an 

electrical contact between the microwire and a copper wire, finely cut indium 

was inserted into the pipette and heated with an electric heat gun until the 

indium melted and covered the exposed part of the microwire. A copper wire 

was then inserted into the molten indium and twisted to ensure a good contact. 

The copper wire was 6xed at the open end of the pipette using epoxy resin to 

prevent the copper/indium/microwire connection &om being damaged. 

2 an 

2-3-1-(2). Polishing and cleaning 

The microdisc electrodes were pohshed using SiC paper (#320 ^ #600 #1200) 

and polishing pads (MICROCLOTH®, BUEHLER) with alumina/water slurries 

(alumina : 1.0 pm ^ 0 . 3 r̂ni; MICROPOLISH®, BUEHLER). The electrodes 

were washed with purified water and wiped gently with velvet microcloth to 

remove the remaining alumina powder and water. The microdisc electrodes 

were then transferred into 1 M H2SO4 solutions and cycled until the 

voltammogram stabilized. 
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2-3-2. Deposition of Hi-e Pd films 

2-3-2-(1). Preparation of the plating mixture 

The preparation of Hre Pd film deposition mixture followed the composition and 

procedure described by Bartlett et al̂ °̂ . The plating mixture consisted of 12 

wt% (NHjsPdCl*, 47 wt% sur&ctant (either CieEOa or Brij® 56), 2 wt% heptane 

and 39 wt% puriSed water. Water (1.17 g) and (NlWaPdCL (0.36 g) was first 

put in a glass container. The surfactant (1.41 g) and heptane (0.06 g) were then 

added and the mixture was stirred thoroughly 6)r 15 minutes using a glass rod. 

The mixture appeared to be very viscous at the room temperature. To ensure 

its homogeneity, the mixture was gently warmed to about 35 °C (the mixture 

became less viscous) and stirred 6)r another 15 minutes. The paste was then 

allowed to equihbrate at 25 °C 6)r 2 hours before the deposition was carried out. 

The presence of the homogeneous hexagonal (Hi) phase in the mixture was 

conGrmed by polarising light microscopy. A small amount of the paste was 

placed onto a glass slide and was observed with a polarizing optical microscope. 

The sample appeared to have the charcoal hke texture, which is characteristic^^^ 

of the Hi liquid crystalline phase. 

2-3-2-(2). Electrodeposition of Hi-e Pd films 

The Hre Pd films were deposited using a two electrode conGguration with a Pt 

microdisc electrode as the working electrode and an SCE as the reference / 

counter electrode. The plating mixture was placed at the bottom of the glass 

cell thermostated at 25 °C. 

For each microdisc electrode, the alumina polishing (1.0 pm ->0.3 ^mi) and the 

cleaning (cycling in 1 M H2SO4) were done just before the deposition, to ensure 

uni&rmity and reproducibihty of the film morphology Cychng in 1 M H2SO4 

was repeated until the voltammogram stabilized. A typical volteimmogram &*r 

a Pt microdisc electrode is shown in Figure 2.4. The electrode was polished 

again if it showed unusual behaviour (distorted peaks, large current etc.). 
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The Pt microdiac electrode was then removed &om the 1 M H2SO4 solution, 

rinsed with purified watery and placed in the plating mixture. The deposition 

of the Hre Pd films was initiated by stepping the potential &om +0.3 V to + 0.1 

V versus SCE. The potential was kept constant until the desired charge was 

passed. The total amount of Pd was controlled by the deposition charge, which 

was varied between 5.5 and 44 ^C. The electrode was then removed Arom the 

plating mixture, rinsed with puriSed water, and soaked in puriGed water for at 

least 24 hours, to remove the remaining surfactant &om the surface. 

2-3-3. Deposition of plain Pd films 

Plain Pd films (without nanostructure) were deposited using a two-electrode 

system, where a 25 pm diameter Pt microdiac electrode was the working 

electrode and an SCE was the reference / counter electrode. The plating bath 

composition (40 mM (NHjaPdCW reported by Guerin^")" was employed. The 

same pre treatment as described in the preceding section was applied to a 25 pm 

diameter Pt microdisc electrode. The electrode was then placed in the plating 
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bath, and the potential was stepped &om +0.4 V to various deposition potentials 

(+ 0.1, + 0.2, + 0.3 V). AAer 11 |iC was passed, the electrode was removed &om 

the plating bath and rinsed with copious amount ofpuriGed water. 

2-4. pH measurements with a combination pH electrode 

The pH of test solutions was measured using a combination pH electrode 

(lnLab®409, METTLBR TOLEDO). In the present study; the pH values 

obtained with the combination pH electrode were used as standards when 

testing the potentiometric pH response of Hre Pd hydride microelectrodes. 

Hence, it was crucial to have high accuracy over a wide pH range and great care 

was taken on pH measurements with the pH electrode. 

The output of the pH electrode (potential diSerence between a pH sensing 

electrode and an internal reference electrode) was monitored with a pH meter 

(#320, METTLER TOLEDO). All the pH measurements were conducted at 25 

°C. The output (in mV) was recorded after it reached a stable value (typically, 

20 -60 s.). The output was then converted to pH using a calibration curve, 

which had been obtained according to the procedure described below. 

The electrode was calibrated be&re starting pH measurements. The 

combination pH electrode was placed in commercial bufEer solutions (pH 1.68, 

4.00, 7.00 and 10.00) thermostated at 25 °C. The output (in V) was then 

recorded and plotted against the bufkr pH. An example of calibration curves is 

shown in Figure 2.5 The slope and the intercept of the calibration curve were 

determined &om the linear regression. Linearity of the pH electrode response 

was excellent, where the typical r̂  value was —0.99998. From the calibration 

curves, pH measured with the combination pH electrode was estimated to have 

an error of + 0.01 pH unit within the tested pH range (1.68 - 10.00). 
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2-5. Scanning electron microscopy 

A scanning electron microscope (XL30 ESEM, Philips) was used to study the 

surface morphology of microelectrodes. This microscope has a "wet mode" 

(environmental mode), which allows a gaseous atmosphere (0.1-20 Tbrr) in the 

microscope chamber, in contrast to the conventional SEMs which require high 

vacuum. 

In "wet m o d e a specially designed electron detector (GSED; gaseous secondary 

electron detector) provides high resolution comparable to conventional SEMs, in 

spite of the presence of a gas in the chamber. The detector carries a positive 

bias with respect to the sample, which accelerates secondeuy electrons &om the 

sample sur&ce towards the detector. The accelerated electrons ionise the gas 

molecules, creating additional electrons and positive ions. The electrons &om 

this cascade are collected by the detector as an ampliSed secondary electron 

sample signal. 

In this mode, the sample surface charge is neutralized by ionized gas created by 
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the electron beam and the detector ionization process. Since there is no 

chai^riiig of non-conductive specimens, sample preparation such as Au or C 

ratings is not necessary in this mode. This feature makes it possible to 

observe microelectrodes before and after electrochemical experiments. 

In the present study "wet mode" was used to observe the microelectrode surface 

be&re and aAer Pd film deposition. Furthermore, changes in Pd film 

morphology caused by lattice expansion due to hydrogen absorption in the film 

were studied. Scanning electron micrographs were taken under the following 

conditions. Accelerating voltage : 26 k y electron detector : GSED, 

pressure : 0.5'~0.6 Torr. The water vapour was provided &om a built-in water 

reservoir. 

47 



of JVjSAog 

Chapter 3. Deposition and characterization of Pd films 

3-1. Deposition of Pd films 

3-1-1. Plating mixtures 

Hre Pd and plain Pd films were deposited on Pt microdisc electrodes, which had 

been polished and cleaned prior to the deposition. The detailed procedures of 

polishing, cleaning and deposition were described in Chapter 2. The 

compositions of the plating mixtures are summarized in Table 3.1. 

%6/e ^ J. ^ e f t / 64^ jSZoza. 

Pd l̂ms (NĤ hPdCl̂  C,6E0, Bry® 56 n-heptane Wafer 

Hi-ePd(A)' 

Plain Pd"" 

12 wt% 

12 wl:% 

40 mM 
(11.4 g/1) 

47 wt% 

47wt% 

2 wt% 

2 wt% 

39wt% 

39w(% 

aqueous soWon 

Baidett et al 10] ' Gueiia 100 

For Hre Pd films, plating mixtures reported by Bartlett et al̂ °̂  were employed. 

As non ionic surfactants, CieEOe and Brij® 56 were used. CieBOa is a highly 

puriGed and monodisperse material, while Brij® 56 is a polydisperse surfactant 

mixture with a distribution of headgroup sizes. Marwan̂ ^̂ ^ investigated Brij® 

56 by mass spectroscopy and reported that the major components of Bry® 56 

were &om C16EO4 to CieEOia with CieEOg as the most abundant. He also found 

that there was quantitative variation &om batch to batch. Hence, only one 

batch of Brg® 56 was used in the present study. 

The nanostructure of Hre Pd Sims deposited A-om plating mixtures, containing 

CieEOa and having the same compositions as shown in Table 3.1, was studied by 

Marwan^oz Films scraped &om evaporated gold electrodes (area 1 cm )̂ were 
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arrays of (ylindrical pores 2.0-2.5 nm in diameter arranged in a hexagonal array 

with a wall thickness of about 2.0-2.5 nm. The palladium in the walls of the 

nanostructure was found to be polycrystaUine with the expected face centred 

cubic structure. The grain size was estimated to be around 20 nm. 

In all the plating mixtures, (NH4)2PdClt was used as a palladium salt. The 

deposition of Pd is expected to Aillow the reaction: 

(PdCl^ ] + 2e —> Pd + 4CI ^ 

The Faradaic e&ciency 6 r Hre Pd film deposition Srom the plating mixtures 

shown in Table 3.1 was reported to be as high as 96-98 In the present 

study the total amount of deposited palladium weis estimated assuming 98 % 

faradaic efGciency of the process. 

3-1-2. Hi-e Pd (A) film deposition 

Hre Pd (A) films were deposited using plating mixtures containing CieEOg. 

Figure 3.1 shows a cyclic voltammogram 6)r a Pt microdisc electrode ((f = 25 îm) 

in the plating mixture. On the Airward sweep of the first cyde, the reduction 

current for Pd deposition was observed from about +0.2 V On the reverse 

sweep, however; the deposition current continued to flow until about +0.26 V 

In the second and the third cycles, the current was observed &om about +0.25 V 

In the first forward sweep, the nucleation is thought to require a high 

oveipotential, compared to the Allowing sweeps where relatively low 

overpotential was needed far the growth. This shift in deposition potential has 

also been observed 6 r Pd film deposition on conventional size Au electrodes™. 

In Figure 3.1, the current was greater &)r the reverse (anodic) sweep than 6)r the 

Arward (cathodic) sweep in each cycle, and the current increased with the 

number of cycles. These phenomena have not been observed 6)r Pd fdm 

deposition on conventional size Au electrodes™. This dif&rence cannot be 

attributed to the substrate materials, since an almost identical cyclic 

voltammogram to Figure 3.1 was obtained for a Au microdisc electrode in the 
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present study. The dif&rence was thought to be related to the small size of the 

electrodes. 
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To study whether the mass transport limiting current also increases with the 

number of cycles, the potential was scanned further cathodic (Figure 3.2). The 

limiting current appeared to be greater for the second cycle than the first cycle, 

suggesting that the geometric area of the microelectrode was enlarged by the Pd 

deposition. 

Bartlett et al used the deposition potential of +0.1 V in the same plating 

mixuture 6)r Hre Pd film deposition on conventional size Au electrodes. Figure 

3.1 shows that, at this potential, the depositon current is controlled by the 

kinetics of the process, not by meiss transport. The deposition potential of+0.1 

V was, there6re, thought to be suitable also for the deposition on Pt microdisc 

electrodes. 
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Kaa</ —A.̂  P̂ â  za 1/g-A WzzmAerg za 6^e ̂ apA ^Aofr orckr ofcyzVeg. 

Figure 3.3 showB a current transient recorded during Hi e Pd (A) film deposition 

on a Pt microdisc ((/ = 25 nm) electrode. As the potential was stepped Crom 0.4 y 

where the current was virtually zero, to the deposition potential (+ 0.1 V), the 

current increased rapidly and after showing a sharp peak, the current decayed 

to about -0.085 |±A and started to increase steadily. This steady increase in 

current again suggests that the geometric area of the microelectrode was 

enlarged by the Pd deposition. 
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The change in the geometric area was conELrmed by scanning electron 

microscopy. Figure 3.4 shows scanning electron micrographs of a Pt microdisc 

electrode before and after Hre Pd (A) film deposition. The micrographs show 

that the deposit was largely smooth. The edge eSect characteristic of mass 

transport to microdiscs can be seen, where the film has a thickness larger at the 

edge than at the centre. The deposit has spread over the surface of the glass 

insulator efkctively increasing the geometric surface area. The measured 

diameters &om Figure 3.4 were 25.6 tim (be&re deposition) and 30.7 mm (after 

deposition; 0 ) ^ = 1 1 pC); this is equivalent to 45% geometric area increase. 

This reasonably agrees with the increase in the current observed in Figure 3.3; 

from—0.085 to -0.132 |jA(56 % increase). 

The edge eSect is attributed to the nonuni&rm current density at the microdisc 

electrode during the deposition. The current density at the edge of the 

electrode is expected to be higher than at the centre and thia results in a higher 

rate of deposition which is thought to have caused the deposit to spread over the 

surface of the surrounding glass. Similarly an increase in geometric area due 

to the ec^e efkct has been reported for Hre Pt film deposition on Pt microdisc 

electrodes 



Chapter 3. Deposition and characterization ofPd films 
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Figure 3.4. Scanning electron micrographs of a Pt microdisc (d=25 ura) electrode 

before and after deposition of an Hi -e Pd (A) Mm. (a) • Polished Pt microdisc (d=25 

fxm) electrode. Tilt angle (l) 70 °, (2) 0 (h) After depositing an Hre Pd (A) Elm 

Marwan^o® has studied the current transient under the same conditions, using 

conventional size {d-\ mm) Au electrodes as substrates. In his result, after 

showing a sharp peak, the current decreased slowly and tended to stabilize. 

The steady increase in the current found in Figure 3.3 was not observed in his 

study. For 1 mm diameter electrodes, the increase in geometric diameter due to 

the edge effect (of the order of a few micrometers) was so smaU compared to the 

original diameter, that the resulting increase in current was thought to be 

neghgibly small. 
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3-1-3. Hi-e Pd (B) film deposition 

Figure 3.5 shows a cyclic voltammogram 5)r a Pt microdisc (d=25 nm) electrode 

recorded in the Hre Pd (B) plating mixture. This cyclic voltammogram showed 

a very similar shape to that recorded in the Hre Pd (A) plating mixture (Figure 

3.1), although the magnitude of the current was smaller. Hence, the same 

deposition potential (+ 0.1 V) as that 6)r Hre Pd (A) film was used 6)r Hre Pd 

(B) film deposition. 
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Figure 3.6 shows the current transient during the Hre Pd (B) Sim deposition on 

a Pt microdisc (d=:25 |im) electrode. The magnitude of the deposition current 

was smaller than that for Hre Pd (A) film deposition. The di@erence in the 

magnitude of current can probably be attributed to the physical nature of the 

plating mixtures. At the room temperature, the plating mixture containing 

Brij (&)r Hre Pd (B) film) was considerably thicker than that containing CiaEOg 

(for Hre Pd (A) film). It was there&re diEicult to avoid introducing bubbles 

when preparing the Hre Pd plating mixture containing. More inclusion of 
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bubbles may cause less uni&rm contact between the microelectrode and the 

plating mixture. Considering the distribution of bubbles in such a viscous 

paste, the contact area between the mixture and the electrode was expected to be 

less reproducible for Hre Pd (B) 61m deposition. In fact, the current transient 

recorded during Hre Pd (B) film deposition on dif&rent electrodes was less 

reproducible than that recorded during Hre Pd (A) film deposition. 

In addition, in Hre Pd (B) mixture, the diSusion coefGcient of [PdCW' is 

expected to be lower than in Hre Pd (A) mixture because of the h^her viscosity. 

This is another possible cause for the lower current observed during Hi e Pd (B) 

deposition. 

-0 .02 

-0 .10 

feoorokcf of a ^ e fW 

SEM images of a Hre Pd (B) film on a Pt microdisc (d=25 ^m) electrode are 

shown in Figure 3.7. The diameter of the film (30.0 iim) was approximately the 

same as that 6)r the Hre Pd (A) film. However, the film appeared to be rather 

rough, with an almost granular morphology. This can be attributed to 

nonuni&rm contact between the electrode and the plating mixture due to the 
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presence of bubbles. Round shaped depressions in the film are assumed to be 

the result of the presence of tiny bubbles in the mixture. 

V hpot M,fyn Owl I 
> v & k V B O 2 0 0 0 * G S E 9 ) I C C T o n 

Figure 3.7 Scanning electron micrographs of an Hve Pd (B) Sim deposited on Ft 

microdisc (d=25 fim) electrode. Qoep = 11 /a C, Tilt angle •' (a) 70 (b) 0 ° 

It should be noted that the increase in current after ^ = 15 s. in Figure 3.6 is 

larger than in Figure 3.3 (Hre Pd (A) film). This cannot be explained solely by 

the increase in the geometric area during the deposition. The increase in the 

contact area between the electrode and the plating mixture by surface 

roughening as well as geometric diameter enlargement is assumed to lead to the 

increase in the deposition current. 

3-1-4. 'Plain' Pd film deposition 

For 'plain' Pd film deposition, a simple plating bath consisting of 40 roM 

(NHjgPdCL, reported by Guerini°°, was used. A cyclic voltammogram for a Pt 

microdisc (d=25 p-m) electrode recorded in the plating bath is shown in Figure 

3.8. The similar behaviour to Hi e Pd film deposition was observed: namely (a) 

the current was larger for the second cycle than for the first cycle, and (b) larger 

oveipotential was required for deposition in the first scan. These can be 

explained again by (a) the geometric area enlargement, and (b) the difference in 

overpotential required for nucleation and for growth of Pd, respectively. 
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Guerin used the deposition potential of + 0.1 V As can be seen from Figure 3.8, 

however, the deposition current appeared to be mass transport limited at this 

potential, where non uniform deposits were expected. Hence, in order to End a 

suitable potential 5)r depositing smooth films at which the deposition is 

kinetically controlled, plain Pd fjlmm were deposited at several potentials (+ 0.1, 

+ 0.2 and + 0.3 V) and the morphology of the films was studied with SEM. 

The current transients during the deposition of plain Pd films on Pt microdisc 

= 25 pm) electrodes are shown in F^;iire 3.9. The shapes of the curves were 

similar to that of Hre Pd (A) Sim deposition except the transient Ar = 0.3 V 

where the current peak just after starting the deposition was not observed. 
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In Figure 3.10, the scanning electron micrographs of plain Pd Ghns (&ep = + 0.1 

V and + 0.3 V) are shown. An extreme edge ef&ct was jkund Ar the deposit 

with = + 0.1 V Palladium appeared to be deposited mostly at the edge. 

This edge efkct tends to be weakened at more positive potentials (less 

oveq)otential8). The plain Pd film deposited at 0.3 V was rather uni&rm and 

smooth. Hence, +0.3 V was chosen as the deposition potential 6)r plain Pd Sims 

in the present study. The diameter of the Sim deposited at 0.3 V was about 29.5 

jim, which was roughly the same as that of Hre Pd Sims. 
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9-1 a -2 

b-1 b-2 

Figure 3.10 Scanning electron micrographs of plain Pd films deposited (using a 

plating bath without a surfactant) on Pt microdisc (d=25 nm) electrodes. (a) '• 

Deposition potential +0.1 V. lilt angle (l) 70 ° (2) 0 (b) Deposition potential 

3-2. Characterization of Pd films 

3-2-1. Electroactive surface area 

Cyclic voltammetry in 1 M H2SO4 solutions was used to study the 

electrochemical behaviour of Pd microelectrodes. In this section, the 

electroactive areas for various Pd microelectrodes were estimated from the 

surface oxide stripping charges observed on the voltammogram. The hydrogen 

reaction peaks on the voltammograms will be analysed and discussed in section 

8-3. 

Figure 3.11 shows the first 5 cyclic voltammograms at 20 mV s'̂  for a freshly 

prepared H r e Pd (B) film on a 25 p,m diameter Pt microdisc. The electrode was 

soaked in water for 48 hours to dissolve the remaining plating mixture after the 
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deposition, rinsed with purified water, then transferred to a 1 M H2SO4 solution 

vrtwere tJie T/oltamnietry Tams fierfbniiedL "Tlie featuj%)8 (Kftjie TM)ltaiiuiK)gi%mi8 

were very similar to those seen 6 r conventional size Hi e Pd films™. 

The surface oxide Armation began in the anodic sweep &om about +0.1 V On 

the return, this sur&ce oxide was removed in the cathodic sweep, giving rise to 

the sharp stripping peak at about +0.01 V The peaks in the voltammetry at 

the potentials below —0.4 V are associated with hydrogen reactions and wiH be 

discussed in section 3 3. 
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The currents for formation and stripping of the surface oxide increased with 

each successive cycle, in the Arst Gve cycles. This indicates that the 

electroactive area increased by (ychng. According to Bartlett et al̂ °^ this 

occurs as the surfactant, originally in the pores within the Hre Pd film, is 

replaced by the 1 M H2SO4 solution. As a result the total sur&ce area of 

palladium in contact with the solution increased. After Eve cycles, the 
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voltammc^am stabilized and further cycling did not produce an ino^ase in the 

currents, indicating that the removal of the surfactant was completed. 

Very small currents &)r surface oxide formation / stripping in the first cycle 

suggest that most of the surfactant in the pores was not removed by the 48-hour 

soaking in purified water prior to the cychc voltammogram. For the films with 

the same thickness = 44 ^C), longer soaking up to 168 hours did not cause 

appreciable change in the number of cycles needed for the current to stabilize, 

while more cycles were needed 6 r thicker 61ms. 

Palladium is known to dissolve 112, iia potential range where the surface 

oxide formation takes place, in acidic solutions. This is one reason the oxide 

stripping charge is often used as a measure of the real surface area of palladium 

electrodes, as opposed to the oxide formation charge. In order to avoid 

signiGcant degradation of the nanostructure of the Hre Pd films caused by this 

dissolution, Areshly prepared films were used in every experiment in the present 

study. Before each experiment, a Areshly prepared Hre Pd microelectrode was 

cycled between -0.65 V and + 0.70 V in IM H2SO4 solutions until the cychc 

voltammogram stabilised. Care was taken to avoid unnecessary cycling in the 

oxide formation potential range. 

F^rure 3.12 shows the cyclic voltammograms A)r a 25 |im diameter polished Pt 

micarodisc electrode and Hre Pd (B) 61ms with difkrent deposition charges. It 

can be seen that the current was more than two orders of magnitude greater 6)r 

Hre Pd 61ms than 6)r the polished Pt microdisc electrode in the whole potential 

range. This demonstrates that the current G-om the substrate (Pt microdisc) is 

negligible when electrochemical properties of Hre Pd 61ms are studied, even if 

the substrate is not cx)mpletely cx)vered with the 61m. In 6ic ,̂ an Hre Pd (B) 

film deposited on a 25 pm diameter Au microdisc electrode showed an identical 

voltammogram to Figure 3.12 (line 2), confirming that the current 60m the 

substrate does not afkct the overall response. 
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For Hre Pd films, the height of each peak in Figure 3.12 increased with the 

dkqpcMsitk)!! ictuargre. inaresusinir thue (Leposition ctuargre ()f JEIi-e ]Pd films, IbcdJi 

the amount of Pd deposited and the electroactive area of the film were expected 

to increase. The electroactive area was estimated &om the charge under the 

sur&ice oxide stripping peak on the voltammogram. The surface oxide 

formation and stripping behaviour of polycrystalline palladium in 1 M sulphuric 

acid has been studied by Rand and Wbods"^ The electroactive area was 

calculated using their conversion &ctor of 424 p,C cm^ for the surface oxide 

stripping peak. In this calculation, it is assumed that one oxygen atom per 

surface palladium atom is adsorbed on a (lOO) plane. The results for various 

palladium microelectrodes are summarized in Table 3.2. 
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Electrode lype Snbsbaie Deposition of films ResulB finm CVs in 1 M H?SOj 
Maknal Nominal Smiaclant Cbaige Chaige Oxide stiî îng Ekiaioactive Specific 

diameter denstly claige" area*" smface area 
/pm Gap /AtC /Ccm'̂  /pC /lÔ cm^ /m^g' 

Polished Pt Pt 25 - - - - 0.013° -

HÎ Pd(A) Pt 25 CigEO; 11 2.2 1.51 3.6 58.8 
jjJm Pt 25 C]gEO, 22 4.5 2.84 6.7 55.2 

Pt 25 ClgEO; 44 9.0 5.20 12.3 50.6 

Hl-ePd(B) Pt 25 Bî ®56 5.5 1.1 0.37 0.87 28.5 
Gtm Pt 25 Bnj®56 11 2.2 0.76 1.8 29.5 

Pt 25 Bnj® 56 22 4.5 1.27 3.0 24.7 
Pt 25 Bi#56 44 9.0 2.76 6.5 26.8 
Pd 25 Bnj®56 11 2.2 0.73 1.7 28.4 
Pt 10 Big® 56 1.8 2.2 0.105 0.25 25.5 

PlmaPdGlin Pt 25 - 11 2JZ 0.015 0.035 -

Polished Pd Pd 25 0.0043 0.010 

° Oar values are averages of two difkrent electrodes 

Electroactive areas were calculated using the conversion factor of424 pC cm'̂ . 

^ Electroactive area of the polished Pt mioodisc electrode was calculated 6om hydrogen 

adsorption/desorption charges, using the conversion factor of 210 p,C cm'̂  ^ 

Hre Pd Sims were conGrmed to possess very large electroactive areas compared 

to plain Pd films and polished palladium microdisc electrodes. The calculated 

electroactive sur&ice areas Air Hre Pd (A) and Hre Pd (B) films are plotted 

against the in Figure 3.13. The electroactive area for both Hre Pd (A) and 

Hi e Pd (B) films appears to be approximately proportional to the This 

indicates that Hre Pd films have a uni&rm nanostructure regardless of the 

thickness, and that the pores are accessible to the solutions throughout the film. 
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It should also be noted that 6)r the same Hre Pd (A) Glms have almost 

twice the electroactive area of Hre Pd (B) Glms. This difference is not 

attributed to a diSerence in the amount of deposited Pd (corresponding to the 

Faradaic e&ciency of the deposition), since there was no appreciable difkrence 

found in the amount of hydrogen absorbed into Hre Pd (A) and Hre Pd (B) Shns. 

This will be discussed in Chapter 4. The diSerence in the electroactive area 

between Hre Pd (A) and Hre Pd (B) filmm is, there&re, attributed to the 

nanostructure of the 61ms, which is determined by the liquid crystalline phases 

&)rmed by surfactants in the plating mixtures. 

Marwan^"^ studied the nanostructure of Hre Pd fUmm deposited on evaporated 

gold electrodes (area 1 cm )̂ by TEM and XRD, and compared the Sims deposited 

using two diSerent surfactants, CieEOg and Brij® 56. He reported that the 

nanostructure was more uniform and the continuity of the pores were better for 

Hre Pd films deposited Srom the plating mixture containing CisEOs. This 

result was reasonable since CieEOg is a highly purified and monodisperse 

material, while Brij® 56 is a polydisperse surfactant mixture In the present 
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study; the electroactive area of Hre Pd (B) films was smaller than that of Hre 

Pd (A) film, presumably because of the irregular nanostructure of Hre Pd (B) 

films. 

Also shown in Table 3.2 are speciSc sur&ce areas in m^ g^. These values were 

calculated on the assumption that faradaic efGciency for deposition of the Hre 

Pd films was 98 %. The estimated speciSc sur&ce areas of around 50-60 m^ g^ 

for Hi e Pd (A) films reasonably agree with the calculated value (36-60 m^ g 0 

for the nanostructure ^ore diameter : 2.0-2.6 nm, wall thickness : 2.0-2.5 nm) 

5)und by TEM and XRD, 6)r Hre Pd films deposited &om plating mixture 

containing CieEOa. 

Table 3.2 also show that the speciSc surface area (m^ g'O depends on the 

surfactant (CmEOa or Brg) contained in the plating mixture, but not on the 

material (Pt or Pd), size (ff = 10 or 26 pm) of the substrate electrode or the of 

the film. This confirms that Hre Pd fjlmm possess a nanostructure unique to 

the surfactants and that the entire film is nanostructured with the pores 

throughout the film accessible to the electrolyte solution. 

3-2-2. Geometric diameter 

In section 31, the geometric area of microelectrodes appeared to be enlarged by 

the Pd film deposition procedure, owing to the edge eSect. In order to study the 

change in the geometric characteristic caused by the Hi e Pd Sim deposition, 

steady state voltammetiy was per&rmed in a deaerated 10 mM RuO T̂EWeCla, 0.2 

M KCl solution 5)r the reduction of [Ru(NH3)6]^ : 

[Ru(NHg )g + e —^ [Ru(NHg )g 

This reaction was chosen because it is a &8t one-electron redox process and 

[Ru(NH3)6]^ does not adsorb readily on the electrode surface. 

The limiting current for a microdisc electrode is given by : 
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where zz is the number of electrons trans&rred, .f^is the Faraday constant, 27 is 

the diffusion coefGcient, c is the concentration of the redox species, and a is the 

radius of the microdisc. To estimate Z? for [Ru(NH3)6]^, preliminary 

experiments were performed using polished Pt microdisc electrodes of 10, 25 and 

50 pm diameteiB in the same solution. The limiting current, % 6)r each 

electrode, obtained from steady state voltammograms, was plotted against the 

radius, a, and Z) was determined A-om the slope of the plot. Z) was 6)und to be 

-8.8 X 10^ cm^ s^, which is close to the value (8.0 x 10^ cm^ g 0"^ reported 

previously for [Eu(NH3)6]^ in 0.1 M NaCl 

Figure 3.14 shows the voltammograms of Hre Pd Sims with difkrent on 25 

pm diameter Pt microdisc electrodes, in a deaerated 10 mM Ru(NH3)6Cl3, 0.2 M 

KCl solution. An extremely slow scan rate of 2 mV s^ had to be used in this 

experiment because of the lai^e double-layer chargii^ current due to the 

massive electroactive area of Hi e Pd fUms. The chaining current increased 

with the deposition charge because of the increase in the electroactive 

area. 
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TrtuB retiuKdicKi cnirreiit for tJie insdcoc species (de!ir%y iiicresu&es vrith iLhe (2o#k 

LtuicefJie luaiitiD r̂(:ujnnBrLt(%f]iLk%ro(Luacielect]X)dja8 luaiDrcqpcxrtioruilik) IjienicUiis of 

the microdisc via Equation 3.3, the increase in the current indicates that the 

geometric diameter increased with 

The efkctive geometric diameter ((/ = 2a) was calculated 6)r various Pd 

microelectrodes by substituting the limiting currents (/J to Equation 3.3, and 

the results are shown in Table 3.3. 

Aaa? Aozzfiqg" i&r 

Electrode type Substrate Deposition of films Results Aom vohammograms 
Material Nominal Suifactant Charge Charge Limiting Efkctive 

diameter densily current' diamaer 

/ pm / pC /Ccm'^ /nA /pm 

PoliAcd Pt Pt 25 - - - 43.0 25.3 

Hl-ePd(A) Pt 25 CigEO, 11 2.2 50.8 29.9 
film Pt 25 CieEO, 22 4.5 59.8 35.2 

Pt 25 CieEO, 44 9.0 71.6 42.2 

Hl^Pd(B) Pt 25 Brii® 56 5.5 1.1 45.0 26.5 
film Pt 25 Bry® 56 11 2.2 51.4 30 3 

Pt 25 Brij® 56 22 4.5 58.3 34.3 
Pt 25 Bry® 56 44 9.0 71.8 42.3 

Pd 25 Brij® 56 11 2.2 50.7 29.9 

Pt 10 Brij® 56 1.8 2.2 23.6 13.9 

Plain Pd 61m Pt 25 - 11 2.2 50.0 29.4 

Polidied Pd Pd 25 42.5 25.0 

" iL va/ues are ayerages o/fwo e/ecWckg. 

The ef&ctive geometric diameters estimated &om the steady state 

voltammograms were around 30 pm for Hre Pd (A), Hi e Pd (B), and plain Pd 

films with of 11 ]j.C. This result agrees well with the SEM studies, 

presented in section 31 . This agreement conGrms the appropriateness of using 

the steady state voltammogram to estimate the geometric diameter. 
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The increase in the efkctive geometric diameter was 6)und to occur with all the 

Pd films deposited on microdisc electrodes in this study^ including plain Pd Sims, 

regardless of the substrate diameter and the substrate material Shown in 

Figure 3.15 is the geometric diameter as a function of 5)r Hi e Pd fUms 

deposited &om plating baths containing difkrent surfactants; (A) CisEOs and 

(B) Brij. The geometric diameter increases linearly with $0̂ % and no 

apprec^ble di%rence is found between Hre (A) and Hre (B) Pd Sims. 

1 
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of cAa/ge 0/2 war 

jizzyicmcKse /d, Z& e / V /F/ma ckpoa/Aeff CzgE'C)* ^ e 

3-2-3. Roughness factor and thickness 

The roughness factor is a ratio of the electroactive area to the geometric 

area of the electrode and is widely employed to compare electrodes with difkrent 

dimensions. For the microelectrodes used in the present study, values were 

calculated using the electroactive area (Table 3.2) and the geometric diameter 
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(Table 3.3) obtained in the previous sections, and are shown in Table 3.4. The 

l v a l u e s for Hre Pd films ranged &om 167 to 877 depending on the thickness 

(Qog:) and the surfactants. These values are far greater than polished Pd 

microdisc (/&- = 2. l) and normal Pd Shn = 5.2) electrodes. Comparing the 

films with the same (= 11 ^C), Tk-values of Hre Pd (A) and Hre Pd(B) films 

were greater than those of plain Pd films by 100 times and 50 times respectively. 

The average thickness was calculated using the geometric sur6ice area 

estimated in the preceding section, assuming the Faradaic efSciency of the 

deposition was 98 %. The average thickness of the microelectrodes used in the 

present stud)^ which is also shown in Table 3.4, ranged A-om 0.6 to 1.9 pm. 

The films mainly used in the experiments shown in the later chapters are the 

Hre Pd films with of 11 pC. They were about 30 pm in diameter and about 

1 pm in thickness, with roughness factors of about 508 (Hre Pd (A) film) or 248 

(Hre Pd (B) 6hn). 

pa/uag o / f o z / g A o e a g average /f/m 

Elecliode type Substrate Deposition of films Expoimeala] results Calculated paramekn 
Mafeiial Nomiml SuiActant Charge Chaige Eleclroactive Gcomelric Roughness Avoage 

diameter density area surface area factor thickness 

/ ^ m /Com'^ /lO-^mn^ / lO'^on^ /urn 

PoliAcdPt Pt 25 - - 0413 0.0050 2.6 -

HI-ePd(A) Pt 25 CigEO: 11 2.2 3.6 0.0070 508 0.9 

film Pt 25 CisEO, 22 4.5 6.7 0.0097 688 1.4 

Pt 25 C,6 EO, 44 9.0 12.3 0.0140 877 1.9 

Hl-eAKB) Pt 25 Brq( 5 56 5,5 1.1 0.87 0.0055 157 0.6 

61m Pt 25 Biij( 5156 11 2.2 1.8 0.0072 248 0.9 

Pt 25 Bnj( 5 56 22 4.5 3.0 0.0092 324 1.4 

Pt 25 BiijC 0 56 44 9.0 6.5 0.0141 463 1.9 

Pd 25 Biijq 3 56 11 2.2 1,7 0.0070 242 0.9 

Pt 10 Br^® 56 1.8 2.2 0.25 0.0015 163 0.7 

Plain Pdfikn Pt 25 11 2.2 0.035 0.0068 5.2 0.7 

PoliAedPd Pd 25 - - 0.010 0.0049 2.1 -
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3-3. Hydrogen reactions in 1 M H2SO4 solution 

3-3-1. Hi-e Pd film on Pt microdisc 

In this section, hydrogen reactions on Hre Pd films in 1 M H2SO4 solutions are 

studied by analysing cychc voltammograms. 

In Figure 3.16, a (ychc voltammogram in 1 M H28O4 for an Hre Pd (B) film is 

compared with that for a plain Pd 6hn with the same Qogk The overall shapes 

of the cyclic voltanunograms are almost identical to the results obtained with Pd 

films on conventional size Au electrodes, reported by Bartlett et al̂ °̂ . Several 

striking dif&rences can be seen between the Hre Pd and the plain Pd films. 

First, sur^ce oxide 6)rmation / stripping currents are much laiger 5)r the Hre 

Pd film than 6)r the plain Pd, while the formation and stripping processes occur 

at the same potentials for the two films. This difEerence arises because the Hre 

Pd film has a significantly lai^er electroactive area owir^ to the presence of the 

nanostructure. 
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At potentials below -0.4 y the Hre Pd film exhibited three pairs of reduction / 

oxidation waves (A/B, C/D and E/F). In contrast, voltammetry of the plain Pd 

film in this potential range is broad and unresolved. Figure 3.17 shows a cychc 

voltammogram 6 r a polished Pd microdisc electrode in 1 M H2SO4, together with 

the cychc voltammogram 6)r the plain Pd film (the same voltammogram as 

shown in Figure 3.16). The cychc voltammogram of the pohshed Pd microdisc 

was even less resolved than that for the plain Pd film in the cathodic potential 

range, where only one wave of cathodic current and one peak 6 r anodic current 

were seen. The observation of well resolved peaks in the cychc voltammogram 

A)r the Hre Pd film is beheved to arise because of the presence of the 

nanostructure. 

0 

-0.4 0.0 0.4 

EvsSMSE/V 

= J./ 0/7 ̂ ,5̂ /m) ^ az/cmcKsc a JVazfcnx&sc 

The peaks in the cathodic potential range in a voltammogram &r an Hre Pd 51m 

on a conventional size Au electrode were analysed in detail by Bartlett et al^°\ 

The well resolved sharp pair of peaks (A/B) for the Hre Pd film in F^rure 3.16 

was reported to correspond to the formation and removal of adsorbed hydrogen. 
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The remaining two pairs of peaks (C/D and E/F) are associated with 

absorption/stripping of hydrogen. They are reported to correspond to the 

a phase formation and the start of the g phase formation, respectively. In 

contrast to plain Pd 51ms and polished Pd microdiscs, the peaks 5)r adsorption 

and absorption of hydrogen were readily distinguished in the case of Hi e Pd 

films, owing to the very high sur6ice to volume ratio. 

lb study the p phase 6)rmation in more detail, the potential was scanned to 

more negative values and the resulting voltammogram is shown in Figure 3.18. 

The A)rmation / oxidation of the p-phase (E/F in Figure 3.16) produced two large 

peaks. 

-0.7 -0.6 -0.5 -0.4 

Evs SMSE/V 

jD0(ec6a/ acaaceff Fazzf/ -/t?. / Tf Ar joo^eatza/ 

raage -A <9 yaacT Fza aAovyzi. 

To estimate the amount of hydrogen absorbed in the Pd film, the anodic current 

was integrated in the potential range below —0.47 V (anodic current in the 

potential range of -0.47 0.40 V was assumed to be due to desorption of 

adsorbed hydrogen). The charge was found to be 3.49 |iC. This charge can be 

converted to the H/Pd ratio using the together with the assumption that the 
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faradaic efSciency 6 r the deposition was 98 %. The H/Pd ratio was estimated 

to be 0.65, which indicates that the film was loaded with hydrogen to form the 

p-palladium hydride phase. 

On the other hand, the cathodic charge (total 6)r cathodic and anodic scans) in 

the potential range below -0.49 V was &)und to be -8.87 fiC, which is &ir greater 

than the anodic charge. This difkrence imphes that the cathodic charge 

includes the charge for hydrogen gas evolution, as well as that 5)r hydrogen 

absorption into the Pd film. Between —0.723 and -0.49 y the cathodic chaise 

was 6)und to be 3.37 p,C, which reasonably agrees with the oxidation charge of 

3.49 piC. This indicates that the large cathodic current observed below -0.723 V 

corresponds mainly to hydrogen gas evolution. 

3-3-2. Hi-e Pd film on Pd microdisc 

The eGect of the substrate material on the voltammetric response of Hre Pd 

Sims was studied. As stated earlier, Hre Pd films on Pt microdisc and Au 

microdisc electrodes showed identical voltammograms in 1 M H2SO4, which 

conGrmed that the in&uence of the current &om the substrate is negligible. It 

is expected, however; that Pd microdisc substrates will afkct the voltammetric 

response of Hre Pd films by causing the diffusion of absorbed hydrogen jBrom the 

film into the substrate. Figure 3.19 shows a cychc voltammogram 5)r an Hre 

Pd (B) film deposited on a 25 pm diameter Pd microdisc electrode in 1M H2SO4. 
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Comparing this with the voltammogram &ir an Hre Pd (B) film on a Pt microdisc 

electrode (Figure 3.16), a marked difkrence is 6)iind 6)r the anodic sweep in the 

potential range below -0.66 V The anodic current corresponding to the 

oxidation of absorbed hydrogen ^-phase) in this potential range is substantially 

smaller 5)r the Hre Pd film on the Pd microdisc than on the Pt microdisc. For 

the Hre Pd film on a Pd microdisc, the anodic charge 5)r the oxidation of 

absorbed hydrogen is evidently smaller than the cathodic charge 5)r absorption 

of hydrogen. This result indicates that not all the hydrogen atoms absorbed in 

the Pd film were oxidized in the reverse scan, presumably because of the 

diffusion of hydrogen into the substrate. 

Although a notable difkrence in hydrogen absorption/stripping behaviour was 

5)und between Hre Pd films on Pd microdisc emd Pt microdisc electrodes, no 

evident difkrence was 6)und for hydrogen adsorption/desorption or suri^ce oxide 

formation/stripping behaviour. 
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3^. Summary 

Overview 

In this chapter, Hi e Pd Ehns were deposited using plating mixtures whose 

behaviour had been investigated 6)r deposition on conventional size Au 

electrodes. The Sims deposited on microdisc electrodes were then 

characterized electrochemically. These fjlmm were confirmed to possess very 

large electroactive areas, indicating the presence of the desired nanostructure. 

Deposition behaviour 

The current 6>r Hi e Pd and plain Pd film deposition appeared to increase as the 

deposition proceeded. This is unique to the deposition on microelectrodes. 

Since the limiting current for the process was 6)und to increase, it was assumed 

that the geometric diameter was enlarged during the deposition. As expected, 

SEM and steady state voltammetiy revealed that the diameter was enlarged by 

the deposition. The edge ef&ct was clearly seen, where the film thickness was 

larger at the edge than at the centre of the film. The increase in the diameter is 

believed to result Arom nonuni&rm current distribution. This edge effect 

worsened when the process was mass transport controlled. 

Hre Pd (B) films were found by SEM to be rather rough, compared to Hi e Pd (A) 

films. This is thought to result from the presence of more bubbles in the Hre 

Pd (B) plating mixture, due to the high viscosity of the mixture. 

Characterization 

The roughness 6ictoi; 6)r Hre Pd Glms was 157—877 depending on the 

thickness ( 0 ? ^ and the surfactants! this is far greater than that for polished Pd 

microdiscs CRp - 2. l). Comparing the films with the same ^ values 5)r 

Hre Pd (A) and Hre Pd(B) films were greater than those of plain Pd films by 

factors of drca 100 and 50 respectively. 
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It was shown that Hre Pd (A) films had almost twice the Electroactive areas of 

Hi e Pd (B) fihns. This presumably reflects the difkrence in the nanostructure, 

which is determined by the liquid crystalline phases 6)rmed by surfactants in 

the plating mixture. Taking into account the nanostructure of Hi e Pd films on 

conventional size Au electrodes previously studied by Marwan, Hre Pd (B) 61ms 

were assumed to possess less unikrm nanostructure. 

The estimated specific surface areas of around 50-60 m^ g i for Hre Pd (A) films 

reasonably agree with the calculated value (36-60 m^ g^) 6)r the nanostructure 

^ore diameter : 2.0-2.6 nm, wall thickness : 2.0-2.5 nm) reported by Marwan. 

The specific surface Eirea (m^ g 0 was 6)und to depend on the surfactant (CieEOs 

or Brij), but not on the material, size of the substrate electrode or the Qokp of the 

Glm. This conSrms that Hre Pd 61ms possess a nanostructure unique to the 

surfactants and that the entire film is nanostructured with the pores throughout 

the 61m being accessible to the solution. 

Hvdroeen reactions in 1 M sulphuric acid 

In contrast to plain Pd 61ms and polished Pd microdiscs, the peaks for 

adsorption and absorption of hydrogen were readily distinguished in the case of 

Hre Pd 61m, owing to the very high surface to volume ratio. In the cyclic 

voltammetric studies, Hre Pd 61m8 on Pt microdiscs were readily loaded with 

hydrogen to P phase and all the hydrogen was oxidized on the anodic sweep. 

There&re, it is possible to estimate the absolute H content in the film. In 

contrast, in the case of Hre Pd 61ms on Pd microdisc electrodes, only part of the 

absorbed hydrogen was removed by the anodic sweep. It is thought to arise 

because of the diffusion of hydrogen further into the substrate. In the case of 

Hre Pd 61mA on Pd microdisc electrodes, it is therefore expected to be dif&cult to 

keep the H/Pd ratio near the surface in the a+P phase region, or to estimate the 

H/Pd ratio dose to the surface. Hence, Hre Pd 61ms on Pt microdisc electrodes 

were chie6y employed to fabricate and characterise H r e Pd hydride micro pH 

sensors, which will be described in the later chapters. 
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Hi e Pd filmm nn Pt microdisc electrodes 

The hydrogen absorption behaviour will be discussed in the Allowing chapter, 

using Hre Pd films on Pt microdisc electrodes deposited through the method 

described in this section. The potentiometric response of the films loaded with 

hydrogen will then be reported in chapter 5. 

The electrodes mainly investigated in the later chapters were Hre Pd films with 

0)ep of 11 |iC deposited on Pt microdisc ((/= 25 |im) electrodes. The 61ms were 

about 30 |jm in diameter and about 1 pm in thickness, with roughness Actors of 

about 508 (Hre Pd (A) Shn) or 248 (Hre Pd (B) Sim). 
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Chapter 4. Hvdroaen absorption behaviour of Hi-e Pd films 

In the present study; cathodic electrolysis is employed 5)r loading Hre Pd films 

with hydrogen to prepare Hre Pd hydride micro pH sensors. In this chaptei; 

the basic electrochemistry of Hre Pd films in solutions chosen as test solutions 

(e.g. 0.5 M Na2804 + H2SO4 (pH 2)) will first be introduced. Hydrogen 

absorption behaviour will then be considered and the procedure and the 

conditions of cathodic hydrogen loading will be discussed. In addition, to veri^ 

the apphcabihty of the cathodic loading to various solutions, hydrogen 

absorption behaviour in solutions containing diSerent supporting electrolytes 

was studied and the results will be presented. At the end of this chapter, the 

ef&ct of pH on hydrogen absorption behaviour will be discussed. 

4-1. H absorption behaviour in 0.5 IW Na2S04 + H2SO4 (pH « 
2) solutions 

4-1 -1. Cyclic Voltammetry 

4-1-1-(1). Fundamental electrochemical behaviour 

Cyclic voltammetry was performed in a 0.5 M Na2S04 + H2SO4 solution (pH 

=1.88), over a wide potential range including the sur6ice oxide region. The 

resulting voltammogram 6)r an Hre Pd (B) film deposited on a Pt microdisc (ff= 

25 îm) is shown in Figure 4.1. Each peak on this voltammogram is shifted 

negative compared to that on the voltammogram recorded in 1 M H2SO4 (e.g. 

Figure 3.16; line l), because of the difference in pH of the two solutions. In the 

sur&ce oxide region, the shapes of the voltammograms rewrded in the two 

solutions are very similar. In the hydrogen region, the same peaks are 

observed in the 0.5 M Na2804 + H2SO4 solution as in the 1 M H2SO4 solution, 

although difkrences are found in their shape. Based on the discussion of the 

voltammogram in Figure 3.16, the current waves on the cathodic scan in Figure 

4.1 are assumed to be : (A) hydrogen adsorption, (C) hydrogen absorption to 

5)rm the a phase, (E) the beginning of hydrogen absorption to 5)rm the p phase. 
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The peaks on the anodic scan (B), (D) and (F) are stripping peats corresponding 

to (A), (C) Eind (E) respectively. 
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Comparison of the shape of peaks corresponding to hydrogen reactions (peaks A 

- F) with those on the voltammogram recorded in 1 M H2SO4 reveals that the 

peak (A) is less sharp for the 0.5 M Na2S04 + H2SO4 solution. In relation to this, 

shown in Figure 4.2 are voltammograms 5)r an Hre Pd (A) film recorded in a 0.5 

M Na2S04 + H2SO4 solution, over two different potential ranges, ie. —0.70 - +0.65 

Vand-0.70 —0.16Y Peak (A) appears to be much sharper when the potential 

was cycled only in the hydrogen region and the double layer region. This 

suggests that the shape of peak (A) was afkcted by scanning the potential to the 

surface oxide formation / stripping region. The cause &)r this change in the 

shape of peak (A) is unclear &om the experimental results, although the speciSc 

adsorption of anions might inter&re with the hydrogen adsorption. 
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The eGect of the scan rate was investigated next and the resulting 

voltammograms recorded at four dif&rent scan rates are shown in Figure 4.3. 

It is clear by comparing the voltammograms recorded at 100 mV s"̂  (F^ure 4.3; 

hne 4) with that recorded at 20 mV s"̂  (Figure 4.1) that increasing the scan rate 

broadens the peaks. Moreover, the height of peaks for surface reactions, ie. 

surface oxide formation / stripping and hydrogen adsorption / desorption, was 

not proportional to the scan rate. 
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It is also important to mention that, with increasing scan rates, peaks on the 

cathodic scan shifted cathodic and those on the anodic scan shifted anodic. 

These Matures are thought to be caused by the change in proton concentration 

within the pores of the nanostructure. The pH within the pores is expected to 

rise when protons are consumed by cathodic reactions, eg. 

PdO + 2H+ + 2e- ) 'Pd + HzO 

H+ + e H (Pd) 

The rise in the pH within the pores causes the negative shift in potential, since 

the equilibrium potentials 5)r the reactions are dependent on the pH. 

= ^o-0 .059p^ 
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_ _ _ ^ 7?r , 
^ u ^ i u {p^i -\ -6 A ki ff+/ff (Pd) V r 

= - 0.059- 0.059 log 

As a result, the sur&ce oxide reduction peak weis broad and extended to the 

hydrogen region at 100 mV 8"i. In addition, the currents 6)r hydrogen 

adsorption and the a phase formation are not resolved and observed as one peak 

at 100 mV s^. 

On the other hand, the pH within the pores is expected to fall when protons are 

released by anodic reactions, e.g. 

Pd + HaO -» PdO + 2 H+ + e 

H (Pd) H+ + e 

By the same discussion as cathodic reactions, the peaks 5)r anodic reactions are 

extended and shifted positive. In view of the peak separation in the 

voltammogram, the scan rate of 20 mV s^ was chiefly used in subsequent cyclic 

voltammetric studies. 

4-1-1-(2). Hydrogen absorption / desorption behaviour 

The potential was scanned to more negative values to study the hydrogen 

absorption behaviour. The cathodic part of a pydic voltammogram 5)r an Hre 

Pd (B) film (0%, = 11 nO on a 25 |Lun diameter Pt microdisc electrode in a 

deaerated 0.5 M Na2S04 + H28O4 solution (pH =1.88), recorded between —1.00 V 

and +0.65 V is shown in Figure 4.4 Oine l). Peaks (A) / (C) correspond to 

hydr(%en adsorption / desorption and peak (B) corresponds to hydrogen 

absolution to 5)rm the a phase, as shown in Figure 4.1. On the cathodic scan, 

large reduction current is observed below -0.7 y which shows a peak at about 

—0.89 V This is thought to correspond to hydrogen absorption to Airm the p 

phase. Another wave of a large reduction current begins to flow at about —0.92 

y and is assumed to be the evolution of hydrogen gas. On the anodic scan, a 

lai^e oxidation peak (-0.57 V) 6)r the stripping of absorbed hydrogen is seen. 

Here, the currents 6)r the oxidation of the P phase and the a phase are not 

separated, because of the massive current 6)r the P phase oxidation. 
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To study the two large current waves on the cathodic scan in more detail, cyclic 

voltammograms were recorded with difkrent cathodic limits, .Ê Lz™, and are 

shown in Figure 4.4 Oine 2 - 7). Cathodic and ancxiic charges were calculated 

for each cycle and are shown in Table 4.1. By em^ploying more negative 

the cathodic charge inca-eased continuously. The anodic charge also increased 

until —0.86 y but stayed almost constant with of —0.90, —0.95 and —1.00 V 

This indicates that the Hre Pd film was saturated with hydrogen on the cycles 

with of-0.90, -0.95 and -1.00 V The dif&rence between cathodic and 

ancxiic chaises 6)r these voltammograms can be explained by hydrogen gas 

evolution. For the voltammograms with.% zjzn > -0.85 y the ancxlic charge was 

almost equal to the cx)rre8ponding cathodic charge. This indicates that 

hydrogen gas was not evolved during these cycdes. 
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No. in Cathodic Charges 
Figure 4.4 limit Cathodic Anodic 

/ ^ C / nG 

1 -1.00 -9.25 3.54 

2 -0.95 -6.08 3.51 

3 -0.90 -4.10 3.46 

4 -0.85 -2.89 2.137 

5 -0.80 -1.44 1.44 

6 -0.75 -0.67 0.65 

7 -0.70 -0.40 0.39 

* The charge for the double layer charging was subtracted. 

From these results, the currents observed on the voltammogram with jBtzzam = 

—1.00 V (Figure 4.4! hne l) can be summarized as follows. On the cathodic scan, 

after showing the peaks &r hydrogen adsorption (—0.52 V) and hydrogen 

absorption to 5)rm the a phase (—0.60 V), the large current corresponding to the 

hydrc^en absorption to farm the P phase begins to flow. This lai^e current 

shows a peak at -0.89 V The current 6)r hydrogen gas evolution is seen &om 

about -0.92 V At this point, the H i e Pd film is believed to be saturated with 

hydrogen. The hydrogen gas evolution continues to the anodic scan until the 

potential reaches -0.77 V Anodic peaks at about —0.57 V and —0.47 V 

correspond to desorption of absorbed and adsorbed hydrogen, respectively 

The cathodic peak associated with the p phase 5)rmation was extended towards 

negative potentials. This again can be attributed to a pH rise within the pores, 

caused by the proton consumption during hydrogen absorption. 

In Chapter 3, Hi e Pd (A) films appeared to have almost twice the electroactive 

area of Hre Pd (B) films with the same deposition charge. This difkrence was 

thought to be attributed to the better uni&rmity and continuity of the pores of 

the nanostructure. To study the difference in hydrogen absorption behaviour 

between Hi e Pd films with the difkrent nanostructure, cychc voltammetry was 
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carried out 5)r an Hi e Pd (A) film and the resulting voltammogram is compared 

with that 6)r Hre Pd (B) film in Figure 4.5. 
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It is clear that hydrogen absorption to 6rm the P phase and corresponding 

hydrogen desorption are both greatly enhanced on the Hre Pd (A) 51m, 

compared to the Hre Pd (B) film. As a result, absorption and desorption peaks 

are close to each other on the Hre Pd (A) film. Furthermore, the evolution of 

hydrogen gas appears to be enhanced on the Hre Pd (A) film. The compEtrison 

of the magnitude of the currents at the potential range of -0.70 -> -0.80 V 

(cathodic scan; hydrogen absorption to form the P phase), —0.90 —0.80 V 

(anodic scan; hydrogen gas evolution) and -0.65 —0.61 V (anodic scan; 

desoiption of absorbed hydrogen) reveals that the currents on the Hre Pd (A) 

film are about 1.6 - 2 times those of the Hre Pd (B) film. 

The cathodic and anodic charges passed during the voltammetiy on the Hre Pd 

(A) film were —5.98 and +3.71 jiC respectively (the charge 5)r the double layer 
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charging was subtracted). The lai^er cathodic charge indicates that the film 

was ahready saturated with hydrogen and that the difkrence in the charge 

(-2.27 |iC) corresponds to the hydrogen gas evolution. Subtracting the charge 

6)r desorption of adsorbed hydrogen (ca. 0.28 ^C) &om the total anodic chaige 

(3.71 fiC), the charge associated with the stripping of absorbed hydrogen is 

estimated to be 3.43 |iC. In the same way; the chaise corresponding to the 

stripping of absorbed hydrogen 6 r Hre Pd (B) film (Figure 4.5; hne 2) was found 

to be 3.38 (total anodic charge: 3.54 nC, the charge Air desorption of 

adsorbed hydrogen: ca. 0.16 p,C). It was shown from this calculation that Hre 

Pd (A) and Hre Pd (B) films can absorb almost the same amount of hydrogen. 

Lastly; the efkct of thickness ($obf) of Hre Pd films on the hydrogen absorption / 

desorption current was investigated. Figure 4.6 shows cychc voltammograms 

for Hre Pd (B) films with Qog, of 5.5 p,C and 11 ^C. 

- 0 . 8 - 0 . 6 

Evs SMSE/V 

a^ . 2 0 ^ A r range —.Z.O F̂ aâ f — y a r e 
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As discussed in Chapter 3, the film with 0%, = 11 )iC has the greater amount of 

deposited Pd and greater electroactive area by about two times, than that with 

= 5.5 îC. Currents for hydrogen absorption to form the P phase, hydrogen 

gas evolution and desorption of absorbed hydrogen are all greater A)r the thicker 

film (Qoep =11 }iC). However, the enhancement of currents was limited, taking 

into account that the thicker film (Qog, = 11 fiC) had about twice the 

electroactive area of the thinner film = 5.5 |iC). Close observation of the 

currents Sir the hydrogen absorption to 6rm the P phase (cathodic scan; —0.70 

-0.84 V), the evolution of hydrogen gas (anodic scan; —1.00 -0.90 V) and 

desorption of absorbed hydrogen (anodic scan; —0.64 ^ —0.60 V) reveals that the 

currents on the Hre Pd film with 0%^ = 11 ^C are only 1.3 - 1.5 times those on 

the Sim with Qog, = 5.5 îC. As a result, p phase formation peak shifted 

negative and the peak for desorption of absorbed hydrogen shifted positive. 

The limited enhancement is presumably due to the pore length of the 

nanostructure. The pH gradient along the pores caused by the proton 

consumption and generation is thought to be more pronounced Ar thicker films, 

because of the greater pore lengths. 

4-1-2. Potentiostatic loading of H 

4-1-2-(1). H/Pd ratio as a function of loading potentials 

To study the hydrogen absorption behaviour of Hre Pd films in detail, the films 

were loaded with hydrogen potentiostatically and the efkct of the loading 

potential on the hydrogen absorption behaviour was investigated. The 

procedure of potentiostatic loading of hydrogen was as Allows. 

First, a &esh Hre Pd film deposited on a Pt microdisc electrode was cycled in a 1 

M H28O4 (-0.65 +0.70 V) solution then in a 0.5 M Na2S04 + H2SO4 solution 

(-0.70 4^ +0.65 V), until stable voltammograms (e.g. Figure 4.1) were obtained. 

The potential was then held at —0.20 V (double layer region) where the current 

was zero. The hydrogen loading was started by stepping the potential &om 

-0.20 V to the loading potential, ^ The potential was held at ^ 6)r the 

loading time, 6, until the current reached a stable value. The length of 6, was 

varied in each case, in order to ensure that sufScient time was allowed 6)r the 
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syBtem to reach the steady state at &. Examples of current transients 

monitored during loading hydrogen at ^ = -0.67 V and -0.75V are shown in 

Figure 4.7. In these examples, the current reached stable values within (= 10 s 

= -0.67 V) and at around t = 45 s ( & = -0.75 V). The shape of the current 

transient will be analysed in 4 1 2 (2). 

< 
=L 

figure Z recoraW znto aa ^ - e fW 

= jzuicrocKece/ectmckiaa 

^ ao/uzizan (p^ 7]5e jw6ea6a/ ;yag jkzn y Ao 

The amount of hydrogen loaded into the Pd film was estimated &om the charge 

under the oxidation peak observed on anodic sweep voltammogram (10 mV s^). 

Figure 4.8 shows the anodic sweep voltammograms recorded after an Hre Pd 

film was loaded with hydrogen at & = -0.67 V and -0.76 V 
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-Linear Ma/î aaiazogzajmg Ar adsorAec^ aat/ aAaorAaf 

.Ayc&iGgBC ao ^ e A / (%) = JJ / / 0 on a ,̂5 /̂jm a5ame^7% azKnx&sc 

e/ecArof/e za a Jtf aa/z/^bn (p^ =7.&@^ Tiecarck</ a^ JO znF 

75e aao(6p g w e ^ a(a/fe(/ imznecKa^e^ aAer fU!?e e/9c6Y)ok R%g /gaokf/ wrẑ A 
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Anodic currents observed below —0.5 V correspond to the oxidation of absorbed 

hydrogen in the Pd film, while the peak at -0.48 V corresponds to the oxidation 

of adsorbed hydrogen on the surface of the film The chaise associated with the 

stripping of hydrogen, Qswa), was calculated by subtracting the chaise 6 r 

double layer charging firom the whole anodic charge. The double layer charge 

was estimated using the current at -0.25 V as the double layer charging current. 

Thus calculated Qsww for an Hre Pd (B) film (Qoaf = 11 n O as a function of & is 

shown in Figure 4.9. It is important to note here that QswA) is the sum of the 

charges for stripping absorbed and adsorbed hydrogen. 
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In cyclic voltammetiy (e.g. Figure 4.1 and Figure 4.2), the current &)r hydrogen 

adsorption was observed A-om about -0.45 to -0.56 V Similarly, in Figure 4.9, 

QsM5) was virtually zero until -0.45 V when QawA) began to increase. ^awW 

continued to increase until -0.56 V when the rising slope became less steep. 

Hence, it is assumed that the Qsw%> value (at -0.55 V) of 0.14 (iC corresponds to 

the desorption of adsorbed hydrogen on the film. Comparing this charge with 

the oxide stripping charge obtained in Chapter 3, the coverage is estimated to be 

0.37 H atoms per surface Pd atom. 

Assuming that hydrogen adsorption is completed at —0.55 y the stripping 

charges 6 r absorbed hydrogen can be calculated by subtracting 0.14 nC &om 

This charge can be converted into the ratio of hydrogen to palladium at 

each potential by using the 0 ; ^ (the Pd 61m deposition charge) together with 

the Faradaic efSciency of Pd deposition efficiency. The Faradaic efficiency of 
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98 % was used in this calculation (the e&ciency was reported to be as high as 

96 98 %ioo 102) T2ie H/Pd ratios thus calculated are plotted against & and 

shown in Figure 4.10. The results obtained using Hre Pd (B) with two difkrent 

ie. 11 pC and 44 nC, are shown in the graph. 
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Below —0.55 y the H/Pd ratio increases gradually and reached a small plateau 

(-0.625 —0.65 V) of about H/Pd =0.025. This H/Pd ratio is close to the reported 

maximum solubihty of hydrogen (0.03) in the a phase. The H/Pd ratio began to 

increase again and rose sharply at around —0.71 y which corresponds to the 

6rmation of the P phase. The sharp rise began from an H/Pd ratio of about 0.1 

and ended at about 0.5. At more cathodic potentials the H[/Pd ratio continued 

to increase gradually in the P phase Pd hydride region. The Hre Pd films with 

difkrent thickness ($a^ = 1 1 and 44 fiC) showed almost identical relations 

between H/Pd ratio and ^ The results were similar to that obtained for Hre 
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Pd Glms deposited on 1 mm diameter gold disc electrodes in 1M H2SO4 solutions, 

itqpoirbed tgr IBsudJartt et aJio*, eKxceqpt fttr tlie poteirtlal sluft liue tx) tlie ]pH 

difkrence. 

'ITie inuae iri zit eunsund -(X71 cKHnnespworuiiiyf to the ok-»P ipliase 

transition, was very sharp. The H/Pd ratio rose from about 0.1 to 0.5 in a very 

ruarrcnv poterrtUil iiinige. TTlus isasuit suggpssts iJiaut tlie poterubuil cdF Ili e 

Pd hydride films will be almost constant regardless of the H/Pd ratio over a wide 

H/Pd range (O.l - 0.5). It has to be noted that this constant potential will vary 

with pH at -0.0592 V / pH. This is the basis of the a+p phase Pd hydride pH 

sensors aimed at in the present study. 

4-1 -2-(2). Analysis of current transients 

As discussed above, the open circuit potential of hydrogen-loaded Hre Pd films 

is expected to be almost constant in the H/Pd ratio of about 0.1 - 0.5, in the a+P 

phase region. In the preparation of potentiometric micro pH sensors, Hre Pd 

films should be loaded with hydrogen to H/Pd ratio of 0.5 or higher in order to 

make the most of the wide H/Pd ratio, because Pd hydride electrodes lose 

hydrogen slowly under an open circuit condition (continuous loss of hydrogen 

will be discussed in detail in Chapter 5). The H/Pd ratio of 0.5 or higher can be 

achieved by employing ^ below -0.71 V 

To investigate the hydrogen absorption behaviour at the potentials below -0.71 

V in more detail, current transients recorded durii^ the potentiostatic loading of 

hydrogen into Hre Pd films were analysed. The current transients recorded at 

& = -0.73 y -0.75 and -0.80 V are shown in Figure 4.11. The current 

transient curves showed the same shapes regardless of the ^ ie. the curves 

begin with a large current followed by a sharp decay and after showing a first 

plateau, the current decreases again and reaches a second plateau. The 

current values 6 r the Srst and second plateaus, and the length of the 6rst 

plateau are dependent on the ^ 
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To study the reactions taking place in different regions of the current transients, 

the transient recorded at & = -0.80 V was investigated in more detail First, 

the apphed charge was calculated by integrating the current transient and is 

shown in Figure 4.12 (hne 1). lb estimate the charge used for loading hydrogen 

into the film as a function of the loading time, (z, the potential was swept back 

after being held at & (-0.80 V) &)r 23, 35, 46 and 90 seconds. The strippii^ 

charges were calculated by integrating the current on the reverse sweep 

voltammograms and are shown in Figure 4.12 (open circles with the line 2). 

Two features can be 5)und from Figure 4.12. First, the stripping charge 

remained constant after 35 s, which shows that the total amount of hydrogen 

adsorbed and absorbed to the Pd Elm was constant although the applied charge 

increased continuously in this period. This indicates that the H absorption into 

the Hre Pd film was completed be&re reaching the second plateau, despite the 

substantial cathodic current still flowing in the second plateau region. The 
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current observed during the second plateau is thought to correspond to hydrogen 

gas evolution, since the stripping charge remained constant. 

f / s. 

a /f/n cKa/ne^er/zucmcKsc y i a a A 

aa/ff6ao W Ctzrrez?̂  r̂aaaeni!̂ . 75e ajgpJkf/ c6a/ge 

ca&u/aAef/ /tAe czzmevaẑ  6angfeazl TBe cAazgeg^ Ar a(6or6e(/ 

an(/ aAgor6e(/ ̂ ckigez) ^ / n ^ e A / ca/pzz6de(/ A«n zeyense awe^ 

via/̂ aauoograma .̂ 

Secondly; at ^ = 23 s, the stripping charge was approximately equal to the 

applied charge. It indicates that adsorption and absorption of hydrc^en 

occurred at about 100 % Faradaic efBciency until the end of the Grst plateau. 

94 
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In the same way the current transient recorded at & = -0.73 V and -0.75 V 

were analysed. Their apphed chaises and stripping chaises were calculated 5}r 

several conditions (.& and 6), and results are shown in Table 4.2, together with 

the results 6 r & = -0.80 V The results 6)r & = —0.73 and -0.75 V were 

consistent with those for & = -0.80 V For ^ = -0.75 the Faradaic efEiciency 

was 100 % at the end of the Srst plateau (^= 50 s), but &11 to 96 % at 120 s 

because of the current in the second plateau region (assumed to be Hs evolution 

current). For ^ = -0.73 y although the current reached the second plateau at 

around 150 s, the Faradaic efSciency was still about 100 % at t = 180 s, since 

the current in the second plateau region was negligibly small. 

o f A f a c K o g " of a/z /F/m = 

No. in EL tL Applied Stripping Faradaic 
Rgure 4.12 / V / S. charge / (iG charge* / (iG efficiency / % 

(A) (B) -(B)/(A) X 100 

1 -0.73 180 -13.8 13.6 99 

2 -0.75 120 -14.8 14.2 96 
50 -12.4 12.5 101 

3 -0.80 90 -20.8 14.9 72 
45 -16.8 14.9 89 
35 -15.3 14.7 96 
23 -12.3 12.4 101 

* The charges for the double layer charging (» 0.1 îG) were not subtracted from the data. 

lb summarize the results mentioned above, the reactions during hydrogen 

loading can be described as shown in Figure 4.13. The current transient curve 

begins with a large current, which is thought to correspond chiefly to hydrogen 

adsorption and a phase formation (the chaise 6)r double layer chaining is 

smaller by an order), followed by a sharp decay. Hydrogen absorption to farm 

a+P phase is completed by the end of the Grst plateau, at the Faradaic efSciency 

of about 100%. After completion of hydrogen adsorption and absorption, 

hydrogen gas starts to evolve (second plateau). Currents for the Srst plateau and 

for the second plateau are both dependent on the ^ The more negative the 
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higher the driving 5)rce, the higher the rate of absorption and the shorter the 

length of the Grst plateau. 

2nd plateau 

f = 0 - 1st plateau 

H+ + e H (Pd-H) H+ + e 

^ : very small) 

<Sk6e/naAc cKagram (zf /Ae ^ycinogea Teac^as jz/ace Juziqg 

yoacfu%"j6j;Y6Y)gKa ia/o Af jSZois on //za d/a/ne^r azzicfDcKsc 

^ .%6%f go7z/̂ bj3g 

Two practically useful conclusions can be drawn &oni the results. Firstly; the 

H/Pd ratio of the Hre Pd Glms can be controlled by varying 6. Secondly, the 

exact amount of hydrogen loaded to Hre Pd films can simply be estimated &om 

the chaise passed during loading, on the condition that 6, is in the Grst plateau 

region. 

4-1-2-(3). Degradation of Hi-e Pd film 

Bartlett et al̂ °̂  studied hydrogen evolution reaction on Hi e Pd films deposited 

on Au electrodes (</= Imm) and reported that the electrodes were stable towards 

repeated cycling to 5)rm the P phase. They concluded that the hydrogen 
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insertion and concomitant lattice expansion does not destroy the nanostructure. 

Similarly in the present study, hydrogen absorption and desorption by Hre Pd 

Sims on Pt microdisc electrodes did not cause an abrupt change in 

electrochemical response. This conGrms that the nanostructure of Hre Pd 

films is basically resistive to the lattice parameter expansion of about 3% (3.882 

-4̂  4.017)^^ caused by the insertion of hydrogen to 6)rm the P phase. 

However, it was found in the present study that the repetitive absorption (p 

phase formation) / desoiption of hydrogen causes a gradual decrease in the 

amount of hydrogen absorbed into the film (at a Sxed .&). For example, after 

repeatedly loading with hydrogen &)r 20 times (j& = -0.75 V), an Hi e Pd (B) 61m 

(^0^ = 11 nC) absorbed about 85 % of hydrogen compared to that be&re the 

repetitive loading. The electroactive area estimated &om the 8ur6^ce oxide 

stripping charge was also found to decrease after the repetitive loading. These 

results suggest that Pd is lost gradually by repetitive absorption (p phase 

formation) / desorption of hydrogen. Hence, Areshly prepared Hi e Pd films 

were used 6)r each experiment in the present study 

4-2. Hydrogen absorption behaviour in solutions containing 
other supporting electrolytes (pH % 2) 

Considering the apphcation of Hre Pd hydride micro pH sensors to various 

solutions, the hydrogen absorption behaviour of Hi e Pd films was studied in 

solutions (pH % 2) containing KCl or NaClOi as supporting electrolytes. 

Hydrogen absorption behaviour in a solution without additional background 

electrolyte (only containing a proton source) was also studied briefly. 

4-2-1. Fundamental electrochemical behaviour 

Prior to the study on the hydrogen absorption behaviour the fundamental 

electrochemistry of Hre Pd fUmm in solutions (pH 2) containing KCl or NaC104 

as supporting electrolytes was studied with cycHc voltammetry. 
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4-2-1-(1). 1 M KCI + HCI solution 

The cychc voltammogram for an Hre Pd 6hn on a Pt microdisc in a deaerated 1 

M KC1+ HCI solution (pH = 1.86) at 20 mV s-̂  is shown in Figure 4.14. 
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J.<96̂  a^ .̂ 0 m y 7&e mAaoiazqgram ivaa jingt gcajineff ziegaAve jkm 0.0 Pf 

jlrs^ qyc/le aecozzf/ qpE/e. 

In this experiment, the Hre Pd 6hn was first cleaned by potential cycling in a 1 

M H2SO4 as was done in other experiments. The electrode was then 

trang&rred to the 1 M KCl + HCI solution. The potential was scanned 

cathodically &om 0.0 V vs SCE, to observe the cathodic currents for hydrogen 

reaction. On the following anodic scan, the corresponding anodic currents were 

also seen. After the double layer region, a massive anodic current was observed 

6om about +0.3 V The current showed a peak at around +0.46 V and 

decreased quickly. On the following cathodic scan, neither currents associated 

with the sur&ce oxide nor with the hydrogen reactions were seen. This 

strongly suggests that the sharp anodic peak was associated with the anodic 

dissolution of Pd. The charge under the peak was 5.1 nC, which is dose to the 
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charge passed 6)r the Hi e Pd film deposition (Qog, = 5.5 |iC). From this result, 

we see that almost all the Pd was dissolved into the solution as a chloride 

complex such as [PdCW^. 

Pd + 4 Cr ^ [PdCW^ + 2 e 

Because of this anodic dissolution to Arm a chloride complex, care was taken not 

to scan the potential of Hre Pd films to anodic region (i.e. beyond 0.2 V vs SCE) 

in 1 M KCl + HCl solutions in the present study. 

4-2-1-(2). 1 M NaCI04 + HCIO4 solution 

A cyclic voltammogram for an Hre Pd film on a Pt microdisc in a deaerated 1 M 

NaC104 + HCIO4 solution (pH = 2.02) at 20 mV s-̂  is shown in Figure 4.14. 
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On the cathodic scan, 6)ur waves of reduction currents corresponding to surface 

oxide stripping (-0.02 V), hydrogen adsorption (—0.57 V), the a phase 
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6)rmation(-0.62 V) and the p phase formation (beginiiing &om -0.67 V) are 

observed. In terms of the cathodic scan, the shape of the voltammogram is 

similar to that recorded in 0.5 M NaaSO* + H2SO4 solutions (eg. Figure 4.1). 

A dif&rence is found on the anodic scan. In the 1 M NaC104 + HCIO4 solution, 

the desorption peak 6)r adsorbed hydrogen (-0.49 V) is clearly smaller than the 

corresponding cathodic peak. Furthermore, a cathodic current is observed &om 

—0.43 V to +0.09 V on the anodic scan. These phenomena were not observed in 

0.5 M Na2S04 + H2SO4 solutions. This difkrence must be attributable to the 

anions contained in the two solutions. 

Perchloric acid and perchlorates are widely and &equently used as supporting 

electrolytes in electrochemical studies because of the low adsorbability of CIO4" 

ions"^. It is an almost general view that CIO4" is stable in aqueous solutions. 

However, Horanyi et al̂ ^̂  have shown that an "unexpected" cathodic current 

appeared during some cyclic voltammetric measurements at platinized 

electrodes, in the presence of HCIO4 supporting electrolytes. They reported 

that the double layer region on the anodic sweep was distorted by the presence of 

the cathodic current, while the cathodic sweep behaved "normally". They 

explained this phenomenon by the reduction of CIO4" ions via loosely adsorbed 

CIO4" species: 

CIO4- +8H+ + 8 e ^ C l + 4H2O, # = 1.54 V 

They explained the reason why the reduction was only seen on the anodic sweep 

as kllows. On the anodic scan, a dean surface is formed aAer the desorption of 

hydrogen, when CIO4" ions can loosely adsorb on the sur&ice and the reduction of 

CIO4" ions can take place. As the adsorption of Cr (product of the reduction) 

and inq)urities proceeds, the surface is blocked and the rate of the process 

decreases. These adsorbates inhibit the adsorption of CIO4I until they are 

eliminated &om the surface by the adsorption of hydrogen. 

Horanyii et al™ later stated that a similar cathodic current was observed &r a 

palladium electrode (data was not shown). Hence, the cathodic current 

observed on the anodic scan in the present study (Figure 4.15) is thought to 

result &om the reduction of CIO4". To veri^ if this is the case with the present 
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study, qyclic voltammetry was performed with different cathodic potential hmits 

and the role of hydrogen adsorption on the negative current on the anodic sweep 

was studied. The resulting voltammograms are shown in Figure 4.16. 
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On the voltammograms with the cathodic limit of —0.70, 0.65 and -0.60 ^ 

appreciable cathodic currents are observed in the double layer region on the 

anodic scan. In these cases, the adsorbates (Cr, impurities etc.) were expected 

to be almost completely replaced by the hydrogen on the preceding cathodic scan. 

When the cathodic limit is -0.55 y the cathodic current on the anodic sweep is 

much smaller, presumably because only part of the adsorbates was removed on 

the cathodic scan. With the cathodic limit of -0.50 and -0.45 y no negative 

section was found on the anodic scan. This can be explained by the blockage of 

the CIO4" adsorption by the adsorbed Cr and / or impurities, which were not 

removed on the preceding cathodic scan. These results are consistent with the 

behaviour reported 6 r Pt by Horanyii et al and hence, the cathodic current 
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observed on the anodic sweep in the present study is attributable to the 

reduction of CIO4" 

4-2-2. Hydrogen absorption behaviour 

Attempts were made to load Hre Pd films with hydrogen potentiostatically in 1 

M KC1+ HCl (pH = 1.86) and 1 M NaC104 + HCIO4 (pH = 2.02) solutions. For 

the loading potential, -0.75 V vs SMSE ( « -0.35 V vs SCE) was employed. This 

& is equivalent to about +0.01 V vs. RHE. 

In the 1 M KC1+ HCl solution = 1.86), an Hre Pd (B) film (0%, = 11 ^C) on 

Pt microdisc (</ = 26 pm) was loaded with hydrogen at & = -0.35 V vs SCE. 

The potential was not (ycled in this solution prior to the loading, since applying 

the positive potential causes the anodic dissolution of the film. The current 

transient recorded during loading hydrogen had similar shapes to those 

recorded in 0.5 M Na2S04 + H2SO4 solution (pH =1.88), ie. two plateaus assumed 

to correspond to hydrogen absorption and hydrogen gas evolution were observed. 

The H/Pd ratio was estimated to be 0.60 &om the stripping charge, which 

indicates that the H/Pd ratio reached the P phase region. 

In the 1 M NaC104 + HCIO4 solution (pH = 2.02), an Hre Pd (B) film = 11 

nC) on Pt microdisc (</ = 25 |im) was loaded with hydrogen at & = -0.75 V vs 

SMSE. Prior to the loading, the potential was cycled in the potential range of 

—0.70 +0.65 V in the loadii^ solution to get reproducible results; the same 

approach as in 0.5 M Na2S04 + H2SO4 solutions was followed. The current 

transient again showed a similar shape to those recorded in 0.5 M Na2S04 + 

H2SO4 solutions. An accurate estimation of the amount of hydrogen loaded in 

the film 6rom the stripping charge was impossible because of the presence of the 

cathodic current corresponding to CIO4" reduction on the anodic scan. However, 

60m the charge calculated by integrating the current observed during loading 

(charge passed before reaching the second plateau), the H/Pd ratio was assumed 

to be about 0.61. 

The results discussed above demonstrate that the potentiostatic hydrogen 

loading to Hre Pd 61ms was possible in 1 M KC1+ HCl (pH = 1.86) and 1 M 
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NaC104 + HCIO4 (pH = 2.02) solutions by employing ^ of about +0.01 V vs. RHE, 

just as in 0.5 M Na2S04 + H2SO4 solutions. The behaviour (current transient) 

was also very similar to that in 0.5 M Na2S04 + H2SO4 solutions. 

Lastl;^ hydrogen absorption behaviour in a solution without additional 

background electrolyte (only containing a proton source) was studied briefly 

with cychc voltammetry. Figure 4.17 shows the cathodic section of a cyclic 

voltammogram &)r an Hre Pd (B) 61m (Qo,̂  = 11 nO on a 25 nm diameter Pt 

microdisc electrode, in a deaerated 0.013 M HCIO4 solution (pH = 1.89) at 20 mV 

s k From the anodic chaise (+3.65 ^C) of the voltammogram, the H/Pd ratio 

appeared to have reached 0.63. From this result, it is also expected to be 

possible to load hydrogen into Hre Pd films potentiostatically in solutions 

without additional background electrolytes. 
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In the voltammogram shown in F^ure 4.17, the cathcxlic peak 6)r hydrogen 

absorption to form the p phase (peak at -0.8 V) is much more positive than that 
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recorded in a 0.5 M Na2S04 + H2SO4 solution (Figure 4.4). This is thought to be 

attributed to the faster supply of protons into the pores due to the migration 

contribution^ in the absence of additional background electrolyte. This can 

lessen the proton concentration change within the pores during hydrogen 

absorption, compared to 0.5 M Na2S04 + H2SO4 solutions where the migration 

contribution is negligible. 

4-3. Effect of pH on H absorption behaviour 

The hydrogen absorption behaviour in solutions with pH higher than 2 is 

discussed in this section. As the pH gets higher, the rate of the absorption 

becomes limited by the concentration of the protons. Figure 4.18 shows cyclic 

voltammograms 6)r an Hre Pd (B) film (Qap = 11 îC) on a 25 |im diameter Pt 

microdisc electrode, in a deaerated 1 M NaC104 + 0.0035 M HCIO4 solution (pH 

= 2.5) at 20 mV s^. The cathodic current for hydrogen absorption to form the P 

phase can be seen below -0.71 V This current reached a plateau of about -0.14 

pA. 

The di&ision limiting current 5)r the proton reduction on microdisc electrodes 

can be calculated using the equation : 

Where zz is the number of electrons transferred, the Faraday constant, Z) is 

the diffusion coefScient, c is the concentration of protons, and a is the radius of 

the microdisc. Substituting a = 1, 7.7 x 10^ cm^ s'̂  0.0035 M and a = 

15 pm, the limiting current was estimated to be 0.156 pA, which is close to the 

plateau current value of -0.14 pA. Hence, rate of hydrogen absorption is 

thought to be limited by diffusion of protons in the solution, at potentials below 

-1.0 V 
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In a solution with pH = 3, 4 and 5, the diffusion limiting current for proton 

reduction is expected to be around SO, 5 and 0.5 nA (assuming that aH+ = [H+]). 

When the rate of hydrogen loading is limited by the diGEusion of protons in the 

solution, the time required to load an Hre Pd Sim (0%, = 11 jiC) with hydrogen 

to H/Pd ratio of 0.6 is estimated to be about 1, 10 and 100 min respectively. 

Hence, to load hydrogen into Hre Pd films rapidly in solutions with a higher 

pHs (approx. pH > 3), the reduction of water has to be used instead of the 

reduction of protons. 

HsO + e -4- H (Pd-H) + OH" 

In the case of solutions with higher pHs (e.g. pH > 3), a much more negative 

overpotential is needed in order to get the reduction of water to proceed and load 

hydrogen quickly into Hre Pd films. 

Figure 4.19 shows qychc voltammograms 6 r an Hre Pd (B) film (gog, = 11 nO 
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on a 25 pjn diameter Pt microdisc electrode in a deaerated 0.5 M Na2S04 + 

NaOH solution (pH = 12.1) recorded at 20 mV B \ The reduction current peak 

at —1.55 V corresponds to the hydrogen absorption to form the P phase (the 

reduction of water). From these voltammograms, we see that the loading 

current of 0.1 pA (comparable to the current in pH = 2 solutions at .& = +0.01 V 

vs. EHE) can be achieved by employing & = -1.45 V vs. SMSE (-0.10 V vs. RHE). 

Hence, by applying sufGcient loading potentials, it is expected to be possible to 

load hydrogen into Hre Pd films quickly even in basic solutions. 
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4-4. Summary 

Overview 

In the present study cathodic electrolysis is employed for loading Hre Pd films 

with hydrogen to prepare Hre Pd hydride micro pH sensors. In this chapter; 

considering the application of the sensors to experiments in 0.5 M Na2S04 + 

H2SO4 (pH « 2), fundamental electrochemistry and hydrogen absorption 

106 



AeAayzbur o f e ^)Bmg 

behaviour of Hre Pd hydride films were studied in the solution. The study was 

extended to solutions (pH » 2) contedning KCi or NaC104 as supporting 

electrolytes and solutions containing no additional background electrolytes. 

The efkct of pH on hydrogen absorption behaviour was also discussed. 

0.5 M Na2S04 + H2SO4 solutions (oH « 2) 

In (ychc voltammetry, peaks on the voltammograms were broadened and shiAed 

as the scan rate was increased. This result is thought to be related to the 

change in proton concentration within the pores of the nanostructure. 

The current transients recorded while loading hydrogen potentiostatically 

showed two plateau regions, which were 6)und to correspond to hydrogen 

absorption and hydrogen gas evolution. It was 5)und possible to control the 

H/Pd ratio of the films by varying the loading potential and / or the loading time. 

The amount of hydrogen loaded to the films can be monitored by the charge 

passed during loading, on the condition that the loading time is in the first 

plateau region. 

Solutionm cnntainine other suDoorting AlArtrolvtes (oH » 2) 

The potentiostatic hydrogen loading of Hre Pd films was possible in 1 M KCI + 

HCl (pH = 1.86) and 1 M NaC104 + HCIO4 (pH = 2.02) solutions by applying the 

loading potential of +0.01 V vs. RHE, just as in 0.5 M Na2S04 + H2SO4 (pH = 

1.88) solutions. The behaviour (current transient) was almost identical to that 

in 0.5 M Na2S04 + H2SO4 solutions, suggesting that the H/Pd ratio of the Sim 

can be controlled in the same way as mentioned above. It is important to note 

that the potential should not be scanned to the sur&ce oxide region in solutions 

containing CI" ions, since it causes anodic dissolution of Pd and loss of the 61m. 

EfkctofoH 

In solutions with higher pHs (approx. pH > 3), rapid loading of hydrogen into 

Hre Pd films can be achieved by using the reduction of water instead of the 

reduction of protons, but this generally requires more negative overpotential 

In a solution with pH = 12.1, it is expected to be possible to load Hre Pd (B) 61ms 

(Qokp = 1 1 |iC) to P phase region within 1 minute, by applying the loading 

potential of-1.45 V vs. SMSE (-0.10 V vs. RHE). 
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PotentioBtatic loading of hydrogen 

In the Allowing chapter, the potentiometric response of Hre Pd hydride 

microelectrodes will be discussed. Before the potentiometric measurement, 

Hre Pd films were loaded with hydrogen potentiostatically in various solutions 

with pH * 2. A loading potential equivalent to +0.01 V vs. RHE ( & = -0.75 V vs. 

SM8E or -0.35 V vs SCE) was mainly used and the H/Pd ratio was controlled by 

varying the loading time. The loading potential was determined as such 5)r two 

reasons; (l) at more positive potential, longer loading time is required (ie. >1 

min), (2) at more negative potential, the loading is so rapid that precise control 

of the H/Pd ratio (via the loading time) becomes difGcult. 
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Chapter 5. Potentiometric response of Hi-e Pd-hvdhde 
microelectrodes 

5-1. Potential - time curves after hydrogen loading 

5-1-1. 0.5 IVI Na2S04 + H2SO4 (pH » 2) solution 

The potential of Hre Pd hydride microelectrodeB was monitored in deaerated 0.5 

M Na2S04 + 0.05 M H2SO4 (pH = 1.88) solutions at 25°C. First, Hre Pd films 

on Pt microdisc electrodes were loaded with hydrogen at —0.75 V to the P phase 

region. The electric circuit was then opened and the potential with 

respect to the SMSE was monitored in the same solution. While monitoring the 

a blanket of argon was maintained above the solution to prevent air 6rom 

entering the solution throughout the measurement. 

A typical time curve for an Hre Pd (B) Elm : 11 p̂ C) loaded with 

hydrogen is shown in .Rgure 
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The potential rose slowly &om the loading potential of—0.75 V to reach a plateau 

at minutes. The potential was stable at -0.7033 ± 0.0012 V &om f = /̂ to 

6 and started to rise again. 

5-1-1-(1). Removal of hydrogen under open circuit conditions 

The shape of the potential - time curve shown in Figure 5.1 was similar to those 

previously reported by Jasinski^ for palladium black plated bulk palladium 

electrodes, loaded with hydrogen electrolytically In his study the electrode 

was loaded in deaerated 1 N H2SO4 solutions and the potential was monitored in 

various aerated solutions. The rise in potential aAer the plateau was explained 

by a decrease in H/Pd ratio to reach the a phase region, due to oxidation of 

sorbed hydrogen by dissolved oxygen. 

To check if hydrogen absorbed in the Hi e Pd film was lost while monitoring the 

potential in the present study (Figure 5.1), the amount of hydrogen remaining in 

the Sim wEis estimated &om the stripping charge of an anodic potential sweep. 

The voltammogram conducted after the potential measurement (180 min.) is 

shown in Figure 5.2. A typical anodic sweep immediately after the loading 

procedure (without the potential measurement) is also shown for comparison. 

It is clear &om the Ggure that most of the hydrogen absorbed in the Hre Pd 81m 

was lost during the potential measurement. The H/Pd ratio after the potential 

measurement was estimated to be about 0.03 &om the stripping charge. This 

indicates that the potential began to slowly shift positively as the H/ Pd ratio 

approached the a phase region. 
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The results shown above prove that hydrogen was removed while monitoring the 

potential, despite operating under open circuit conditions. There are two 

possible pathways for hydrogen removal which can take place in parallel; 

namely the oxidation and the recombination processes. 

In the present study (Figure 5.1), the solution was deaerated thoroughly and 

extremely pure reagents were used to prepare the test solutions. Trace 

quantities of impurities (oxidizing species) or oxygen, however, could stiU cause 

the oxidation process: 

H(Pd-H)-4 .H++e 

On the other hand, hydrogen absorbed in palladium has a tendency^ to leave 
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the metal under open circuit conditions even in the absence of oxidizing agents, 

by the recombination process^'' This can be explained by considerii^ the 

equilibrium: 

2H(Pd-H) ^ 

As discussed in Chapter 1, the pressure of hydrogen when the reaction described 

by Equation 5.2 is in equilibrium is about 0.02 atm^ at 25 °C. Under the 

present experimental conditions, the equilibrium is shifted towards the right 

because of the absence of hydrogen outside the palladium (the solution was 

deaerated with Ar). 

5-1-1-(2). Plateau region 

The potential was very stable at about -0.703 V vs. SMSE between and 

This was assumed to correspond to the potential for a+p phase Pd hydride. To 

compare this potential with the reported values for conventional Pd hydride 

electrodes, the potential was converted to that with respect to RHE (Reversible 

hydrogen electrode). The potential of the RHE at 25 °C can be described by: 

-0.05916 pH / V vs. SHE 

Hence, in a 0.5 M Na2S04 + 0.05 M H2SO4 solution (pH=:1.88) at 25 °C, 

+0.640 / V vs. SHE^ 

= +0.640 + 0.05916 pH / V vs. RHE 

= +0.751 / V vs. RHE (pH = 1.88) 

The stable potential of about -0.703 V vs. SMSE observed in Figure 5.1 is, 

thereAre, equivalent to +0.048 V vs. RHE. This reasonably agrees with the 

reported values^ ^ ™ ^ (around +0.050 mV vs. RHE) for conventional a+p 

phase Pd hydride electrodes in various solutions. As was discussed in Chapter 

1, the potential determining reaction 5)r Pd hydride electrodes is : 
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In the (i+P region, the potential (jG&tfa) solely depends on pH (at a Gxed 

temperature), since the activity of hydrogen in the palladium hydride lattice 

(fZagw ai) is independent ofH/Pd ratio in this region, as discussed in Chapter 1. 

5-1-1-(3). 0 < f < f, 

In Figure 6.1 the rise in potential (0 < ^ < ĵ) be&re reaching the stable potential 

for a+P phase is thought to correspond to the P phase. In the P phase region, 

is known to depend on the H/Pd ratio^ The rise in potential is 

associated with the decrease in H/Pd ratio due to the removal of hydrogen by the 

oxidation and/or recombination processes. 

The time, required &)r reaching the plateau depends on the initial H/Pd value 

of the Hre Pd hydride Shns. Figure 5.3 shows - time curves 6)r Hre 

Pd hydride electrodes with various initial H/Pd ratios. The H/Pd ratio was 

controlled by varying the loading time. For the AT mm with H/Pd of 0.69 and 0.51, 

about fifteen and ten minutes respectively were needed for the potential to 

stabilize. In the case of Hre Pd films with H/Pd ratio of 0.42 and 0.28, the 

stable potential for a+P phase was reached almost instantly For the Hre Pd 

51m with H/Pd = 0.10, the potential began to rise slowly 6om the potential of 

a+P phase soon after the beginning of the measurement. It can be concluded 

&om these results that Hre Pd hydride microelectrodes show the stable 

potential 5)r a+P phase when the H/Pd ratio is about 0.1 - 0.5. It is noteworthy 

that the stable potential can be obtained immediately after loading hydrogen to 

Hre Pd films by controlling the H/Pd ratio to «0.5 or lower. The H/Pd ratio can 

be controlled by varying the loading potential and the loading time, as discussed 

in the preceding chapter. 
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Figure 5.3. Open circuit potential ofHre Pd (A) Glms (Qmp • 11 piC) on a 25pim 

diameter Pt microelectrode in a deaerated 0.5 M NasSO^, 0.05 M H2SO4 solution 

immediately after loading H at EL = -0.73 V. The H/Pdratio was controlled by the 

AwduyrjaBedkA 

It has been reported for conventional palladium electrodes that electrolytic 

loading of hydrogen leads to higher hydrogen concentrations at the surface than 

in the bulk palladium, which result in a long ti (time to reach the plateau). To 

minimize this concentration gradient, anodization procedures were employed by 

several workers®^' The anodization procedures involve reversing the current 

for a short time after terminating the cathodic loading current; this is then 

followed by the measurement of the open circuit potential. In the case of H r e 

Pd films, however, the time taken for an H atom to diflRase through the wall 

(2.0-2.5 nm) of the nanostructure is calculated to be of the order of 50 

nanoseconds (the diffusion coefficients of H in the a and P phases are around 

2x10 ? and 2x10 ® cm^ s'^ respectively). Thus immediately after cathodization 

the concentration of hydrogen can be assumed to be constant throughout the 

thickness of the pore wall, and for this reason anodization was not employed in 

the present study. 
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AAer showing the stable potential 5)r a+P phase, the jEh/vy began to rise slowly 

This is consistent with an increase of H/Pd ratio, as it approaches the a phase 

region, the potential has been reported to depend on the H/Pd ratio^ 

5-1-1-(5). Plateau potential and lifetime of Hi-e Pd hydride microelectrodes 

In this section, the eGects of the Sim thickness (controlled by the 

geometric diameter and the nanostructure (dependent on the surfactant 

contained in the plating mixture) on the plateau potential for a+P phase and the 

lifetime (the length of the plateau) are discussed. Open circuit potential — time 

curves 6)r various Hre Pd films on Pt microdisc electrodes are studied, using the 

same experimental procedure as that described in 5 1 1 . 

The overall shape of the resulting curve 6 r each electrode was similar to that 

shown in Figure 6.1. The plateau potential (^k), and the lifetime ( 6 - 2̂) 

for each case are listed in Table 5.1. Here, the potential at the time when 

&&V Vd^is minimum (typically, 1 mV h 0 in the plateau region was taken as 

and the length of time where ^ ±0.0012 V (equivalent to ±0.02 in pH 

unit at 25 °C) was taken as the h&time ( 6 - ẑ). 

Variation in found among ten diGerent Hre Pd films was very small 

ranged &om -0.7049 V to -0.7032 V vs. SMSE (approx. +0.046 - +0.048 V vs 

RHE). The diameter, the Qoep and the surfactant added in the plating mixture 

did not show appreciable eSect on the value. 
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Ekcbodetype Subsdafc Deposition of films Resulb 

Mata ia l Nominal 

diameter 

/ p m 

Sur&ctant Cbaige Cbaige 

density 

/ C c m ^ 

Hateau 

potential 

E f , / V 
ti 

/m in . 

^7 

/m in . 

Li fet ime 

- f / 

/m in . 

H l - e P d ( A ) Pt 25 C.^EQ, 11 2.2 -0.7045 

4).7049 

13 

15 

77 

76 

64 

61 

H l - e P d ( B ) Pt 25 Bn j@56 5.5 1.1 -0.7032 

-0.7033 

20 

10 

51 

49 

31 

39 

Pt 25 B r i i ® 5 6 11 2-2 -0.7033 

-0.7037 

17 

28 

97 

94 

80 

66 

Pt 25 B r g ® 5 6 22 4.5 -0.7040 

-0.7035 

31 

54 

210 

185 

179 

131 

Pt 10 B r g ® 56 ] .8 2.2 -0.7034 

-0.7037 

] 3 

6 

50 

33 

37 

27 

Hi e Pd hydride microelectrodes had hmited lifetime because of the removal of 

hydrogen loaded in the film under the open circuit condition. Comparing Hre 

Pd (B) Sims on 26 {im diameter Pt microdiscs with different (6.5, 11 and 22 

nC) in Table 5.1, the lifetime (tz - î) as well as and 6 was approximately 

proportional to Qcbp. This suggests that the removal rate of hydrogen is 

independent of when the Hre Pd Glms have the same nanostructure and 

close geometric diameters. 

The effect of the diameter on the lifetime can be discussed by comparing Hre Pd 

(B) 51ms with the same charge density (2.2 C m^) on Pt microdisc electrodes 

with difkrent diameters (25 and 10 ^m). The Hre Pd (B) films on 25 ^m 

microdiscs showed greater 6, 2̂ and lifetime (& - than those on 10 pm 

diameter microdiscs by a factor of 2-3 times, although they had the same 

thickness of the Hre Pd film. This suggests that hydrogen removal was 

accelerated by reducing the geometric diameter. 

Comparison between Hre Pd (A) and Hre Pd (B) films reveals that Hre Pd (B) 

showed slightly greater values for 7̂, (2 and the liGstime. As discussed in 

Chapter 3, the electroactive area of Hre Pd (A) films is nearly twice that of Hre 

Pd (B) Sims with the same Considering that the difference in the lifetime 

between two Hre Pd fUmm was small, the efkct of the electroactive area on the 
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rate of hydrogen removal is thought to be small 

l b summarize the results discussed above, the rate of hydrogen removal was 

appreciably faster for the Hre Pd films with smaller diameter; while the eSect of 

the electroactive area on the rate was relatively small. This may suggest that 

the removal rate of hydrogen &om Hre Pd hydride filfnA under open circuit 

potential conditions is controlled by diOusion of oxidizing species (impurities or 

oxygen), considering that the di&ision of species in the solution to a 

microelectrode is faster for smaller electrodes. 

The lifetimes of Hre Pd hydride electrodes on 26 |im diameter Pt microdiscs 

were about 1 - 1 . 5 hours = 11 p-C) and 2 - 3 hours (0%, = 22 ^C), which are 

sufGcient 5)r typical SECM experiments although they are too short 6)r 

continuous process monitoring. In the case of Hre Pd films on 10 (im diameter 

Pt microdiscs, a charge density of 4.5 C m^ = 3.6 n O or more is needed to 

take the lifetime beyond one hour. 

It was difGcult to achieve a lifetime longer than an hour using an Hre Pd 

microelectrode with a diameter still smaller than 10 pm. lb obtain a useful 

lifetime (>1 hr), a further increase in the thickness (Pd deposition charge density 

> 4.5 C m^) is required, which is believed to cause a significant enlargement of 

the diameter, as discussed in Chapter 3. Recessing the Pt microdisc electrode 

be&re Hre Pd film deposition could be a solution 6)r preventing the increase in 

diameter. Using this method, it is expected to be possible to increase the Pd 

deposition charge density to get sufGcient lifetime for SECM experiments, 

without causing the enlargement of the diameter. Well established 

procedures!^ (repetitive potential pulsing in a solution containing CaCk, 

H2O and HCD to etch Platinum microdisc electrodes have been reported. 

5-1-2. Solutions containing other supporting electrolytes 

In order to study the effect of supporting electrolytes on the open circuit 

potential of Hre Pd hydride microelectrodes, vy was monitored in solutions 

(pH - 2) containing 1 M KCl + HCl or 1 M NaClO^ + HCIO4, after the film was 

loaded with hydrogen in each solution. 

117 



5-1-2-(1). 1 M KCI + HCl (pH^ 2) solution 

An Hre Pd (B) film = 11 ^C) was loaded with hydrogen at -0.35 V vs. SCE 

to H/Pd = 0.61 in a 1 M KCI + HCl (pH = 1.86) solution, and its potential 

was monitored in the same solution. The overall shape of the — time 

curve was almost identical to those obtained for 0.6 M Na2S04 + H2SO4 solutions 

(Figure 5.1). The h&time in the 1 M KCI + HCl (pH = 1.86) solution was 65 

minutes, which is comparable to that in 0.6 M Na2S04 + H28O4 solutions (shown 

in Table 5.1). It has to be noted, however; that the li&times observed in 

diSerent solutions cannot be compared directly since impurities contained in the 

reagents used to prepare the solutions are expected to be dif&rent, which may 

aSect the oxidation rate of hydrogen loaded in the Hre Pd Sims. 

The plateau potential (&%) in the 1 M KCI + HCl solution (pH = 1.86) was 

—0.2987 V SCE. Taking into account the relationship of potential between SCE 

and EHE; 

+0.2412 + 0.05916 pH / V vs. RHE^ 

= +0.361 / V vs. RHE (pH = 1.86) 

the plateau potential in the solution is equivalent to +0.052 V vs. RHE. 

5-1-2-(2). 1 M NaCI04 + HCIO4 (pH » 2) solution 

The open circuit potential of an Hre Pd hydride microelectrode was monitored 

in a 1 M NaC104 + HCIO4 (pH = 2.02) solution. Before the measurement, the 

electrode (Hre Pd (B) film; 0%^ = 11 nC) was loaded with hydrogen at —0.75 V vs. 

SMCE to H/Pd = 0.61, in the same solution. Overall the time curve had 

a similar shape to those obtained in 0.6 M Na2S04 + H2SO4 and 1 M KCI + HCl 

solutions, although a difference was found after (2, As shown in Figure 6.4, at 

about ( = 8 0 min, the g began to rise rather quickly then rose very sharply at 

about ( = 100 min. The steep rise in potential was in contrast to the results 

obtained in 0.5 M Na2S04 + H2SO4 and 1 M KCI + HCl solutions, where the 
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potential rise after ^= 6was much slower. 

As discussed in the preceding chapter; reduction of CIO4" can take place at Hre 

Pd films in the absence of adsorbed species. The sharp rise in potential after ^= 

6 is presumably due to the CIO4" reduction, which may accelerate the oxidation 

of hydrogen. 

- 0 . 2 

LU (O 
5 (/) g 

f/min 
120 

Open cmcmt o/aa ^ e TV cm a 

aKa/nê er 7% ^ a ckaera^<f J Af ao/uAk/? 

yzDznec&a^e/raAer -A 7^ 

The lifetime in the 1 M NaC104 + HCIO4 solution (pH = 2.02) was 46 minutes, 

which is shorter than those in Na2S04 + H2SO4 and KCI + HCl solutions. 

Oxidation of hydrogen at the surface by CIO4" might have accelerated the 

removal of hydrogen, although the diSerence in li&time between various 

solutions cannot be attributed directly to the eSect of anions, because of the 

difkrence in impurities contained in the reagents. 

The plateau potential (.&%) in the 1 M NaC104 + HCIO4 solution (pH = 2.02) was 

-0.697 V SMSE, which is equivalent to about +0.063 V vs. RHE +0.760 

V vs. RHE at this pH). Slight variations were found for the plateau potential 

values in dif&rent solutions, 1 M NaC104 + HCIO4, Na2S04 + H2SO4 and KCI + 
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HCl solutions (+0.046 - +0.063 V vs. RHE). However, it is diMcult to discuss 

this diG&rence in detail, because of the uncertainty in the liquid junction 

potential C&J between the test solution and the re&rence electrode solution. 

.&/will be discussed in detail in 5-21. 

5-2. Potential in solutions with different pH 

5-2-1. Calibration curves 

5-2-1-(1). 0.5 M NazSO* solutions 

To study the potentiometric pH response of Hre Pd hydride microelectrodes, 

titrations were performed in solutions containing 0.5 M NagSO,*. In each 

experiment, an Hre (B) Pd film on a Pt microdisc electrode was loaded with 

hydrogen cathodically at —0.75 y in a 0.5 M NazSOA + 0.05 M H2SO4 solution. 

The open circuit potential was monitored in the same solution, and the 

titration was started after the reached the stable value corresponding to 

the a+P phase. Diluted NaOH was added to raise the pH and diluted H2SO4 to 

lower the pH. Ar was bubbled continuously during the titration 6)r two 

purposes, to deaerate and to stir the solution. During the titration, and 

the output of a combination glass pH electrode were monitored simultaneously 

An example of the result of titrations is shown in Figure 5.5 The 

responded quickly when the pH was changed, and was very stable after 

each addition of NaOH or H2SO4. The response time will be discussed in 

section 5 2-2. 
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mKn̂ eAsĉ vdiag 

For each plateau in Figure 5.5, a^was read and plotted as a function ofpH, as 

shown in Figure 5.6. Here, the output of the combination pH electrode (in V) 

was converted to pH using a calibration curve obtained before the titration. In 

addition, the .&v:gand the pH were measured in a bufkr solution (0.5 M Na2S04 

+ 0.025 M NaH2P04 + 0.025 M Na2HP04) before and after the titration and also 

plotted on the graph. The excellent linearity of the vs. pH relationship 

can be seen 6rom the graph. All the plots for both 5)rward and reverse 

titrations are on a straight line, which proves that the potentiometric pH 

response of the Hre Pd hydride microelectrode is highly reversible. 

(/) 
S 
(O 
« 

pH 

ca&6ra6b/z curve Aazn gAown la 

& J in a A J JkT Q, Arwarc/ wag 

aoMeff// ^ zeyerse 66"a ẑaa ivag acMef /̂ Zl, ia & Af 

Af Af jgAo^Aa^ 

Aiz^r (aAer 

l b E i s s e s s the reproducibihty of the potentiometric pH response of Hre 

Pd'hydride microelectrodes, two further titrations were per&rmed using two 

different electrodes (0)^, = 22 and 44 nC). The plateau and pH values are 

plotted in Figure 5.7, together with the results shown in Figure 5.6. All the 

plots &om three diSerent electrodes are on a straight line with very small 

dispersion, which proves the excellent reproducibihty of potentiometric pH 
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response among dif&rent electrodes. 

By linear regression, correlation between and pH in 0.6 M NazSOj 

solutions was calculated to be : 

E -0.5891-0.0587 pH /vs.SMSE 

= 0.99986 

The slope (—0.0587 V/pH) is in good agreement with the theoretical value (—2.303 

.^7771^= -0.0592 V/pH 6)r 25 °C and n=l). The intercept was -0.05891 V vs. 

SMSE, which is equivalent to about +0.051 V vs. SHE. This reasonably agrees 

with previous works for conventional Pd hydride electrodes, where the plateau 

potentials for a+p phase were reported to be about +0.050 V vs. RHE in various 

solutions. However, discussion of the absolute values measured in the present 

study requires the consideration of liquid junction potentials (&J between the 

reference electrode solution and the test solution. 

HI 
(O 
S 
(O 
> 

m 

pH 

ckaera^f/ A JAf (KAere ^6^ ^^ra^bzzs were 

(3/(^ Qoep = Ĵ fwarcF/TTeyKTse ^zfira^aa/ Anva/t/ 
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Liaiiid junction potential 

Concentration gradients exist between two dUGkrent solutions (liquid junction). 

The liquid junction is not at equilibrium, because net Sows of mass occur 

continuously across the junction. However, a mass transport steady state is 

reached ultimately when the eSects of diOusion and migration are balanced out. 

Liquid junction potentials can be classiGed into three types'^ : 

(a) Two solutions of the same electrolyte at different concentrations! e.g. 0.01 M 

HCl/O.lMHCl. 

(b) Two solutions at the same concentration with diSerent electrolytes having an 

ion in common; e.g. 0.1 M HCl / 0.1 M KCl. 

(c) Two solutions not satis^ing conditions (a) or (b); e.g. 0.1 M HCl / 0.05 M 

KNOs. 

While the for type (a) junctions can be determined by calculation 

independent of the method of 6)rming the junction, type (b) and (c) junctions 

have potentials that depend on the technique of junction formation and can be 

treated only in an approximate manner. 

Liquid junctions between the reference electrode solution and the test solution 

in the present study all belong to type (c). Approximate values 6)r for type 

(b) and (c) junctions can be obtained by making assumptions that the 

concentrations of ions everywhere in the junction are equivalent to activities, 

that ionic mobilities are independent of concentration, and that the 

concentration of each ion follows a linear transition between the two phases. 

Then, for type (b) and (c) junctions can be estimated by the Henderson 

equation!^: 

[C, (/?)-£•,(«)] 2 ] | z , k c , ( a ) 

" Z k , k k ( / ) ) - c , ( a ) ] F X1*.KC,(A) 

where w is the mobility & the charge, G the molar concentration of species i 
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It is impossible to estimate the liquid junction potential 6)r the junction! 

K2SO4 (sat.) / 0.6 M Na2S04 + H2SO4 (+ NaOH) 

since the activity coefBcients for the species in the solution is far from unity ie. 

the mean activity coefGcients, Y±, for saturated K2SO4 (» 0.7 M) and 0.6 M 

Na2S04 are 0.23 and 0.24 respectively^. 

5-2-1-(2). Buffer solutions 

To assess the absolute values of the potential of Hre Pd hydride microelectrodes 

and compare them with reported values more precisely, potentiometric 

measurements were per&rmed using systems designed to reduce the liquid 

junction potential. Dilute buf&r solutions were employed as test solutions, 

together with an SCE as the re&rence electrode. In these systems, ionic 

transport at the junction is dominated by KCI (saturated), whose concentration 

is much higher than salts in the test solutions. Owing to the nearly equal 

mobility of K+ and CI", the hquid junction potential can be minimized, although 

accurate values of ^^stiU cannot be calculated. Reported values^ of &/6)r the 

junction between saturated KCI solution and buGer solutions used in the present 

study are summarized in Table 5.2. They ranged 6rom —0.0018 V to -0.0030 V 

LiquM junction Liquid juiKtionpotaidal 

Re&iaice electrode solution Test solution E ̂  / V 

Ka(saL)approx.4.2M 0.01 MHCl -0.0030 

0.05 M KH lAthaMe -0.0026 

0.025 M NaHzPO* + 0.025 M Nâ HPO* -0.0019 

0.025 M NaHCO) + 0.025 M NagCO, -0.0018 

0.01 M NaOH -0.0023 
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The open circuit potential of Hre Pd-hydride microelectrodes was measured in 

the solutions shown in Table 5.2 in the 6Howing manner First, an Hre Pd (B) 

6hn ($o«p = 22|iC) on a 25 pjn diameter Pt microdisc electrode was loaded with 

hydrogen cathodically at —0.75 V in a deaerated 0.6 M NagSOi + 0.05 M H2SO4 

solution. AAer the u&y g reached the stable value corresponding to the a+p 

phase, the electrode was rinsed with purified water and transferred to a test 

solution (also deaerated), thermostated at 25 °C. The potential was monitored 

with respect to SCE for about 3 minutes. The electrode was then rinsed and 

immersed in a deaerated 0.5 M Na^04 + 0.05 M H2SO4 solution. The potential 

was monitored again in this solution to make sure that the electrode was still 

showing the stable potential for a+p phase. The electrode was then rinsed and 

transferred to the next test solution where the potential was monitored. By 

repeating this procedure, the potential of an Hre Pd microelectrode was 

measured in five diSerent solutions listed in Table 5.2. 

Two sets of measurements were conducted and the resulting values of were 

plotted as a function of pH in Figure 5.8. 
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Excellent Imearity and reproducibility are 6)und for the relationship between 

the and the pH. The relationship can be described by : 

=-0.1871-0.0586 pH /vs.SCE 

.2 :0.99997 
& 7 

The slope (-0.0586 V/pH) is in good agreement with the theoretical value. The 

intercept was -0.1871 V vs. SCE, which is equivalent to about +0.054 V vs. 

SHE. . To compare the calibration curve with the predicted line (slope : 2.303 

RT/F = 0.06916 V/pH, intercept : +0.050 V vs. SHE), the potentials of the 

calibration curve were converted to the value with respect to SHE. The 

resulting calibration curve is shown in Figure 5.9, together with the predicted 

line. 
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Potentials were not corrected 5)r variations in the liquid junction potential, since 

the values shown in Table 5.2 can only be used 6 r re&rence purposes. It can be 

seen &om the graph that the diSerence in potential between the calibration 

curve and the predicted line is small in the whole pH range investigated in the 

present study The diOerences were about 0.005 V at pH = 2 and about 0.011 V 

at pH = 12. Considering the expected experimental errors: 

(a) Change in .&kf gwith time: - ±1.2mV 

(b) Potential of SCE: - ±lmV 

(c) Temperature control of the experimental cell: ±1 °C; corresponding to -

±0.7 m W - ±0.7 mVi (SCE). 

(d) Liquid junction potential: - ±3 mV 

it can be concluded that the potentiometric pH response of Hre Pd hydride 

electrodes was almost theoretical and ideal 

5-2-1-(3). Discussion 

From the results shown above, Hre Pd hydride microelectrodes are shown to be 

excellent potentiometric micro pH sensors, on the condition that a calibration 

has been performed using the same system (the test solution and the reference 

electrode). The potential vs. pH calibration curves for Hre Pd hydride 

microelectrodes appear to possess excellent linearity. Furthermore, the 

potentiometric pH response is highly reversible Ar 6)rward and reverse titration, 

and results &om three diSerent electrodes show an excellent reprodudbihty. 

Once calibration is conducted using an electrode, further calibration (R)r each 

electrode, or beAre and after the experiments) is believed to be unnecessary, 

thanks to the excellent reproducibility 

The reproducibility and linearity are a dear advantage over other 

potentiometric micro pH sensors, whose potentiometric response often varies 

&om one electrode to another. For most potentiometric micro pH sensors, 

calibration be&re and after performing the pH measurement experiments is 

required and if the two calibrations show significant diKerences, the experiment 

has to be discarded and repeated'^. 
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From the eourcee of errors diecuBsed above (a-d), the expected error is less than 

- ±0.003 V (corresponding to 0.06 pH units), on the condition that a calibration 

has been performed using the same test solution and the reference electrode (by 

performing a cahbration using the same system, the liquid junction potential is 

incorporated in the calibration curve). 

It is noteworthy that a care has to be taken to the error in pH values of solutions 

used 6)r calibration. For example, if a combination pH electrode is used, the 

error can be caused by the potential of the pH electrode (temperature 

dependence etc.) and the liquid junction potential between the test solution and 

the solution of the built-in reference electrode. 

The slope and the intercept of the calibration curve obtained in the dilute buSer 

solutions agreed reasonably with the previous reports where the potentials of 

a+p phase Pd hydride electrodes were +0.050 V vs RHE. It proves that the 

potentiometric pH response of the Hi e Pd hydride microelectrodes is almost 

theoretical. Hence, using systems where the liquid junction potential is small 

(ie. < 0.003 V), an approximate measurement (accuracy - ± 0.2 pH unit) is 

possible using the predicted line instead of a calibration curve. 

5-2-2. Response Time 

The potentials monitored Ar 30 s. A-om the time when an Hre Pd hydride 

electrode was placed (̂  = O) in solutions with difkrent pH are shown in Figure 

5.10. The electrode was loaded with hydrogen in a 0.5 M Na2S04 + 0.05 M 

H2SO4 solution and rinsed with puriGed water be&re beir^ trans&rred to each 

solution. 

As can be seen from the graph, the potential responded quickly when the 

electrode was placed in each solution, i.e. the potential reached a stable value 

within 1 s. In order to evaluate the response time quantitatively in more detail, 

however; further investigation is necessary. 
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5-3. Influence of dissolved oxygen 

5-3-1. Current transient while loading hydrogen in an aerated 
solution 

To 388688 the po88ibihty of applying Hre Pd hydride microelectrodes a8 micro 

pH sensors in aerated solutions, an Hre Pd (B) film was loaded with hydrogen in 

an aerated 0.5 M Na2S04 + 0.05 M H2SO4 solution and the potential was 

monitored in the same solution. A current transient recorded while loading 

hydrogen into the film is shown in Figure 5.11. The shape of the current 

transient is similar to that obtained in a deaerated solution which is also shown 

in F%ure 5.11. The cathodic current was lai^er in a deaerated solution, owing 

to the presence of the reduction current 6 r dissolved oxygen. The difkrence 

was constant at about 9 nA throughout the measurement, suggesting that the 
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oxygen reduction current was independent of hydrogen content of the Hre Pd 

film, at this potential 
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5-3-2. Potential in an aerated solution 

The potential monitored after the loading procedure in the aerated solution is 

shown in Figure 5.12. The potential reached a plateau in 1 minute, and the 

length of the plateau corresponding to the a+p phase was about 3 minutes. 

After the plateau, .SwA^rose rather quickly and at around 6.7 min., rose 

sharply to stabilize at around +0.2 V 

Compared to deaerated conditions, the length of the plateau is significantly 

shorter; which clearly indicates that the removal of hydrogen is accelerated by 

the presence of oxygen. In contrast to the length of the plateau which is 

afGected drastically by the presence of oxygen, the plateau potential value 

(-0.697 V) is only slightly shifted positive (6-7 mV) from the potential in 

deaerated solutions (see Table 5.1). 
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The Hre Pd hydride is thought to be in the P phase between ^ = 0 and Imin., in 

the a+p phase at the plateau potential, and in the a phase Arom around ( = 5 to 

6.7 min. The final potential value of+0.2 V (circa +0.80 V vs. SHE at pH = 2) is 

thought to be the corrosion potential with oxygen reduction and Pd dissolution 

as the cathodic and anodic components'^. It is assumed, therefore, that 

removal of sorbed hydrogen was completed at around t = 5.7 min. 

w -0.2 

w -0.4 

lu -0.6 

f/min 

figure Qpezi ofaa f t / jSZm (Qoep ' oa a 

/un dzame^r znicjioeJectmde ia an aera^etf 0.5̂  Af JVaaSO* 0.0^Af 

aAer -A T/Ar 65g. .AMV = 0.62 .̂ 

At the plateau potential, three electrode reactions are believed to be taking place 

(excluding the reactions associated with impurities) : 

Anodic reaction 

(a) Oxidation of sorbed H ; H (Pd H) + e 

Cathodic reactions 

( c l ) Reduction of protons in the solution; H+ + e H(Pd-H) 

(c-2) Reduction of oxygen dissolved in the solution 
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In a deaerated solution, reaction (a) and ( c l ) proceed at the same rate (exchange 

current density), since reaction (c-2) does not take place. In an aerated solution, 

the rate of reaction (a) and the total rate of reactions (c l) and (c-2) balance. 

Hence, reaction (a) proceeds faster than reaction (c l) to compensate the electron 

transfer corresponding to the reaction (c-2). This accounts 5)r the very short 

length of the plateau potential The plateau potential is assumed to be a mixed 

potential due to the reactions (a), (c l) and (c-2). The potential shift caused by 

the presence of oxygen will be discussed later (in Figure 5.14). 

5-3-3. Oxygen reduction on Hi-e Pd (-hydride) electrodes 

Figure 5.13 shows cyclic voltammograms for the Hi e Pd (B) film used 5)r the 

experiments shown above, obtained in aerated and deaerated solutions. Below 

-0.1 V on the cathodic scan and below 4-0.2 V on the anodic scan, the 

voltammogram recorded in the aerated solution is shifted towards negative 

currents, which is explained by presence of the reduction current 5)r dissolved 

oxygen. Oxygen reduction does not seem to take place when surface oxide is 

present, since the oxygen reduction current in the cathodic scan was observed 

only below —0.1 V Similar behaviour has been r e p o r t e d f o r Pd thin layers on 

Au electrodes. Below —0.2 y the difkrence in current between aerated and 

deaerated solutions was constant at about 9 nA, which is assumed to be the 

diffusion limiting current for oxygen reduction. This value is approximately 

equal to the oxygen reduction current observed during the hydrogen loading 

process at -0.75 V (Figure 5.11). This again conSrms that the oxygen reduction 

current on Hre Pd ( hydride) is independent of hydrogen content in the film. 
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Assuming that the electrode reaction (c-2) was taking place between ^ = 0 and 

5.7 minutes during the measurement (Figure 5.12) at the constant rate 

limited by the diSusion of oxygen, the charge associated with the reaction (c-2) 

passed during this period is : 

9 X 109(A) X 5.7x60(s.) =3.1xlOG(C) 

This value ia close to 2.9 îC, the charge required for oxidation of hydrogen 

loaded in the Hre Pd hydride film (Qo^ = 9.0 jiC, H/Pd = 0.61). This result 

therekre suggests that the extremely short h&time of Hre Pd —hydride 

electrode in the aerated solution is caused by the oxidation of sorted hydrogen in 

combination with the reduction of oxygen, whose rate was controlled by the 

diffusion of oxygen. 

On Pd, there are two possible pathways 6 r the reduction of dissolved oxygen, ie. 

the 6ur electron reduction to 5)rm HgO (O2 + 4H+ + 4e ^ 2H2O) and the two 

electron reduction leading to the formation of H2O2 (O2 + 2H+ + 2e H2O2). 
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Difkrence in the pathway has been reported to arise from adsorption^^ of 

anions or hydrogen (afkcted by anions in the supporting electrolyte and the 

electrode potential). Adsorption of ions reduced the number of electrons &om 4. 

In the case of Pt microdisc electrodes^^ ,̂ high rates of mass transfer (small 

geometric size) have been reported to force the number of electrons to fWI below 

4, because H2O2 escapes by diffusion before it can be Airther reduced to H2O. 

Birkin et alios reported that plating Hre Pt layer to Pt microdisc electrodes 

increased the number of electrons involved in the reaction to -4, because H2O2 

can be reduced straightaway to H2O. 

The elective number of electrons involved in the oxygen reduction on Hre Pd 

( hydride) can be estimated &om the limiting current, using the &)rmula : 

M = 

where ^ is the limiting current (= 9 nA), J^is the Faraday constant (=96485 C 

mol 0, Z) is the di&ision coef&cient of oxygen in the solution, c is the 

concentration of oxygen and a is the geometric radius of the electrode (» 15 pm). 

The diffusion coef&cient and the solubihtiy of oxygen in 0.6 M Na2S04 were not 

5)und in the hterature. A diSusion coefScient of 2x10 ^ cm^ s^ was used 

considering that the reported 2?^values are 1.79x10 cm^ s'̂  (in 1 M 

2.02x10^ cm^ s'l (in 1 M NaOH)̂ ^ ,̂ 2.45x10^ cm^ s ' (in 0.1 M NaOH)'^^ and 

2.29x10 G cm^ s ^ (in 0.1 M NaCD'̂ .̂ On the other hand, reported values for 

oxygen solubihties^^ (oxygen saturated, 1 atm, 25 °C) are : 1.25 mmol dm^ (in 

water), 1.05 mmol dm^ (in 1 M HaSOJ, 0.845 mmol dm^ (in 1 M NaOH ). 

Taking these data into account, the oxygen concentration (air saturated) of 0.2 

mmol dm^ was used in the calculation. 

The number of electrons involved in the reduction of oxygen was estimated to be 

3.9 by approximate calculation using Equation 5.8. The oxygen reduction 

observed on the Hi e Pd ( hydride) electrode was, therefore, assumed to be the 

four electron reduction (O2 + 4H+ + 4e 2H2O) regardless of H/Pd ratio or the 

presence of adsorbed hydrogen on the sur&ce. 
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Chapter 5. Potentiometric response of Hi -e Pd-hydride microelectrodes 

The influence of dissolved oxygen is summarized in Figure 5.14. In an aerated 

solution, the lifetime was very short because of the reaction (c-2). However, the 

shift in the potential was small, which can be explained by the large exchange 

current for the reaction H+ + e H(Pd-H) compared to the current for the 

reaction (c-2). The exchange current was estimated to be about 70 nA for an 

H r e Pd (B) film with Qoep - 11 îC. The estimation of the exchange current wiU 

be discussed in the following chapter, in the context of the comparison between 

normal Pd films and H r e Pd films. 

H(Pd4!)->H* + e 

(0-1) +(c-2) 

-9--

(c-2) O; + 4H+ + 4e - > 
(diffusion controlled; i « 9 nA) 

^mbced, aerated 
Evs SMSE/V 

Figure 5.14. Explanation of the open circuit potentials in deaerated and aerated 

solutions. Eeq •' Equilibrium potential of the reaction H+ + e H(Pd-H), which is 

the potential in deaerated solutions. Emixed, aa-ated ^ Mixed potential of reactions 

(a), (c-l) and (c-2), which is the potential in aerated solutions. Lanes (a) and (c-l) 

were drawn using Tafel equations, on the assumption that a — 0.5, n = 1 andio = 70 

nA. 

5-3-4. Influence of other oxidizing agents 

The influence of oxidizing agents present in the solution can be discussed in the 

same way as in Figure 5.14. The effect of the oxidizing agents can be assessed 

by their hmiting current which reflects the concentration of the agents. 
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minutes in the aerated solution while the limiting current for oxygen reduction 

was about 9 nA. In order to extend the time by a factor of ten, the limiting 

current needs to be smaller than 1 nA. Assuming .a = 1, Z) = 10^ cm^ s'̂ , and a = 

15 pim, the concentration of the oxidising agent which corresponds to &= 1 nA is 

estimated to be about 0.2 mM by calculation using Equation 6.8. From this 

approximate calculation, the concentration of an oxidizing agent, in general, has 

to be lower than around 0.2 mM to get sufGcient length of li&time. Under this 

condition, shift in the potential is expected to be negligrible. 

The lifetime can be lengthened by increasing the thickness of Hre Pd deposits. 

Increasing the deposition charge density over 4.5 C cm^, however; is not ideal 

considering the increase in the diameter and the projection height. As 

discussed previously in this chapter, etching the Pt microdisc electrode bekre 

Hi e Pd film deposition can be a solution 6)r preventing the diameter 

enlargement. On the other hand, applying a protective 61m on the electrode 

can be a measure to prevent the influence of oxidizing agents, and it is an 

interesting topic for future work. 

5-4. Summary 

Overview 

In this chapter; the potentiometric response of Hre Pd hydride microelectrodes 

was studied. Hre Pd films were loaded with hydrogen cathodically under the 

condition discussed in the preceding chapter. The potentiometric pH response 

was found to be stable, reversible, reproducible and almost theoretical in 

deaerated solutions. From the results, Hre Pd hydride microelectrodes are 

believed to be exceDent potentiometric micro pH sensors. 

Potential — time curves in deaerated solutions (nH % 2) 

The potential corresponding to the a+p phase was shown to be very stable (e.g. ± 

0.0012 V for 1 - 1.5 hours in the case of Hre Pd films with = 11 pC, 25 

|im). The potential was close to the reported values 5)r conventional 

Pd hydride electrodes, and was reproducible among different electrodes. Hre 

Pd hydride microelectrodes had limited li&time because of the removal of 
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hydrogen loaded in the film under the open circuit condition, by oxidation and/or 

recombination processes. The h&time was roughly proportional to the 

geometric diameter and the thickness (Pd 61m deposition charge density) of Hre 

Pd Ehns. It is expected to be possible to fabricate Hre Pd hydride electrodes 

possessing sufScient li&time (>1 Hour) with the diameter down to 10 pm, 

without causing a significant enlargement of the geometric size. No 

appreciable dif&rence in the lifetime and the constant potential value fiar the 

a+p phase was observed between 0.5 M Na2S04 + H2SO4, 1 M KCl + HCI and 1 

M NaC104 + HCIO4, solutions (pH % 2), considering the experimental errors and 

the hquid junction potential. 

Potentiometric oH response in deaerated solutions 

The potential of Hre Pdhydride electrodes responded to the pH changes quickly 

(response time < 1 second). The relation between the potential and pH was 

5)und to be linear with a slope of circa -0.059 V / pH over a wide pH range (2 -

12). The potentiometric pH response was reversible 5)r Arward and reverse 

titrations and was reproducible among difkrent Hre Pd hydride electrodes. 

Excellent reproducibility of the response makes it possible to conduct pH 

measurements without calibration before and after the measurements, a 

procedure normally essential for most potentiometric micro pH sensors. The 

calibration curve obtained in dilute buSer solutions was very close to the 

predicted line (slope : 2.303 RT/F = 0.05916 V/pH, intercept: +0.050 V vs. SHE). 

(Considering the experimental errors and the liquid junction potential, it can be 

concluded that the potentiometric pH response of Hre Pd-hydride electrodes is 

almost theoretical 

In&uence of dissolved oxveen 

On Hi e Pd ( hydride) microelectrodes, the diOusion limiting current 6)r oxygen 

reduction (assumed to be O2 + 4H+ + 4e -> 2H2O) was observed in the potential 

range below -0.2 y regardless of the surface coverage of adsorbed hydrogen or 

the H/Pd ratio of the Hre Pd film. Since this reaction leads to the oxidation of 

sorbed hydrogen, the liktime of Hre Pd hydride microelectrodes was so short in 

aerated solutions that they cannot be apphed as potentiometric micro pH 

sensors. However; influence of oxygen on the potential was small, which can be 

explained by the large exchange current 6)r the reaction H+ + e H(Pd-H) 
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compared to the current for the oxygen reduction. 

InGuencA nf nxidiTinfx mpAcies other than oxveen 

Any oxidizing species, in general, is expected to have similar efkct to oxygen. 

From an approximate calculation (assuming ^ = 1, 27= 10 * cm^ s \ and a = 15 

pm), the concentration has to be lower than circa 0.2 mM to get sufGcient 

h&time. Under this condition, shiA in the potential is expected to be negligible. 

It is needless to say that a small amount of noble metal ions is expected to afkct 

the response seriously, not only by accelerating the removal of hydrogen but also 

depositing a sohd on the surface. 
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Chapter 6. Advantage of the nanostructure 

In Chapter 4, the hydrogen absorption behaviour of Hi e Pd films on Pt 

microdisc elecrodes was discussed. It was shown that the jGlms can be loaded 

with hydrogen quickly (- 1 minute) and that the H/Pd ratio can be controlled by 

varying the loading potential and the loading time. In Chapter 5, the 

potentiometric pH response of Hre Pd hydride microelectrodes was shown to be 

rapid, reproducible and almost theoretical in deaerated solutions. 

In this chapter; these outstanding properties will fLrst be compared with the 

properties of "plain Pd films" (Pd Sim without the nanostructure) on Pt 

microdisc electrodes in order to clari^ the role of the nanostructure. Properties 

of "polished Pd microdisc" (Pd microwire sealed in a glass pipette) electrodes will 

then be discussed to see primarily the eSect of hydrogen diffusion into the bulk 

of the microwire. At the end of this chapter; the advantages of the 

nanostructure will be discussed and summarized. 

6-1. Properties of plain Pd fiims on Pt microdisc electrodes 

6-1-1. H absorption behaviour 

Cyclic voltammetry was performed to study the basic electrochemical behaviour 

of plain Pd films deposited on 25 |im diameter Pt microdiscs in a deaerated 0.5 M 

Na2S04 + 0.05 M H2SO4 solution (pH = 1.88). A typical cychc voltammogram 

recorded in a potential range between —0.70 and +0.66 V is shown in Figure 6.1. 

In contrast to the voltammograms 6)r Hi e Pd filmR in the same solution (e.g. 

Figure 4.1), the currents associated with the hydrogen reactions 

(adsorption/desorption and absorption/desorption) cannot be distinguished, 

although a shoulder is observed on each wave for cathodic and anodic scans for 

the plain Pd film. Unresolved peaks on the voltammogram 5)r plain Pd Glms 

can be attributed to the small current associated with adsorbed hydrogen 

compared to the massive current associated with absorbed hydrogen. The 

peaks corresponding to absorbed and adsorbed hydrogen were not clearly 

resolved also in the case of 1 M H2SO4 solution (Figure 3.17, line l). These 
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results are consistent with the reports on conventional palladium electrodes^^. 
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6A W âz5a?(%7%a? Ar a jaZazn Af = 77 oa a .gJ/fzo 
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l b study the hydrogen reactions on the plain Pd films in more detail, the 

potential was scanned to further negative values. The resulting voltammogram 

for a plain Pd film is shown in Figure 6.2, together with that &)r an Hre Pd (B) 

51m with the SEune deposition cheu-ge (0%). 

In the cathodic scan, the current corresponding to the hydrogen absorption into 

the plain Pd film (below —0.70 V) was found to be much smaller than that of the 

Hre Pd (B) 51m. This proves that the rate of hydrogen absorption is greatly 

enhanced by the presence of the nanostructure, in which no point within the 

metal is more than a few nanometres from the surface. In the case of Hre Pd 

films, the time taken 6)r an H atom to difkse through the wall ( 2 - 2 . 5 nm) is 

estimated to be of the order of 50 nanoseconds (the difEudsion coefScients of H in 

the a and P phases are around 2x10^ and 2x10^ cm^ s^ repectively). Diffusion 

of hydrogen through the lattice is expected to be so fast as not to be rate limiting. 

Because of the difEerence in the i%te of hydrogen absorption, it is expected that a 

more negative loading potential and / or a longer loading time have to be 
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employed to load hydrogen to the desired H/Pd ratio in plain Pd 61ms compared 

to Hre Pd films. 
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On the anodic scan, the stripping peak 5)r sorbed hydrogen is more drawn out 

&r the plain Pd film them the Hre Pd film and the current on the plain Pd film 

continued to flow until about -0.2 V Charges passed below -0.2 V was almost 

the same for cathodic and anodic scans (—3.12 p,C and +3.16 p,C respectively). 

This suggests that the cathodic current observed with the plain Pd film was 

associated solely with adsoi^ition and absoi^ption of hydrc^en, not with hydrogen 

gas evolution. From the stripping charge, the plain Pd film is assumed to have 

reached the H/Pd ratio of 0.59. 

lb End the optimum conditions to load plain Pd 61ms with hydrogen, the eSects 

of the loading potential and loading time on the H/Pd ratio of the films were 

studied. In this experiment, the potential was stepped &om —0.20 Y where the 

current was zero, to the loading potential, ^ The potential was held at A)r 

the loading time, 6. lb estimate the amount of hydrogen loaded into the film, 
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the potential was swept back at 10 mV s^ and the anodic chaise passed during 

the sweep was calculated. The H/Pd ratios were calculated assuming the Pd 

Sim deposition efSciency of 98 %. These potentiometric loading experiments 

were conducted aAer a stable cyclic voltammogram similar to Figure 6.1 was 

obtained, in order to get reproducible results. The apphed charge, stripping 

charge and calculated H/Pd value 6)r each loading conditions are listed in Table 

6.1. 

%6/e Z'eAayzbur ofpZain jZZoig on .S'f 

H Loading conditions Results 

Potardal Time Applied diarge Stripping dharge H/Pd 

/z. /s. atomic rado 

-0.75 180 1.49 1.44 0.27 

600 3.74 3.37 0.63 

1800 5.70 3.27 0.61 

-0.80 180 2.25 2.19 0.41 

-0.85 180 4.12 3.79 0.70 

300 5.82 3.66 0.68 

As expected &om the voltammogram shown in Figure 6.2, a more negative & 

and / or longer 6, was required for plain Pd films than Hre Pd (B) films, to 

achieve the H/Pd ratio in the |3 phase region. For instance, about 600 seconds 

(about 15 times longer than 6)r Hre Pd (B)) was needed at .& = -0.75 V By 

applying a more negative -0.85 y 180 seconds was su&cient to achieve an 

H/Pd ratio larger than 0.6. It is interesting to note that the maximum H/Pd 

ratio for plain Pd 51ms at & = -0.75 V was about 0.62, which is comparable to 

that 6 r Hre Pd films. This is consistent with the previous work̂ ^̂  in which 

Hre Pd films are reported to possess the same crystal structure as bulk 

palladium. It has to be noted, however; that the same Faradaic efEciency was 

assumed for the deposition of the two difkrent Pd Sims. Certain error can 

arise from slight difference in the Faradaic efBciency A current transient 

143 



recorded during loading hydrogen at & = -0.75 V is shown in Figure 6.3, 

together with a current transient for an Hre Pd film. 
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A OJAf go/uf̂ ozza. 75e M%g ,ĝ ;%pe(/.6D7n — F ^ —A 7^ ^ = A 

The difkrences between the two transients are quite dear. First, the current is 

much smaller for the plain Pd film; this is the reason for the longer 6. (by about 

16 times). Secondly, a plateau corresponding to the absorption of hydrogen is 

not observed on the transient for the plain Pd 61m, although the hydrogen 

absorption was completed be&re ^ = 600 s. The current near ^ = 600 s is 

thought to correspond to hydrogen gas evolution. Similarly the hydrogen 

absorption plateau was not observed on the transient at .& = -0.85 V 

6-1-2. Potentiometric response 

The potential of plain Pd fjlmm deposited on Pt microdisc electrodes loaded with 
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Chapter 6. Advantage of the nanostructure 

hydrogen was monitored in deaerated 0.5 M Na2S04 + 0.05 M H2SO4 solutions 

(pH = 1.88). The monitoring of potential was started immediately after the 

hydrogen loading procedure. The following loading conditions, EL - -0.75 V, & 

= 600 s (expected H/Pd « 0.62) and EL - -0.85 V, 6 = 180 s. (expected H/Pd « 0.69) 

were employed. 

Resulting potential - time curves for plain Pd films {Qoep = 11 jiC) are shown in 

Figure 6.4, together with a potential — time curve for an H r e Pd (B) film with 

the same Qoep. 

in 
CO 
5 
CO 
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Figure 6.4. Open circuit potentials of Pd Sims (Qoep =11 nO on 25 fim diameter 

Ft. microelectrodes in deaerated 0.5 M Na2S04, 0.05 M H2SO4 solutions immediately 

aBer loading hydrogen, (l), (2) Plain Pd films loaded with hydrogen at EL =-0.75 V 

for TL = 600s. (3), (4) Plain Pd Glms,' EL = -0.85V,TL = 180s. (5) an Hi -e Pd (B) 

Blm;EL =-0.75 V, th = 60s. 

The potential of plain Pd-hydride films rose quickly &om EL and tended to reach 

a plateau. However, the potential in this plateau region was not as stable as 

that for the H r e Pd-hydride microelectrode, and an appreciable slope was still 

observed. Furthermore, the reproducibihty of the plateau potential was poor 

and the difference in the plateau potential among four different electrodes was 

as large as 0.006 V (in the case of H r e Pd-hydride films, the difference was less 
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than 0.002 V among 10 dif&rent electrodes). 

After about 30 - 45 min, the potential of plain Pdhydride films began to rise 

quickly. This short plateau length, compared to Hi e Pd films, cannot be 

attributed to the complete removal of absorbed hydrogen, since neither the 

oxidation process nor the recombination process is expected to be f^ter on plain 

Pd hydride films than on Hre Pd hydride 51ms. Hence, in order to estimate 

the amount of hydrogen remaining in the film, an anodic sweep was per&rmed 

after the potential monitoring, to strip hydrogen firom the film. The 

voitammogram obtained after monitoring potential is shown in Figure 6.S. For 

comparison, a voitammogram of an anodic sweep recorded just after loading the 

same film with hydrogen (without a potential monitoring) is also shown in the 
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In the case of the voltammogram taken immediately after loading, stripping of 

hydrogen was completed at about -0.2 V and the hydrogen stripping charge was 

3.43 (iC (corresponding to H/Pd = 0.64). In contrast, anodic current was not 

observed in this potential range (< -0.2 V) on the voltammogram recorded after 

the potential monitoring. Instead, very sharp anodic peak was observed at 

about +0.4 y whose charge was 2.66 ^C. Assuming that all the charge (2.66 

îC) was associated with the oxidation of hydrogen absorbed in the Sim, the H/Pd 

ratio is estimated to be 0.49. It suggests that at the end of the potential 

monitoring, the plain Pd hydride film was in the a+P phase, which should still 

give the stable potential Hence, in contrast to Hre Pd hydride fUms, the 

lifetime of plain Pd films is 6)und to be not limited by the removal of hydrogen. 

In the open circuit measurements shown in Figure 6.4, the H/Pd ratios of the 

plain Pd hydride films were in the P phase region at ^ = 0 and the ratios were 

still as high as around 0.49 (Grom the results for line 2) at the end of the 

measurement. The plain Pd hydride 61ms are thought to have lost their 

surface activity soon after the H/Pd ratio reached around 0.50 (approximate 

maximum H/Pd ratio at which Hre Pd showed the stable potential 

corresponding to a+p phase). Hence, in order to veri^ the open circuit 

potential of plain Pdhydride microelectrodes when H/Pd ratio is near the middle 

of the a+P phase, a plain Pd film was loaded with hydrogen at .&=—0.80 V for 6, 

= 180 s (@& = 2.23 nC, estimated H/Pd = 0.41) and its open circuit potential was 

monitored. The resulting potential — time curve is shown in Figure 6.6. The 

potential was dose to the plateau potential of Hre Pd Sims (corresponding to 

the a+P phase) at around ^ = 1 0 - 3 0 min. However, the potential was not very 

stable and an appreciable slope was still observed. The potential began to rise 

rather rapidly (at around f = 30 min), just as in the case of plain Pd hydride 

51ms with the initial Pd/H ratio in the p phase (shown in Figure 6.4). 

147 



lU 
(O 
2 
(O 
g 
m 

-0 .60 

-0.65 -

-0.70 

-0.75 

-0 .80 

f / min. 

&& Qpevi curm^ o /a jf/azh <%%, = 77 on a /fzn 
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lb investigate the surface state of the plain Pd hydride film after potential 

monitoring, cychc voltammetry was performed after the potential measurement 

shown in Figure 6.6. The resulting cychc voltammograms are shown in Figure 

6.7. 

The voltammetry was started &om the open circuit potential after the potential 

measurement (« -0.66V), and the potential was first scanned to —0.70 V The 

current value was almost zero on this scan. The potential was then scanned to 

+0.66 V In this scan, current was almost zero until about —0.2 y where a very 

small anodic current started to flow. The anodic current increased slowly, and a 

massive anodic peak appeared at about +0.4 V. This behaviour is very similar 

to that observed on the voltammogram shown in Figure 6.5. The anodic charge 

passed during this anodic scan was 1.73 pC, which is believed to be chiefly due to 

the oxidation of absorbed hydrogen (isur&ice oxide formation charge is negligibly 

gmaU). The H/Pd ratio was estimated to be 0.32 &om the charge, which 

indicates that the plain Pd hydride film was still in the a+P phase when the 
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potential started to rise at around t = 30 minutes in Figure 6.6. 
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The potential was then cycled between +0.65 and —0.70 V continuously (curves 

2-7 in Figure 6.7). In these cycles, the currents 5)r hydrogen reactions (below 

—0.3 V) were observed. These results suggest that the sur&ce of the plain 

Pd hydride film was blocked at the end of the potential monitoring, and that the 

cause of the surface blockage was eliminated by the anodic scan. The 

magnitude of the currents 5)r hydrogen reactions increased gradually with the 

number of cycles. 

From the results discussed in this section, the potentiometric response of plain 

Pd hydride microelectrodes in O.S M Na2S04 + H28O4 solutions 1.88) can be 

summarized as fallows. When in the a+P phase, plain Pd hydride electrodes 

show the potential close to the plateau potential observed 5)r Hre Pd hydride 

Sims. However the potential is not very stable, and an appreciable slope is 

observed. The plateau does not last as long as that of Hi e Pd hydride film and 
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Chapter 6. Advantage of the nanostructure 

the potential begins to rise quickly quite soon. This may be attributed to a 

surface blockage caused under the open circuit condition. Owing to the surface 

blockage, the potential determining reaction (H+ + e H (Pd-H)) is extremely 

slow at this stage. The surface activity can be recovered by applying the 

positive potential in the oxide formation region, where hydrogen remaining in 

the film is released. 

6-1-3. Surface blockage 

In the preceding section, plain Pd-hydride films appeared to lose their surface 

activity under open circuit conditions. To verify the role of (yding the potential 

to the surface oxide region, cyclic voltammetry was performed without taking 

the potential to the oxide region (potential range -0.70 ~ -0.15 V), and the result 

is shown in Figure 6.8. 
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Figure 6.8. Cyclic voltammograms for a plain Pd film (Qoep = 11 nC) in 0.5 M 

Na2S04, 0.05 M H2SO4 solution, recorded at 20 mV s'^. Procedures of the 

experiment are as follows^ (l) a cycle (-0.70V +0.65 V) shown by a solid black 

line, (2) £ve cycles (-0.70 -0.15 V) shown by red lines, (3) a cycle (-0.70V 

+0.65 V) shown by a dotted black line. 
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Chapter 6. Advantage of the nanostructure 

During 5 cycles (shown by the red hne in the graph), the magnitude of the 

currents for hydrogen reactions was found to decrease gradually. However, 

almost the same magnitude of current as that observed before cycling between 

-0.70 and —0.15 was recovered by scanning the potential to the oxide formation 

region, as shown in Figure 6.8 (see sohd and dotted black lines). This result 

shows that the plain Pd film gradually lost its surface activity when the 

potential was cycled in the potential range more negative than oxide region. To 

regain the surface activity, the potential had to be scanned to the oxide 

formation region. 

Next, in order to investigate whether the surface blockage is an event unique to 

the potential in the hydrogen reaction region, the potential was held at the 

double layer region (-0.20 V) for 10 minutes in a 0.5 M Na2S04 + H2SO4 solution 

(pH = 1.88) and cychc voltammograms were recorded before and after the 

potentiostatic experiment. 

-0.4 0.0 0.4 

EvsSMSE/V 

Figure 6.9. Cyclic voltammograms for a plain Pd film (Qoep = 11 fiC) in 0.5 M 

Na2S04, 0.05 M H2SO4 solution, recorded at 20 mVs'^. The voltammograms were 

taken before and after the potential was kept at —0.20 V for 600 s. (l) a cycle 

(-0.70 V+0.65 V) before the potentiostatic experiment. (2) a scan (-0.20 

-0.70 ¥—>• -0.20 V) after the potentiostatic experiment. 
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Ag shown in Figure 6.9, the currents for hydrogen reactions were appreciably 

smaller for the voltammogram aAer holding the potential at -0.20 y than that 

before. The result of this experiment shows that a plain Pd film loses its 

sur&ce activity even if the potential is not scanned to the hydrogen reaction 

region. It suggests that plain Pd Sims have a tendency to lose the surface 

activity automatically in the 0.5 M Na2S04 + H2SO4 solution, unless the 

potential is taken to the surface oxide region. 

It has been reported that the sur&ce activity of Pd is not reproducible and tends 

to decay^ The cause of the decay in surface activity was thought to be 

adsorption of traces of a poisonii^ species, which has not been identi&ed. To 

obtain electrodes with a high activity several surj&ce activation methods have 

been suggested, ie. (l) oxidation of the sur&ce^^ (by either heating in oxygen or 

electrolytic anodization) followed by electrolytic reduction of the oxide or (2) 

electroplating a layer of Pd black̂ -̂

The gradual loss of surface activity of plain Pd films in the present study is also 

likely to be caused by adsorption of traces of impurities in the solution, although 

the adsorbates were not identified. Since the decay of sur&ce activity took 

place both at -0.2 V and under the open circuit condition (potential : -0.72 -

-0.70 V), it is assumed that the impurity can adsorb on the Pd sur^ce in the 

wide potential range; -0.72 —0.2 V Considering this potential range, cathodic 

deposition of a metal impurity is unlikely to be the cause of the surface activity 

decay The surface activity of plain Pd films was recovered by scannii^ the 

potential to the surface oxide formation region, which is consistent with the 

activation method (l) discussed above. 

Conventional size Palladium-hydride electrodes have been employed as 

re&rence electrodes'^^ and pH electrodes^^ by a number of workers. In 

each case, to attain a sur&ce with high activity palladium electrodes were 

subjected to an activation step (e.g. cycling the potential several times between 

oxide 5)rmation and hydrogen evolution region), be&re the hydrogen loading 

step. For the same reason, a majority of them used palladized electrodes. 

However; tright' Pd hydride electrodes have also been employed as reference 

and pH electrodes, lypically Pd wires (d % 100 - 200 or Pd plates^ 
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were Erst activated by pre anodization and then fuUy charged with hydrc^en 

cathodicaHy. Thus prepared Pd hydride electrodes were reported to be 

serviceable up to 24 hours. 

In the present study plain Pd films on 25 (im diameter Pt microelectrode lost 

their surface activity almost completely in less than an hour; which was thought 

to be caused by adsorption of traces of impurities in the solution. The 

difference in serviceable period between the present study on microelectrodes 

and previous works on relatively large electrodes is assumed to be attributed to 

the size, ie. : 

(1) When the rate of the adsorption of traces of impurities is diSusion controlled 

(because of the extremely low concentration), the surface active sites of a 

microelectrode are believed to be covered in a shorter time than those of a 

conventional size electrode, since diSusion is faster in the case of 

microelectrodes. 

(2) Microelctrodes have very small sur&ce areas, in other words, a small number 

of sur&ce active sites. Because of the large number of original active sites, 

conventional size electrodes are assumed to be capable of sustaining the stable 

potential longer than microelectrodes even if the same percentage of active sites 

are covered. 

(3) Diffusion of oxidizing species (traces of impurities) which can shift the 

potential positive is also faster far microelectrodes. 

The sur&ce activity of Pd electrodes was reported to decay rapidly particularly 

in dilute sulphuric acid solutions^^ and adsorption of poisoning impurities 

was suggested as the probable cause. In the present study the usage of 0.6 M 

Na2804 + 0.05 M II2SO4 solution, which contains a high concentration of 

sulphate, might therefore have played a role in the fast decay of the sur&ce 

activity. 

6-2. Properties of polished Pd microdisc electrodes 

Polished Pd microdisc electrodes are expected to have behaviour similar to plain 

Pd films, ie. much slower hydrogen absorption rate than Hre Pd films and 
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automatic loss of sur&ce activity A main drawback expected 5)r polished Pd 

microdisc electrodes is the difSculty in achieving the stable potential 

corresponding to the a+P phase because of the diOusion of absorbed hydrogen 

into the bulk of the Pd microwire. To get the sufGcient H/Pd ratio near the 

sur&ce of the tip of Pd wires sealed in insulating material, Fleischmann^ loaded 

bare Pd wires (d > 100 pm) with hydrogen cathodically and afterwards coated 

the curved part of the cylindrical surface with Lacomit varnish, care being taken 

that the tip remained exposed. This preparation method, however, is obviously 

unsuitable for microsensors &)r SECM. 

In the present study attempts were made to load pohshed Pd microdisc 

electrodes with hydrogen cathodically (&om the tip). In this section, the 

hydrogen absorption behaviour and the potentiometric response will be 

discussed chiefly in comparison with plain Pd films. 

6-2-1. H absorption behaviour 

Figure 6.10 shows a cyclic voltammogram for a polished Pd microdisc electrode 

in a deaerated 0.5 M NeigSOt + 0.05 M H2SO4 solution (pH = 1.88). 

-0.4 0.0 0.4 
EvsSMSE/V 
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attributed to the amall adsorption/desorption currents compared to the massive 

absorption/desorption currents. 

On the cathodic scan of the voltammogram shown in Figure 6.10, small anodic 

currents are observed in the potential ranges of the sur&ice oxide (+0.10 ^ +0.65 

V) and the double layer charging (-0.45 0.10 V). This anodic current is 

thought to correspond to the oxidation of absorbed hydrogen atoms which diSuse 

back to the sur&ce &om the bulk of the Pd electrode. This phenomenon was 

clearly seen when more hydrogen was loaded into the Sim by scanning the 

potential to further negative values. In the experiment shown in Figure 6.11, 

afker a voltammogram recorded in the potential range —0.60 V - +0.65 V (curve 

l), the potential was cycled &om +0.65 V to —1.00 V then +0.65 V (curve 2). 
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On the anodic scan S-om —1.00 y a large current 5)r oxidation of absorbed 

hydrogen was observed, and an appreciable anodic current was still observed on 

the next cathodic scan and subsequent cycles (curve 3-5). This can be 

explained as Allows. When the potential was scanned to —1.00 hydrogen was 

absorbed in the electrode and diffused into the bulk of the microwire. The 

hydrogen atoms which remained near the sur&ce were oxidized by the Allowing 

anodic scan. During the subsequent cycles (curve 3-5), absorbed hydrogen 

atoms diffused back &om the bulk to the surface and were oxidized continuously. 

To study the hydrogen reactions on the polished Pd microdisc electrode in more 

detail, the potential range of -1 .00 - +0.10 V of the voltammogram^ shown in 

Figure 6.11 (curve 2) is redrawn and shown in Figure 6.12. 

As expected &om the results for plain Pd films, the current corresponding to the 

hydrogen absorption (below -0.65 V on the cathodic scan) on the Pd microdisc 

was much smaller than on the Hre Pd film. Hence, in order to load hydrogen, 

more negative potential and / or longer time is expected to be required Ar Pd 

microdisc electrodes than for Hre Pd films. 
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Polished Pd microdisc electrodes were loaded at various loadii^ potentials = 

-0.75, -0.80, -0.90, -1.00 V) for 6, = 1800 s. The charges passed while loading 

hydrogen are listed in Table 6.2, and the current transients recorded for each 

case are shown in Figure 6.13. 

No. H Loading 

Potential Time Applied charge 

F^/V /s. G i / n c 

1 -0.75 1800 3.4 

2 -0.80 1800 6.4 

3 -0.90 1800 16.3 

4 -1.00 1800 69.9 

1 

.f]ig7/fe & Currea^ A-aaaea^ recorckf/ VbacKqg' f t / azKTVC&gc eAec6vckg 

.AydrogB/z ia cAeaera ĉf A J Jlif 7%e 

waa & a^ ^ = A JVomAeT:? za ^6e grapA comespan</ A? ^6e 

yoacKa^coaffpf^angza ?k6/e A.g. 

In each case the current simply decayed gradually. The current at & = -0.76 V 
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is conGrmed to be much smaller than that for Hre Pd fUmm at the same & 

(around —0.1 pA). At this potential, 1800 s (30 min) was needed to pass a 

loading charge of 3.4 |iC; this can be achieved within a minute in the case of Hre 

Pd Sims. By applying loading potentials more negative than -0.75 % the 

current increased and so did the charge passed during the loading procedure. 

The charge passed at & = -1.00 V was about twenty times greater than that at 

^ =-0.75 V 

6-2-2. Potentiometric response 

The potential — time curves 6)r Pd microdisc electrodes loaded with hydrogen 

under the conditions hsted in Table 6.2 are shown in Figure 6.14 (curves 1-4). 

A potential - time curve for an Hre Pd (B) Sim (0%^ = 11 pC) on a 25 pm 

diameter Pt microdisc electrode loaded with hydrogen is also shown in the graph 

6 r comparison. 
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None of the hydrogen-loaded Pd microdisc electrodes showed the plateau 

potential corresponding to the a+g phase. The potential rose continuously 

beyond the expected plateau potential (» -0.70 V). In the case of the film loaded 

at —1.00 V (line 4), the potential rose rather slowly but did not show even a short 

plateau at the potential corresponding to the a+P phase. This indicates that 

the potential rise beyond the expected plateau potential was not caused by the 

continuous decrease in the H/Pd ratio near the surface. The potential rise is 

hkely to be attributed to the sur&ce blockage, observed with plain Pd films. In 

the case of polished Pd microdiscs, the surface is thought to have already lost its 

activity when the potential monitoring was started at ^ = 0. This is possible 

because of the longer loading time (30 min) compared with those A)r plain Pd 

films (3 or 10 min), during which adsorption of traces of impurities can occur. 

Furthermore, the time required for the complete coverage of the surfeice active 

sites is assumed to be shorter 5)r polished microdiscs than plain Pd films, 

because of the smaller electroactive area of polished Pd microdiscs (The 

estimated roughness factors were 2.1 for polished Pd microdiacs and 5.2 &r plain 

Pd films; Chapter 3). 

There still is a possibility that the plateau potential can be obtained with 

polished Pd microdiscs by employii^ more negative ^ and shorter 6, 

However, it is not beheved to be possible to achieve more stable potential than 

with plain Pd films on Pt microdiscs, because of the diSusion of absorbed 

hydrogen into the bulk. Furthermore, such a negative ^ is not ideal since it 

raises the possibihty of the cathodic deposition of impurities. Hence Airther 

attempts to load polished Pd microdisc electrodes with hydrogen were not made 

in this study 

6-3. Advantage of the nanostructure 

In this section, the advantages of the nanostructure will be discussed &om two 

aspects, ie. hydrogen loading into Hre Pd films, and potentiometric response of 

Hre Pd hydride films. To 5)cus on the ef&ct of the nanostructure, the 

experimental results for Hre Pd 61ms (shown in Chapter 4 and 5) were 

compared with those for plain Pd 61ms (shown in this chapter), rather than 
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polished Pd microdisc electrodes. 

6-3-1. Advantage to hydrogen loading 

6-3-1-(1). Rapid hydrogen absorption 

The rate of hydrogen absorption is greatly enhanced by the presence of the 

nanostructnre, in which no point within the metal is more than a few 

nanometres &om the surface. DiGusion of hydrogen through the lattice is 

expected to be so fast as not to be rate limiting. There&re, shorter loading time 

and less negative potentials are required to load Hre Pd 61ms with hydrogen. 

Thanks to the short loading time (< 1 min), Hre Pd Sims can be loaded with 

hydr(^en quickly just be&re pH measurements. It is expected to be possible to 

conduct a series of SECM experiments (typically, 1 hour/experiment) 

consecutively with a few minute intervals 6)r the hydrogen chaining. In 

addition, less negative loading potentials lower the possibihty of depositing 

impurities (e.g. metal ions) onto the film. The rapid absorption of hydrogen 

also opens the possibihty of continuous pH monitoring with reloading at regular 

intervals in situ. 

6-3-2. Advantage to potentiometric response 

The potentiometric pH response of Hre Pd-hydride films was found to be rapid, 

stable, reproducible and almost theoretical The contribution of the 

nanostructure to the excellent potentiometric response is now discussed by 

comparing Hre Pd films with plain Pd films. 

6-3-2-(1). Large electroactive area 

The plateau potential correspondii% to the a+p phase was not very stable 6)r 

plain Pd hydride films, where an appreciable slope was observed. In addition, 

the reproducibihty of the plateau potential among dif&rent electrodes was found 

to be poor. The less stable and less reproducible potentiometric response of 

plain Pd hydride microelectrodes appeared to be chiefly due to the gradual loss 
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Chapter 6. Advantage of the nanostructure 

of surface activity under the open circuit condition. When the potential 

determining reaction (H+ + e H(Pd-H)) is almost completely blocked, the 

potential rises sharply. This phenomenon was not observed during the 

potential monitoring of H r e Pd films. 

It was found that plain Pd films have a tendency to lose the surface activity 

gradually in the 0.5 M NaaSOi + H2SO4 solution unless the potential is taken to 

the surface oxide formation region. To check if this is also the case with H r e Pd 

films, the same experiment as shown in Figure 6.8 was performed (cychc 

voltammetry between —0.70 V and —0.15 V) for an H r e Pd film and the change in 

hydrogen currents was studied. The resulting voltammogram is shown in 

Figure 6.15. 

1 
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Figure 6.15. Cyclic voltammograms for an Hi -e Pd (A) film (Qoep = 11 ̂ C)in 0.5M 

Na2S04, 0.05 M H2SO4 solution, recorded at 20 mV S'^. Procedures of the 

experiment were as follows (the same as Figure 6.8) • (l) a cycle (-0.70Vo +0.65 V) 

shown by a solid black line (2) Sve cycles (-0.70 o -0.15 V) shown by red lines 

(3) a cycle (-0.70V +0.65 V) shown by a dotted black line 

During the five cycles between -0.70 V and -0.15 V (shown by red lines), no 
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appreciable change was observed in terms of the magnitude of the current, in 

contrast to the result for a plain Pd film (Figure 6.8) where hydrogen reaction 

currents decreased with the number of cycles. 

As discussed previously the decay in the surface activity seen for plain Pd films 

might be attributed to adsorption of traces of impurities in the solution. The 

adsorption of impurities is also expected to occur on Hre Pd films. However, 

thanks to the large electroactive areas, the rate of the sur&ce activity decline is 

assumed to be much slower for Hre Pd 61ms than plain Pd Sims. In fact, a 

close look at the red lines in Figure 6.15 reveals a slight decrease in the 

hydrogen currents, which presumably shows that the loss of surface activity is 

taking place slowly 

In general, impurities which can adsorb upon the active centres (compounds of 

sulphur and eirsenic, etc.) and those which can be reduced and deposit a sohd 

upon the electrode (Pt, Ag, Cu, etc.) wiU clearly hinder the potentiometric 

response of Pd hydride microelectrodes. A trace quantity of these impurities 

will settle on the electrode surface gradually and eventually cover all the active 

sites. When the rate of the settling is diGusion controUed (because of the 

extremely low concentration), the rate on microelectrodes should be h]^her than 

on conventional size electrodes, because of the quasi-hemispherical di&ision. 

This explains the fast loss of surface activity observed for plain Pd hydride 

microelectrodes. For microelectrodes of the same radius, the time taken 6)r the 

complete coverage of impurities is expected to be proportional to the roughness 

factor (/Z ,̂ assuming that the rate of the adsorption is diSusion controlled. 

From this discussion, Hre Pd films, which possess much greater uRfthan plain 

Pd films by factor of 50 - 100, are beheved to be capable of retaining the stable 

potential much longer, in the presence of trace quantity of impurities of these 

kinds in the solution 

6-3-2-(2). Fast potential determining reaction 

In this section, the rate of the potential determining reaction (H+ + e H 

(Pd H)) wiU be discussed. To compare Hi e Pd hydride and plain Pd hydride 

films both in the a+P phase, they were loaded with hydrogen to H/Pd ratio of 

about 0.35 at & = -0.75 V and anodic sweep voltammograms were performed 
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&om ^ In this experiment, hydrogen reactions on the plain Pd 61m were not 

blocked since the voltammograms were recorded immediately after the loading 

procedure. Resulting anodic sweep voltammograms are shown in Figure 6.16. 

1 
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The Hi e Pd hydride showed higher currents for both absorption of hydrogen 

(below -0.7 V) and desorption of absorbed hydrogen (-0.7 0.6 V 5)r Hre 

Pd-hydride, -0.7 — 0 . 3 V for plain Pd-hydride) than the plain Pd Elm. The 

voltammograms close to the equilibrium potential were enlarged and shown in 

Figure 6.17 

168 



-0.72 -0.71 -0.70 

EvsSMSE/V 

j^zme &.ZZ P0/̂ aznzopgrazng Ar A / (%oef = .Z7 //C/ ToWeff wẑ A ^ycfn^eo. 
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The slope of the current close to the equilihrium potential for the Hre 

Pd hydride fUm is much larger than that 6 r the plain Pd hydride 51m, which 

shows that the rate of the potential determining reaction : 

H+ + e H (Pd-H) & J 

is much greater on the Hre Pd hydride film. 

A limiting 5)rm of the Butler Vblmer equation apphes at very low values of the 

overpotential (77 « ie. ;; < 10 mV). Assuming ow = 0.5, the 

Butler Vblmer equation reduces to : 

0 ^ ^ 

where ow and ore are the anodic and cathodic trans&r coefficients, 7 is the 
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current density and ^ is the exchange current density. Using this equation and 

the slope read A-om the voltammogram (F^ure 6.17), the exchange current 

density, can be estimated. The calculated values 6)r the Hre Pd (B) and 

plain Pd films are listed in Table 6.3, together with a result for Hre Pd (A) Sim, 

which was estimated &om an experiment identical to that shown in Figure 6.17. 

Pdfilni Substrate Deposition of films Experimental result Calculated parameters 
Material Nominal 

diameter 
/ pm 

Surfactant Charge 

Q Dep / MC 

dope Exdiange 
cunoit 
fg /mA 

Exdmnge 
current densi^ 

/ / ) / A m ' ^ 

Pd (A) Pt 25 CigEO; 11 3.7 94 133 

Hl-ePd(B) Pt 25 Biij 11 2.6 67 95 

PbinPd Pt 25 - 11 0.22 6 8 

I) In die calculation of 7% Ae geometric surface area was used, ie Vi, = (.S" = r = 15 

(im). 

The estimated exchange current densities of the equilibrium (described by 

Equation 6.1) 6 r Hre Pd (A) and Hre Pd (B) films are greater than that for the 

plain Pd film by a &ctor of about 11 and 16, respectively. This high e x c h a i ^ 

current density (h^h rate of the potential determining reaction) is a significant 

advantage in terms of the potentiometric response of Pd hydride microelectrodes 

Air several aspects considered below. 

(a) Influence of impurities (oxidising species) 

The oxidizing agents which are reduced at the electrode but do not deposit a 

sohd on the electrode (e.g. gaseous oxygen, Fê +, Cr04^ etc) can potentially shift 

the potential positively. (Generally the rate of electrode reactions of traces of 

impurities (oxidizing species) on Pd hydride microelectrodes is expected to be 

controlled by the diEusion of the species to the surface of the electrodes. If the 
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diAision limited) in terms of the current, the influence of the impurity on the 

potential can be minimized. Hence, the potential of H i e Pd films is expected to 

be much less sensitive to oxidizing impurities. 

(b) Influence of input bias current 

In potentiometric measurements, an input bias current (or leakage current) 

flows through the circuit, whose magnitude depends on the potential measuring 

apparatus. In the case of microelectrodes, the potential value is very sensitive 

to the bias current, since even a &w pA correspond to a significant Faradaic 

process. Moreover, any other current driven through the potential 

measurement circuit (e.g. electrical noise) can also aSect the potential Thanks 

to the large exchange current density, the influence of the bias current on the 

potential is expected to be much smaller for Hre Pd hydride microelectrodes 

than 6 r plain Pd microelectrodes. 

(c) Rapid establishment of the equUibrium 

With high rate of the potential determining reaction, it can be expected that the 

potential of Pd hydride attains its thermodynamic equilibrium value rapidly' 

If the rate of the potential determining reaction is sluggish, estabhsbing the 

desired potential cannot be guaranteed. 

Aax)rding to the three aspects discussed above, the high rate of the potential 

determining reaction (high exchange current density) is believed to contribute to 

the stability reproducibility accuracy (theoretical response) Eind short response 

time of the potentiometric response of Hi e Pd hydride microelectrodes. 
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6-4. Summary 

Overview 

In Chapter 4, it was found that Hre Pd Glms on Pt microdisc can be loaded with 

hydrogen quickly ( - 1 min) and that the H/Pd ratio can be controlled by varying 

the loading potential and the loading time. In Chapter 5, the potentiometric 

response of Hre Pdhydride films was 6)und to be rapid, stable, reproducible and 

almost theoretical in solutions not containing oxidizing species. The 

contribution of the nanostructure to the excellent properties was discussed by 

comparing the experimental results for Hre Pd Sims with those for Pd 

microelectrodes without the nanostructure (plain Pd fjlmm and polished Pd 

microdiscs). 

PlAin Pd fHinA nn Pt. micmdiRr 

From the cyclic voltammetry the current corresponding to hydrogen absorption 

was much smaller than that of Hre Pd films. Accordingly to load the Pd films 

with hydrogen to the desired H/Pd ratio (near p phase region) potentiostaticaUy, 

a more negative & and / or a lor^er 6; was needed for plain Pd fjlmm than Hre 

Pdrnms. 

When in the a+p phase, plain Pd hydride Sims showed the potential close to the 

plateau potential 6)r the a+P phase observed 5)r Hre Pd hydride Sims. 

Howevei; the potential is not very stable, where an appreciable slope is observed. 

Furthermore, the plateau (with a sl^ht slope) was much shorter than the stable 

plateau observed for Hre Pd hydride films. This was 5)und to be caused by a 

surface blockage occurring under the open circuit condition. Owing to the 

surface blockage, the rate of potential determining reaction is believed to be 

extremely slow at the end of the plateau. The cause of the surface blockage is 

not dear. One possibility is adsorption of traces of poisoning impurities, 

although adsorbates have not been identiSed. The surface activity of plain Pd 

films was recovered by scanning the potential to the sur&ce oxide region. 

Polished Pd mirrodisc 

As expected, polished Pd microdisc electrodes showed behaviour similar to plain 

Pd Glms, ie. slower hydrogen absorption rate than Hre Pd films and automatic 

167 



I088 of surface activity. In conjunction with the diBusion of absorbed hydrogen 

from the surface to the bulk of the microwires, it was even more diEGcult to 

achieve the stable potential 6)r a+p phase than with plain Pd microdisc 

electrodes. 

DifGcultv in attmininpr mtable potential using Pd hydridm miczoelectrodes 

From the results 5)r plain Pd fjlmm and polished Pd microelectrodes, it was found 

to be difScult to produce the stable potential corresponding to the a+P phase 

using microelectrodes. The reason 6)r this was thought to be a gradual loss of 

surface activity due to: (i) fagt diGAision of traces of adsorbable impurities and 

(2) small initial active surface area. When the adsorption rate of traces of 

adsorbable impurities is diGusion controlled, the adsorption is expected to 

proceed faster than with conventional size electrodes, which can reduce the 

electroactive areas and hence the rate (exchange current density) of the 

potential determining reaction. When the exchange current density decreases, 

the potential of Pd microelectrodes can drift towards anodic values rather 

readily because of the potentially small active sur&ce area and the Atst diffusion 

of oxidizing impurities to the microelectrodes. 

Advantage of the nanostructure 

In the case of Hre Pd films, the rate of cathodic absorption of hydrogen was 

much greater than with Pd electrodes without the nanostructure. This can be 

explained by the fast diffusion of hydrogen through the lattice. Hence, a much 

shorter loading time (< 1 min) is necessary to load Hre Pd 61ms with hydrogen 

to the desired H/Pd ratios, which makes it possible to conduct a series of 

experiments consecutively with a few minute intervals for the hydrogen 

chai^ii^. 

The adsorption rate of traces of impurities is expected to be controlled by 

diffusion in the most cases (because of the extremely low concentration), which 

is 6ist in the case of microelectrodes. This is presumably the main reason why 

Pd microelectrodes lost their surface activity quite soon ( 3 0 4 5 min). Hi e Pd 

Elms, which possess much greater .Rpthan plain Pd films by a factor of 60 ~ 100, 

are beheved to be capable of retaining the stable potential much longer. This 

lower sensitivity to the adsorption of impurities is believed to contribute to the 
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stability; reproducibility and accuracy of the potentiometric response of Hre 

Pd hydride microelectrodes. 

The rate of the potential determining reaction was 6)und to be much Gister on 

Hre Pd 61ms than on Pd microelectrodes without the nanostructure. The 

estimated exchange current density was larger 5)r Hre Pd films by a factor of 11 

- 16. The high rate of the potential determining reaction is believed to 

contribute to the stabihty reproducibihty accuracy (theoretical response) and 

short response time of the potentiometric response of Hre Pd hydride 

microelectrodes by : (l) reduced influence of oxidizing impurities and input bias 

current resulting &om the high exchange current density and (2) rapid 

estabhshment of the equihbrium. 
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Chapter 7. Conclusions and further work 

7-1. Conclusions 

There have been no practical and reliable micro pH sensors with a wide pH 

range, although a number of microsensors to measure local pH have been 

studied. The extremely small size of microelectrodes is clearly a disadvantage 

in obtainii^ a stable and reproducible potential, especially in the case of 

potentiometric sensors. 

The a+P Pd-hydride phase has been known to show almost theoretical potential 

dependence on pH. However, this has not been apphed to microelectrodes, 

probably because of the dif&culty in loading hydrogen into the electrodes. In 

the present study, taking advantage of the stable and reproducible potential of 

a+P phase, an attempt was made to 6bricate Pd hydride micro pH sensors 6)r 

the first time. 

Aiming &)r truly reliable potentiometric response, nanostructured films (Hre Pd 

films) were employed in the present study. Hi nanostructured Sims had been 

shown to possess massive sur6ice areas and good catalytic activity. Hence the 

potential determining process was expected to be rapid (high exchange current 

density) when Hi nanostructured films were applied to the potentiometric 

sensors. 

To overcome the difBculty in loading hydrogen into Pd microelectrodes, we 

deposited Hre Pd Elms on Pt (not Pd) microdisc electrodes. In this way it was 

possible to prevent hydrogen &om difAising deep into the bulk of the microwire. 

The main goal of this research was to fabricate reliable potentiometric pH 

sensors with a wide ef&ctive pH range, taking advantage of the properties of the 

a+P Pd-hydride phase and the Hi nanostructure. 

Hi e Pd Sims were electrodeposited on Pt microdisc electrodes &om plating 

mixtures containing non ionic surfactants. The roughness Victors of Hre Pd 

61ms were estimated to be typically 300 &om the oxide stripping peak of cychc 

voltammograms in 1 M H2SO4. The hydrogen absorption behaviour of Hre Pd 

fdms was studied in detail chiefly in solutions with pH % 2. Hydrogen 
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absorption was shown to be very f ^ t 6)r Hre Pd films and the films were readily 

loaded with hydrogen to 5)rm the P phase. A potentiostatic hydrogen loading 

procedure for Hre Pd films was established, where the H/Pd ratio of the film can 

be controlled by varying the loading potential and the loading time. 

Preliminary results indicate that rapid loading of hydrogen is also possible in 

solutions with higher pHs. 

The prepared Hre Pd hydride microelectrodes showed excellent potentiometric 

response over a wide range of pH (2 - 12). The potentiometric pH response was 

rapid, stable, reproducible and almost theoretical in deaerated solutions. The 

exceUent potentiometric response is thought to arise &om the very fast potential 

determining process CH+ + e ^ H(Pd-H)) on Hre Pd films. The estimated 

exchange current density for an Hre Pd film was larger than that &)r a plain Pd 

film by a factor of 11 - 16. This f ^ t potential determining process is believed to 

contribute to the stabihty, reproducibdity, accuracy and short response time of 

the potentiometric response by; (l) reducing the influence of traces of oxidizing 

impurities and that of any kind of input bias current including electrical noise 

and (2) rapidly establishing the equilibrium. In addition, the massive 

electroactive area (roughness Victor) may contribute to reducir^ the efkct of 

traces of adsorbable impurities. 

The Hre Pd hydride microelectrodes show such a reproducible potentiometric 

response that once a calibration is per&rmed, it is possible to conduct pH 

measurements without calibration be&re and/or after the pH measurements, a 

procedure normally essential for potentiometric micro pH sensors. 

The main drawback of Hre Pd hydride microelectrodes is their limited lifetime. 

The longest h&time, without causing significant enlargement of the diameter, 

was 2 - 3 hours 5)r 25 pm electrodes (0%, = 22 |iC) in deaerated solutions. 

This is sufBcient for many analytical experiments, although too short for 

continuous process monitoring. In aerated solutions, the hfetime of the Hre 

Pd hydride microelectrodes was very short (e.g. about 3 min for Hre Pd films 

with = 11 nC, ( /= 25 îm) because of the oxidation of sorbed hydrogen by 

dissolved oxygen. 
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From the merits and demerits discussed above, Hre Pd hydride microelectrodes 

can be a very powerful pH probes in SECM experiments. When used as an 

SECM tip for mapping pH distribution near a substrate. Hi e Pd hydride 

microelectrodes are beheved to possess further advantages; 

(a) The electrode can be reloaded with hydrogen quickly; which makes it possible 

to perform an SECM experiment repeatedly. 

(b) The response time is short (confirmed to be < 1 s), 

(c) Absolute tip substrate distance determination is possible by recording an 

experimental approach curve (e.g. oxygen reduction) before loading 

hydrogen. 

(d) The tip does not afEect the concentration proSle of the species generated or 

consumed at the substrate, since it is a passive sensor 

Below is an example of the procedure 5)r applying Hre Pd hydride 

microelectrodes to SECM experiments using a test solution in which the 

hydrogen absorption behaviour of the Hre pd Sims is unknown. 

(1) Preparation of a Pt microdisc electrode. 

(2) Deposition of an Hre Pd films on the Pt microdisc. 

(S) Add cleaning of the Hre Pd film (e.g. —0.66 V 4^ +0.70 V vs SMSE, in 1 M 

H2SO4) 

(4) Optimization of hydrogen loading conditions (potential, time) in a solution 

with the same composition as the test solution. 

(5) Hydrogen loading into the Hre Pd film in a solution with the same 

composition as the test solution. 

(6) Potential-pH cahbration in the test solution. 

(7) SECM experiment (Figure 7.1). It is important to note that the test 

solution 6)r SECM experiments should not contain oxidizing species and has to 

be deaerated be&re the loading procedure. 

172 



Tip-substrate distance 
determiaatioa 

Amperometric mode 
(approach curve) 
e.g. Og reductim: 

V Tip 

Substrate 

i 

Deaeration of 
the solution 

o 
o 

Arn 

o 

V 

Loading hydrogen 
cathodically 
(H/Pd K 0 . 4 0 . 5 ) 

Y 
rr fT fT 

pHm^ing 
( - 1 hour) 

Potentiometric mode 

7%izre ^ &gaznp/e of aptpAcaflw/) of .%-e 6? 

7-2. Further work 

In aerated solutions, the h&time of Hre Pd hydride microelectrodes was very 

short, because of the presence of oxygen. Similar eSect is expected with any 

oxidizing species. The 6eld to which this sensor is applicable will be widened 

substantially if we can lengthen the h&time in aerated solutions. One possible 

solution is recessing the Pt microdisc electrodes before Hre Pd film deposition. 

Well established procedures for etching Pt microdisc electrodes have been 

reported^ It is beheved to be possible to increase the thickness of the Hre 

Pd layer without enlarging the diameter. To achieve the h&time of Ihour in 

aerated solutions, the minimum thickness is expected to be around 10 pm 5)r </= 

25 electrodes. 
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L̂cK)ttw%r jpcwasible gwibitioii to lerygttuen lOhe lifetime iii thke pisaseiice of oxidising 

species is to coat a protective film over the Hre Pd film. By the use of proton 

permeable Sim, the potentiometric pH response is expected to remain. In fact, 

several workers coated potentiometric micro pH sensors (W / WOx̂ ,̂ Ir / IrOx^) 

with NaSon resin to resist attacks of coexisting species in the solution. It is of 

course essential to retain the possibihty of loading hydrogen through the 

protective Sim. 

In the discussion up to now, typical SECM experiments (» 1 hour) have been the 

main target. By taking a completely difkrent approach, it can be possible to 

widen the application of Hre Pd hydride electrodes further. Since hydrogen 

absorption is very rapid 6 r Hre Pd films, it is expected to be possible to reload 

the film« in situ more frequently. The Hi e Pd hydride electrodes will show the 

stable potential of the a+P phase as long as the H/Pd ratio is kept in the range 

0.1 - 0.6. If we can keep the H/Pd ratio in this range by in situ Sequent 

reloading, a continuous pH measurement will be possible. This approach may 

lead to the applicability of Hre Pd hydride electrodes to solutions containing 

oxidising species (including aerated solutions). 

Another interesting topic for further work is the application of Hi 

nanostructured films to other potentiometric microsensors (e.g. metal / metal 

oxide). In general, the potentiometric response is worse for microelectrodes 

than for conventional size electrodes. Because of their massive sur&ce areas, 

Hi nanostructured fjlmm are expected to show behaviour similar to conventional 

size electrodes. Furthermore, &om the results obtained in the present study, 

the influence of traces of adsorbable impurities can be reduced, compared to 

microelectrodes without the nanostructure. In fact, in our preliminary study 

an Hre Pt / PtOx microelectrode showed much more stable potentials than a Pt / 

PtOx microelectrode without the nanostructure. 

This study can be started with Pd / PdOx, since the deposition procedure of Hre 

Pd films is already established, and they can be oxidized by applying a 

combination of ac + dc potentials in sulphuric acid solutions^. On the other 

hand, the deposition methods 6)r Sb̂ ^ and IrOx^ &om aqueous media have been 

reported. Hence, it is expected to be possible to 6)rm H r e Sb or Hre IrOx films. 

174 



% Oaac/uazbzza /iirtAer pyorfr 

For these two fLhns, Airther treatment (e.g. oxidation) is not necesseuy 

Performing this study may also give some further information on the role of the 

nanostructure in achieving the good potentiometric response. 
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