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ABSTRACT 

The aim of this work was to investigate the possibility of controlled bottom-up 

electrodeposition of metals into nano-dimensional spaces from supercritical fluids. 

Initially, it was necessary to choose a solvent or a mixture of solvents that would be a 

suitable base for an electrolyte solution. This was followed by the choice of 

supporting electrolytes and metal precursors. An attempt to find an appropriate 

reference electrode or an internal reference probe was also made. Cyclic voltammetry 

with microelectrodes was used to study the supercritical systems with metal 

complexes prior to the electrodeposition experiments. The most suitable metal (silver 

and copper) complexes were employed in the electrodeposition of metal films on flat 

electrodes. This was followed by electrodeposition into templated substrates, namely 

aluminium oxide membranes (20-400 nm diameter cylindrical pores) and hexagonal 

mesoporous silica thin films (3-5 nm diameter pores). The first nanowires produced in 

homogenous supercritical fluids are reported. 
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1 Introduction 

 

The aim of this work was to investigate the possibility of controlled bottom-up 

electrodeposition of metals into nano-dimensional spaces from single phase 

supercritical fluids. The synthesis of nanoparticles and nanowires in supercritical 

fluids is developing and offers promise for the efficient production of well-defined 

materials.
1
  Chemical vapour deposition (CVD) and molecular beam epitaxy (MBE) 

are commonly used for thin film monolayer by monolayer deposition. These 

techniques are employed in the production of integrated circuits and light emitting 

diodes found in almost all electronics. However, these methods cannot be used to 

grow material inside nano and mesostructured materials as the high rate of deposition 

will cover the top of the pore before deposition can occur inside it. The aim of the 

Basic Technology project, which this work is part of, is to develop a technology 

which will allow growth inside three dimensional nanostructured templates with the 

level of control similar to that in MBE or CVD. The unique properties of supercritical 

fluids (SCFs) to carry reactants inside mesostructured templates and the control 

electrochemical methods provide may allow such a technology to be developed. High-

fidelity replication of the template structures in supercritical fluids by chemical  

and thermal methods has been reported,
2
 and metal electrodeposition from 

supercritical emulsion has also been described in the literature.
3,4

   

 

General information on supercritical fluids, electrochemistry in supercritical fluids 

and information on templated deposition is provided below. More detailed  

and relevant background material is reviewed at the beginning of each chapter. 

 

1.1 Supercritical fluids  

The supercritical phase was discovered by Baron Cagniard de la Tour in 1822 in  

a series of experiments in which he observed the effect of heat and pressure on water, 

alcohol, sulphuric ether, and carbon disulphide.
5,6

 He placed a canon ball in a small 

Papin’s steam digester (the predecessor of the steam engine) partially filled with  

a chosen liquid, raised the temperature in the sealed digester, and rolled it.
7
 Whenever 

the canon ball crossed the liquid-vapour interface, a splashing sound was heard,  
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and above a certain temperature much higher than the boiling point of the liquid,  

the splashing sound stopped.
7
 The boundary between the liquid and gaseous phase 

was gone.
7
 Cagniard de la Tour also observed the liquids in sealed glass tubes,  

and noted that when they were heated they became reduced to vapour in a space from 

twice to four times their original volume.
5,7,8

 He called the phase he discovered ‘l’etat 

particulier’.
5-7

 He also noticed that substantial increase in pressure of a substance  

in ‘l’etat particulier’, at a constant temperature above the critical point, did not result 

in its liquefaction.
6,7

  

 

In 1845, Michael Faraday
9
 referred to ‘l’etat particulier’ and the critical point as 

‘Cagniard de la Tour’s state’ and ‘the Cagniard de la Tour point’, then later in 1861, 

Dmitri Mendeleev
10

 used the terms ‘absolute Siedetemperatur’ that is ‘absolute 

boiling point’, and in 1869, Thomas Andrews
8
 coined the term ‘critical point’, which 

is in use today. 

 

In 1869, Andrewsnb described his experiments on the influence of pressure and 

temperature on partially liquefied carbonic acid in a glass tube.
8
 When he gradually 

increased the temperature to 31.1 °C, ‘the surface demarcation between the liquid and 

gas became fainter, lost its curvature, and at last disappeared’, and the space was 

occupied by a homogenous fluid.
8
 Andrews also observed ‘a peculiar appearance  

of moving or flickering striae’ throughout the fluid, when the pressure or temperature 

were reduced to near the critical point.
8
 He explained it was the result of substantial 

changes in density around the critical point.
8
 Furthermore, he reported that  

at temperatures above 31.1 °C ‘no liquefaction of carbonic acid or separation into two 

distinct forms of matter’ was observed at pressures even as high as 300-400 atm.
8
   

 

It has been found that a substance above its critical point exhibits both the properties 

of gases and liquids.
8,11,12

 A schematic phase diagram in Fig. 1.1 shows where the 

supercritical fluid phase occurs. Such fluids have high diffusivity between those of 

gases and liquids, and the solvating properties that are characteristic of liquids.
13

 A 

comparison of the properties of gases, supercritical fluids and liquids were provided in 

the literature by O’Neil and Watkins
1
, and information from their publication was 

used in Table 1.1.  
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Fig.1.1 Example of a phase diagram featuring the supercritical phase of a substance. 

 

Table 1.1 Comparison of typical selected properties of the liquid (at room temperature), 

supercritical, and gaseous phases
1
 

 Liquid 
Supercritical 

Fluid 
Gas 

Density / g cm
-3

 1 0.1–1 10
-3

 

Viscosity / Pa s 10
-3

 10
-4

–10
-5

 10
-5

 

Diffusivity / cm
2
 s

-1
 10

-5
 10

-3
 10

-1
 

Surface Tension / dyn 

cm
-1

 
20-50 0 0 

 

To visualize the supercritical phase change phenomenon, a video recorded by Martyn 

Poliakoff and his group at the University of Nottingham can be accessed via the link 

in the reference.
14

 

 

1.2 Supercritical carbon dioxide  

Supercritical carbon dioxide (scCO2) is the fluid of choice for many applications 

because it is nonflammable, nontoxic, and exhibits easily accessible critical 

parameters (pc = 73.8 bar, Tc = 31 °C).
1,15

  Simulation of the dependence of density on 

pressure at isothermal conditions at 30 ºC, and 50 ºC are presented in Fig. 1.2.
1,16

 The 

simulation was done on the National Institute of Standards and Technology website, 

temperature 

pressure 

gas 

critical point 

 

supercritical 

fluid liquid 
solid 

boiling point 
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which applies an equation of state derived by Span and Wagner.
16

 In Fig. 1.2a, which 

shows the change of density with increasing pressure at 30 ºC, a discontinuity due to 

the boiling of the liquid is observed. At 50 ºC, Fig. 1.2b, which is approximately 19 

ºC above the critical temperature, the density increases continuously with pressure 

without any boiling observed, because at the critical pressure the density of the liquid 

and vapour above it equalize when the supercritical region is entered, and the density 

curve rises without interruption. It is also known that the higher the temperature above 

the supercritical point, the smaller the rate of increase in density with increasing 

pressure around the critical point. 

 

1.3  Electrochemistry in supercritical carbon dioxide 

Supercritical carbon dioxide has a low dielectric constant of 1.6, which creates  

a technical problem in performing electrochemistry in it, because of the resulting low 

salt dissociation and, hence, low ionic conductivity. There are, however, means  

to increase the conductivity in scCO2, i.e. the addition of a polar co-solvent, the use  

of a salt with a large hydrophobic cation and anion (e.g. tetraalkylammonium salts), 

and the use  of a fluorinated ion for increased solubility; or a combination of the 

above.
17

 The polar aprotic solvent, acetonitrile, with a dielectric constant ε = 37.5 was 

added at approximately 14-17%v, and tetraalkylammonium salts were employed in 

this work. The molar conductivity of scCO2-CH3CN solutions with 

tetrabutylammonium tetrafluoroborate reported in the literature were approximately 

2.3-2.4 S cm
2
 mol

-1
.
18

  

 

1.3.1 Microelectrodes in electrochemistry in supercritical carbon 

dioxide 

Microelectrodes display several advantages over conventional electrodes such as 

enhanced mass transport, small IR losses, and reduced double layer capacitance, 

which result in a faster response time.
19

 These advantages enabled electrochemical 

measurement in such a low conductivity as in scCO2-CH3CN with 

tetrabutylammonium tetrafluoroborate as supporting electrolyte. Only a few  

studies
20-23

 describe the use of microelectrodes in high pressure electrochemistry and 

their results are gathered in a review by Compton et al.
24

 Microelectrodes were used 
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extensively in this study and results obtained with them are described in Chapters 3, 4, 

and 5. 

 

 

 

 

a) 

 

    b) 

p / MPa 

d / mol dm
-3

 

p / MPa 

d / mol dm
-3
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Fig.1.2 Simulation of the change of density of CO2 with regard to pressure at a) T<TC, 30 ºC 

and b) T>TC, 50 ºC with the use of  Lemmon and Span’s empirically derived equation 

of state for CO2 (from NIST website).
16  

 

1.4 Metallocenes as internal reference couples 

There are two types of reference electrodes used in nonaqueous systems.
25

 The first  

is a reference electrode that uses the same solvent as the studied solution; the second 

is an internal reference couple, i.e. a metallocene as recommended by IUPAC.
26

 When 

the two are not available, a pseudo-reference electrode may be used, however,  

the values of potentials read will not be reproducible. In this work, a platinum disc or 

wire pseudo-reference electrodes were used, and a search for a possible internal 

reference couple for the scCO2-CH3CN system was carried out in parallel with the 

electrodeposition experiments. The choice of redox couples used for this was based on 

their solubility in scCO2.
27,28

 IUPAC recommendations for suitable internal references 

in nonaqueous solvents were also considered.
26

 Two metallocenes were studied more 

thoroughly, namely decamethylferrocene and cobaltocenium hexafluorophosphate. 

These studies are described in Chapter 4. 

 

1.5 Templated substrates for electrodeposition 

There are many ways in which nanowires can be produced, and this involves bottom-

up methods with templates, 
29-32

 seeding methods,
33-35

 use of steps and edges on  

a surface, growth at liquid-liquid interfaces,
36

 and more.
37-41

 Most of the nanowires 

obtained via these methods have diameters of more than 10 nm. The synthesis  

or deposition of nanowires of diameters equal or lower than 3 nm is much more 

difficult. One of the possible routes to such low diameter nanowires is the use of 

mesoporous silica.
42-45

 In order to obtain an organized structure containing ordered 

nanowires, mesoporous silica thin films were employed in this work. 

 

Evaporation-induced self-assembly (EISA) is one of the methods of preparing 

mesoporous silica thin films. The principles of it have been extensively described 

elsewhere.
46

 By choosing the content of a dip-coating solution and the parameters of 

the process, the inner structure of the film can be designed to fit a chosen application.  
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2D-hexagonal mesoporous silica films were fabricated for electrodeposition  

in supercritical fluids. 
46,47

 More details on their preparation are provided in Chapter 2, 

and the results of metal electrodeposition into them are described in Chapter 6. 

1.6 Performing electrochemistry at high pressures 

It must be noted that experiments at high pressures are demanding in terms of strict 

safety rules and procedures. The experiments took long hours mainly spent on setting 

the experiment up. One of the most important issues was obtaining a proper seal, 

especially in spaces where electrodes were inserted. The stainless steel tubing that 

transported pressurized carbon dioxide had to be well maintained and examined 

regularly.  

 

An obstacle, which arose when performing high pressure electrochemical 

measurements at solid electrodes, was accumulation of material on the electrode, 

which could not be removed from its surface during a series of measurements. 

Electrochemical cleaning by cyclic voltammetry was used in this work; however, it 

was insufficient when studying metal deposition by cyclic voltammetry, then the 

electrodes had to be cleaned mechanically. More on the details of the above will be 

found in Chapter 2. 

 

1.7 General overview of thesis  

The results of this study are provided in four chapters. Chapter 3 contains information 

about the response of the background, and the available potential ranges of the 

solvents. A discussion on the phase behaviour of the supercritical system is also 

provided there. The possibility of using decamethylferrocene and cobaltocenium 

hexafluorophosphate, and other metallocenes, as internal reference standards in the 

supercritical fluid, is presented in Chapter 4. 

 

Chapter 5 contains the study of the cyclic voltammetry of chosen silver and copper 

complexes in acetonitrile and scCO2-CH3CN. The complexes most suitable for 

electrodeposition in the supercritical fluid phase were found. The electrodeposition  

of silver and copper from the scCO2-CH3CN system is described in Chapter 6. Results 

of electrodeposition on flat substrates, into AAO membranes with pore diameters 
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from 20-400 nm, and into hexagonal mesoporous silica thin films with pore diameters 

3-5 nm, are presented and discussed.   
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2 Experimental 

2.1 Reagents 

2.1.1 Solvents and supporting electrolytes  

The solvents used were acetonitrile (Chromasolv®LC-MS 99.9%, Riedel de Haën) 

purified by distillation over anhydrous calcium chloride, and supercritical grade 

carbon dioxide (BOC Gases). The supporting electrolytes were tetrabutylammonium 

tetrafluoroborate (TBATFB, 99% Aldrich), tetrabutylammonium hexafluorophosphate 

(TBAHFP, ≥ 99% Fluka), and tetrabutylammonium tetrakis(di-(trifluoromethyl 

phenyl)borate (TBABARF6: [NBu
n

4][B(3,5-(CF3)2C6H3)4]), 99% prepared by the 

Inorganic Synthesis Group, University of Southampton by a method described  

in the literature
1
).  

2.1.2 Silver and copper metallorganic complexes 

The metal precursors employed were silver (I) hexafluoroacetylacetonate 

triphenylphosphine, [Ag(hfac)(PPh3)] (99% prepared by the Inorganic Synthesis 

Group, University of Southampton), silver (I) hexafluoroacetylacetonate 

cyclooctadiene, [Ag(hfac)(COD)], (99% Aldrich), silver (I) triphenylphosphine 

tetrafluoroborate, [Ag(PPh3)4][BF4] (99% prepared by the Inorganic Synthesis Group, 

University of Southampton), silver (I) tetrakis-acetonitrile tetrafluoroborate, 

[Ag(CH3CN)4][BF4]  (ReagentPlus®, 99%, Sigma-Aldrich), silver perfluorooctanoate 

di-triphenylphosphine, [Ag(PPh3)2][PFOA], where [PFOA] = [C7F15COO
-
], (99% 

prepared by the Inorganic Synthesis Group, University of Southampton), copper (II) 

dihexafluoroacetylacetonate complex, [Cu(hfac)2] (99% prepared by the Inorganic  

Synthesis Group, University of Southampton), copper (I) tetrakis-acetonitrile 

tetrafluoroborate, [Cu(CH3CN)4][BF4] (99% prepared by the Inorganic  Synthesis 

Group, University of Southampton by reacting excess copper powder with Cu[BF4]2  

in refluxing acetonitrile under nitrogen and tetrakis-(acetonitrile) copper (I))
2
. 

Triphenylphosphine, PPh3 (ReagentPlus
®
, 99%, Sigma-Aldrich) and 

hexafluoroacteylacetonate, hfac (Strem Chemicals, Inc.) were used to investigate the 

influence of ligands on precursor electrochemistry.  
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2.1.3 Metallocenes for possible internal reference 

The metallocene compounds investigated were cobaltocene (CoCp2, 97%), 

cobaltocenium hexafluorophosphate ([CoCp2][PF6], 98%), ferrocene (FeCp2, 98%), 

decamethylferrocene (Fe(C5(CH3)5)2), 97%), and ruthenocene (RuCp2, 97%), 

purchased from Sigma Aldrich and purified by sublimation (except the cobaltocenium 

salt, which was used as received). 

2.1.4 Reagents for functionalizing gold substrate for silver electrodeposition 

The reagents used for the preparation of the chromium - gold coated slides before 

electrodeposition in scCO2-CH3CN were: 3-mercaptopropionic acid 

(HSCH2CH2COOH, Sigma-Aldrich, >99%), ethanol (Rathburn Chemicals Ltd., 

HPLC grade), and deionised water (18 MΩ cm, Purite Select Fusion 160 system). 

2.1.5 Reagents for mesoporous silica thin film preparation 

The directing agent used was the Brij®56 surfactant (polyethylene glycol hexadecyl 

ether C16H33(OCH2CH2)nOH, n~10, Aldrich), the silica precursor was tetramethyl 

orthosilicate (TMOS, ≥ 99% Aldrich), the acidifying agent was hydrochloric acid 

(diluted from 12 M HCl 5% in DI water), and methanol (MeOH, Rathburn Chemicals 

Ltd., HPLC grade) was used as a solvent. The thin film was deposited on indium-tin 

oxide (ITO) coated glass slides. The slides were etched and cleaned with potassium 

hydroxide solution in order to functionalize the surface with hydroxyl groups  

(5 M KOH(aq), made from ACS reagent Sigma-Aldrich KOH pellets), acetone, ethanol 

and isopropyl alcohol (EtOH and IPA, Rathburn Chemicals Ltd., HPLC grade). 

 

2.2 Electrodes 

The working electrodes used were platinum and platinum/tungsten (5% W) 

microdisks sealed in glass. They were polished prior to each experiment on  

a polishing cloth with alumina paste (Buehler polishing cloth and alumina powder of 

1, 0.3, and 0.05 μm average particle diameter). 

2.2.1 Electrodes for liquid solutions 

Platinum disks of various radii (5-250 μm) sealed in glass, prepared according to  

a method described in the literature, were employed as working electrodes.
3
 The 

fabricated microelectrodes (radius below 50 μm) were characterized by means of 
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cyclic voltammetry in 1 M H2SO4 and in 5 mM [Ru(NH3)6]Cl2 aqueous solutions. 

Scanning electron microscopy (SEM, Philips XL30) was also used to estimate the 

diameters of the electrodes.  

 

A platinum 0.25 mm radius disk was used as a pseudo-reference electrode. Platinum 

gauze cleaned in flame was the counter electrode. The solutions were purged with 

argon saturated with acetonitrile (a gas washing bottle containing acetonitrile with  

a frit, and a gas trap were used for the purging setup) for 20-30 min prior to each 

experiment. This was repeated every 15 min. After the solution was purged, the 

electrodes were inserted into the cell under an argon blanket, and the cell sealed. 

Experiments were carried out at room temperature or at a set temperature between 25 

and 35 ºC regulated by a thermostated water bath. 

 

A 5-neck electrochemical glass cell was used. Initially, a home-made current follower 

and a home-made potentiostat (available potential range between -5 and 5 V) were 

used. The majority of the experiments, however, were carried out with the use of  

a micro-Autolab type III potentiostat / galvanostat (Ecochemie) with GPES software. 

 

Characterization of platinum microelectrodes 

The fabricated microelectrodes were characterized by means of cyclic voltammetry in  

1 M H2SO4 and 5 mM Ru(NH3)6Cl3. Cyclic voltammetry in 1 M H2SO4 provides 

information about the surface area of the electrode.
4,5

 It can also be a method of 

electrode surface cleansing. Multiple scans were run in the acid solution until a 

reproducible response was obtained. A representative cyclic voltammogram for one of 

the 12.5 μm radius electrodes fabricated is presented in Fig. 2.1.   
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Fig. 2.1 Cyclic voltammetry in 1 M H2SO4 aqueous solution for a fabricated 12.5 μm radius Pt 

disk electrode, recorded at 0.2 V s
-1

, at 25 ºC, 14
th
 scan. 

  

The polycrystalline Pt electrode was cycled between -0.65 and +0.85 V vs. SMSE at 

0.2 Vs
-1

. Three characteristic features were observed: the hydrogen adsorption and 

desorption between -0.4 and -0.65 V vs. SMSE, the double layer region, and the 

formation and reduction of platinum oxide.[Derek Pletcher’s book] 

 

 The underpotential deposition (upd) of hydrogen results in the adsorption of a 

monolayer of hydrogen adatoms at the electrode surface, reaction (2.1). After several 

scans the electrode was cleansed, gave reproducible results, and the charge passed 

during the upd process was used to estimate the real area of the electrode.  

+ - •

adsH +e PtH   (2.1) 

The polycrystalline Pt surface consists of a mixture of crystal faces at which the 

hydrogen can adsorb (Pt (100) main, Pt (110), Pt (111)), and the hydrogen adsorption 

and desorption waves are a combined response of electron transfer reactions at these 

faces.[Derek’s book] 

 

In the positive potential range a wave corresponding to the formation of oxide on 

electrode surface is observed, reaction (2.2). The wave corresponding to the reverse 

reaction is shifted towards lower potential values on the cathodic scan. The reason is 
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that after the oxide is formed on the electrode surface an interchange between the 

oxygen and platinum atoms takes place. The oxygen settles behind a monolayer of 

platinum and the Pt faces the solution, reactions (2.3) and (2.4). When sweeping from 

positive to negative potential values, this interchange has to be reversed before the 

oxygen can be reduced and desorbed from the Pt electrode surface, thus a higher 

overpotential needed to be applied.[Derek’s book] 

    • + -

2 adsH O PtOH +H +e               (2.2) 

        PtOH OHPt     (2.3) 

        + -OHPt OPt+H +e    (2.4) 

 

The gap in current between the oxidation and reduction curves in the region where no 

electron transfer occurred, corresponds to the double layer charging region. 

  

The real surface area of the electrode was calculated from equation (2.5), 

f

Q
A       (2.5) 

where Q is the charge corresponding to hydrogen monolayer adsorption, equation 

(2.6),  

1dt
Q idt I dE IdE

dE 

 
   

 
     (2.6) 

and  f is a coefficient, which corresponds to the adsorption of a monolayer of 

hydrogen at a polycrystalline Pt surface, and equals 210 μC cm
-2

.
4
  

 

The mass transport limited current at a microdisc electrode scales linearly with its 

radius. Therefore, the voltammetry of a simple, reversible, one-electron redox couple 

such as Ru
3+

/Ru
2+

, reaction (2.7), can be used to estimate the radius of the 

microelectrode.
6
  

3+ 2+

3 6 3 6Ru(NH ) Ru(NH )e     (2.7) 

 

A cyclic voltammogram of one of the fabricated 12.5 μm radius microelectrodes is 

given in Fig. 2.2.  
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Fig. 2.2 Cyclic voltammogram in 5 mM [Ru(NH3)6]Cl3 in 0.1M KCl aqueous solution for  

a fabricated 12.5 μm radius Pt disk electrode recorded at 0.005 V s
-1

. 

 

Equation (2.8) was used to calculate the radii of the electrodes: 

nFDcail 4   (2.8) 

where iL is the diffusion limited current (A), D the diffusion coefficient of the 

electroactive species (cm
2
 s

-1
), a the radius of the disk (cm), and c is the bulk 

concentration (mol cm
-3

).
7
 

 

2.2.2 Electrodes for supercritical carbon dioxide – acetonitrile solutions 

All electrodes used in the supercritical fluid (SCF) were sealed in polyether-ether 

ketone (PEEK, 1.6 mm O.D., 0.5 mm I.D., Supelco) tubing with bisphenol A epoxy 

resin (EpoFix Kit, Struers). Platinum, silver, and copper 0.25 mm radius macrodisk 

working electrodes were used, as well as platinum and platinum/tungsten (95% Pt / 

5% W) microdisk working electrodes of various radii (3.7 - 26 μm). The latter were 

primarily sealed in glass, and then contacted with silver loaded epoxy resin (RS 

Components, 10 g, 2 vial, curing time 24 h at 25 ºC and 20-30 min at 100 ºC) to  

a 0.25 mm radius copper or platinum wire, and then sealed in PEEK, Fig. 2.3.  

Approximately 5 cm long sections of PEEK tubing were used in the preparation of 

electrodes. They were attached to a 1-2 ml syringe, which was used to suck up a 

freshly prepared resin mix and fill tube. The 0.25 mm radius metal wire was then 
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pulled through. In case if microwires embedded in glass, the procedure was different. 

The glass section containing the microwire was smeared around the edges with epoxy 

resin and fitted into the PEEK tubing, then a contact with silver loaded epoxy resin 

was made and a metal wire attached to it. The space inside the tubing was filled with 

resin by using a syringe with a needle.  The SEM images of two microelectrodes, 15.5 

µm and 3.7 µm radius, are presented in Fig. 2.4. 

 

 

Fig. 2.3 Schematic drawing of the electrodes used in supercritical fluids.  

 

  

Fig.2.4 Examples of microelectrodes sealed in glass and PEEK tubing (not visible in these 

images) for cyclic voltammetry experiments in supercritical fluids. Their average 

diameter was also estimated from the measurements in the scanning electron 

microscope for comparison with the results from cyclic voltammetry. 

 

Platinum, silver, and copper 0.25 mm radius wires, coils, gauzes, and sheets were 

used as counter electrodes. Platinum, silver, and copper 0.25 mm radius wires were 

also used as pseudo-reference electrodes. The counter and reference electrodes were 

PEEK tubing 

Pt, Cu or Ag wire 

soda glass 
capillary 

Pt, Cu or Ag 
microwire 

silver loaded 
epoxy resin 

epoxy resin 
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usually chosen to match the metal complex in solution. This has the advantage that the 

copper or silver disk forms a stable reference by exchanging ions with the solution, 

while the copper or silver wire can oxidise during metal plating thus providing a 

suitable equivalent reaction to balance the electrochemistry at the working electrode. 

A micro-Autolab type III potentiostat was used to perform voltammetry and 

chronoamperometry. The experiments were carried out under elevated pressures  

(100 – 300 bar), and temperatures (32 – 50 ºC). The pressures and temperatures 

applied had to be such that a single phase was obtained in the reactor during the 

experiments. 

 

2.3 Substrates for deposition  

2.3.1 Macrodisk electrodes 

Platinum and silver 0.25 mm radius disks sealed in PEEK were used as deposition 

substrates. Their fabrication was described in 2.2.2. 

 

2.3.2 Functionalized gold coated glass slides 

Glass slides coated with Cr/Au (Cr layer ~ 15 nm, Au layer ~200 nm) were cut into 

pieces (approx. 7x7 mm length and width) with a diamond scribe. Each piece was 

contacted with silver loaded epoxy resin to a Pt or Cu electrode (described in 2.2.2). 

The substrate was then cleaned by sonication in isopropanol and deionised water.  

In the next step, the gold substrate was immersed into a 10 mM mercaptopropionic 

acid solution in ethanol for about 2 h. It was then rinsed with deionised water and 

blow dried thoroughly before insertion into the cell.  

2.3.3 Anodized aluminium oxide membrane – based substrates 

The Whatman anodized aluminium oxide (AAO) membranes. The bottom side of the 

membranes were sputtered with a 200-400 nm layer of gold to obtain a conductive 

surface. Then a contact was made between a piece of the membrane (average size 

0.25 cm
2
) and a 0.25 mm radius platinum or silver disk electrode with copper tape, 

carbon tape or silver loaded epoxy resin. The part of the back of the membrane that 

was outside the electrode diameter was insulated with slow set epoxy resin (EpoFix 

Kit, Struers). A schematic drawing of the substrate is presented in Fig. 2.5. After 
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electrodeposition the substrate was rinsed with deionised water and part of the AAO 

was dissolved in 1 M NaOH(aq) to reveal the Ag wires deposited in the template. 

Imaging of AAO membranes was performed before and after deposition with a FEG-

SEM (JSM-6500F). Prior to imaging the alumina membranes were sputtered with 

gold for 45 s (~ 15 nm layer) to enhance the conductivity of the substrate and obtain 

images of better quality.     

 

Fig.2.5 Schematic drawing of the aluminium oxide membrane based substrate for metal 

electrodeposition in supercritical fluids. 

 

2.3.4 Hexagonal mesoporous silica thin film templated substrates 

Indium-tin oxide (ITO) coated glass slides were cleaned prior to deposition of the 

mesoporous silica thin film. Two cleaning procedures were applied. In both the slides 

were sonicated in deionised water and acetone interchangeably. Then in the first 

procedure they were soaked in 5 M KOH(aq) for 2 h, and then rinsed with deionised 

water to remove salts formed on the surface, and then with EtOH to remove the water. 

In the second procedure the slides were sonicated in IPA. Then the slides were stored 

in EtOH to keep the –OH functionalization, which enhances the silica film adhesion. 

Prior to dipping in deposition solution, the slides were dried with argon. 

 

The templating mixture 

The content of the dip-coating sol was based on information in the literature.
8
         

The reagents used are outlined in 2.1.4. The proportion of Brij
®
56 : TMOS : 0.5 M 

HCl was 1:1.8:1 by mass. MeOH was added to dilute the mixture. It slowly 
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WE in PEEK sheath 

copper tape or 
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loaded epoxy resin 
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200 - 400nm 
gold layer 

Pt or Cu wire 
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evaporated during the drying stage. The mixture was heated, and kept at a temperature 

around 45 °C, to maintain the desired hexagonal structure of the template, Fig. 2.6. 

Brij®56 was firstly mixed with TMOS, then MeOH was added, followed by 0.5 M 

HCl(aq). The addition of HCl(aq) resulted in an exothermic reaction of TMOS 

hydrolysis. The silane groups formed started polymerizing.  

 

The dip-coating was carried out with the use of a NIMA dip coater. The immersion 

speed was 45 mm min
-1

, the sample rested at the bottom for 60 s, the withdrawal 

speed was 60 mm min
-1

. For the MeOH and water to evaporate in stable humidity 

conditions, the slides were kept in a Büchi oven for 3 days at a constant temperature 

45 ºC. During the evaporation stage the desired structure was formed. Calcination 

under N2 was applied to remove the surfactant from the silica pores. The temperature 

was increased by 0.5 ºC min
-1

 until it reached 350 ºC, and this temperature was 

retained for 4 h. The sample was then cooled gradually for 8h.  

 

 

Fig.2.6 Phase diagram for Brij®56 + DI water; where L1 – micellar phase, HI – hexagonal 

phase, V1 – cubic bicontinuous phase, Lα – lamellar phase, L2 – inverse micellar 

phase.
9
 

 

An example of a substrate used for deposition is illustrated in Fig. 2.7. 
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Fig.2.7 Schematic drawing of the mesoporous SiO2/ITO/glass slide substrate connected to a 

0.25 mm radius Pt disk, a picture of the substrate will be further shown in Fig.6.18. 

 

The deposited silica thin films were characterized by Small Angle X-Ray Diffraction 

(SAXRD) before and after calcination. SAXRD patterns were recorded in the 1-8º  

2θ range using a Siemens D5000 X-ray diffractometer with a θ/2θ geometry 

goniometer. The instrument operated in reflection geometry using CuKα1 radiation  

(λ = 1.54056 Ǻ), focused by a Ge crystal primary monochromator. The slit 

arrangement was 2 mm pre-sample slit, 0.2 mm post-sample slit, and a 0.2 mm 

detector slit.  

 

The average thickness of the silica film was estimated to be approximately 200 nm 

measured on a saved SEM image in wet mode in the environmental SEM. The silica 

films after silver or copper electrodeposition were characterized by means of SEM, 

TEM, EDX and SAED. TEM images and SAED patterns were obtained from a JEOL 

3010 transmission electron microscope, with an accelerating voltage ranging from 

100-300 kV (300 kV was used mostly). The Oxford Inca 100 TEM software was 

employed for the energy dispersive X-ray analysis. Samples for TEM were prepared 

in a range of ways: by dipping a grid (400 mesh copper or gold grids with carbon film 

or carbon holey film, Agar Scientific) in a dispersion of silica scrapped off the 

substrate surface, by scratching off bits of the sample to be analyzed onto the grid and 

pipetting a droplet of IPA onto it. 

 

The samples were also characterized by using focused ion beam lithography with 

scanning electron microscopy (FIB/SEM) for sample preparation and then imaging it 

silver loaded epoxy 

resin 

0.25 mm radius Pt wire 

PEEK sheath 

insulating 

epoxy resin  

Substrate: 

mesoporous SiO2 

deposited on ITO 

coated glass 
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by TEM. The FIB/SEM & TEM (FEI Quanta200 3D DualBeam FIB/SEM & JEOL 

2100F TEM) facilities at the Nottingham Nanotechnology and Nanoscience Centre 

were used (EPSRC open access scheme).  

 

2.4 Experimental setup 

2.4.1 In ambient atmosphere  

A 5-neck electrochemical cell, a home-made potentiostat, and a home-made current 

follower were used. The solutions were purged for 20 min with argon saturated with 

acetonitrile prior to experiment. The electrodes were inserted under argon blanket, and 

the cell was sealed. Experiments were carried out at room temperature 24±1 °C.  

2.4.2 At elevated pressures and temperatures 

The reaction vessel was a 316L stainless steel cell with a fixed volume of 10 ml.  

A JASCO PU-1580-CO2 pump (constantly pressurized, at approx. 5 MPa) was used to 

introduce liquid CO2 into the cell. The working pressure range applied was 100 to 300 

bar.  The content of the cell was stirred during pumping with a PTFE magnetic stirrer 

bar with a IKA®RCT Basic heater/stirrer. The electrochemical data were collected by 

a micro-AUTOLAB Type III potentiostat. The temperature was measured in situ with 

a thermocouple sealed in the cell and connected to a standard portable thermometer. 

The cell was heated with a mica insulated band heater and was regulated by a bench-

top controller, which received feedback from a thermocouple mounted in a hole at the 

bottom of an aluminium jacket mounted around the cell body, throughout the duration 

of experiment.  After each experiment, the cell was gradually depressurized with the 

use of a JASCO BP-1580-81 Back Pressure Regulator. The experimental setup  

is outlined in Fig. 2.8. 

 

Carbon dioxide was delivered through 1/16” high pressure tubing and an open HIP 

valve to the JASCO pump, where it was cooled. The rate of pumping was set 

manually, usually started at 2 ml min
-1

, and as the rate of pressure increase grew the 

rate of pumping was reduced to 1 ml min
-1

, then 0.5 ml min
-1

, until the desired 

pressure was reached (max. 300 bar). The time of pumping at each rate was measured 

for the calculation of CO2 volume introduced to the system. The lowest pressure 

increase was observed between 6 – 8 MPa (depending on the composition of the 

http://www.nottingham.ac.uk/nano/SEM.phtml
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solution), which is probably the region of phase transition to the supercritical state. 

The pressure in the reactor was measured through the pressure transducer. 

 

 

Fig.2.8 Scheme of the experimental setup for electrochemistry in scCO2 mixtures. The 

reactor with the band heater and stirrer, and the back pressure regulator were placed 

in a fume hood.   

 

2.4.3 The electrochemical cell 

A review by Compton et al.
10

 contains descriptions of equipment and the setups used 

by various research groups for electrochemical investigations in high pressures. The 

setup used here is unique to this project and has also been described in the literature.
11

 

All the high pressure electrochemical experiments were carried out with the use of  

a 316L stainless steel reactor. The working volume of the cell was 10 ml. The cell was 

made of two parts, the top part contained holes through which a thermocouple, the 
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CO2 feeding line and electrodes were fed and sealed. The seal for the thermocouple 

and CO2 feeding line was obtained with stainless steel ferrules and for the PEEK 

sealed electrodes with PEEK ferrules that were easier to replace when worn out, 

without damaging the electrode. The bottom part contained a 10 ml vessel in which 

the solution was confined after pressurization (experiments were carried out under 

isochoric conditions, assuming the seal was good). The two parts of the cell were held 

together with a belt clamp and a safety valve, Figs. 2.9 and 2.10. 

 

 

Fig.2.9 Schematic drawing of the high pressure reactor. Courtesy of the engineering 

workshop of the School of Physics, University of Southampton, UK. 

 

 

Fig.2.10 Picture of the sealed (left) and dismantled (right) high pressure reactor. Picture by 

Dr. David Cook, Electrochemistry and Surface Science, University of Southampton.  
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The 316 stainless steel is of made of austenitic γ – iron, and contains a maximum of 

0.1% C, 16-18.5% Cr, 10-14% Ni, 2-3% Mo, maximum 2% Mn. The chromium 

forms a passivation oxide layer when exposed to oxygen. The layer is impervious to 

water and air, and quickly reforms when the surface is scratched.  

 

A glass lining made to fit the bottom part of the cell was used in a few experiments. 

There was no seal between the glass and the cell body, and some of the concentrated 

electrolyte solution could be trapped between the walls during pressurization,  

i.e. filling the vessel with liquid CO2. This idea was rejected. Another attempt at 

covering the stainless steel surface with an insulating material was evaporation of 

Teflon onto the inner walls of the cell and cover. However, the Teflon coating peeled 

off gradually with every high pressure experiment.  

 

The research on electrochemistry in supercritical fluids is being continued in the 

Bartlett Research Group at the University of Southampton in UK, and the 

developments in the experimental setup will be communicated in further publications. 
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3 Cyclic voltammetry of the background 

 

Two solvents were employed extensively in this work, acetonitrile and supercritical 

carbon dioxide – acetonitrile solutions. The latter contained between 14 and 18% of 

acetonitrile by volume. Acetonitrile has been characterized in the literature as  

a suitable aprotic solvent for metal electrodeposition.1-3 The applicability of 

supercritical carbon dioxide as a solvent in electrochemical investigations has not 

been studied extensively. 

 

In 1984, Hyatt4 reviewed the body of studies, available then since 1861, on carbon 

dioxide as a solvent in the sub- and supercritical phases, and aimed at finding a place 

for liquid and supercritical carbon dioxide in the series of conventional organic 

solvents. At the time, scCO2 had been studied for extraction purposes.4 Hyatt reported 

that the solubility of solutes increased significantly with increasing pressure above the 

critical temperature.4 He also studied the polarity and polarizability of liquid and 

supercritical carbon dioxide. The latter had slightly lower values of both properties.4 

He placed them in the same low polarity range as toluene, cyclohexane,  

and tetrachloroethylene.4  Supercritical CO2 had the lowest polarizability ever 

reported.4 Hyatt suggested that liquid and supercritical CO2 could be the solvents to 

bridge the gap in polarizability between fluorocarbons and the gas phase.4 He labeled 

supercritical CO2 the “’hydrocarbon’ solvent with unusual properties” of infinite 

compressibility, low surface tension and viscosity.4 

 

Abbott and Harper5 reported the first cyclic voltammogram in supercritical CO2 with 

supporting electrolyte at a macroelectrode in 1996. They studied a 5 mM solution of 

bis (tetradodecyl-ammonium) nickel maleonitrile in scCO2 containing 0.1 M 

tetradecylammonium tetra-phenyl borate (TDATPhB) at 70 °C and 300 bar, at  

a sweep rate of only 1 mV s-1.5 They showed it was possible to dissolve an amount of 

a hydrophobic electrolyte to obtain sufficient conductivity in scCO2 for 

electrochemical investigations.5  
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The challenge in studying electrochemistry in scCO2 is the low dielectric constant of 

the fluid, ε(scCO2) = 1.6.6 The conductivity of the fluid can be enhanced by addition 

of a polar co-solvent, e.g. methanol, ethanol, acetone, and acetonitrile.1,4,7-10   

 

In 1989, Wightman et al.11 reported the oxidation of ferrocene at microdisk electrodes 

in scCO2 with an addition of water or acetonitrile, and with tetrahexylammonium 

hexafluorophosphate as supporting electrolyte.5 

 

Thermodynamic modelling of supercritical systems containing CO2 and organic 

solvents has been described in the literature.12,13 Theoretical estimations of physical 

and chemical properties of supercritical carbon dioxide - acetonitrile have also been 

reported.13-21 Carbon dioxide has a critical point at 31 °C and 73.8 bar, while for 

acetonitrile it is at 272 °C and 48.7 bar.10 The phase behaviour of the CO2-CH3CN 

systems depends on the CH3CN content. The molar fraction of acetonitrile applied in 

this work was between 0.12 and 0.14. The temperatures applied were mostly above 35 

°C, and the lowest pressure applied was 90 bar. Byun et al.,22 reported that for a 0.148 

molar fraction of acetonitrile the transition pressure at 35 °C was 67.7 bar, and for  

a 0.105 molar fraction it was 69.8 bar. In this study, the amount of CH3CN used, the 

temperatures and pressures applied were such that the CO2-CH3CN solution remained 

homogenous.21  

 

Hou et al.23 used the concept of local activity coefficients to study the inhomogeneity 

in SCFs. They measured the local compositions of CO2-CH3CN around phenol blue 

by means of UV-visible spectroscopy. The experiments were carried out at 308.15 K 

at pressures below and above the critical region of the CO2-CH3CN solution.23 They 

found that the local compositions differed from the bulk and were sensitive to 

pressure only near the critical region, where their isothermal compressibility was large 

and clustering was more likely to occur.23  

 

The electrochemistry of carbon dioxide in nonaqueous solvents has been studied at 

various electrode materials and in different nonaqueous solvents. Eggins and 

McNeill24 were the first to study the voltammetry of carbon dioxide in acetonitrile. 

They found that carbon dioxide was reduced at -2.32 V vs. Ag/AgBr at a Pt electrode 

in acetonitrile containing 0.1 M tetramethylammonium bromide.24 They estimated the 
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diffusion coefficient of CO2 in the medium to be 3.05 x 10-5 cm2 s-1.24 In aqueous 

solutions one wave, with a number of apparent electrons equal 2, corresponded to the 

formation of formic acid was observed.24 In DMSO and acetonitrile the number of 

apparent electrons for the reaction on gold and mercury was 1 and this corresponded 

to the formation of a radical anion, which disproportionated into CO and CO3
2-.24 The 

apparent number of electrons in the reduction at platinum was between 1.5 and 2 in 

acetonitrile.24 The reason Eggins and McNeill gave for this was the presence of 

residual water, which would protonate the anion radical and a further electron transfer 

would yield formate.24,25 Other suggestions include a two electron reduction resulting 

in a carbon dioxide dianion,25 or a combination of two radical anions to form oxalate, 

which would further reduce to glyoxylic acid or glycolic acid.1 

 

3.1 Cyclic voltammetry in acetonitrile with and without 

supporting electrolyte  

Acetonitrile was employed as a solvent and co-solvent in this work. It was necessary 

to verify its applicability to study the metal precursors chosen for supercritical fluid 

electrodeposition. The stable potential range was estimated from cyclic voltammetry 

in deaerated pure acetonitrile, Fig. 3.1, to be approximately -2.5 to 2.8 V vs. Pt 

pseudo-reference electrode, giving a 4.8 V stable potential window. Below  

-2.5 V vs. Pt an irreversible wave was observed, Fig. 3.2.  

 

It has been suggested in the literature26, that in the process of electrolysis of 

acetonitrile a thin ionic-liquid layer forms at the electrode surface. The first product of 

the reduction of acetonitrile is CH3CN-, which at more negative potentials is replaced 

in the ionic layer by the doubly charged CH3CN2-.26 The oxidation of the solvent 

without the supporting electrolyte occurred at potentials greater than 2.8 V vs. Pt, and 

probably resulted in radical coupling reactions forming both soluble and insoluble 

polymers on the electrode surface.26 
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Fig.3.1 Cyclic voltammetry in deaerated CH3CN without supporting electrolyte at a Pt 

microdisc 12.5 µm radius electrode, at 24±1 °C. 

 

Fig.3.2 Cyclic voltammetry in deaerated CH3CN without supporting electrolyte at a Pt 12.5 

µm radius microelectrode in a potential range were reduction of the solvent was 

observed, at 24±1°C. 
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After the addition of the [NBun4][BF4] supporting electrolyte, Fig. 3.3, was 

approximately -2.4 to 2.5 V vs. Pt, which gave a 4.9 V potential window. The positive 

potential limit was marked by a shallow beginning of a wave, which became steeper 

as if a second process was observed. In cases described in the literature,26 even dry 

acetonitrile contained residual amounts of water, which would be electrolysed before 

the solvent began to oxidize at the working electrode. The water oxidation is 

expressed as a hump on the voltammogram that would merge into the acetonitrile 

oxidation wave.26 Below -2.4 V vs. Pt part of a steep reduction wave was observed, 

Fig. 3.4. Each consecutive scan reached lower current values, and the reduction wave 

began at a slightly more negative potential, which would indicate the formation of a 

film at the surface. 

 

 

Fig.3.3 Cyclic voltammetry in deaerated 20 mM [NBun
4][BF4] in CH3CN at a Pt 12.5 µm 

radius microelectrode, at 24±1 °C. 
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Fig.3.4 Cyclic voltammetry in deaerated 20 mM [NBun
4][BF4] in CH3CN at a Pt 12.5 µm 

radius microelectrode, in a potential range were reduction of the solvent was 

observed, at 24±1°C. 

 

Acetonitrile provides a wide usable potential range with limits set by the supporting 

electrolyte in both directions. It will be an appropriate aprotic co-solvent for 

electrochemical reduction of various metals in supercritical carbon dioxide. 

 

3.2 Cyclic voltammetry in scCO2 without co-solvent 

The low dielectric constant of scCO2 creates a technical problem for performing 

electrochemistry in the medium, because its power to dissociate salts is low, hence its 

ionic conductivity is low. A few cyclic voltammograms were recorded in scCO2 at  

37 ºC and 167 bar to observe the effect of the low conductivity on the results. 

Examples of voltammetry in scCO2 without supporting electrolyte are given in Figs. 

3.5 and 3.6. 

 

The current registered can be approximated to zero, the noise oscillated in the range of 

10-11 A.  

-5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0

-60

-40

-20

0

 

 

i /
 µ

A

E vs Pt / V



 32 

 

Fig.3.5 Cyclic voltammetry in scCO2 for a 20.6 µm Pt microdisc, at 37 ºC, 167 bar, and  

0.2 V s-1. 

  

Fig.3.6 Cyclic voltammetry in scCO2 for a 0.25 mm Pt disc, at 37 ºC and 167 bar,  

at 0.005 V s-1. 
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3.3 Cyclic voltammetry in scCO2-CH3CN with supporting 

electrolyte 

The dissolution of solids in supercritical fluids has been described by  

Hannay and Hogarth27 as early as 1879. This following a 1869 publication on the 

continuity of the gaseous and liquid states of matter by Andrews in which the term 

‘critical point’ was first applied.28 Hannay and Hogarth established the existence of 

solvent power above the critical point, which was previously attributed only to the 

liquid state.27  In the continuation of the work published by Hannay in 1880,29 

experiments at temperatures up to 150 °C above the critical point of the solvents 

studied (carbon dioxide, ethanol) were described.29 One of the targets was  

to determine whether or not the critical point was influenced by the introduction of  

a solid into the solution.29 In his experiment with carefully purified ethanol  

(any moisture or impurities from air can slightly alter the critical point) containing a 

minute quantity of potassium iodide, he showed that the critical temperature rose by 

only 0.8 °C.29 After performing a large number of experiments Hannay concluded that  

a gas (the term supercritical fluid was not in use yet) must have a certain density 

before it will act as a solvent and when its volume is double its liquid volume, solvent 

power is lost.29 He also found that at constant volume of the gas, the higher the 

temperature the greater the solvent power is.29 Hannay stated that two conditions need 

to be fulfilled for a gas to be a solvent “molecular closeness and vis viva” (the energy 

of the molecules), the first can be obtained by applying external pressure, and the 

second by increasing the temperature.29 Hannay29 also addressed a publication by 

Ramsay30 in which the latter commented on Hannay and Hogarth’s27 work. Ramsay30 

wrote that the solids were not present as gases but as a solution in a liquid medium, 

Hannay29 explained that they indeed were a solution but not in a liquid, because the 

properties which distinguish a liquid from gas disappear above the critical point and 

only a fluid existed above it. Hannay added that the solution of solids is a property of 

fluids given  sufficient ‘molecular closeness and thermal activity’.29 

 

Bartlett et al.31 studied the phase behaviour and conductivity of the  

CO2-CH3CN-[NBun
4][BF4] system, which was also employed in this work. The 

results described therein were carried out in variable-volume view cell. They 

presented p–T phase diagrams with the phase boundaries for systems at temperatures 
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between 20 and 55 °C, and pressures up to 300 bar. The mole fraction of acetonitrile 

was between 0.102 and 0.129, and that of [NBun
4][BF4] was between 0.83 x 10-3 to 

2.7 x 10-3.31 They reported that the temperature and pressure at which the phase 

boundary was observed between the single- and the two- or multi-phase medium 

increased with the increasing supporting electrolyte content.31 The molar fraction of 

acetonitrile in the presented study ranged from 0.12 to 0.16, and that of the supporting 

electrolyte 0.54 x 10-3 to 1.34 x 10-3 at 35 °C and 150 bar. The publication by  

Bartlett et al.31 showed that the higher the acetonitrile content (in the range they 

studied) the lower the values of temperature and pressure required to obtain a 

homogenous phase were. They did not treat mixtures with supporting electrolyte 

molar fractions as low as in this study; however, it can be assumed that these systems 

behave similarly. For their mixtures with low [NBun
4][BF4] content the boundary 

temperatures and pressures are initially relatively low and the diagram has a shallow 

rise until it reaches what they called the turning point temperature.31 At this 

temperature (approximately 40 °C) the curve became steeper and the mixture formed 

three phases before reaching a homogenous one.31 They noted that no critical point 

was observed in the temperature and pressure regions studied for the reported mixture 

compositions.31 This implies that in these conditions the fluid was not supercritical 

but a homogenous solution of solids in a dense gaseous binary solution of carbon 

dioxide and acetonitrile. The addition of solids into the system can alter the critical 

point of the solvent, which was already noticed by Hannay29 in 1880. The change in 

his experiments was below 1 °C,  while results presented in the publication by  

Bartlett et al.31 suggest that the change in the critical temperature of the solvent would 

exceed 20 °C. Nonetheless, carbon dioxide and acetonitrile alone would form  

a single supercritical phase in the conditions studied. The addition of a neutral metal 

complex was shown not to change the phase behaviour significantly, the temperatures 

and pressures of the boundary for a mixture with [Ag(hfac)(COD)] as slightly lower 

than without it.31 

 

In the presented work, the cell used had a constant volume of 10 ml. A constant 

quantity of 1.6 ml of deaerated acetonitrile with supporting electrolyte and metal 

complex was added to the cell, which was sealed and heated to a temperature above 

32 °C (up to 52 °C), which is relatively low. When the desired temperature was 

reached and it was stable, the liquid CO2 pump was switched on and the connecting 
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valve opened. The carbon dioxide was pumped until the pressure was far above the 

expected critical point. During the pumping process there were always two periods in 

which the rate of pressure increase slowed down significantly, and these would 

correspond to the two phase transitions described by Bartlett et al.31 After the second 

transition, the pressure increased much faster with the addition of carbon dioxide and 

the pumping rate had to be decreased for better control from 1 to 0.5 ml min-1. The 

pressures at which the transitions would occur were not recorded, because they were 

not thought to be useful at the time (with no possibility to view the content of the 

cell), and only the pressure after the pumping procedure was noted. It was assumed 

that all the experiments were carried out in a homogenous supercritical fluid that 

dissolved partially or completely the added quantities of supporting electrolyte and 

metal complex. 

 

The potential window available in scCO2-CH3CN was evaluated in the first cyclic 

voltammetry experiments at high pressure with a silver precursor for 

electrodeposition; an example is given in Fig. 3.7.  
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Fig.3.7 Cyclic voltammetry in 0.1 mM [Ag(CH3CN)4][BF4] + 20 mM [NBun
4][BF4] in 

scCO2-CH3CN,  at 34 °C and 199 bar, for a 3.8 µm radius Pt disk, at 0.1 V s-1. 
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The available potential range varied depending on the components of the scf from 1 to 

1.75 V (the latter in [Cu(I)(CH3CN)4][BF4] + 20 mM [NBun
4][BF4] in scCO2-

CH3CN). The negative potential limit was set by the reduction of CO2.
32 It influenced 

the work more than the positive potential limit, which was not usually approached 

during the experiments. It was reported32 that the oxalate ion was reversibly formed 

during reduction of CO2 in CH3CN. The first step was a 1-electron reduction to the 

reactive radical anion, CO2
•-, then two radical anions formed the oxalate anion, 

reactions (3.1) and (3.2).1  

•-
2 2CO +e CO↔     (3.1) 

•- 2-
2 2 42CO C O→     (3.2) 

 

Other possible reactions involving the carbon dioxide radical anion can result in the 

formation of CO and CO3
2-, reactions (3.3)-(3.5).1 Reaction (3.4) would take place at 

the electrode surface, while reaction (3.5) would occur in the bulk solution. 

•- •-
2 2 2 4CO +CO C O→        (3.3) 

•- 2-
2 4 3C O +e CO+CO→       (3.4) 

      •- •- 2-
2 4 2 3 2C O +CO CO+CO +CO→            (3.5) 

 

The CO2 reduction was mostly observed in the experiments with the cobaltocenium 

salt, which required more negative potentials than other studied redox species. These 

experiments are described in Chapter 4. 
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4 Metallocenes as probe redox species to study 

diffusion coefficients and electrode kinetics in 

scCO2-CH3CN 

There are two types of reference electrodes used in nonaqueous systems.
1
 The first is 

a reference electrode that uses the same solvent as that of the solution under study, 

e.g. the popular silver - silver ion reference electrode, first employed in acetonitrile by 

Pleskov in 1948.
2
 Its potential is stable in acetonitrile.

1-3
 Pleskov also suggested that 

large ions carrying low charge, with a low solvation energy that would not differ 

much in different solvents, would be suitable internal reference couples (the so called 

pilot ions).
4
 He suggested rubidium at the time, which was before metallocenes were 

first synthesized.
4
 Nowadays, the metallocenes are the second type of standards in 

nonaqueous solvents. The two internal references recommended by IUPAC in 1984 

are the ferrocene / ferricenium and bis(biphenyl) chromium(I) / bis(biphenyl) 

chromium(0) redox couples.
5
 

 

In the presented work, four metallocenes, namely decamethylferrocene, 

cobaltocenium hexafluorophosphate, ferrocene and ruthenocene, were examined for 

their possible application as internal reference redox couples and as model redox 

species in the scCO2-CH3CN system. Cyclic voltammetry in acetonitrile and scCO2-

CH3CN with a low concentration of supporting electrolyte was studied. The system 

was mainly composed of the non-polar CO2 (up to 85%v), hence the solubility of the 

polar supporting electrolyte in the medium was limited.
6
 On the other hand, the 

neutral metallocenes dissolve easily in scCO2.
7
 A variety of metallocene and other 

redox couples that have been studied at high pressures and various temperatures can 

be found in a review by Compton et al.
8
 The choice of redox couples used in this 

work was based on the solubility of the complexes in a medium of a relatively low 

polarity, and on those presented in the above mentioned review article as well as other 

publications.
9-12

 IUPAC recommendations for suitable internal references in 

nonaqueous solvents were also considered.
5
 Those recommendations state that the 

ions or molecules of the reference compound should be spherical with as large  

a radius as possible, the members of the couple should carry low charges and the 

equilibrium at the electrode should be rapid and reversible. 
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Steady state voltammetry with microelectrodes at elevated pressures and temperatures 

can be applied to obtain thermodynamic and kinetic data for a wide range of redox 

reactions. The employment of microelectrodes for electrochemical studies at high 

pressures has been described in the literature. 
9,11,13,14

   

 

In the work by Faulkner et al.
13

 Pt ultramicroelectrodes were used in high pressure 

cyclic voltammetry. The dependence on pressure of the diffusion coefficients of 

[Fe(CN)6]
3-

 and O2 in aqueous KCl was reported. The [Fe(CN)6]
3-

 / [Fe(CN)6]
4-

 

couple was chosen because its reaction product did not accumulate on the electrode 

surface. It was found that the half wave potential shifted towards more positive 

potential values with increasing pressure, and the diffusion coefficient was almost 

halved when the pressure was elevated from 1000 to 8000 bar. This was attributed 

mostly to the change in viscosity, η. The pressure range applied in this work was only 

1 to 250 bar.   

 

In 1957, Ewald and Lim
9
 studied the reduction of Cu

2+
 to Cu

+
 at elevated pressures 

(1-3000 bar) and constant temperature in 0.5 M aqueous KCl. They measured the 

limiting currents and found the half-wave potentials. At 3000 bar the limiting currents 

were much reduced and the half wave potentials were shifted to more negative values, 

which meant a larger driving force was required at the higher pressure, when the 

temperature was constant.
9
  

 

Bard and Cabrera
10

 investigated ferrocene and decamethylferrocene in near-critical 

and supercritical acetonitrile containing tetraethylammonium 

trifluoromethanesulfonate. The peak potential separation was observed to increase 

with increasing temperature, which was attributed to the increase in solution 

resistance. The ferrocene and decamethylferrocene voltammetry waves were found to 

be reversible at room temperature and quasi-reversible in the supercritical state. The 

E1/2 (vs. Ag wire pseudo-reference electrode) remained unchanged up to 230 °C. A 

large increase of the diffusion coefficient was observed, from 1.8 x 10
-5

 cm
2
 s

-1
 at 

25 °C (1 bar) to 9.3 x 10
-4

 cm
2
 s

-1
 at 248 °C (116 bar). It was also reported that at a 

constant temperature of 280 °C the diffusion coefficient of ferrocene decreased from 

8.5 x 10
-4

 cm
2
 s

-1
 at 67.6 bar to 2.9 x 10

-4
 cm

2
 s

-1
 at 250.7 bar.

10
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Studies in scCO2-CH3CN and gas expanded acetonitrile suggest preferential solvation 

of solute molecules by one of the mixed solvent components.
15

 It was reported that 

acetonitrile tends to associate with the reactants enhancing their local composition in 

the mixed solvent.
15

 In addition to the solute-solvent clustering, there is also  

a possibility of enhanced solute-solute interaction in the high CO2 composition range 

and the formation of triple ions.
6,15

 

  

In the non-steady state voltammetry experiments the peak potentials and currents were 

used to characterize the redox system. The number of electrons, n, transferred during  

a reversible oxidation or reduction at the electrode can be determined from equations 

(4.1) and (4.2), the latter for processes at 298 K.  

2.22
pa pc

RT
E E

nF
       (4.1) 

0.0570
pa pcE E

n
     (4.2) 

The dependence of the peak current on scan rate, ν, for a reversible electrode process 

is described by the Randles-Sevcik equation (4.3), which for processes at 298 K is 

given by equation (4.4); and for an irreversible process by equation (4.5) and (4.6), 

the latter for processes at 298 K.
16-18

  

 
0.51.5 0.5 0.5 1.50.446pi n D Acv F RT


   (4.3) 

5 1.5 0.5 0.52.69 10pi n D Acv     (4.4) 

 
0.50.5 0.5 0.5 1.50.496 ( )pi n n D Acv F RT


  (4.5) 

5 0.5 0.5 0.52.99 10 ( )pi n n D Acv    (4.6) 

where ip is the peak current, A is the electrode area, and α is the transfer coefficient, which is a 

measure of the irreversibility of the redox system, when it is controlled by electron transfer 

kinetics. Its value lies between 0 and 1, and for a reversible redox process it equals 0.5.  

 

These equations were employed to establish the diffusion coefficients of metallocenes 

for the non-steady state experiments in acetonitrile solutions.  

 

In the steady state experiments in both acetonitrile and scCO2-CH3CN, in which 

microdisk electrodes of different sizes were employed, the following expressions were 
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used to analyze the voltammograms. The mass transport limited current used for 

estimating the diffusion coefficient is described by equation (4.7).  

4Li nFDca    (4.7) 

The dependence of the limiting current on microdisk size was plotted to extract the 

diffusion coefficient, D. 

 

The potential-current correlation for steady state cyclic voltammetry at  

a microelectrode for a reversible reaction is presented in equation (4.8).
19

 

1/ 2 ln Li iRT
E E

nF i

 
   

 
  (4.8) 

The equilibrium (half-wave) potentials were found from the mass transport corrected 

Tafel plots of ln Li i

i

 
 
 

 vs. E for potentials between E1/4 and E3/4. The E1/2 values 

were read from the intercept with the x-axis. The slope of the linear regression for a 

one electron reversible transfer equals
F

RT
, which is approximately  

39 V
-1

 at 298 K, while for an irreversible reaction the transfer coefficient would need 

to be considered.
20

 

 

Mirkin and Bard
21

 have provided a table, based on the Oldham-Zoski equation
22

, with 

values of transfer coefficients and rate constants for quasi-reversible and irreversible 

steady state voltammograms with known E1/2, E1/4 and E3/4. The differences between 

the half wave potential and the quartile potentials, equations (4.9) and (4.10), which 

are higher than the 29 mV estimated for a reversible process, could be compared to 

those listed by Mirkin and Bard
21

, and the adequate kinetic parameters noted. 

1/ 4 1/ 2 1/ 4E E E      (4.9) 

3/ 4 3/ 4 1/ 2E E E      (4.10) 

 

The Aoki parameter, p, characterizing the steady state conditions was calculated for 

some of the experiments, equation (4.11).
23,24

 The lower the Aoki parameter, the 

smaller the deviation from steady state current, e.g. for p ≤ 0.21 the deviation would 

be less than 3%.
23
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0.5
2nFa v

p
RTD

 
  
 

  (4.11) 

 

The Stokes-Einstein equation (4.12) was used to estimate the viscosity, η, of some of 

the solutions, especially the scCO2-CH3CN mixed solvents. These estimates are not 

highly accurate, due to the lack of real data regarding the hydrodynamic radius, rh, of 

the diffusing species including their solvation shell at varied pressures and 

temperatures (the molecule without the solvation shell can be assumed 

incompressible), and the large errors in estimated diffusion coefficients in 

supercritical fluids (up to 30%). 

6 h

k T
D

r



 
    (4.12) 

The relation above assumes that the diffusing species are of a spherical shape.  

The hydrodynamic radius of the cobaltocenium ion in acetonitrile was found in the 

literature
25

 to be 3.5 Ǻ, and that reported from crystallographic measurements for 

decamethylferrocene
26

 was 5 Ǻ. The viscosity of pure acetonitrile at 25 ºC given in 

the literature is 0.34 cP.
27

  

 

4.1 Cyclic voltammetry of decamethylferrocene (DmFc) in 

acetonitrile and sc CO2-CH3CN solutions 

Decamethylferrocene (DmFc) meets the IUPAC requirements for an internal 

reference redox couple in nonaqueous solvents.
5
 It has a redox potential that would 

easily fit into the range available in scCO2-CH3CN. It was also reported that DmFc is 

more suitable than ferrocene (FeCp2) as a reference redox couple because it is larger, 

each member of the couple has a nearly spherical shape, its redox potential is less 

solvent dependent and its oxidized form, the decamethylferrocenium cation, is less 

prone to attacks by nucleophiles present in the solution (e.g. the anions of the 

supporting electrolyte).
28,29

   

 

Cyclic voltammetry for a macroelectrode at various scan rates, and for 

microelectrodes of various sizes was carried out to examine the behaviour of the 

couple in CH3CN without supporting electrolyte and with [NBu
n

4][BF4] at different 



 44 

concentrations. The results were compared with the behaviour in scCO2-CH3CN 

containing a low concentration of supporting electrolyte. The process studied  

is presented in equation (4.13). 

0 +

5 3 5 2 5 3 5 2Fe(C (CH ) ) Fe(C (CH ) )e 
 

(4.13) 

Cyclic voltammetry recorded in a 10 mM DmFc acetonitrile solution containing  

20 mM [NBu
n

4][BF4], for a 0.25 mm radius Pt disk electrode, at 25 ºC, are presented 

in Fig. 4.1. The data obtained from the cyclic voltammograms are gathered in  

Table 4.1. Noviandri et al.
29

 reported a peak potential separation of 59 mV for a 2 mM 

DmFc solution in acetonitrile containing 0.1 M [NBu
n

4][ClO4], and for the solutions 

containing 0.1 M [NBu
n

4][BF4] the peak potential separation at 0.1 V s
-1

 was 96 mV 

and increased with scan rate.  The larger than 59 mV peak potential separation was 

attributed to the uncompensated solution resistance.
29

 If the IR drop was not the 

reason for the larger peak potential difference, then the process could be classified as 

quasi-reversible with the assumption that the transfer coefficients are near 0.5.
30

 The 

ratio of the peak currents was unity. 

 

Fig.4.1 Cyclic voltammetry in 10 mM DmFc + 20 mM [NBu
n

4][BF4] in CH3CN at 0.25 mm 

radius Pt disk WE at different scan rates, at 25 °C. 
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Table 4.1 Data obtained from cyclic voltammograms in 10 mM DmFc + 20 mM 

[NBu
n
4][BF4] in CH3CN at 25 °C. 

ν /  

V s
-1

  

Epa / 

mV 

Epc / 

mV 

ΔEp / 

mV 

Epa/2/ 

mV 

Epc/2/ 

mV 

ΔEpa/2/ 

Mv 

ΔEpc/2/ 

mV 

ipa / 

μA 

ipc / 

μA 
|ipa/ipc| 

0.2 160 70 90 98 130 58 60 4.22 4.16 1.01 

0.1 160 70 90 98 130 58 60 3.33 3.33 1 

0.05 160 70 90 100 130 60 60 2.65 2.65 1 

0.02 160 70 90 100 130 60 60 1.96 1.97 0.99 

0.01 160 70 90 100 135 60 65 1.57 1.58 0.99 

 

The change of both anodic and cathodic peak currents with scan rate is shown in  

Fig. 4.2. The values of the cathodic and anodic peak currents are similar, and their 

pattern with respect to scan rates can be approximated to a straight line, which does 

not extrapolate to the origin. This makes the Randles-Sevcik equation (4.3) 

inapplicable for diffusion coefficient estimation.  

 

Fig.4.2 The dependence of peak currents on the scan rates for cyclic voltammetry in 10 mM 

DmFc + 20 mM [NBu
n

4][BF4] in CH3CN at 0.25 mm radius Pt disk WE at different 

scan rates, at 25 °C. 

 

Cyclic voltammograms at Pt microdisk electrodes of various radii (4.8, 13.0, 20.6,  

and 24.8 µm) in a 10 mM DmFc acetonitrile solution with 20 mM [NBu
n

4][BF4] as 
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supporting electrolyte are presented in Fig. 4.3. The limiting currents, quartile 

potentials, half wave potentials and Aoki parameters, are listed in Table 4.2.  

 

Fig.4.3 Cyclic voltammetry in 10 mM Fe(C5(CH3)5)2 + 20 mM [NBu
n

4][BF4] in CH3CN at 

microelectrodes of different sizes at 0.01 V s
-1

, at 25 ºC. 

 

Table 4.2 Cyclic voltammetric data for experiments in 10 mM DmFc + 20 mM  

[NBu
n
4][BF4] in CH3CN at microelectrodes of different sizes at 0.01 V s

-1
, at 25 °C 

a / μm P 
iL / 

nA 

ΔE(1/4-

3/4) / 

mV 

E1/2 / V 
ΔE1/4 

/ mV 

ΔE3/4 / 

mV 
est. α 

dln[(iL-i)/i]/ 

dE / V
-1

 

4.8 0.11 15.2 68.2 0.125 31.8 36.4 0.38 32 

13.0 0.28 40.3 56.0 0.115 29.3 26.7 - 39 

20.6 0.45 65.5 56.3 0.112 28.6 27.7 - 40 

24.8 0.55 77.7 54 0.107 27.5 26.5 - 41 

 

The dependence of the limiting current on the microelectrode radius was plotted in 

Fig. 4.4. The diffusion coefficient was estimated from the slope of the linear 

regression, equation (4.7), to be 0.8 (±0.1) x 10
-6

 cm
2
 s

-1
, which was below the   

1.3 x 10
-5

 cm
2
 s

-1
 reported in literature for a solution with a lower concentration of 

decamethylferrocene (1 mM), and an excess supporting electrolyte.
37

 The values of 

the differences between the quartile potentials and half-wave potentials were between 
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54 and 56.3 mV for the 13.0, 20.6, and 24.8 µm radius electrodes, which corresponds 

well with a reversible process. The difference was much higher for the smallest  

4.8 µm radius electrode, at 31.8 and 36.4 mV. The reason could be the influence of 

kinetics, and according to Bard and Mirkin,
21

 the above mentioned potential 

differences would correspond to an oxidation process with the transfer coefficient 

value of 0.38. This estimate is dependent on the accuracy of the quartile potential 

readings. 

  

Fig.4.4 The linear dependence of limiting current on the microelectrode radius for cyclic 

voltammetry in 10 mM Fe(C5(CH3)5)2 + 20 mM [NBu
n
4][BF4] in CH3CN, at 25 ºC, 

recorded at 0.01 V s
-1

. 

 

The half-wave potentials for the steady state voltammograms were obtained from the 

plots for the mass transport corrected Tafel analysis, which are shown in Fig. 4.5. The 

half wave potential decreased with the increasing electrode size, which should not be 

the case and implies a kinetic effect. The slope values for the 13.0, 20.6 and 24.8 µm 

radius Pt disks were 39, 40, and 41 V
-1

, respectively, which correspond well with the 

39 V
-1

 expected for a reversible one electron process at 25 ºC. For the smallest 4.8 µm 

radius electrode, however, the slope was approximately 32 V
-1

. This means that in the 

conditions of the process (scan rate) the diffusion of the reactant to the 4.8 µm radius 

electrode surface was no longer the slowest process, but the rate of electron transfer at 

the electrode surface. In such a case it is possible to determine the transfer coefficient 

for the redox couple, Table 4.2.  
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The Aoki parameter was calculated for the microelectrodes, and it increased with the 

microelectrode size as all experiments were recorded at the same scan rate in the same 

solution.    

 
Fig.4.5  Mass transport corrected Tafel plots for cyclic voltammetry in 10 mM Fe(C5(CH3)5)2 

+ 20 mM [NBu
n
4][BF4] in CH3CN at 0.01 V s

-1
, 25 ºC; at microelectrodes of sizes 

between  4.8 μm and 24.8 μm. 

 

In order to have a better comparison with the results from the supercritical fluid at 

temperatures around 35 °C, cyclic voltammetry in 0.1 mM DmFc acetonitrile 

solutions without supporting electrolyte, then with 10 mM [NBu
n

4][BF4] and  

0.1 M [NBu
n
4][BF4], was performed. The cyclic voltammograms for the solution 

without supporting electrolyte are presented in Fig. 4.6, and Table 4.4 contains the 

relevant data. The voltammograms for the 13.0, 20.6 and 24.8 µm radius Pt disks 

were shifted downwards as constant cathodic current was observed in the potential 

region were a zero current was expected. This cathodic current was observed until the 

oxidation process began, and in the reverse scan, when oxidation ceased. It looked 

like the solution already contained some of the oxidized decamethylferrocenium 

cation in equilibrium with decamethylferrocene. The presence of residual oxygen 

could also have caused the offset. Only the smallest 4.8 µm radius electrode showed  

a zero current in the expected region. The quartile potentials difference for all the 

electrodes was between 86 and 89 mV. This large value is due to the lack of 

supporting electrolyte, which resulted in the observation of the uncompensated 
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solution resistance as an approximately 30 mV shift in potential. This is similar to the 

results at the macroelectrode. The differences between the first quartile potentials and 

half wave potentials were 44 to 46 mV for the third quartile potentials between 41 to 

44 mV for the cathodic wave.  

 

The currents registered had mixed diffusion and migration contributions. Migration 

only occurs for charged species, in this case decamethylferrocene is neutral, however, 

the oxidation product decamethylferrocenium is positively charged. If the mass 

transport were only attributed to diffusion, the measured diffusion coefficient would 

be 3.1 x 10
-5

 cm
2
 s

-1
 for the larger microelectrodes and 2.7 x 10

-5
 cm

2
 s

-1
, for the 4.8 

µm radius one.  

 

Fig.4.6 Cyclic voltammetry in 0.1 mM DmFc in acetonitrile without supporting electrolyte, 

for microelectrodes of different sizes, at 35 °C, at 0.05 V s
-1

. 

 

Table 4.3 Data obtained from cyclic voltammetry in 0.1 mM DmFc in acetonitrile 

without supporting electrolyte, at 35 °C 

a / 

μm 

iL / 

nA 
E1/4 / V 

E3/4 / 

V 

ΔE(1/4-

3/4) / mV 
E1/2 / V 

ΔE1/4 / 

mV 

ΔE3/4 / 

mV 

4.8 0.50 0.039 0.128 89 0.084 45 44 

13.0 1.56 0.011 0.100 89 0.054 46 43 

20.6 2.53 0.025 0.111 86 0.069 44 42 

24.8 2.95 0.039 0.125 86 0.084 45 41 
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A similar effect with a cathodic current observed in the region were zero current was 

expected was seen for the electrodes with radius larger than 4.8 µm in the  

0.1 mM DmFc acetonitrile solution with 10 and 100 mM [NBu
n

4][BF4], Figs. 4.7  

and 4.8. For the smallest electrode, a minute cathodic current was observed. The data 

for the two are given in Tables 4.5 and 4.6. In the solution containing a 10 mM 

concentration of the supporting electrolyte, the quartile potential differences  

(59-61 mV) and the differences between the quartile potentials and half wave 

potentials (29-31 mV), corresponded well with a one electron reversible process. The 

shift in the half wave potentials could be the result of a changing equilibrium between 

DmFc and DmFc
+
 in the vicinity of the reference silver wire. 

 

Fig.4.7 Cyclic voltammetry in 0.1 mM DmFc + 10 mM [NBu
n
4][BF4] in acetonitrile, for 

microelectrodes of different sizes, at 35 °C, at 0.05 V s
-1

. 

  

Table 4.4 Data obtained from cyclic voltammetry in 0.1 mM DmFc + 10 mM 

[NBu
n
4][BF4] in acetonitrile, at 35 °C 

a / 

μm 

iL / 

nA 
E1/4 / V 

E3/4 / 

V 

ΔE(1/4-

3/4) / mV 
E1/2 / V 

ΔE1/4 / 

mV 

ΔE3/4 / 

mV 

4.8 0.51 0.010 0.069 59 0.040 30 29 

13.0 1.42 0.017 0.078 61 0.047 30 31 

20.6 2.20 -0.005 0.055 60 0.025 30 30 
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In the solution containing a 100 mM concentration of the supporting electrolyte, the 

quartile potential differences were between 60 and 63 mV, which still classify the 

process as reversible. The differences between the quartile potentials and half wave 

potentials for the first quartile between 28 and 35 mV, and for the third between 28 

and 32 mV, which implies a slightly slower process due to kinetics.  

 

 

Fig.4.8 Cyclic voltammetry in 0.1 mM DmFc + 100 mM [NBu
n

4][BF4] in acetonitrile, for 

microelectrodes of different sizes, at 35 °C, at 0.05 V s
-1

. 

  

Table 4.5 Data obtained from cyclic voltammetry in 0.1 mM DmFc + 10mM 

[NBu
n
4][BF4] in acetonitrile, at 35 °C 

a / 

μm 

iL / 

nA 
E1/4 / V 

E3/4 / 

V 

ΔE(1/4-3/4) 

/ mV 
E1/2 / V 

ΔE1/4 / 

mV 

ΔE3/4 / 

mV 

4.8 0.50 -0.025 0.035 60 0.003 28 32 

13.0 1.31 -0.019 0.041 60 0.010 29 31 

20.6 2.25 0.008 0.071 63 0.043 35 28 

 

The steady state current values for the three solutions described above remained the 

same for the 4.8 µm radius Pt disk. The changes in supporting electrolyte 

concentration affected the equilibrium potential, but did not influence the limiting 
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current. The limiting currents for the other electrodes reduced with the increase of the 

supporting electrolyte concentration. This can be explained by the Stokes-Einstein 

equation (4.12), which shows that the diffusion coefficient is inversely proportional to 

the viscosity of the solution. The reduced diffusion coefficient can also be explained 

by the influence of the increase in ionic strength of the solution, equation (4.14)
30

  

[1 ]oD D const I    (4.14) 

Where D is the apparent diffusion coefficient, Do is the real diffusion coefficient, and 

I is the ionic strength of the solution, which is a function of all ions present in the 

system and is defined by equation (4.15), 

2

1

1

2

n

i i

i

I c z


    (4.15) 

 where ci is the concentration of charged spieces i and zi is its charge.  

 

Steady state voltammetry in an acetonitrile solution with a higher concentration of 

DmFc, 1.1 mM, and a 10 mM concentration of the [NBu
n

4][BF4] supporting 

electrolyte, and at 35 ºC is presented in Fig. 4.9. The shift into the cathodic currents 

region for the electrodes with radii larger than 4.8 µm is still present after closer 

examination, and was 0.16, 0.24, and 0.34 nA, respectively with increasing electrode 

radius. These values are similar to the ones seen in the 0.1 mM DmFc solutions. 

 

Fig.4.9 Cyclic voltammetry in 1.1mM DmFc + 10 mM [NBu
n

4][BF4] in MeCN at 35 °C, at  

0.05 V s
-1

, for various microelectrodes. 
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In the cyclic voltammogram for the 24.8 µm electrode, fluctuations in current were 

observed after the oxidation wave. Interactions between the decamethylferricenium 

and any residual oxygen in the system could have been the cause.
28

 One of the reasons 

for the presence of residual oxygen in the system was the Teflon coated magnetic 

stirrer used in the experiments. It was found that Teflon absorbed oxygen and could 

later release it into the solution.
31

 In the work after this included in this dissertation, a 

different coating for the magnetic stirrer will have to be applied. The PEEK polymer 

could be a suitable replacement. 

 

Schiavon et al.
32

 reported the mechanism of dioxygen decomposition of ferrocenium 

in acetonitrile. The same mechanism is probably valid for decamethylferrocenium. 

The processes have been reported to occur in apparently oxygen-free solutions. 

Schiavon et al. suggest that a dioxygen molecule bridges two metallocene molecules 

forming an unstable dimeric complex, which decomposes by a nucleophilic attack of 

residual water. The products of this are iron oxide precipitate, iron (III) cation, 

cyclopentadiene groups, and cyclopentadienyl peroxide. Then cyclopentadiene is 

oxidized to the unstable cyclopentadienone, which undergoea a Diels-Alder 

dimerization and further oligomerization , while the cyclopentadienyl peroxide 

decomposes homolytically to the corresponding radical, which is then oxidized by 

dioxygen to 4-cyclopenten-1,3-dione. The radical also acts as an initiator to the 

polymerization of the  4-cyclopenten-1,3-dione.
32

     

 

Cyclic voltammetry in the supercritical carbon dioxide – acetonitrile ((17%v) solution 

of 0.13 mM DmFc, with 10 mM [NBu
n
4][BF4] as supporting electrolyte is presented 

in Fig. 4.10. There are two cyclic voltammograms in the plot, one was recorded at  

37 ºC and 199 bar, while the other was at 48 ºC and 237 bar, in the same system. It 

should be mentioned that the experimental setup was such that the volume remained 

constant (isochoric process), while the pressure changed with temperature. At the 

higher temperature and pressure, the currents registered for a microelectrode were 

higher. 
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Fig.4.10 Cyclic voltammetry in 0.13 mM DmFc + 10 mM [NBu
n

4][BF4] in scCO2-CH3CN  

(17%v), at a 15.6 μm radius Pt microdisk at 37 ºC and 199 bar, and 48 ºC and 237 bar, 

recorded at 0.1 V s
-1

. 

 

A cyclic voltammogram recorded at a 15.6 μm radius Pt microdisk at 37 ºC and  

199 bar, at 0.001 V s
-1

, is presented in Fig. 4.11. The current was erratic as the 

oxidation proceeded. This could be caused by convective movements of solution 

around the electrode, or a process caused by the lower solubility of ionic species in 

the supercritical fluid, or could indicate that the oxidation product undergoes another 

process at the electrode surface (in the case of the presence of residual oxygen).
28

  

 

A cyclic voltammogram recorded at the same electrode but at the higher temperature 

and pressure, at 0.1 V s
-1

, and in a wider potential range, is presented in Fig. 4.12. The 

faster scan rate was chosen to minimize the effects of the oxidation and 

decomposition product of the redox process. It shows a well resolved DmFc oxidation 

wave, followed by another irregular oxidation pattern. The second process is not 

known and it probably involves the decamethylferrocenium cation.  

 

It should be mentioned that the voltammograms showed a negative current offset, 

similar to the one seen in the 0.1 mM DmFc solutions in acetonitrile, of about 0.17 nA.  
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The data for the oxidation of DmFc at the two different temperatures and pressures 

are given in Table 4.6.  

 

Fig. 4.11 Cyclic voltammogram recorded in 0.13 mM DmFc + 10 mM [NBu
n
4][BF4] in 

scCO2-CH3CN (17%v), at a 15.6 μm radius Pt microdisk, at 37 ºC and 199 bar, 

recorded at 0.001 V s
-1

. 

 

 

Fig.4.12 Cyclic voltammogram recorded 0.13 mM DmFc + 10 mM [NBu
n

4][BF4] in scCO2- 

CH3CN (17%v), at a 15.6 μm radius Pt microdisk, at 48 ºC and 237 bar, at 0.1 V s
-1

.  
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Table 4.6 Data obtained from cyclic voltammetry in 0.13 mM DmFc + 10mM 

[NBu
n
4][BF4] in scCO2-CH3CN, for the forward scan 

T / 

K 

p / 

bar 
a / μm 

iL / 

nA 

E1/4 / 

V 

E3/4 / 

V 

ΔE(1/4-3/4) 

/ mV 
E1/2 / V 

ΔE1/4 / 

mV 

ΔE3/4 / 

mV 

310 199 15.6 5.2 0.015 0.134 119 0.096 81 38 

321 237 15.6 5.8 0.086 0.164 78 0.124 38 40 

 

 

The diffusion coefficient estimated for the process at 37 ºC and 199 bar was  

6.7 x 10
-5 

cm
2
 s

-1
, and at 48 ºC and 237 bar it was 7.2 x 10

-5
 cm

2
 s

-1
. Even though the 

estimates may not be accurate, the difference in the diffusion coefficients for the two 

states of the same solution should be valid. It also shows that the viscosity of the 

solution reduced with the increase in temperature despite the increase in pressure.  

 

The quartile potential difference at 37 ºC and 199 bar was 119 mV, while at 48 ºC and 

237 bar it was much lower at 78 mV. In the first set of conditions the process is 

irreversible. The difference between the quartile potential and half wave potential for 

the first quartile at the lower temperature was 81 mV, and for the third was 38 mV. 

The respective differences at the higher temperature and pressure were 38 and 40 mV, 

which is closer to a quasi-reversible process. 

 

Another set of cyclic voltammograms was recorded in a 0.2 mM DmFc  

scCO2-CH3CN (15.5%v) solution containing a 10 mM concentration of [NBu
n

4][BF4] 

supporting electrolyte, at 34 ºC and 183 bar, 40 ºC and 200 bar, 46 ºC and 244 bar,  

53 ºC and 269 bar. The pressure does not change linearly with the temperature as can 

be seen in Fig. 4.13.   
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Fig.4.13 Change of pressure with temperature in 0.2 mM DmFc + 10 mM 

[NBu
n

4][BF4] in scCO2-CH3CN (15.5%v). 

 

Cyclic voltammograms at the four conditions for a 15.6 m Pt disk are presented in Fig. 

4.14. A limiting current could only be seen for 34 ºC and 183 bar, and the diffusion 

coefficient was estimated from it to be 6.6 x 10
-5

 cm
2
 s

-1
. Fluctuations in current were 

observed in the cyclic voltammograms at the higher temperatures, when the steady state 

plateau was approached. This may be due to convection in the cell or the presence of 

residual oxygen. The trends were that the diffusion limited currents increased with 

increasing temperature, and the position of the wave shifted towards cathodic potentials 

with increasing temperature. 

 

 A cyclic voltammogram at a slower scan rateof 0.001 V s
-1

, Fig. 4.15, was recorded 

in 0.2 mM DmFc in scCO2-CH3CN with 10 mM concentration of [NBu
n

4][BF4],   

at a 15.6 μm radius Pt microdisk, at 53 ºC and 269 bar. The current was erratic, and 

similar to the one shown in Fig. 4.11 for the previously described scCO2-CH3CN 

system. The fluctuations in current increased with the increase in potential, especially 

after the half wave potential was crossed. This suggests convection is the cause since 

the effect is more pronounced when the current is mass transport limited.  
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Fig.4.14 Cyclic voltammograms recorded in 0.2 mM DmFc + 10 mM [NBu
n

4][BF4] in  

scCO2-CH3CN (15.5%v) for a 15.6 μm radius Pt microdisk, at various conditions, at 

0.1 V s
-1

. 

 

 

Fig.4.15 Cyclic voltammograms recorded in 0.2 mM DmFc + 10 mM [NBu
n

4][BF4] in  

scCO2-CH3CN (15.5%v) at a 15.6 μm radius Pt microdisk, at 53 ºC and 269 bar, and 

recorded at 0.001 V s
-1

. 
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Two cyclic voltammograms at a 25.5 μm radius Pt disk, at 40 and 53 ºC, and 200 and 

269 bar, respectively, are presented in Fig. 4.16. These voltammograms did not show 

steady state currents, the double layer charging was significant, and peak currents and 

potentials could be noted. The data obtained is gathered in Table 4.7. The peak 

potential separations for the two conditions were 295 and 301 mV. These are much 

larger than the ones registered in acetonitrile. The resistance in the supercritical fluid 

is larger. Furthermore, the anodic to cathodic peak current ratios were above unity 

(1.26 and 1.27). This may be caused by a chemical reaction following the oxidation of 

DmFc.  

 

Table 4.7 Data from cyclic voltammetry in 0.2 mM DmFc + 10 mM [NBu
n
4][BF4] in  

scCO2-CH3CN (15.5%v) at a 25.5 μm radius Pt microdisk, recorded at 0.05 V s
-1

 

T 
p / 

bar 
Epa / V Epc / V 

ΔEp / 

mV 

ipa / 

μA 

ipc / 

μA 
|ipa/ipc| 

40 200 0.208 -0.087 295 7.8 6.1 1.27 

53 269 0.231 -0.070 301 7.8 6.2 1.26 

 

 

Fig.4.16 Cyclic voltammograms recorded in 0.2 mM DmFc + 10 mM [NBu
n

4][BF4] in  

scCO2-CH3CN (15.5%v) at a 25.5 μm radius Pt microdisk, recorded at 0.05 V s
-1

. 
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4.1.1 Summary 

 

Decamethylferrocene showed quasi-reversible responses in acetonitrile and in some 

instances in the supercritical fluid; however, most of the cyclic voltammograms in the 

latter had an irreversible pattern.  It was noticed that at lower concentrations of DmFc 

there was a negative offset in current in the potential range of theoretically null 

current. This observation indicated the existence of equilibrium between the oxidized 

decamethylferricenium and decamethylferrocene. The oxygen concentration estimated 

from Figs. 4.7 and 4.8 was between 8 and 15 μM. Reactions of the oxidized form with 

residual oxygen, especially in the supercritical fluid, are possible.  

 

In the solution with a 10 mM nominal DmFc concentration, the complex was 

probably not fully dissolved. Experiments with a concentration of 0.1 or 1 mM gave 

reproducible results. 

 

A summary of the data obtained in the DmFc solutions is provided in Table 4.8. The 

viscosity was estimated from the Stokes-Einstein equation (4.12) and the diffusion 

coefficients obtained from cyclic voltammetry. It has to be noted that the real 

hydrodynamic radii of the diffusing species, which includes their solvation shell, are 

not known and only estimated literature values mentioned in the introduction to this 

chapter, were used.  
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Table 4.8 Cyclic voltammetric data for experiments in DmFc at microelectrodes in  

CH3CN and scCO2-CH3CN at different temperatures and pressures and with varied 

electrolyte concentration 

Solvent 
p / 

bar 
T / K 

csupp/ 

mM 

cDmFc/ 

mM 

D / 10
5
 

cm
2
 s

-1
 

η / cP 

CH3CN 1 298 20 10 - - 

CH3CN 1 298 1 0.1 2.2 0.40 

CH3CN 1 308 10 0.1 2.6 0.35 

CH3CN 1 308 100 0.1 2.4 0.38 

CH3CN 1 308 0 1.1 3.3 0.27 

CH3CN 1 308 10 1.1 2.4 0.38 

scCO2-

CH3CN 
199 310 10 0.13 8.8 0.10 

scCO2-

CH3CN 
237 321 10 0.13 10.1 0.09 

scCO2-

CH3CN 
254 325 10 0.13 13.2 0.07 

scCO2-

CH3CN 
183 307 10 0.2 6.6 0.13 

scCO2-

CH3CN 
200 313 10 0.2 - - 

scCO2-

CH3CN 
244 319 10 0.2 - - 

scCO2-

CH3CN 
269 326 10 0.2 - - 

  * For comparison the viscosity of acetonitrile at 25 ºC is 0.343 cP. 

 

4.2 Cyclic voltammetry of cobaltocene hexafluorophosphate 

([CoCp2][PF6]) in acetonitrile and scCO2-CH3CN solutions 

Cobaltocenium hexafluorophosphate was the second potential reference couple 

examined. Cyclic voltammograms in 10 mM [CoCp2][PF6] + 20 mM [NBu
n

4][BF4] in 

CH3CN at a 0.25 mm radius disk, at various scan rates and in ambient conditions are 

presented in Fig. 4.17. The data from these cyclic voltammograms are presented in 

Table 4.9.  
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Fig.4.17 Cyclic voltammograms in 10 mM [CoCp2][PF6] + 20 mM [NBu
n
4][BF4] in CH3CN 

at a 0.25 mm radius Pt disk WE at various scan rates, at 25 °C. 

 

Table 4.9 Data obtained from cyclic voltammograms in 10 mM [CoCp2][PF6] + 20 mM  

[NBu
n

4][BF4] in CH3CN at 0.25 mm radius Pt disk at different scan rates. 

ν / V 

s
-1

 

Epa vs 

Pt/ V 

Epc vs 

Pt/ V 
ΔEp / mV 

Epa-pa/2 / 

mV 

Epc-pc/2 / 

mV 
ipa / μA ipc / μA |ipa/ipc| 

0.2 -1.200 -1.320 120 75 79 8.66 -9.78 0.88 

0.1 -1.215 -1.306 91 60 69 6.63 -7.87 0.84 

0.05 -1.203 -1.301 98 67 68 5.34 -6.16 0.87 

 

 

The values for the peak potential separation are between 91 and 120 mV, and the 

difference from the values standard for a one electron process are caused by the 

uncompensated solution resistance. The concentration of supporting electrolyte was 

only twice that of the electroactive species at 20 mM, which would not be enough to 

reduce the solution resistance and eliminate the IR drop effect for the currents 

registered at the macroelectrode. The differences between the peak potentials and 

half-wave potentials are between 60 and 82. The ratios of the anodic and cathodic 

peak currents were between 0.84 and 0.89. The process in these conditions was 

irreversible. 
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Microelectrodes were employed in the same solution, Figs. 4.18 and 4.19, and the 

resulting limiting currents were used to estimate the diffusion coefficients. The values 

of the limiting currents and diffusion coefficients are listed in Table 4.10.  The value 

reported in the literature
38

 for cobaltocenium  in acetonitrile containing 0.1 M 

[NBu
n

4][BF4] was 1.3 x 10
-5

 cm
2
 s

-1
. Here, the diffusion coefficient values were 

between 1.5 and 2.3 x 10
-5

 cm
2
 s

-1
, and decreased with the increase in electrode size 

and the increase of the total electroactive species concentration (assuming all the 

substance was dissolved) when a constant ratio of 1:2 of cobaltocenium 

hexafluorophosphate to [NBu
n

4][BF4] salt was maintained, Table 4.10.   

 

 

Fig.4.18 Cyclic voltammograms in 10 mM [CoCp2][PF6]  + 20 mM [NBu
n
4][BF4] in CH3CN 

at two Pt microdisk electrodes of different radii at 0.01 V s
-1

, at 24±1 °C. 
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Fig. 4.19 Cyclic voltammetry in 5 mM [CoCp2][PF6] + 10 mM [NBu
n

4][BF4] in CH3CN a 

12.5 µm radius Pt microdisc WE, at 0.01 V s
-1

, and 24±1 °C. 

 

Cyclic voltammetry in the supercritical fluid with and without supporting electrolyte 

was carried out and the voltammograms are presented in Figs. 4.20 and 4.21.  

The current-potential curve registered in 1 mM [CoCp2][PF6] + 20 mM [NBu
n

4][PF6] 

in scCO2-CH3CN (18%v) at a 4.8 µm Pt disk at 0.2 V s
-1

, at 35 ºC and 169 bar, started 

with a slight negative current offset. The difference in quartile potentials was 70 mV, 

Table 4.10, and the estimated diffusion coefficient was (1.2±0.2) x 10
-5

 cm
2
 s

-1
.  

The viscosity of the solution was estimated from equation (4.14), the hydrodynamic 

radius used was 3.8 Ǻ as given in the literature
35

 for cobaltocenium solvated by 

acetonitrile. In the low polarity supercritical fluid the cobaltocenium ion may be 

associated with negative anions as it diffuses to the electrode surface thus the value of 

the hydrodynamic radius employed is not necessarily reliable. However, qualitative 

information can still be obtained from observing trends listed in Table 4.10.  
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Fig. 4.20 Cyclic voltammetry in 1 mM [CoCp2][PF6] + 20 mM [NBu
n

4][PF6] in  

scCO2-CH3CN (18.3%v) at a 4.8 µm Pt disk at 0.2 V s
-1

, at 35 ºC and 169 bar.  

 

A partial second wave observed in the cyclic voltammogram below -1.0 V vs. Ag,  

Fig. 4.21, this corresponds to the reduction of carbon dioxide.
35

 The possible redox 

reactions for this process were listed in Chapter 3.3.  

 

Fig.4.21 Cyclic voltammetry in 0.1 mM [CoCp2][PF6]  in scCO2-CH3CN (16.3%v) without 

supporting electrolyte, for a 4.8 µm radius Pt disc, at 0.2 V s
-1

, 35 ºC, and 168 bar. 
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Table 4.10 Cyclic voltammetric data from experiments in [CoCp2][PF6] solutions in 

CH3CN and scCO2-CH3CN at Pt microdisks 

Solvent 
p / 

bar 

T / 

K 

csupp.el. 

/ mM 

c 

/mM 

a / 

μm 

iL / 

nA 

(E1/4-

E3/4) / 

mV 

D / 10
5 

cm
2
 s

-1
 

η / cP 

CH3CN 1 298 20 10 4.8 42.2 62 2.3 0.77 

CH3CN 1 298 20 10 20.6 161 54 2.0 0.89 

CH3CN 1 298 10 5 12.5 35.6 62 1.5 1.19 

scCO2-

CH3CN 

(18.4%v/v) 

169 308 10 1 4.8 2.2 70 1.2 1.53 

 

Cobaltocenium hexafluorophosphate electrolytic reduction was quasi-reversible in the 

supercritical system; however, its redox potential was close to the negative potential 

limit of the system. 

  

4.3 Cyclic voltammetry in cobaltocenium 

hexafluorophosphate and decamethylferrocene 

acetonitrile and scCO2-CH3CN solutions 

Cyclic voltammetry in acetonitrile and scCO2-CH3CN solutions containing both 

cobaltocenium hexafluorophosphate and decamethylferrocene was performed. 

Decamethylferrocene undergoes a one-electron oxidation process to produce 

decamethylferrocenium cation while the cobaltocenium cation is reduced to neutral 

cobaltocene. In the CH3CN solutions the CoCp2
+
/CoCp2 couple was reversible or 

quasi-reversible at scan rates higher than 0.01 V s
-1

. The Fe(C5(CH3)5)2
0
/ 

Fe(C5(CH3)5)2
+
 couple maintained its quasi-reversibility. Both processes are well 

resolved in potential, thus could be studied simultaneously in the same conditions. 

Despite the equi-molar concentration of each of the complexes, the currents observed 

were much higher for the charged cobaltocenium species than for the neutral 

ferrocene, Fig. 4.23. 

 

Bond and Cooper
36

 studied a series of solvents containing FeCp2 and [CoCp2][PF6] in 

both the presence and absence of supporting electrolyte. The very low dependence of 
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the ferrocene oxidation process on the concentration of the supporting electrolyte 

enabled its use as an internal standard for the charged compounds.
36

 For reduction of 

the charged [CoCp2]
+
 ion, changes in the migration current as a function of solvent 

without supporting electrolyte were related to the dependence of ionic mobility on 

solvent viscosity.
36

 The IR distortion for the ionic sample was less than for the neutral 

sample.
36

 However, for the reduction process a large contribution to the steady state 

current arose from the migration of the [CoCp2]
+
 ion.

36
  

 

A cyclic voltammogram in 1 mM [CoCp2][PF6] + 1 mM Fe(C5(CH3)5)2 + 10 mM 

[NBu
n

4][BF4] in CH3CN, at 12.5 µm radius Pt disk, at 24±1 °C is presented in  

Fig. 4.23. The steady state current for cobaltocenium was much higher than for 

decamethylferrocene. The two reasons for that are the contribution of migration of the 

charged cobaltocenium, and its smaller size. The data obtained from the cyclic 

voltammogram is presented in Table 4.11. 

 

 

Fig.4.22 Cyclic voltammetry in 1 mM [CoCp2][PF6] + 1 mM Fe(C5(CH3)5)2 + 10 mM 

[NBu
n
4][BF4] in CH3CN, at 12.5 µm radius Pt disk, at 24±1 °C, recorded at  

0.005 V s
-1

, at 24±1 °C. 
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Table 4.11 Data from cyclic voltammetry in 1 mM [CoCp2][PF6] + 1 mM  

Fe(C5(CH3)5)2 + 10 mM [NBu
n

4][BF4] in CH3CN, at 12.5 µm radius disk, at 

24±1 °C. 

 

 a / μm iL / nA 
ΔE(1/4-3/4) / 

mV 
E1/2 / V 

DmFc 12.5 12.6 59 0.124 

[CoCp]
+
 12.5 50.2 53 -0.675 

 

 

The DmFc oxidation is reversible in the system. For the cobaltocenium/cobaltocene 

couple migration contributions were significant resulting in a higher steady state 

current and a lower than expected quartile potential difference. The diffusion 

coefficient estimated for DmFc was 2.6 x 10
-5

 cm
2
 s

-1
, which is in good agreement 

with the results in Chapter 4.1 for solutions with DmFc only. The diffusion coefficient 

for the cobaltocenium cation in a 1 mM solution was estimated to be  

10.4 x 10
-5

 cm
2
 s

-1
. This value is much higher than the 1.5-2.3 x 10

-5
 cm

2
 s

-1
, obtained 

for a 5 mM and 10 mM solution of  [CoCp2][PF6]. The enhanced migration effect in 

the presence of the neutral DmFc and a low concentration of supporting electrolyte in 

solution has not been studied in the literature.  

 

Bond et al.
35

 created a model that can be used to qualitatively to predict the limiting 

current in a solution without supporting electrolyte. It was based on the fact that the 

flux density of an ion in the transport field in the vicinity of the electrode would have 

both a diffusive and a migratory component, equation (4.14),
35

 

i i i i
i i

i

c z u c
J D

r z r

 
  

 
   (4.16) 

where Ji is the flux of the ion, zi is its charge, ui the ion mobility, Φi the electric 

potential of the solution at radial distance r, and the other have their usual meaning.
35

 

In their model, Bond et al.
35

 used the Nernst – Einstein relationship to replace the ion 

mobility, then assumed that the counter ion was univalent, not electroactive, had no 

flux at the electrode surface; the summary of charges on reactant, product and counter 

ion equalled zero; the flux densities of the reactant and product had equal values but 

opposite signs at the electrode surface; the diffusion coefficients of reactant and 
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product were equal; the sum of the concentrations of reactant, product and counter ion 

was constant. They derived equation (4.15) describing the ratio between the limiting 

current (iL) in a solution without supporting electrolyte to the diffusion limited (id) 

current in a solution with excess supporting electrolyte,
35

 

 
 

 

1
1 1 ln

1

L

d

z Zi Zz
Z

i Z z Z z

  
         

  (4.17) 

 

where Z is the charge of the reactant and z the charge of the product. For a species 

with +1 charge, such as [CoCp2]
+
, being reduced to 0, the ratio would be 2.

35
 In the 

experimental part of their work, Bond et al. noted that the ratio for the 

cobaltocenium/cobaltocene couple in acetonitrile was not 2 but 2.8.
35

 The limiting 

currents observed in this work for the cobaltocenium cation were many times higher 

than in the solution of it with the same low concentration of the supporting electrolyte, 

without DmFc.  

 

In a more recent study, Compton et al.
36

 proposed a model for simulating the current – 

potential response for the cobaltocenium cation reduction in solutions with the 

support ratios: 0, 0.01, 0.1, 1, 10, and 100, and compared it with experimental results. 

In their model the experimental values of diffusion coefficients of the reactant and 

product in acetonitrile solutions with excess supporting electrolyte were used, unlike 

in Bond et al’s model.
35

 The diffusion coefficient for [CoCp2]
+
 used in the simulation 

was 1.8 (±0.1) x 10
-5

 cm
2
 s

-1 
(and 1.94 x 10

-5
 cm

2
 s

-1
, for lower supporting electrolyte 

concentrations), and for CoCp2, 2.3 x 10
-5

 cm
2
 s

-1
.
36

 In this work, the support ratio for 

the acetonitrile solution containing both metallocenes was 10. In the study of 

Compton et al.
36

 at such support ratios, the cyclic voltammograms did not differ much 

from those for a solution with excess supporting electrolyte.  

 

A similar effect was observed in the supercritical fluid. The cyclic voltammogram for 

both metallocene couples at a 0.09 mM concentration each in scCO2-CH3CN (15%v) 

containing 5 mM [NBu
n

4][BF4],  at 36 °C and 188 bar,  at a 3.8 µm radius Pt/W 

microdisk, recorded at 0.005 V s
-1

, is presented in Fig. 4.23. Both an oxidation wave 

for decamethylferrocene and a reduction wave for cobaltocenium were observed. The 

data read from the voltammogram are presented in Table 4.12. 
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The limiting current for cobaltocenium was again much higher than for 

decamethylferrocene. The quartile potential differences were higher than for the 

acetonitrile solution; however, the value for the cobaltocenium/cobaltocene couple 

was again much lower due to the contribution of migration. The estimated diffusion 

coefficients for the decamethylferrocene and cobaltocenium species were  

3.8 x 10
-5

 cm
2
 s

-1
 and 9.1 x (±0.3) x 10

-5
 cm

2
 s

-1
, respectively, assuming no migration 

current for the latter. It was noticed that in consecutive scans the cyclic 

voltammogram shifted downwards in current progressively.  

 

Fig. 4.23 Cyclic voltammetry in 0.09 mM [CoCp2][PF6]+ 0.09 mM Fe(C5(CH3)5)2 + 5 mM 

[NBu
n

4][BF4] in 15%v/v scCO2-CH3CN at 36 °C and 188 bar; at a 3.8 µm radius 

Pt/W microdisk, recorded at 0.005 V s
-1

. 

 

Table 4.12 Cyclic voltammetry in 0.09 mM [CoCp2][PF6]+ 0.09 mM Fe(C5(CH3)5)2 + 

5 mM [NBu
n

4][BF4] in scCO2-CH3CN (15%v) at 36 °C and 188 bar; at  

a 3.8 µm radius Pt/W microdisk, recorded at 0.005 V s
-1 

 
a / 

μm 

c / 

mM 

iL / 

nA 
E1/4 / V E3/4 / V 

ΔE(1/4-

3/4) / 

mV 

E1/2 / 

V 

ΔE1/4 

/ mV 

ΔE3/4 / 

mV 

DmFc 3.8 0.09 0.5 0.005 0.080 75 0.041 36 39 

[CoCp2]
+
 3.8 0.09 1.2 -0.763 -0.805 42 -0.787 24 18 
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The differences between the half wave potentials for the couples were 799 mV in the 

acetonitrile solution and 828 mV for the system in the supercritical fluid. If the half 

wave potential differences were the same in both acetonitrile and the scCO2-CH3CN it 

would show that the diffusing species are solvated in the same way in both solutions, 

i.e. by acetonitrile. This may still hold, and could be verified with a use of two neutral 

redox species to avoid the migration contributions, which affect the half wave 

potential of the CoCp2
+
/CoCp2 redox system.  

 

 

4.4 Cyclic voltammetry in ferrocene (FeCp2) acetonitrile 

solutions 

Ferrocene is perhaps the most electrochemically studied metallocene. It is the IUPAC 

recommended internal reference for nonaqueous solutions.
5
 The reason it was not the 

first choice in this study was a claim that decamethylferrocene could be a more robust 

standard in nonaqueous solutions.
29

 The work in supercritical fluids requires such, 

thus more focus was given to decamethylferrocene. Unfortunately, there was not 

enough time to study ferrocene in the scCO2-CH3CN, and only some examples of 

voltammetry in acetonitrile with low concentration of supporting electrolyte are 

presented. Cyclic voltammetry of 10 mM FeCp2 in acetonitrile with 20 mM 

[NBu
n

4][BF4], at a 0.25 mm radius platinum disk, at room temperature and pressure, 

is presented in Fig. 4.24, below. The data obtained from the cyclic voltammograms 

are presented in Table 4.13. 

 

The peak potential difference was between 92 and 98 mV, which is much more than 

the expected 56.8 mV at 24 °C. It could be due to the uncompensated solution 

resistance. The redox process can be classified as quasi-reversible.
30

  The peak current 

ratios were close to unity at 0.97 and 0.98. 
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Fig.4.24 Cyclic voltammetry in 10 mM FeCp2 + 20 mM [NBu
n
4][BF4] in CH3CN at 0.25 mm 

radius Pt WE at different scan rates, at 24±1 °C and ambient pressure. 

 

 

Table 4.13 Data obtained from cyclic voltammograms in 10 mM FeCp2 + 20 mM 

[NBu
n
4][BF4] in CH3CN at 0.25 mm radius Pt WE at different scan rates 

ν /  

V s
-1

  

Epa / 

mV 

Epc / 

mV 

ΔEp / 

mV 

Epa-pa/2 

/ mV 

Epc-pc/2 

/ mV 

ipa / 

μA 
ipc / μA |ipa/ipc| 

0.2 250 155 98 66 62 10.55 -10.74 0.98 

0.1 248 155 95 64 62 8.37 -8.52 0.98 

0.05 248 156 92 65 64 6.62 -6.82 0.97 
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Fig.4.25 The dependence of peak current values on the square root of scan rate for cyclic 

voltammetry in 10 mM FeCp2 + 20 mM [NBu
n

4][BF4] in CH3CN at 0.25 mm radius 

Pt WE at different scan rates, at 24±1 °C and ambient pressure. 

 

 

Fig.4.26 Cyclic voltammetry in 10 mM FeCp2 + 20 mM [NBu
n
4][BF4] in CH3CN at a 4.8 μm 

radius Pt disk, at 25±1 °C. 
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The diffusion coefficient estimated from the Randles-Sevcik equation was  

(2.3 ± 0.2) x 10
-5

 cm
2
 s

-1
, while the diffusion coefficient estimated from a steady state 

measurement with a different supporting electrolyte, Fig. 4.26, was  

(2.1 ± 0.3) x 10
-5

 cm
2
 s

-1
. 

 

4.5 Cyclic voltammetry of ruthenocene (RuCp2) in acetonitrile 

solutions 

The oxidation of ruthenocene is a 1-electron or 2-electron process depending on the 

medium, in which the experiment is conducted.
39-41

 Cyclic voltammetry in 10 mM 

RuCp2 + 20 mM [NBu
n
4][BF4] in acetonitrile was carried out at a conventionally 

sized 0.25 mm radius Pt disk electrode. A graph, containing cyclic voltammograms 

registered at different scan rates, is presented in Fig. 4.27. The data obtained are 

presented in Table 4.14. 

  

In a dry aprotic solvent and in the absence of nucleophiles such as [PF6]
-
, [BF4]

-
, 

[ClO4]
-
, a 1-electron process yielding ruthenocenium is observed.

39
  

The ruthenocenium interacts with ruthenocene to form a dimer with a metal-metal 

bond [Ru2Cp4]
+
.
39

 However, when coordinating counter anions of the supporting 

electrolyte are present, as it is in this case, the preferred product of the  

electro-oxidation is [RuCp2(σ: η
5
-C5H4)2]

2+
, in which each metal is σ-bonded to a Cp 

ring.
37

 This product can be reduced in the cathodic scan to regenerate ruthenocene. 

Thus, the cathodic wave observed in Fig. 4.27 corresponds to the partial regeneration 

of ruthenocene. The higher the concentration of the supporting electrolyte, the lower 

the amount of RuCp2 recovered. An example of a non-coordinating donor would be 

BArF24.
39,40

   

 

The number of electrons transferred was 2 and the transfer coefficient was estimated 

to be 0.22 (equation (4.2)). The estimated diffusion coefficient equalled  

(3.7±0.8) x 10
-5

 cm s
-1

, which was higher than the 2.2 x 10
-5

 cm s
-1

, estimated by 

Kuwana et al.
41

, by employing chronopotentiometry in an acetonitrile solution with 

0.2 M LiClO4 as supporting electrolyte, at a platinum electrode.  
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The oxidation of ruthenocene was not further considered as a possible internal 

reference redox process and was not examined in scCO2-CH3CN. 

 

 

 

Fig.4.27 Cyclic voltammograms in 10 mM RuCp2 + 20 mM [NBu
n

4][BF4] in CH3CN at a 0.25 

mm  radius Pt disk, at different scan rates, at 24±1 °C; a Pt wire pseudo RE, and a Pt 

gauze CE. 

 

 

 

Table 4.14  Cyclic voltammetric data  from experiments in 10 mM RuCp2 + 20 mM  

      [NBu
n

4][BF4] in CH3CN 

ν / V s
-1

  Epa / mV 
Epa/2 / 

mV 

Epa-pa/2 / 

mV 
ipa / μA 

0.2 807 696 111 20.11 

0.1 802 695 107 15.87 

0.05 795 692 103 12.16 

0.01 - - - 8.82* 

           *diffusion limited current 
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4.6 Conclusions 

 

The cyclic voltammetry of cobaltocenium reduction and decamethylferrocene 

oxidation was studied in both acetonitrile and the scCO2-CH3CN system. The two 

metallocenes can be used as probes for mass transport and kinetics information in the 

scCO2-CH3CN system. The cobaltocenium voltammetry was not reproducible for 

solutions of different concentrations of the electroactive species and varied with the 

concentrations of the supporting electrolyte, due to a significant migration effect. It 

was also noticed that the migration effect for the singly charged cobaltocenium was 

much larger in the solutions containing both metallocene species, than when 

cobaltocene was the only electroactive species in the solution in both acetonitrile and 

scCO2-CH3CN. Finding an explanation to this would need further study. 

 

Ferrocene was not studied in the supercritical fluid. The focus was mainly on 

decamethylferrocene which was suggested by Sato et al. to be more stable in 

acetonitrile with tetrafluoroborate supporting electrolyte anion, than ferrocene.
28

  

 

The oxidation of ruthenocene was an irreversible two-electron process, which 

classifies ruthenocene unsuitable for an internal reference couple. 
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5 Cyclic voltammetry of metal precursors in 

acetonitrile and scCO2-CH3CN 

 

The cyclic voltammetry of organometallic silver and copper complexes in acetonitrile 

and supercritical CO2-CH3CN was investigated and is described in this chapter. This 

part of the work contributed to the preliminary stage of verifying the possibility of 

controlled electrochemical deposition of metals into mesoporous thin film substrates 

in supercritical media. 

 

Volatile precursors, employed primarily in chemical vapour deposition, and 

complexes with ligands designed to be more soluble in the scCO2-CH3CN solvent, 

were used for this purpose. They comprised of a metal cation (Ag
+
, Cu

+
 or Cu

2+
), a 

neutral coordinating ligand and an organic or inorganic anion. The different ligands 

coordinating the silver and copper ions can interchange to different degrees with the 

molecules of the solvent once the complex was dissolved. Silver and copper (I) ions  

strongly coordinate with acetonitrile.
1
 Silver and cuprous ions also have a general 

tendency to coordinate with compounds containing electron donor nitrogen atoms, 

such as ammonia, amines and nitriles.
1
 The high solvation energies of silver and 

cuprous ions in acetonitrile are reflected in their relatively negative reduction 

potentials in this solvent.
1
 

 

Microelectrodes of different sizes and solutions of different concentrations of the 

metal precursors were used to obtain their diffusion coefficients. The assumption was 

made that all of the electroactive substance was dissolved in the solution. The 

linearity of the limiting current as a function of microelectrode size and precursor 

concentration indicated this. The diffusion coefficients were calculated from equation 

(5.1)
2
: 

4Li nFDac   (5.1) 

where iL is the limiting current, n the number of electrons transferred at the electrode 

surface, D is the diffusion coefficient, a the electrode radius, and c the concentration 

of electroactive species. 
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The reduction of the metal ions during the voltammetric cycle is accompanied by the 

deposition of the respective metal at the surface of the electrode.  

 

The faradaic efficiency of deposition for the various precursors was obtained from the 

ratio of the anodic and cathodic charges passed during the first scan in a precursor 

solution. A high faradaic efficiency was one of the criteria during the selection of 

complexes suitable for use in the supercritical fluid. 

 

5.1 Cyclic voltammetry of silver precursors in acetonitrile and 

in scCO2-CH3CN 

Cyclic voltammograms of the silver precursors dissolved in acetonitrile with a low 

concentration of supporting electrolyte were recorded prior to the experiments in 

scCO2-CH3CN solutions. One of silver precursors was introduced and after trials one 

was chosen as the most appropriate for work in this medium. Macro- and 

microelectrodes were employed in this study. Microelectrodes were essential to 

determine the diffusion coefficients of the electroactive silver species in the resistive 

supercritical fluid.  

 

The redox process studied was the silver ion reduction to metallic silver, reactions 

(5.2) and (5.3), and its anodic stripping on the backward scan. 

 
+ +

xAgL Ag +xL   (5.2) 

       
+ - 0Ag +e Ag      (5.3)  

Cyclic voltammetry at freshly polished microelectrode surfaces was used to examine 

the diffusion parameters of electrodeposition of silver in acetonitrile. The results of 

experiments for each of the complexes are presented in the sections below. 
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5.1.1 Cyclic voltammetry of [Ag(CH3CN)4][BF4] in low support ratio 

CH3CN and scCO2-CH3CN 

5.1.1.1 Cyclic voltammetry of [Ag(CH3CN)4][BF4] in low support ratio 

CH3CN  

The silver (I) tetrakis-acetonitrile tetrafluoroborate precursor was designed to contain 

ligands that match both the co-solvent and the anion in the supporting electrolyte.  

A typical cyclic voltammogram in a [Ag(CH3CN)4][BF4] acetonitrile solution with  

a low concentration of supporting electrolyte, at room temperature, is shown in  

Fig. 5.1.  

 

Fig. 5.1 Cyclic voltammetry in 4.1 mM [Ag(CH3CN)4][BF4] + 20.5 mM [NBu
n
4][BF4] in 

CH3CN at a 20.6 μm radius Pt microdisc, at 0.05 V s
-1

, at 24±1 °C. 

 

The potential scan was started at 0 V, in the range where no electron transfer reactions 

took place, and proceeded towards negative potentials. The onset of a reduction wave 

was observed at -0.440 V vs. Pt. Silver ions were reduced to metallic silver and 

deposited at the surface of the platinum microelectrode. A steady-state (mass 

transport, diffusion) limited current of 78 nA was observed as a plateau. On the 

backward scan the current remained at 78 nA until the potential approached the 

equilibrium potential for the Ag/Ag
+
 couple in the system. The backward scan crossed 

the forward scan at -0.300 V vs. Pt to form a feature called a nucleation loop. The 
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current increased rapidly as silver was being stripped off the electrode surface and 

reached a maximum at -0.17 V vs. Pt, then it dropped to zero at -0.15 V vs. Pt when 

the oxidation of the deposited material was completed. Both the nucleation loop and 

the narrow, sharp, asymmetric stripping (anodic) peak are characteristic of an 

irreversible nucleation and growth process. The nucleation overpotential (η) for the 

deposition of silver on platinum, which is the difference between the half-wave 

potential of the reduction process and the equilibrium potential,
3
 was 174 mV in this 

case. The data from this and other voltammograms in solution with the 

[Ag(CH3CN)4][BF4] precursor are given in Table 5.1. All cyclic voltammograms in 

acetonitrile solutions of [Ag(CH3CN)4][BF4] showed a steady-state current, 

nucleation loop and stripping peak.  

 

Cyclic voltammograms at four different microelectrodes, in a 4.1 mM 

[Ag(CH3CN)4][BF4] solution in acetonitrile with a support ratio of 5 (the ratio of the 

concentration of the supporting electrolyte to the concentration of the electroactive 

species), are presented in Fig. 5.2. The limiting current values increased with the size 

of the electrode. The correlation between the limiting current and electrode radius is 

shown in Fig. 5.3. Its linearity proves that the complex obeys equation (5.1) for 

microelectrodes, which was used to estimate the value of the diffusion coefficient at 

(2.4±0.2) x 10
-5

 cm
2
 s

-1
. The deposition and stripping charges also increased with the 

electrode radius. The average deposition to stripping charge ratio in this system was 

0.97, Table 5.1. The nucleation overpotentials varied from 102 to 174 mV for 

different electrodes, Table 5.1. The half-wave, equilibrium and stripping peak 

potentials were not stable, because a Pt pseudo-reference electrode was used. The Pt 

pseudo-reference electrode was also used in the supercritical fluid experiments.  

 

The same series of measurements was made for 2.5 mM and 5.35 mM solutions of 

[Ag(CH3CN)4][BF4] in acetonitrile with a support ratio of 8.0 and 3.8, respectively. 

The limiting currents, overpotentials, differences between the equilibrium and 

stripping peak potentials, and the average stripping to deposition charge ratios are 

given in Table 5.1. The diffusion coefficient estimated for the 2.5 mM solution was  

(2.6 ± 0.3) x 10
-5

 cm
2
 s

-1
, while for the 5.35 mM solution it was  

(2.4 ± 0.2) x 10
-5

 cm
2
 s

-1
. 
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Fig.5.2 Cyclic voltammograms in 4.1 mM Ag[(CH3CN)4]BF4 + 20 mM [NBu
n

4][BF4] in 

CH3CN at microdisks of different sizes, recorded at 0.05 V s
-1

, at room temperature. 

 

Fig.5.3 Correlation between the limiting current and electrode size for cyclic voltammetry in 

4.1 mM [Ag(CH3CN)4][BF4] + 20 mM [NBu
n

4][BF4] in CH3CN, at room 

temperature.. The estimated diffusion coefficient was (2.4 ±0.3) x 10
-5

 cm
2
 s

-1
. 
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The cyclic voltammograms for the same electrode in three solutions of different 

concentrations of the complex are shown in Fig. 5.4. The diffusion limited currents 

and stripping charges increased with the concentration. The correlation between the 

limiting currents and concentrations is presented in Fig. 5.5. It was linear and was 

used to estimate a diffusion coefficient of (2.4 ± 0.3) x 10
-5

 cm
2
 s

-1
. The linearity of 

the correlation confirms the solubility of the [Ag(CH3CN)4][BF4] complex up to 5.35 

mM in acetonitrile. The equilibrium potentials should change with concentration of 

the electroactive species according to the Nernst equation, (5.4).  

ln[ ]o

e

RT
E E Ag

zF

   (5.4) 

 

The use of an unstable pseudo-reference Pt electrode prevented the observation of  

a monotonous change in the values of equilibrium potentials for solutions of different 

concentration of [Ag(CH3CN)4][BF4].   

 

 

Fig.5.4 Cyclic voltammograms in 2.5, 4.1 and 5.35 mM Ag[(CH3CN)4]BF4 + 20 mM 

[NBu
n
4][BF4] in CH3CN at a 20.6 µm radius Pt disk, recorded at 0.05 V s

-1
, at room 

temperature. 
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Fig.5.5 Correlation between the limiting current and concentration of [Ag(CH3CN)4][BF4] in 

20 mM [NBu
n

4][BF4] in CH3CN at a 20.6 µm Pt disk, at room temperature. The 

estimated diffusion coefficient was (2.4 ± 0.3) x 10
-5

 cm
2
 s

-1
. 

 

The experiments in the supercritical fluid had to be carried out at temperatures above 

31 ºC, which is the critical temperature of carbon dioxide. In order to compare the 

diffusion coefficients in CH3CN and scCO2-CH3CN more accurately, the forward 

scan in 2.5 mM [Ag(CH3CN)4][BF4] at 35 ºC was recorded and compared to one 

recorded at 25 ºC in the same solution, Fig. 5.6. The limiting current was 

approximately 17.5% higher at 35 ºC. The estimated diffusion coefficient equalled  

(3.02±0.30) x 10
-5

 cm
2
 s

-1
.  

 

The data acquired from cyclic voltammetry in [Ag(CH3CN)4][BF4] acetonitrile 

solutions at microelectrodes are summarized in Table 5.1. These include the limiting 

currents, nucleation overpotentials, differences between the equilibrium potentials and 

stripping peak potentials, ΔE(eq-pa). These values will be used to compare the systems 

in varied temperature and/or pressure conditions. 

 

0 1 2 3 4 5 6

0

25

50

75

100

125

 

 

i L
 /
 n

A

c / mM



 86 

 
Fig.5.6 The cathodic scan in 2.5 mM [Ag(CH3CN)4][BF4] + 20 mM [NBu

n
4][BF4] in CH3CN 

at 298 and 308 K, at a 20.6 μm Pt disk. 

 

Table 5.1  Data from cyclic voltammetry in [Ag(CH3CN)4][BF4] + 20 mM 

[NBu
n

4][BF4] in CH3CN at microelectrodes, at 25 ºC, at 0.05 V s
-1

. 

 

c / mM a / μm 
iL / 

nA 

jL / μA 

mm
-2

 
ηnuc / mV 

ΔE(eq-pa) / 

mV 

Average Qox / 

Qred 

5.35 

4.8 26 360 134 145 

0.93 
13.0 60 113 57 118 

20.6 98 73 166 145 

24.0 128 70 155 116 

4.10 

4.8 20 276 139 125 

0.97 
13.0 47 88.5 140 138 

20.6 78 58.5 174 134 

24.0 97 54 102 132 

2.50 

4.8 12 170 170 99 

0.94 
13.0 31 58 138 107 

20.6 51 38 139 140 

24.0 65 36 166 108 

2.50 (at 

308 K) 
20.6 60 45 87 86 0.94 
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The nucleation overpotential values were between 102 and 174 mV with an exception 

at a 13.0 µm radius electrode in 5.35 mM solution where it was 57 mV. The ΔE(eq-pa) 

values were between 99 and 145 mV. The respective potential differences at 35 ºC 

were 87 and 86 mV, much lower than for the majority of the processes at 25 ºC.  

Table 5.1 also includes the average faradaic efficiency registered during voltammetry 

at different electrodes in each of the solutions, which ranged from 93 to 97%. 

 

Influence of the potential scan rate on cyclic voltammetry with microelectrodes 

The potential scan rate applied in steady state voltammetry with microelectrodes in 

metal precursor solutions is supposed to be chosen so as to avoid increasing the 

electrode radius during deposition. The edge effect (higher current density at the edge 

of electrode) often causes deposition outside the electrode perimeter at slow potential 

scan rates.
4,5

 The smaller the microelectrode the faster the scan rate should be. Four 

sizes of microelectrodes were used in the study and one suitable scan rate was desired. 

Cyclic voltammograms registered at different scan rates at the 20.6 µm radius Pt 

microdisk are presented in Fig. 5.7. A limiting current can be read at 0.1 and  

0.05 V s
-1

 while at 0.02 and 0.01 V s
-1

 the cathodic current does not reach a steady 

state and continues increasing even when the scan is reversed, until the oxidation 

potential is reached. This means that the surface available for the redox reaction 

continuously increases during reduction, and an exact steady-state current cannot be 

measured for the particular electrode. 
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Fig.5.7 Cyclic voltammetry in 4.1 mM Ag(CH3CN)4BF4 + 20 mM [NBu
n

4][BF4] in CH3CN at 

a 20.6 μm radius Pt disk, at varied scan rates to choose the suitable scan rate for this 

electrode size. 

When an appropriate scan rate is used, the consecutive scans in the same solution,  

Fig. 5.8, will show only a slightly (by a few percent) higher limiting current and  

a reduced overpotential.  
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Fig.5.8 Cyclic voltammograms in 4.1 mM [Ag(CH3CN)4][BF4] + 20 mM [NBu
n
4][BF4] in 

CH3CN at a 24.8 μm radius Pt microdisc, at 0.05 V s
-1

. 

 

If the scan rate is too slow, the metal will deposit outside the edge increasing the total 

area of the electrode, Fig. 5.9. The nucleation overpotential would decrease, due to the 

incomplete stripping of material in the first scan, Fig. 5.9.  

 

 

Fig.5.9 Simplified schematic drawing of the growth of silver on a microelectrode during  

a cathodic scan at a rate slow enough for deposition outside the perimeter of the 

electrode surface.
5
 The ‘edge effect’, i.e. the enhanced deposition at the edge of the 

electrode is also a contributing factor.
6
 During the anodic scan the deposit is stripped 

off the electrode surface with the exemption of a few nuclei, which can be removed 

mechanically. They facilitate the growth of the metal film in the consecutive cathodic 

scans. 
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5.1.1.2 Cyclic voltammetry of [Ag(CH3CN)4][BF4] in low support ratio 

scCO2-CH3CN 

Examples of cyclic voltammograms under different conditions in the scCO2-CH3CN 

at microelectrodes are presented in Figs. 5.10-15, and at a macroelectrode in Fig. 5.16. 

The cyclic voltammograms were mostly recorded prior to bulk electrodeposition on  

a larger flat or templated substrate. It was not possible to simply remove  

a microelectrode after the first scan, polish it and insert back into the reactor, because 

the cell was pressurized. It was also difficult to repeat an experiment under the exactly 

same conditions; the volume of the reactor was constant, while the pressure and 

temperature varied and a slight change in temperature will be reflected in a change in 

pressure. In the cyclic voltammograms, the compensation for the solution’s resistance 

was not applied. In all cases the features typical for cathodic metal deposition and 

anodic stripping were observed. The deposition current was often fluctuating, which 

suggests a weak adherence of the deposited silver to the substrate further resulting in 

low faradaic efficiencies. Convection in the electrochemical reactor containing low 

viscosity supercritical fluid can also be observed as fluctuating current under mass 

transport conditions. Significant overgrowth was observed at slow scan rates,  

Figs. 5.11 and 5.15, as demonstrated by the rising plateau current. Data obtained from 

cyclic voltammetry in [Ag(CH3CN)4][BF4] solutions in scCO2-CH3CN are listed in 

Table 5.2. The steady-state current was approximated to the current at the base of the 

reduction wave. These currents most probably contain migration contributions (low 

conducting medium) and in some cases contribution from convection (e.g. resulting 

from uneven temperature in the cell and the low solvent viscosity). These 

contributions are not going to be estimated here since the aim of this part of the 

project was to establish whether silver can be deposited from the proposed system of 

scCO2-CH3CN with a low support ratio, before trying deposition into micro and nano 

confined spaces.   
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Fig.5.10 Cyclic voltammetry in 0.09 mM [Ag(CH3CN)4][BF4]  + 20 mM [NBu
n
4][BF4] in 

scCO2-CH3CN (~15%v), at 37 °C and 172 bar, at a 25.5 µm radius Pt disk, recorded 

at 0.02 V s
-1

. 

 

Fig.5.11 Cyclic voltammetry in 4.65 mM [Ag(CH3CN)4][BF4]  + 19.6 mM [NBu
n
4][BF4] in 

scCO2-CH3CN (15%v), at 35 °C and 138 bar, for a 3.8 µm radius Pt/W disk, recorded 

at 0.05 V s
-1

. 
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Fig.5.12 Cyclic voltammetry in 5.3 mM [Ag(CH3CN)4][BF4]  + 20.3 mM [NBu
n

4][BF4] in 

scCO2-CH3CN (15.3%v), at 34 °C and 133 bar, for a 3.8 µm radius Pt/W disk, 

recorded at 0.02 V s
-1

. 

 

Fig.5.13 Cyclic voltammetry in ~5 mM [Ag(CH3CN)4][BF4]  + ~20 mM [NBu
n

4][BF4] in 

scCO2-CH3CN (~15%v), at 32 °C and 194 bar, for a 15.6 µm radius Pt/W disk, 

recorded at 0.05 V s
-1
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Fig.5.14 Cyclic voltammetry in 7.1 mM [Ag(CH3CN)4][BF4] + 19.5 mM [NBu
n

4][BF4] in 

scCO2-CH3CN (15%v), at 36 °C and 166 bar, at a 12.5 µm radius Pt disk, recorded at  

0.05 V s
-1

. 

 

Fig.5.15 Cyclic voltammetry in 3 mM [Ag(CH3CN)4][BF4] + 10 mM [NBu
n
4][BF4] in scCO2-

CH3CN (15%v), at 40 °C and 164 bar, at a 3.8 µm radius Pt disk, recorded at  

0.01 V s
-1
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Fig.5.16 Cyclic voltammetry in 6.56 mM [Ag(CH3CN)4][BF4] + 26 mM [NBu
n

4][BF4] in 

scCO2-CH3CN (16.7 %v) at 45 ºC and 134 bar at a 0.25 mm radius Pt disk,  

at 0.02 V s
-1

. 

 

Table 5.2  Data obtained from cyclic voltammetry of [Ag(CH3CN)4][BF4]  

      in scCO2-CH3CN 

p / 

bar  
T / K 

cAg / 

mM 

csupp.el. 

/ cAg 

support 

ratio 

%v 

CH3

CN 

a / 

µm 

iL / 

nA 

D  

x 10
-5

 / 

cm
2
 s

-1
 

ηnuc / 

mV 

ΔE(eq-

pa) / 

mV 

Qox/

Qred 

90 313 0.14 143 15.0 15.6 5.6 6.84 61 120 0.21 

124 314 5.20 3.81 16.0 15.6 337 10.8 78 320 0.24 

117 308 4.65 4.21 15.0 3.8 223 32.7 77 196 0.14 

133 307 5.30 3.83 15.3 3.8 230 29.6 105 405 0.51 

148 308 7.50 2.63 14.5 3.8 390 35.5 75 244 0.22 

166 309 5.10 2.75 14.9 4.8 107 11.3 98 484 0.55 

172 310 0.09 222 15.0 3.8 1.44 33.0 141 215 0.36 

179 312 1.00 20.0 15.0 4.8 11.3 6.1 208 278 0.60 

194 305 5.00 4.0 15.0 15.6 226 7.5 119 434 0.55 

198 307 0.10 200 15.0 25 27 28.0 150 - 0.22 
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Diffusion coefficients were estimated with the assumption that the current at the 

bottom of the reduction wave (not applicable in some cases, e.g. Fig. 5.15) was 

diffusion controlled. Their values ranged from 6.1 x 10
-5

 to 35.5 x 10
-5

 cm
2
 s

-1
, and are 

all higher than the estimated (2.5 ± 0.3) x 10
-5

 cm
2
 s

-1
 for the acetonitrile solutions at 

room temperature and the 3.0 x 10
-5

 cm
2
 s

-1
 at 35 ºC. The number of experiments in 

the supercritical fluid was limited and the data obtained was not sufficient to 

distinguish any trends relating to the temperature, pressure or support ratio.  

 

Table 5.2 also contains the values of nucleation overpotentials, and the differences 

between the equilibrium and anodic peak potentials, ΔE(eq-pa). The nucleation 

overpotential values ranged from 61 to 208 mV, and increased with pressure. The 

system at a relatively low pressure of 90 bar and high temperature (in this work) of  

40 ºC had the lowest electrodeposition overpotential but also one of the lowest 

apparent diffusion coefficients. In the supercritical fluid, unlike the acetonitrile 

solutions, all overpotential values were lower than the respective ΔE(eq-pa) values. 

These were in the range between 120 and 484 mV. This means a more positive 

potential was required to strip the deposit off than in acetonitrile. This is not 

surprising since the oxidized silver will predominantly be solvated by acetonitrile 

molecules, which are limited to approximately 15%v of the solution and are not 

available at the electrode surface in sufficient amounts to allow faster stripping. The 

faradaic efficiency was only between 21 and 60%. There are at least two reasons for 

the low faradaic efficiencies: weak adherence of deposit at the electrode surface, 

which caused some of it to drop into the bulk solution (observed as shiny bits at the 

bottom of the reactor after the experiment); and significant growth outside the 

perimeter of electrode. 

 

5.1.2 Cyclic voltammetry of [Ag(hfac)(COD)] in CH3CN and in 

scCO2-CH3CN 

A typical cyclic voltammogram of silver (I) hexafluoroacetylacetonate 

cyclooctadiene, [Ag(hfac)(COD)], in acetonitrile with [NBu
n
4][BF4] as supporting 

electrolyte, at a microelectrode, is presented in Fig. 5.17. The typical features of 

deposition, i.e. the nucleation loop and stripping peak are present. The estimated 
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diffusion coefficient calculated from various experiments at room temperature 24±1 

°C was (2.2 ± 0.2) x 10
-5

 cm
2
 s

-1
.  The value of the nucleation overpotential was 59 

mV, and the ΔE(eq-pa) was 128 mV in acetonitrile. The faradaic efficiency for the 

process in acetonitrile was 99%. 

 

Fig.5.17 Cyclic voltammogram in 5.5 mM [Ag(hfac)(COD)] + 21.5 mM [NBu
n
4][BF4] in 

CH3CN for a 12.5 μm radius Pt electrode, recorded at 0.05 V s
-1

, ±24 °C.  

 

Experiments with [Ag(hfac)(COD)] in scCO2-CH3CN were carried out only at 

macroelectrodes, Fig. 5.18, because microelectrodes for the supercritical fluid 

experiments were under construction at the time.  
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Fig.5.18 Cyclic voltammetry in 5.03 mM [Ag(hfac)(COD)] + 20.2 mM [NBu
n

4][BF4] in 

scCO2-CH3CN (16.5%v), at 40 ºC, 144 bar, at a 0.25 mm radius Pt disk 

 

The cyclic voltammograms of [Ag(hfac)(COD)] in scCO2-CH3CN at 0.25 mm radius 

Pt disks had a slightly distorted shape, due to the high resistance of the solvent.
7
 The 

nucleation loop and stripping peak features were observed. The deposition current 

became erratic at what could be the base of the reduction wave. The cathodic potential 

range was limited by a surface reaction taking place at the counter electrode. When 

the reactor was disassembled after experiments in the supercritical fluid, excessive 

fouling of the counter electrode by a dark viscous substance was observed. This could 

be attributed to an electrochemically induced polymerization reaction. It had been 

reported
8
 that metal complexes with the COD ligand have acted as catalysts in the 

cyclo-oligopolymerization of alkynes and acetonitrile. COD could be the 

polymerization reactant as well.  This counter – reaction limited the potential use of 

[Ag(hfac)(COD)] as a supercritical electrodeposition precursor.  

 

The currents observed in the cyclic voltammogram in the supercritical fluid are 

relatively high and similar to those for [Ag(CH3CN)4][BF4].  The overpotential and 

ΔE(eq-pa)values were approximately 375 mV in the supercritical fluid at  

a macroelectrode. 
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5.1.3 Cyclic voltammetry of [Ag(hfac)(PPh3)] in CH3CN and in 

scCO2–CH3CN  

A typical cyclic voltammogram at a 12.5 μm radius platinum microdisk in  

a silver (I) hexafluoroacetylacetonate triphenylphosphine, [Ag(hfac)(PPh3)], 

acetonitrile solution with [NBu
n

4][BF4] as supporting electrolyte at a concentration 

only four times higher than that of the silver complex, is presented in Fig. 5.19. A 

nucleation loop and stripping peak were present in all voltammograms with this 

precursor. However, instead of the expected diffusion limited current plateau a 

continuously rising current was observed.  

 

Fig.5.19 Cyclic voltammetry in 5 mM [Ag(hfac)(PPh3)] + 20 mM [NBu
n
4][BF4] in CH3CN 

solution for a 12.5 μm radius Pt working electrode, recorded at 0.02 Vs
-1

, 24±1 °C.  

 

The value of the current at the base of the reduction wave was used as an approximate 

limiting current. Many experiments were carried out in this system and an average 

diffusion coefficient at 24±1 ºC was estimated to be (1.7 ± 0.2) x 10
-5

 cm
2
 s

-1
.  

The faradaic efficiency for experiments at this potential range was only 75%. When 

the negative range was expanded, Figs. 5.20 and 5.21, more features were observed. 

In the cyclic voltammogram in which the minimum applied potential was -1 V vs. Pt, 

Fig. 5.20, the cathodic current continued increasing to approximately -0.6 V vs. Pt 

then it became fairly constant. When the scan was reversed, the current decreased 
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rapidly until approximately -0.42 V and then remained at about 9 nA until the 

equilibrium potential was approached. A small nucleation loop was also present.  

 

Fig.5.20 Cyclic voltammetry in 5 mM [Ag(hfac)(PPh3)] + 20 mM [NBu
n

4][BF4] in CH3CN 

solution for a 12.5 μm radius Pt working electrode, recorded at 0.05 Vs
-1

, 24±1 °C. 

 

The large hysteresis was less pronounced when the negative potential range was 

increased to -1.5 and -2 V vs. Pt, Fig. 5.21. Four cyclic voltammograms are presented 

in this graph. The stripping peaks increased with the potential range, which was 

expected. However, the ratio of the oxidation and reduction charges passed during the 

scans increased from 0.88 to 1.3 with increasing negative potential range. This means 

more material was stripped off the surface than was formed during the 

electrochemical deposition of silver. Thus the products of the triphenylphosphine 

reduction followed by the catalytic process postulated by Saveant and Binh
9
  

(EC’ mechanism) probably adhere to the electrode surface.  
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Fig.5.21 Cyclic voltammetry in 5 mM [Ag(hfac)(PPh3)] + 20 mM [NBu
n

4][BF4] in CH3CN 

solution for a 12.5 μm radius Pt working electrode, recorded at 0.05 Vs
-1

, 24±1 °C. 

 

During some of the experiments in acetonitrile, fine bits of white powder were 

observed in the bulk solution and the bottom of the glass cell. This was attributed to 

the spontaneous and electrochemical oxidations of triphenylphosphine by residual 

oxygen present in the system to form triphenylphosphine oxide (OPPh3).
10-13

  

 

In order to verify the possible influence of the free PPh3 ligand in the precursor 

solution, cyclic voltammetry in a 5 mM PPh3 solution, at a 12.5 μm Pt disk was 

performed, Fig. 5.22. A large reduction wave was observed on the cathodic scan, 

followed by a nucleation loop, and a small stripping peak and an oxidation wave on 

the anodic scan. The charge of stripping (3.5 nC) corresponded to the oxidation of the 

species deposited at the electrode surface.  This charge indicated the formation of  

a very thin (~ 0.75 nm) layer of deposit.  
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Fig.5.22 Cyclic voltammogram of 5 mM PPh3 + 20 mM [NBu
n

4][BF4] in CH3CN, recorded at 

0.05 V s
-1

, at a 12.5 μm radius Pt electrode, at 24±1 °C. 

 

The large reduction wave, which started below -0.4 V vs. Pt corresponds to the 

reduction of triphenylphosphine.
9
 Saveant and Binh

9
 reported that when 

triphenylphosphine was electrochemically reduced in acetonitrile, a catalytic 

reduction of the tetraalkylammonium cation of the supporting electrolyte also took 

place. In the mechanism they proposed, the triphenylphosphine first reduces to an 

anion radical at the electrode and then proceeds to a nucleophilic attack on the 

tetrabutylammonium cation forming a butyl-triphenylphoshine radical and 

tributylammonium.
9
 The radical continues to react in solution to produce, in one 

reaction, butyl-diphenylphosphine and a phenyl radical; and in a second reaction 

triphenylphosphine and a butyl radical. The phenyl and butyl radicals can react with 

the triphenylphosphine anion radical formed at the electrode to produce 

triphenylphosphine, phenyl anion, and butyl anion. The butyl radical could also 

dimerize in solution.
9
 This mechanism explains the increasing current observed after 

the silver reduction wave. There are two competing reactions taking place at the 

electrode surface in the potential range needed to study the electrodeposition of silver.  
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The oxidation above 0.2 V vs. Pt corresponds to the formation of the 

triphenylphosphinium cation radical, which reacts with Ph3P to form a phosphonium 

cation.
13

 This reaction was followed by the oxidation of acetonitrile above  

0.9 V vs. Pt.
14

 

 

The hexafluoroacetylacetonate ligand was the other ligand present in the precursor 

complex. Its protonated form was commercially available and was electrochemically 

examined in acetonitrile, Fig. 5.23. In the literature, it was reported that the reduction 

of Hfac in acetonitrile occurred at -0.97 V vs. Ag/Ag
+
 and the oxidation at 1.09 V vs. 

Ag/Ag
+
 (ΔE = 2.06 V).

15 
In this experiment a Pt pseudo-reference electrode was used, 

and the reduction of Hfac was observed at -0.6 V vs. Pt, with the oxidation at 

approximately 1.4 V vs. Pt (ΔE = 2.0 V). This cathodic reaction promoted acetonitrile 

reduction as the generated protons can react with acetonitrile to form either amine or 

imine type compounds.
16

 This reduced the potential range in which acetonitrile was 

electrochemically stable. 

 

 

Fig.5.23 Cyclic voltammogram of 5 mM Hfac + 20 mM [NBu
n
4][BF4] in CH3CN, at a 12.5 

μm radius Pt electrode, recorded at 0.1 V s
-1

, at 24±1 °C. 
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An example of a cyclic voltammogram of [Ag(hfac)(PPh3)] in scCO2-CH3CN at a  

3.8 µm radius disc, at 37 ºC and 140 bar, is shown in Fig. 5.24.  

 

Fig.5.24 Cyclic voltammogram in 5.9 mM [Ag(hfac)(PPh3)] + 21.3 mM [NBu
n

4][BF4] in 

scCO2-CH3CN (15.5%v), at a 3.8 μm radius Pt/W disc, at 310 K and 140 bar, 

recorded at 0.005 V s
-1

. 

 

The silver cation reduction was observed at -0.18 V vs. Pt. Another reduction wave 

was observed beyond -0.4 V vs. Pt. This would correspond to the reduction of 

triphenylphosphine coupled with a bulk catalytic reaction involving the 

tetrabutylammonium cation as described earlier.
9
 The stripping peak was broader than 

that in the acetonitrile solution. The potential difference between the reduction wave 

and stripping peak increased from approximately 0.2 V vs. Pt in CH3CN to  

0.4 V vs. Pt in scCO2-CH3CN. The reason could be that the stripped silver ions were 

solvated by acetonitrile
17

 and the probability of encountering a CH3CN molecule in  

a scCO2-CH3CN solution containing 15.5% CH3CN by volume (12.3% by weight) 

was accordingly lower than in the acetonitrile solution.  

 

The diffusion coefficient was estimated with the assumption that the complex was 

fully dissolved in the supercritical fluid, which is not necessary true. The calculations 

were based on the current value at the plateau of the reduction wave. The estimated 
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diffusion coefficient was (1.4 ± 0.2) x 10
-6

 cm
2
 s

-1
, an order of magnitude lower than 

in CH3CN, which was opposite from theoretical predictions probably because the 

complex was not fully dissolved in the supercritical fluid. The faradaic efficiency for 

this supercritical fluid system was 72%.  

 

A cyclic voltammogram in the supercritical fluid, at 310 K and 138 bar, at  

a macroelectrode is shown in Fig. 5.25. In this case, a background current was 

observed. It probably corresponded to the triphenylphosphine oxidation reaction,
13

 

which was observed above 0.25 V vs. Pt in Fig.5. 22. The scan rate was twenty times 

faster than in the case of the microelectrode, Fig.5. 24, and the positive potential limit 

was much higher at the macroelectrode. This could be the reason why the oxidation 

wave was not observed at the microelectrode. The reduction of PPh3, on the other 

hand, was not observed as a separate wave at the macroelectrode.  

 

Fig.5.25 Cyclic voltammogram in 6 mM [Ag(hfac)(PPh3)] + 20 mM [NBu
n

4][BF4] in scCO2-

CH3CN (15%v), at a 0.25 mm radius Pt disc, at 310 K and 138 bar, recorded at  

0.1 V s
-1

. 

 

 

 

 

-2 -1 0 1 2

-4

0

4

8

12

 

 

i 
/ 

A

E vs Pt / V



 105 

5.1.4 Cyclic voltammetry of [Ag(PFOA)(PPh3)2] in CH3CN and in 

scCO2-CH3CN 

The silver (I) perfluorooctanoate di-triphenylphosphine complex was designed to 

solubilize the precursor in the low polarity supercritical fluid. Cyclic voltammetry of 

1 mM [Ag(PFOA)(PPh3)2] in 10 mM TBABARF6 in acetonitrile was carried out at 

microelectrodes of different sizes, Fig. 5.26. Both the nucleation loop and stripping 

peaks were observed. However, instead of the current reaching a diffusion limit, it 

kept rising after the reduction wave, as in the [Ag(hfac)(PPh3)] solutions described in 

the section above. Both complexes contain the triphenylphosphine ligand, which was 

found to be electrochemically active in the potential range of interest for this study. 

An attempt to estimate a diffusion limited current was made by using the current 

values at approximately -0.38 V vs. Pt, for voltammograms presented in Fig. 5.26.  

 

Fig.5.26 Cyclic voltammetry in 1 mM [Ag(PFOA)(PPh3)2] + 10 mM TBABARF6 in CH3CN 

at 0.05 V s
-1

 at a 13.0, 20.6, and 24.8 µm Pt disk electrodes, at 24±1 °C. 

 

The dependence of the assumed limiting current on the microdisk radius, Fig. 5.27, 

had a negative intercept with the current axis, which indicates a background negative 

current in the system. This is consistent with the simultaneous electrochemical and 

chemical activity of the PPh3 ligand. The faradaic efficiency of the process was 

-0.6 -0.4 -0.2 0.0 0.2

-20

0

20

40

60

80

 24.8 m

 20.6 m

 13.0 m

 

 i 
/ 
n

A

E vs Pt / V



 106 

between 76 and 88% for the applied potential range. The overpotential values for the 

deposition of silver on platinum from these solutions were between -168 and  

-213 mV, Table 5.3, and reduced with the increase of the electrode radius.  

 

Table 5.3 Data from cyclic voltammetry in 1 mM [Ag(PFOA)(PPh3)2] + 10 mM 

TBABARF6 in CH3CN 

a / µm iL / nA ηnuc / mV Qox/Qred 

13.0 2.1 -213 0.86 

20.6 4.3 -193 0.88 

24.8 5.8 -168 0.88 

 

 

Fig.5.27 Correlation between the limiting current and electrode size in 1 mM 

[Ag(PFOA)(PPh3)2] + 10 mM TBABARF6 in CH3CN, at 24±1 °C.  

 

Cyclic voltammetry of 1 mM [Ag(PFOA)(PPh3)2] in acetonitrile containing 10 mM 

TBABARF6 was performed at a 0.25 mm Pt disk, at different scan rates, Fig. 5.28. 

These scans do not exhibit features typical for a simple metal deposition process. 

There are two simultaneous reactions taking place during the cathodic scan, the 

reduction of the silver cation and the triphenylphosphine ligand. A nucleation loop 

was not observed, but a stripping peak was present indicating that bulk deposition did 

take place on the working electrode. The nucleation loop was observed only at very 

low scan rates such as 0.002 V s
-1 

in the cyclic voltammogram presented in Fig. 5.29.  
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Fig.5.28 Cyclic voltammetry in 1 mM [Ag(PFOA)(PPh3)2] + 10 mM TBABARF6 in CH3CN 

at a 0.25 mm radius Pt disk WE, at different scan rates, at 24±1 °C. 

 

Fig.5.29 Cyclic voltammetry in 1 mM [Ag(PFOA)(PPh3)2] + 20 mM [NBu
n

4][BF4] in CH3CN 

at 0.002 V s
-1

 for a 0.25 mm radius Pt disk, at 24±1 °C. 
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The same exercise with microelectrodes was carried out with in a [Ag(PFOA)(PPh3)2] 

solution with a different supporting electrolyte, i.e. in 1 mM + 20 mM [NBu
n

4][BF4] 

in CH3CN, Fig. 5.30. These voltammograms are similar to those recorded with 

TBABARF6 at low concentration supporting electrolyte. 
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Fig.5.30 Cyclic voltammetry in 1 mM [Ag(PFOA)(PPh3)2] + 20 mM [NBu
n

4][BF4] in CH3CN 

at 0.05 V s
-1

 for microdisk electrodes of 3 different sizes, at room temperature  

24±1 °C. 

 

Cyclic voltammetry in a solution of [Ag(PFOA)(PPh3)2] in acetonitrile with an excess 

of [NBu
n

4][BF4] is presented in Fig. 5.31. This was done for comparison with the low 

support ratio solution. The main difference when the supporting electrolyte 

concentration was increased from 0.01 M to 0.1 M, was the shift of the redox 

potential to more negative values with time. This is due to the drifting of the pseudo-

reference Pt electrode.   

 

A cyclic voltammogram registered in 5 mM [Ag(PFOA)(PPh3)2] + 22 mM 

[NBu
n

4][BF4] in  scCO2-CH3CN, at 39 ºC and 142 bar, at a 0.25 mm Pt radius disk 

electrode, is presented in Fig. 5.32. This cyclic voltammogram has the features 

characteristic to deposition and stripping, except for the stable diffusion controlled 
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20.6 μm 

13.0 μm 
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current. A well resolved reduction wave is present as well as a pronounced nucleation 

loop and stripping peak.  

 

 

Fig.5.31 Cyclic voltammetry in 1 mM [Ag(PFOA)(PPh3)2] + 0.1 M [NBu
n

4][BF4] in CH3CN 

at 0.05 V s
-1 

at 4.8, 13.0, 20.6, and 24.8 µm Pt disk electrodes, at 24±1 °C. 

 

Fig.5.32 Cyclic voltammetry in 5 mM [Ag(PFOA)(PPh3)2] + 22 mM [NBu
n

4][BF4] in  scCO2-

CH3CN, 312 K and 142 bar, at a 0.25 mm Pt radius disk electrode, recorded at  

0.2 V s
-1
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The nucleation overpotential equalled 0.339 V vs. Pt, while the ΔE(eq-pa) was  

0.418 V vs. Pt. Both of these are much higher than in the acetonitrile solutions at 

room temperature. The faradaic efficiency was 61%. The current values in the 

supercritical fluid voltammogram were approximately three times lower than for  

a similar concentration of [Ag(CH3CN)4][BF4] at the same electrode.  

 

5.1.5 Cyclic voltammetry of [Ag(PPh3)4][BF4] in CH3CN 

In the [Ag(PPh3)4][BF4] precursor, the silver ion is stabilized by four large 

triphenylphosphine ligands and an anion matching that of the supporting electrolyte. 

Consecutive cyclic voltammograms recorded in a 4.4 mM [Ag(PPh3)4][BF4] +20 mM 

[NBu
n

4][BF4] in acetonitrile at a 12.5 μm Pt disk, at room temperature, are presented 

in Figs. 5.33-5.35. 

 

Fig.5.33 Cyclic voltammetry in 4.4 mM [Ag(PPh3)4][BF4] + 20 mM [NBu
n

4][BF4] in CH3CN 

at a 12.5 µm radius Pt disk, at 0.015 V s
-1

, at 24±1 °C, first scan.  
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Fig.5.34 Cyclic voltammetry in 4.4 mM [Ag(PPh3)4][BF4] + 20 mM [NBu
n

4][BF4] in CH3CN 

at a 12.5 µm radius Pt disk, at 0.015 V s
-1

, at 24±1 °C, second scan. 

 

Fig.5.35 Cyclic voltammetry in 4.4 mM [Ag(PPh3)4][BF4] + 20 mM [NBu
n

4][BF4] in CH3CN 

at a 12.5 µm radius Pt disk, at 0.015 V s
-1

, at 24±1 °C, third scan. 
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There was no nucleation loop in the first scan. In the second scan a narrow nucleation 

loop was observed and in the third scan the difference in current values on the forward 

and backward scans in the loop was larger. The silver deposit was more stable in the 

consecutive scans. 

 

The data read from the cyclic voltammograms are gathered in Table 5.4. The limiting 

current from the first scan was used to estimate the diffusion coefficient at room 

temperature to be 9.4 x 10
-6

 cm
2
 s

-1
. This complex was the largest and its diffusion 

coefficient was lower than for any of the previously studied precursors. 

 

Table 5.4 Data from cyclic voltammetry in 4.4 mM [Ag(PPh3)4][BF4] + 20 mM  

[NBu
n
4][BF4] in CH3CN at room temperature 

 
iL / 

nA 

iL/2 / 

 nA 
ηnuc / mV ΔE(eq-pa) / V Qox/Qred 

1
st
 scan 20.0 10.0 242* 0.639* 1.10 

2
nd

 scan 21.4 10.7 356 0.644 0.90 

3
rd

 scan 21.4 10.7 368 0.648 0.90 

* the potential at which the forward and backward scan had the same current value, no 

nucleation loop was observed in the first scan 

 

The overpotential values increased significantly in the second (by 0.114 V) and third 

(0.126 V) scans with respect to the first scan. A larger overpotential was required to 

deposit silver in consecutive scans, while the common case would be that deposition 

was facilitated by the presence of nuclei or silver clusters that were not stripped off in 

the anodic scan of the first cycle. This could mean that some of the conducting sites at 

the electrode surface were blocked by a non redox species during the voltammetry. 

Interestingly, the theoretical faradaic efficiency for the first scan exceeded 100%, 

which means other material apart from the electrochemically deposited one, was 

stripped from the electrode surface. The faradaic efficiency remained stable at 90% 

for the consecutive cycles.  

 

The ΔE(eq-pa) values were larger and the stripping peaks were broader than for other 

complexes.  
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5.1.6 Summary for silver precursors 

In solutions with a low supporting electrolyte concentration the values of the steady-

state limiting current are higher than in solutions with excess supporting electrolyte.
18

 

These effects can be explained by the contributions of migration for the positively 

charged species diffusing to the negatively charged working electrode, and by the 

lower viscosity of low ionic strength solutions.
18

 

 

Theoretically, all the silver precursors studied would have had the same diffusion 

coefficients if, after dissolution, there was exclusive ligand exchange with acetonitrile. 

Even though all complex solutions were sonicated for several minutes prior to the 

experiments, each had a different diffusion coefficient when studied in the same 

conditions with the highest being that of [Ag(CH3CN)4][BF4],  

(2.5 ± 0.2) x 10
-5

 cm
-2

 s
-1

, Table 5.5. Other solutions probably contained a mixture of 

complexes including their original ligands and acetonitrile. The solutions were stable 

and when stored properly (closed in a glass flask with a stopper and sealed with 

parafilm, kept in a dark and dry place) and could be used over days to reproduce the 

results. Data for all complexes are gathered in Table 5.5. 

 

The highest faradaic efficiency, 99%, in acetonitrile was observed for the 

[Ag(hfac)(COD)] complex. It also exhibited a high diffusion coefficient of  

(2.2 ± 0.2) x 10
-5

 cm
2
 s

-1
. However, a counter electrode reaction to the silver reduction 

yielded an undesired by-product; hence the precursor was labelled as not suitable for 

the supercritical fluid electrodeposition. 

 

The diffusion coefficients of precursors containing the PPh3 ligand were much lower 

than the two above. The diffusion coefficient for [Ag(hfac)(PPh3)] in acetonitrile was 

(1.7 ± 0.2) x 10
-5

 cm
2
 s

-1
. The faradaic efficiency was only 75%. It was found in the 

literature that the PPh3 ligand would be electrochemically active in acetonitrile and 

would consume some of the cation of the supporting electrolyte in a successive 

chemical reaction.
9-13

 This introduced undesired impurities in the system. 

 

The diffusion coefficients for [Ag(PFOA)(PPh3)2] and [Ag(PPh3)4][BF4] in 

acetonitrile were (0.8 ± 0.1) x 10
-5

 and (0.9 ± 0.2)  x 10
-5

 cm
2
 s

-1
, respectively. The 
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first had a faradaic efficiency of 83% and the latter 90%. The complexes were larger 

than the others, which explains the slower diffusion rates. 

 

It has been reported in the literature
18

 that when the concentration of supporting 

electrolyte is decreased, the current-potential curves are more drawn out during the 

forward scan, and broader and asymmetric stripping peaks are observed on the reverse 

scan. The values of the nucleation overpotential, varied from 57 to 242 mV for 

different complexes. The average values for each are given in Table 5.7.  The lowest 

values were observed for the [Ag(CH3CN)4][BF4] and [Ag(hfac)(COD)] precursors. 

The highest overpotential value was that for [Ag(PPh3)4][BF4], and it was the only 

precursor for which it increased in consecutive scans. The ΔE(eq-pa) values, related to 

the rate of stripping silver off the electrode surface, ranged from 121 to 210 mV, 

except for [Ag(PPh3)4][BF4] for which it equalled 639 mV. Since the PPh3 ligand is 

electrochemically active in the medium, and would be present at a concentration four 

times higher than that of the silver cation when the salt is dissolved and ligands 

exchanged with solvent molecules, it is possible that more of the surface processes 

other than silver redox will take place at the electrode.  

 

The [Ag(CH3CN)4][BF4] precursor was chosen as most suitable for further 

experiments in the supercritical fluid, because it had the highest diffusion coefficient 

in acetonitrile at room temperature, no reactions other than the studied silver redox 

process were observed and no undesired by-products were formed. 

 

The diffusion coefficients for [Ag(CH3CN)4][BF4] in the scCO2-CH3CN varied from 

6.1 to 35.5 x 10
-5

 cm
2
 s

-1
 with regard to conditions of experiment (90-198 bar,  

32-41 ºC). The properties of the supercritical fluid differed with the applied 

temperature and pressure. The variations in viscosity would affect the estimated 

diffusion coefficient. The viscosity of pure carbon dioxide computed by Zabaloy et 

al.
19

 at 37 ºC, varied from 0.04 to 0.07 cP, for pressures from 100 to 200 bar. Above 

200 bar the viscosity increased linearly. Viscosity of supercritical fluids is usually 

determined at a constant temperature or pressure. The system studied here is  

a constant volume one, thus the processes studied are isochoric. The temperature and 

pressure are both variables that depend on each other. Further electrodeposition 
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experiments in the supercritical fluid with this complex will be described in  

Chapter 6. 

 

Table 5.5 Diffusion coefficients (room temperature and SCF), faradaic efficiencies, 

and average potential differences for silver precursors in CH3CN and scCO2-CH3CN 

 

Precursor Solvent 
D x 10

-5
 / 

cm
2
 s

-1
 

Qox  /Qred 

/ % 
ηnuc / mV 

ΔE(eq-pa) / 

mV 

[Ag(CH3CN)4][BF4] 

CH3CN 2.5 ± 0.3 95 57 – 174 126 

scCO2-

CH3CN 

90-198 bar 

305-314 K 

6.1 – 35.5 60 111 270 

[Ag(hfac)(COD)] CH3CN 2.2 ± 0.2 99 59 128 

[Ag(hfac)(PPh3)] 

CH3CN 1.7 ± 0.2 75 93 121 

scCO2-

CH3CN 

310 K, 140 

bar 

0.14 72 119 246 

[Ag(PFOA)(PPh3)2] 

CH3CN 0.8 ± 0.1 83 197 210 

scCO2-

CH3CN 

312 K, 142 

bar 

- 61 339 410 

[Ag(PPh3)4][BF4] CH3CN 0.9±0.2  90 242 639 
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5.2 Cyclic voltammetry of copper complexes in CH3CN and 

scCO2-CH3CN 

The copper complexes studied were copper (II) dihexafluoroacetylacetonate, 

[Cu(hfac)2], and copper (I) tetrakis-acetonitrile tetrafluoroborate, [Cu(CH3CN)4][BF4]. 

Microelectrodes were employed to study the diffusion coefficients and plating 

characteristics of these copper complexes in low support ratio acetonitrile and scCO2-

CH3CN.  

 

There are relatively few publications on the reduction of copper ions in acetonitrile. In 

1957, Kolthoff and Coetzee
1
 found that the Cu

2+/+
 (cupric-cuprous) couple had a very 

positive standard potential in acetonitrile, which led to the conclusion that Cu(II) does 

not solvate strongly with CH3CN. They also established from experiments with  

a rotating Pt electrode, that the Cu(I) ion was stabilized in CH3CN with an apparent 

maximum of four CH3CN molecules in the solvation shell.
1
 The Cu(II) ion could 

contain molecules of residual water in its first coordination sphere or be ion-paired 

with the supporting electrolyte anion.
1
 The diffusion coefficient for the Cu(I) ion was 

greater than for the Cu(II) ion because the exchange between coordinated and 

uncoordinated CH3CN molecules occurred faster than the time required to diffuse a 

measurable distance.
1
 The Cu

2+
 ion coordinated with water molecules in the first 

coordination shell diffused  as a larger entity and would diffuse slower.
1
 There was a 

possibility of ion pairing which would also increase the size of the diffusing Cu(II) 

species and decrease the diffusion coefficient.
1
 Furthermore, the reduction of the Cu

2+
 

ion would be simultaneous with the release of any coordinating water molecules at the 

electrode surface and could increase the viscosity of the diffusion layer, thus 

contributing to the decrease in the diffusion coefficient.
1
 

 

Popov and Geske,
20

 in their 1958 publication, mentioned that copper and silver were 

exceptionally stable in acetonitrile.  
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In 1968, Bessette and Olver
21

 determined the diffusion coefficients of Cu(I) and 

Cu(II) perchlorates during reduction to Cu(0) in acetonitrile to be 1.64 x 10
-5

 cm
2
 s

-1
 

and 1.23 x 10
-5

 cm
2
 s

-1
, respectively.  

 

In his 1972 publication,
22

 Biallozor observed three waves during the reduction of 

Cu(II) in acetonitrile. He attributed them to a two electron reduction of Cu(II) to 

adsorbed Cu(I) and bulk Cu(I), which would then be reduced in a one electron process 

to Cu(0).
22

 

  

The higher stability of Cu(I) in nitriles was also confirmed by Lewandowski and 

Malinska in their 1988 study of formal standard potentials of Cu/Cu
+
 and Cu/Cu

2+
 in 

acetonitrile, propionitrile and benzonitrile.
23

 The values of the standard formal 

electrode potentials for Cu/Cu
+
 and Cu

+
/Cu

2+
 measured vs. 0.01M Ag/Ag(I) in 0.1M 

TEAClO4 in acetonitrile were -0.475 V and 0.719 V, respectively. 

 

In 2000, Rubinstein and Vaskevich,
24

 carried out a study on the underpotential 

deposition (upd) of copper in acetonitrile. They employed four different electrodes: 

GC, Au (111), polycrystalline Au, and polycrystalline Pt. They confirmed the 

possibility of alloy formation or restructuring of the Pt surface during the formation of 

a upd layer of Cu, that was suggested by Danilov et al. 
25

 in a 1997 study on copper 

electrodeposition from aqueous solutions (CuSO4 in 0.5 M H2SO4).
24

 They reported 

that bulk deposition proceeded after a formation of approximately 1.5 monolayers of 

Cu on the Pt macroelectrode.
24

 They noted that stripping of the upd layer proceeded in 

two steps, and consecutive scans showed a charge redistribution between the two 

peaks.
24

  

 

The Cu(I)/Cu(II) oxidation potential was reported in the literature to be at 

approximately 1.1 V vs. Ag/AgCl in a 0.1 mM solution of [Cu(BF4)2] in 0.1 M 

[NBu
n

4][BF4] in acetonitrile.
24

  

 

Part of the project included copper electrodeposition in supercritical fluids. This has 

been described in two publications.
26,27

 These were published in 2009 and 2010.  

It was found that the solubility of  [Cu(CH3CN)4][BF4] in scCO2-CH3CN with 20 mM 

[NBu
n

4][BF4] was limited to only 0.49 mM at 310 K and 172 bar, but could be 
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enhanced by more than 30 times if the supporting electrolyte was changed to 

tetrabutylammonium hexafluoro-tetraphenyl borate, TBABARF6.
26

 The diffusion 

coefficient was estimated to be 3.5 x 10
-5

 cm
2
 s

-1
 in the above conditions.

26
 The Cu(I) 

complex gave better deposits than the Cu(II) complex in the supercritical fluid. The 

voltammetry for the [Cu(hfac)2] was more complex because it was found that the 

deposited Cu(0) dissolved back into the solution as a result of a comproportionation 

reaction with Cu(II) present in the solution.
27

 The reported value for the diffusion 

coefficient of [Cu(hfac)2] in acetonitrile with 20 mM [NBu
n

4][BF4] at 296 K was  

1.38 x 10
-5

 cm
2
 s

-1
, and 2.08 x 10

-5
 cm

2
 s

-1
 for [Cu(CH3CN)4][BF4].

27
 The oxidation of 

Cu(I) to Cu(II) in acetonitrile was not observed for any of the complexes even when 

the potential was swept up to 1V positive of the anodic peak potential.
27

 

 

The studies in supercritical fluid were preceded by experiments in acetonitrile with 

two copper complexes, [Cu(hfac)2] and [Cu(CH3CN)4][BF4], the first with copper in 

the +2 oxidation state and the second in the +1. This section contains some 

unpublished results and an attempt to discuss them and compare with the limited 

literature on the electrochemistry of copper complexes in acetonitrile. 
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5.2.1 Cyclic voltammetry of [Cu(hfac)2] in acetonitrile 

The cyclic voltammogram for 5 mM [Cu(hfac)2] solution in acetonitrile with a low 

concentration of [NBu
n

4][BF4]  is presented in Fig. 5.36.  

 

 

Fig.5.36 Cyclic voltammogram of 5 mM [Cu(hfac)2] + 20 mM [NBu
n
4][BF4] in CH3CN, for a 

12.5 µm radius Pt disk, at 24°±1 °C, recorded at 0.02 V s
-1

. 

 

The cyclic voltammogram was started at -0.35 V vs. Pt and scanned cathodic to  

-2.0 V vs. Pt. The two reduction waves on the forward scan represent the two step 

reduction of the Cu
2+

 ion are presented by reactions (5.5) and (5.6) below:
24

  

2+ - +

a 2 4Cu ( ) +e Cu ( ) 2b aL L L  (5.5) 

+ - 0

4Cu ( ) +e Cu 4b bL L  (5.6) 

where La is the hfac ligand ans Lb is acetontrile. 

 

The difference between the E1/2 values for the two reduction waves was 0.280 V. The 

stripping peak potential was separated from the reduction process described by 

reaction (5.6), by 0.590 V. The cyclic voltammogram presented in Fig. 5.36 does not 

reach sufficiently high positive potential values for the oxidation of Cu
+
 to Cu

2+
 to be 

observed. Rubinstein and Vaskevich observed the Cu(I)/Cu(II) oxidation at 
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approximately 1.1 V vs. Ag/AgCl in a solution of 1mM Cu(ClO4)2 in acetonitrile with 

0.1 M TBAP at a glassy carbon and a gold electrode.
24

 The stability region for Cu(I) 

was approximately 1.3 V.
24

   

 

Cyclic voltammograms at different scan rates at a 12.5 μm radius disc, at room 

temperature, are presented in Fig. 5.37. At high scan rates, i.e. 0.2 and 0.5 V s-1, the 

oxidation of the deposited material occurred in two steps, which was observed as  

a split of the stripping peak. In the cyclic voltammogram at 0.2 V s
-1

, the peak at more 

positive potentials was smaller, and the case was opposite at 0.5 V s
-1

. The peak 

separation could be caused the stripping of copper as two different entities, i.e. 

coordinated with different ligands: CH3CN, hfac, and maybe [BF4]
-
. The split at 0.5 

and 0.2 V s
-1

 repeated in five consecutive scans. The peaks remained at the same 

potentials. The slower the scan rate was the narrower and more symmetric the 

stripping peak was observed. A slight peak split was observed for voltammograms at 

0.1 V s
-1

, but none at 0.02 V s
-1

. 

 

The deposition and stripping charges at different scan rates are presented in Fig. 5.38. 

The charges passed decreased with increasing scan rate. The faradaic efficiencies 

ranged from 61% to 79%. 

 

Fig. 5.37  Cyclic voltammograms of 5 mM [Cu(hfac)2] + 20 mM [NBu
n
4][BF4] in CH3CN, 

recorded at 0.05, 0.1, 0.2, and 0.5 V s
-1

, at a 12.5 μm Pt disk, at 24±1 °C; a zoom on 

the deposition region is inserted. 
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Fig.5.38 A graph of deposition and stripping charge with respect to scan rate for cyclic 

voltammograms of 5 mM [Cu(hfac)2] + 20 mM [NBu
n
4][BF4] in CH3CN, for a 12.5 

µm radius Pt disk, at 24°±1 °C. 

 

5.2.2 Cyclic voltammetry of [Cu(CH3CN)4][BF4] in acetonitrile and 

in scCO2-CH3CN 

Cyclic voltammetry was performed in solutions of five different concentrations of 

[Cu(I)(CH3CN)4][BF4] in acetonitrile with 15 mM [NBu
n

4][BF4] supporting 

electrolyte. An example of a cyclic voltammogram recorded in this series of 

experiments is shown in Fig. 5.39. On the forward scan, a single reduction wave was 

observed at -1.041 V vs. Pt, and the current reached a diffusion limited value. On the 

reverse scan, a nucleation loop and stripping peak were observed.  

 

The steady state limiting currents were measured in five solutions of different 

concentrations of the complex and are given in Table 5.6. The dependence of the 

steady state limiting current on the concentration of the [Cu(CH3CN)4][BF4] complex 

is presented in Fig. 5.40.  
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Fig. 5.39 Cyclic voltammetry in 3.18 mM [Cu(CH3CN)4][BF4] + 15 mM [NBu
n
4][BF4] in 

CH3CN, at a polished 12.5 µm radius Pt disk, first cycle at 0.1 V s
-1

. 

 

Fig.5.40 The dependence of the steady state limiting current on the concentration of 

[Cu(CH3CN)4][BF4] complex in acetonitrile with [NBu
n
4][BF4] supporting 

electrolyte. 
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1.64 x 10
-5

 cm
2
 s

-1
 reported by Olver and Bessette

21
 for Cu

+
 obtained from  the  in situ  

reduction  of Cu(ClO4)2 x 6H2O  in  CH3CN;  and   close  to the 2.08 x 10
-5

 cm
2
 s

-1
 of 

a similar system described by our research group in the literature.
27

 The average 

faradaic efficiency in the five solutions was 96%. 

 

It was noticed that when the potential range was extended to more negative values, the 

stripping proceeded in two or more steps. An example is a cyclic voltammogram in  

a 0.8 mM [Cu(CH3CN)4][BF4] solution in acetonitrile containing 15 mM 

[NBu
n

4][BF4], run at 0.1 V s
-1

, Fig. 5.41. The solution was purged with argon prior to 

the scan and a freshly polished 12.5 μm Pt disc was used. The forward scan was run 

up to -2 V vs. Pt. After the reduction wave, the limiting current was reached and 

increased only slightly as growth outside the perimeter of the microelectrode 

increased the overall electrode area, until the onset of another reduction wave at 

approximately -1.8 V. The scan was reversed at -2 V so that the full wave was not 

observed. The current then reduced to close to the diffusion limited values, and when 

the equilibrium potential was approached, the current began to rise. A nucleation loop 

was observed as well as two well resolved stripping peaks and a smaller, broad one 

shifted to more positive potentials.  

 

Fig.5.41 Cyclic voltammetry in 0.8 mM [Cu(CH3CN)4][BF4] + 15 mM [NBu
n

4][BF4] in 

CH3CN, at a polished 12.5 µm radius Pt disk, first cycle at 0.1 V s
-1

. 

-2.0 -1.5 -1.0 -0.5 0.0 0.5
-0.04

0.00

0.04

0.08

0.12

 
 i 

/ 

A

E vs Pt / V



 124 

 

The half wave potential of the first reduction process was at -1.033 V, the equilibrium 

potential at 0.966 V, and the anodic peaks at -0.802 V, -0.625 V (with an arm at 

-0.573 V), and for the low current broad peak, a maximum was at approximately  

-0.417 V vs. Pt. The second and third anodic peaks occurred at a slower scan rate and 

were more resolved than those observed in the [Cu(hfac)2], Fig. 5.37. The stripping 

peaks most probably corresponded to the oxidation of copper with different ligands 

(CH3CN, hfac, [BF4]
-
) surrounding it in the first coordination sphere. However, they 

could also correspond to the stripping of what was described in the literature by 

Vaskevich and Rubinstein,
24

 and Danilov et al.
25

 as a microdeposit or Cu-Pt alloy 

(involving surface restructuring). Vaskevich and Rubinstein,
24

 postulated the need of 

further studies on the matter with other analytical methods.  

 

A few voltammograms were recorded for [Cu(I)(CH3CN)4][BF4] in scCO2-CH3CN. 

This was usually prior to deposition on larger flat and templated substrates, which will 

be covered in Chapter 6. An example of a cyclic voltammogram at a 4.8 µm radius Pt 

disk in scCO2-CH3CN, at 40 ºC and 179 bar, is presented in Fig. 5.42. A reduction 

wave was observed in the forward scan. The current did not reach a diffusion limited 

plateau, because the scan rate was too slow for the size of the electrode in this system. 

The current continued growing as for a microelectrode with a constantly increasing 

surface area. The deposition current on the forward and reverse scans was noisy, 

probably due to convection in the low viscosity and low polarity solvent. The charge 

passed during the anodic stripping was much lower than during deposition. The 

reason could be that some of the overgrowth could not be stripped off and that the less 

adherent parts of the deposit could have fallen off to the bulk of the solution.   

 

It was also noticed that the cross-over potential was not at 0 V vs. Cu but at 

approximately -0.3 V. The reason is not known really, it may be that the Cu reference 

electrode could have formed a thin layer of salt with the tetrafluoroborate anion, but 

this was not confirmed. The diffusion coefficient in this system was estimated to be 

(4.0±0.3) x 10
-5

 cm
2
 s

-1
. The diffusion coefficient for [Cu(CH3N)4]

+
 in scCO2-CH3CN 

reported by Cook et al.
27

, was 3.5 x 10
-5

 cm
2
 s

-1 
at 38 °C and 172 bar. 
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Fig.5.42 Cyclic voltammetry in 0.96 mM [Cu(CH3CN)4][BF4] + 20 mM [NBu
n

4][BF4] in 

scCO2-CH3CN (14.6 % v), at 40 ºC and 179 bar, at a 4.8 µm radius Pt disk, at  

0.02 V s
-1

. 

 

 

5.2.3 Summary on copper electrochemistry in CH3CN and scCO2-

CH3CN 

This chapter contains some additional data to the ones published by our group in 2009 

and 2010 on the electrochemistry of [Cu(hfac)2] and [Cu(CH3CN)4][BF4] in 

acetonitrile and scCO2-CH3CN with a low concentration of [NBu
n

4][BF4] as 

supporting electrolyte. The diffusion coefficients for these complexes were 

established. Some features of the cyclic voltammograms (split anodic peaks) of both 

of the complexes need further study to gain a better level of understanding their 

origin. 

 

The study of the behaviour of the complexes in acetonitrile helped establish that 

[Cu(CH3CN)4][BF4] would be more convenient to work with in the supercritical 

fluid.
27

 This complex was employed in electrodeposition of copper into templated 

substrates, which will be described in Chapter 6. 
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6     Electrodeposition in supercritical fluids 

6.1 Silver electrodeposition from supercritical carbon dioxide 

– acetonitrile  

There are relatively few accounts of silver electrochemistry in non-aqueous  

solutions
1-3

  and much less in non-aqueous supercritical media.
4-6

 There is an interest 

in the electrodeposition of silver electric contacts from non-aqueous solvents on water 

sensitive ceramic superconductors.
7
 The advantage is the lower resistivity of silver 

and its better adhesion to these materials than copper.
7
 Silver may also be the next 

preferred ultra-large scale integration interconnect material also due to its lower 

resistivity (reduced resistance-capacitance delay times) and higher electro-migration 

resistance than copper.
8-10

 Ionic liquids have been used to produce silver thin films, 

nanoparticles and nanowires.
11,12

 A comparison of non-aqueous solvents provided by 

Titova et al.
2
 showed that the overpotential for silver reduction was the lowest in 

acetonitrile (the co-solvent used in this work) due to its low donor number.  

 

The application of non-aqueous supercritical fluids for metal electrodeposition is  

a valuable method of filling confined spaces, which is a more significant matter as 

miniaturization of devices progresses.
13,14

 A review on electrochemical experiments in 

high pressures and temperatures is provided in the literature.
15

 The level of difficulty 

of performing such experiments is also described therein. 

 

Cyclic voltammetry with micro- and macroelectrodes was performed in order to 

verify the applicability of the SCF in the electrodeposition of silver, and was 

described in Chapter 5. It was found that the silver tetrakis-acetonitrile 

tetrafluoroborate complex would be the most suitable for silver SCF 

electrodeposition. 

 

In this chapter, the electrodeposition of silver from scCO2-CH3CN onto flat substrates 

is described first. The deposition transients and deposits are presented and in some 

cases compared to those obtained in acetonitrile in ambient conditions. The amount of 

electrodeposited silver was obtained from equation (6.1) and the deposited film 

heights were estimated from equation (6.2): 
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m
Q itdt nF

M
   (6.1) 

2

QM
h

nF r d
   (6.2) 

 

where Q is the deposition charge,  m the mass of the metal deposited, M the molecular 

mass of the metal, h the height of the deposited layer assuming it is uniform, r the 

electode radius, d the density of the metal.  

 

The next part of this chapter contains the description of electrodeposition of silver and 

copper into anodized aluminium oxide membranes from SCFs, both scCO2-CH3CN 

and scCHF3. It is followed by a report on the electrodeposition of silver and copper 

into mesoporous hexagonal silica thin films supported with results from TEM 

imaging. This work contains one the first accounts of supercritical fluid 

electrodeposition, and particularly the first examples of SCFED of nanowires into 

templated structures. The SCFED of copper into mesoporous hexagonal silica thin 

film has been reported in a publication.
13

 Further work is required to understand many 

aspects of SCFED that remain unclear. The work on the subject is ongoing and some 

of the issues e.g. phase behaviour and conductivity in this and other possible 

supercritical electrodeposition systems have been addressed in the literature.
16-18

  

 

6.2 Silver electrodeposition on flat substrates from  

scCO2-CH3CN 

6.2.1 SCFED of silver on platinum and silver electrodes 

Silver films were electrodeposited from scCO2-CH3CN from solutions containing  

a silver precursor and the tetrabutylammonium tetrafluoroborate supporting 

electrolyte. The silver precursors used were (1,5-cyclooctadiene) 

(hexafluoroacetylacetonato) silver(I) [Ag(hfac)(COD)], (triphenylphosphine) 

(hexafluoroacetylacetonato) silver(I) [Ag(hfac)(PPh3)], and (tetrakis-acetonitrile) 

silver(I) tetrafluoroborate [Ag(CH3CN)4][BF4]. The electrochemistry of these 

complexes was studied in Chapter 5 by cyclic voltammetry, and the last was found 

most suitable for the supercritical fluid electrodeposition (SCFED). Nonetheless, 
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SCFED trials were also made with the first two complexes for silver deposition at flat 

substrates. 

 

The deposition transients (chronoamperograms) recorded in the SCF and in 

acetonitrile, images of deposits, and EDX analysis graphs are presented below. The 

deposition overpotentials were defined by deducting the chosen deposition potential 

from a half-wave potential from a cyclic voltammogram at a Pt microelectrode (or 

macroelectrode at initial stages of SCFED work), which was also present in the cell.  

 

An example of a transient recorded for silver deposition from 5.2 mM 

[Ag(CH3CN)4][BF4] in acetonitrile containing 17.4 mM [NBu
n

4][BF4], at a deposition 

overpotential of -0.25 V, at room temperature and pressure, for a 12.5 µm radius 

platinum disk is shown in Fig. 6.1a. In the first instant a sharp increase in current was 

observed due to the double layer charging.
19,20

 The current dropped slightly to the 

values at which nuclei are formed, and then it continued to increase as the 

electroactive area increased.
19

 The image of the deposit, which had grown out of the 

boundaries of the microelectrode, is shown in Fig. 6.1b. 

 

A transient for the SCFED from 6.3 mM [Ag(CH3CN)4][BF4] in scCO2-CH3CN 

containing 25 mM [NBu
n

4][BF4], at a deposition of -0.05 V, for a 0.25 mm radius 

platinum disk,  at 45 °C and 135 bar, is presented in Fig. 6.2a. The EDX analysis and 

SEM images of the approximately 10 µm thick film deposited in 10 min are presented 

in Figs. 6.2b-d. The film had a silver metallic colour and was smooth with some 

cracks that could have formed during the depressurization of the cell or while 

handling the sample before the SEM imaging was performed. Smaller crystal grains 

and more shiny films are also observed in chemical vapour deposition when the 

deposition temperature is increased. Williams and Naiditch
4
 also observed that silver 

deposits from scNH3 were more crystalline and smoother than in liquid ammonia.  

The EDX analysis, Fig. 6.1b, indicates a silver film with a low impurity content 

deposited on the platinum electrode.  
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a) 

 

b) 

Fig.6.1 Electrodeposition of silver from 5 mM [Ag(CH3CN)4][BF4] + 20 mM [NBu
n

4][BF4] 

in acetonitrile for a 12.5 µm radius Pt disk, at an overpotential of -0.25 V, at room 

temperature and pressure, a) transient, b) SEM image of deposit.   
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  a)      b) 

  

   c)      d) 

Fig.6.2 Chronoamperometry for electrodeposition of Ag on a 0.25 mm radius Pt disk from 

6.3 mM [Ag(CH3CN)4][BF4] + 25 mM [NBu
n
4][BF4] in scCO2-CH3CN, at a 

deposition overpotential of -0.05 V, at 45°C and 135 bar, a) the transient, b) EDX 

analysis of the approximately 10 micron thick film deposited in 10 minutes, c) SEM 

image, and d) FEGSEM image of the deposit. 

 

Another SCFED transient recorded for 0.25 mm radius Pt disk from 

[Ag(CH3CN)4][BF4]  in SCF at a similar pressure, a lower temperature but a higher 

deposition overpotential, is presented in Fig. 6.3. The features are similar to the 

transient in Fig. 6.2a. The only difference was the current values, i.e. the rate of 

deposition, which was found to be more dependent on the deposition overpotential 

than the temperature and pressure of the system. 
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It must be noted that SCF experiments are slow and difficult to perform. It can take all 

day to set up and carry out an electrodeposition experiment, while doing the same in 

liquid electrolyte solutions is much faster. In a liquid system one can easily vary the 

concentration of the electroactive species and obtain many more samples to compare 

than in the SCF.  

 

Fig.6.3 Chronoamperometry for electrodeposition of Ag on a 0.25 mm radius Pt disk from 5.1 

mM [Ag(CH3CN)4][BF4] + 18 mM [NBu
n
4][BF4] in scCO2-CH3CN (15.2 %v), at an 

deposition overpotential  of  -0.1V at 36 °C and 132 bar. 

 

Examples of transients for electrodeposition from a [Ag(hfac)(COD)] solution in 

acetonitrile and scCO2-acetonitrile are presented in Figs. 6.4 and 6.5a, respectively. 

The transient currents were erratic in both cases and fluctuated around a maximum, 

which indicated a limitation to the deposition process. The current was limited 

probably due to the products of the counter reaction blocking the platinum counter 

electrode. The product of the counter reaction was a dark deposit consisting of C, F 

and O. If the deposit insulated the parts of the counter electrode that it covered, it 

would limit the rate of silver deposition. The erratic transients could also be a result of 

the formation an insulating layer. 
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Fig.6.4 The transient for electrodeposition of Ag on a 12.5μmradius Pt disk electrode from 5 

mM [Ag(hfac)(COD)] + 20 mM [NBu
n

4][BF4] in acetonitrile, at a deposition 

overpotential of -0.2 V, at room temperature and pressure. 

 

The electrodeposition times from the [Ag(hfac)COD] precursor solutions in the SCF 

were kept short (2-3 min) due to the excessive formation of the by-product on the 

counter electrode.
21

 

 

The SEM images of the 2.7 micron thick deposit are presented in Figs. 6.5c-e. The 

deposit consists of a uniform layer with larger 0.5-2 µm diameter grains on top of it. 

The EDX analysis of the silver deposit on platinum is presented in Fig. 6.5f and 

indicates a film with low impurity content.  
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   a)      b) 

   

   c)      d)  

           

   e)      f) 

Fig.6.5 Electrodeposition of Ag at a 0.25 mm radius Pt disk from 6 mM [Ag(hfac)(COD)] + 

24 mM [NBu
n

4][BF4] in scCO2-CH3CN (15.8%v), at an overpotential of -0.1 V,  at  

38 °C and 109 bar, a) deposition transient, b-e) SEM images of the 2.7 µm thick film 

deposited in 3.6 minutes, f) EDX of deposit at x5000 magnification. 

 

A transient for electrodeposition from a 5 mM [Ag(hfac)(PPh3)]  acetonitrile solution 

containing 20 mM [NBu
n

4][BF4] for a microelectrode, at room temperature and 

pressure, is presented in Fig. 6.6a. An initial sharp increase in current (double layer 
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charging) followed by a slight reduction and then a steady linear growth (nucleation 

and growth) was observed. The image of the deposit, Fig. 6.6b, indicated uniform 

grains on the electrode surface and larger grains at the perimeter of the 

microelectrode.  

 

a) 

        

      b) 

Fig.6.6 The a) transient for electrodeposition of Ag on a 12.5μmradius Pt disk from 5 mM 

[Ag(hfac)(PPh3)] + 20 mM [NBu
n

4][BF4] in acetonitrile solution, at a deposition 

overpotential of -0.4 V, and at room temperature and pressure; b) SEM image of the 

deposit. 

 

The electrodeposition transients, SEM images and EDX analysis for two silver 

deposits from the SCF are presented in Figs. 6.7 and 6.8. The first deposition was 

carried out at 34 °C and 127 bar, while the other at 44 °C and 150 bar, at the same 

deposition overpotential of -0.1 V. The transient features for both are similar with the 
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current continuously increasing from the start of deposition, with the deposition rate 

higher at the higher temperature. The EDX analyses of the deposits in Figs. 6.7b and 

6.8b, show no impurities at the level of detection of the instrument. The SEM images 

of the two deposits, Figs. 6.7c,d and 6.8c-f, show smooth films with grains below  

a micron in size and particles up to 5 microns in diameter randomly distributed on top 

of the films.  

 

   a)      b) 

  

   c)      d) 

Fig.6.7 Electrodeposition of silver from 5 mM [Ag(hfac)(PPh3)] + 20 mM [NBu
n
4][BF4] in 

scCO2-MeCN, at a deposition overpotential of -0.1 V, at 34 °C and 127 bar, on  

a 0.25 mm radius Pt disk,  a) transient, b) EDX analysis of the deposit, c), d) SEM 

images at different magnifications. 
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   a)      b) 

    

  c)       d) 

   

   e)      f) 

Fig.6.8 Electrodeposition of silver from 5 mM [Ag(hfac)(PPh3)] + 20 mM [NBu
n

4][BF4] in 

scCO2-MeCN, at a deposition overpotential of -0.1 V, at 44 °C and 150 bar, on  

a 0.25 mm radius Pt disk,  a) transient, b)-e) SEM images at different magnifications, 

and f) EDX analysis of the deposit. 

 

These particles are much fewer than those seen on the deposit from [Ag(hfac)(COD)].  
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The above and other data obtained from the SCFED experiments with the three silver 

complexes at 0.25 mm radius platinum and silver disks are presented in Table 6.1. 

The table contains details of deposition conditions, charges passed during deposition, 

estimated film heights and average growth rates.  

 

The concentration of silver complexes in the SCF solutions was approximately  

5-6 mM. The acetonitrile content was between 15 and 17 %v (12 and 13.4 %w), the 

temperatures varied from 31 to 47 °C, and pressures were between 105 and 152 bar.  

 

Silver films were deposited at Pt and Ag working electrodes, both when overpotential 

and underpotential deposition conditions were applied, Table 6.1. The film growth 

rate was higher in [Ag(hfac)COD] and [Ag(CH3CN)4][BF4] solutions compared to the 

[Ag(hfac)(PPh3)]. The PPh3 ligand of the latter was shown, in Chapter 5, to be 

electrochemically active in the silver deposition range significantly reducing the 

deposition efficiency. 

 

Table 6.1 Data from the electrodeposition of silver scCO2-CH3CN at 0.25 mm 

radius Pt and Ag disk electrodes 

a) deposition overpotential not accurate, limited by counter electrode reaction;  b)near critical state; 

c) deposited  film thickness (electrode area 0.196 mm
2
), d) growth rate not normalized with respect to 

time  

Complex T / K p / bar WE  η  / V 
tdep / 

min 

Q / 

mC 

h
c) / 

μm 

v
d)

 /μm 

min-1 

[Ag(hfac)COD]a 

314 145 

Pt 

0.30 2 0.4 2.17 1.08 

0.20 2 0.3 1.63 0.81 

307 142 0.10 3 0.5 2.72 0.91 

311 127 0.10 3 0.5 2.72 0.91 

[Ag(hfac)PPh3] 

304
b
 125 

Pt 

0.05 10 1.4 7.61 0.76 

306 124 0.05 10 1.1 5.98 0.60 

316 150 
0.10 5 0.49 2.66  0.53  

0 5 0.30 1.63 0.33 

316 120 
Pt 0 10 0.35 1.90  0.19 

Ag  0 10 0.42 2.28 0.23 

[Ag(CH3CN)4][BF4] 318 134 Pt 0 10 1.85 10.06 1.0 
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6.2.2 SCFED of silver on a modified gold substrate 

 

An attempt to deposit a micron thick layer of silver on a gold sputtered glass substrate 

for conductivity measurements was made. The adhesion of the silver deposit on gold 

was found to be very low. To increase the possibility of obtaining a well adhered 

silver film, a thiol self assembled monolayer (SAM) functionalized substrate was 

employed.  

A self-assembled monolayer is a single layer of molecules on a substrate that forms 

spontaneously when the substrate is exposed to a solution or vapour containing the 

adsorbing molecules. In the literature
24-28

, mainly alkane thiols were used for the 

modification of gold substrates. Esplandiu and co-workers
24

 confirmed the possibility 

of constructing a flat silver film on top of thiols. Nianjun Yang et al.
27

 reported that 

silver adsorbed easily on the mercaptoacetic acid modified gold electrode surface due 

to the complexation and electrostatic interaction of silver with the carboxyl groups of 

the acid. The complexation not only made silver adsorb easily but also reduce and 

oxidize at more negative potentials on the modified electrode surface than on a bare 

gold electrode
27

. 

 

The substrate in this study was modified with a SAM of mercaptopropionic acid.  

A schematic representation of this SAM on the gold substrate is given in Fig. 6.9. 

  

 

 

 

Fig.6.9 Simplified scheme of a mercaptopropionic acid SAM modified substrate. 

 

 

 

 

 

 

Au 
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a) 

  
   b)      c) 

  
   d)      e) 
Fig.6.10 Silver electrodeposition on a mercaptoacetic acid modified gold substrate in 5.1 mM 

[Ag(CH3CN)4][BF4] + 20 mM [NBu
n
4][BF4] in scCO2-CH3CN, at -0.2 V vs. Pt 

pseudo-RE, at 34 °C and 162 bar, a) the transient, the charge passed was 0.884 C;  

b-c) SEM images and EDX analysis of silver deposited on the substrate; d-e)SEM 

images of silver deposit found on the walls of the cell and in the post-reaction 

solution, the elemental content of chosen areas of the unwashed sample from EDX 

analysis. 
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The transient for the electrodeposition of silver on the mercaptopropionic acid 

modified gold substrate (49 mm
2
) is presented in Fig. 6.10a. The SEM images of the 

deposit at electrode and the silver collected from solution are shown in Figs. 6.10b-e. 

The total charge passed during deposition equalled 0.884 C, which would in theory 

correspond to the deposition of a 2 micron thick silver film. The deposit, however, 

was very patchy and most of the silver was found in the form of powder in the  

post-reaction solution and on the walls of the cell. Shiny silver grains in the cell were 

also observed when a bare gold electrode was used for the electroplating. A similar 

observation was reported for silver electrodeposition in sc NH3.
29

  

Only part of the bulk silver deposit was collected for qualitative analysis.  

 

6.3 Supercritical fluid electrodeposition into anodized 

aluminum oxide membranes  

Anodized aluminum oxide membranes were used to verify the possibility of 

supercritical fluid electrodeposition of nanowires into a templated substrate. This was 

a stage preceding the trial of electrodeposition into mesoporous silica thin film 

substrates. 

6.3.1 SCFED of silver into AAO membranes 

There are various ways in which nanowires (NWs) and nanorods can be produced.
30,31

 

These include deposition into aluminum oxide membrane based templates. Anodized 

aluminum oxide (AAO) membranes manufactured by Whatman were used in this 

study. They are primarily used for filtration purposes; however, they are also one of 

the common templates used for deposition of NWs. AAO membranes are fabricated 

by electrochemical etching. 

 

There are many accounts of the use of AAO membranes of various pore sizes to 

produce silver nanowires.  Zhang et al.
32

 reported 40-70 nm diameter Ag NWs made 

by magnetron sputtering into self fabricated AAO membranes. Sauer et al.
33

 prepared 

monocrystalline silver nanowires of 30-70 nm diameter with twin lamella defects, by 

pulsed electrodeposition. Lee et al. fabricated AAO membranes with 20-200 nm pores 

and used them to make Ag NWs by electroless deposition.
34

 Sun et al. produced 100 
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nm diameter Ag monocrystalline NW arrays from AAO templates for Surface-

enhanced Raman Scattering measurements.
35

  

 

Two types of Whatman AAO membranes with nominally 200 and 20 nm pore 

diameters were used. The images of the membranes both top view and cross-section 

are presented in Fig. 6.11. Analysis of the FEG-SEM images of the nominally 20 nm 

porous membrane showed that the range of pore sizes varied from 20 to 200 nm with 

an average pore diameter of approximately 40 nm. The pores of the nominally 200 nm 

porous AAO were not uniform, and it has been reported in the literature that the same 

Whatman membranes have pore diameters ranging from 150 to 350 nm.
36

  

The thickness of both types of the membranes used in this study was 60 μm.  

The samples in Fig. 6.11 were sputtered with gold to increase their conductivity for 

imaging purposes (i.e. to avoid distortions of images caused by electrostatic 

charging).  

 

The preparation of the AAO template for supercritical fluid electrodeposition was 

described in Chapter 2. The electrodeposition processes were carried out in  

scCO2-CH3CN under various conditions. 

 

Nanowires obtained from the deposition into the nominally 200 nm porous alumina 

membrane from a 5.5 mM [Ag (CH3CN)4][BF4] supercritical fluid solution at 41 °C 

and 135 bar are presented in Fig. 6.12a. The NWs are spread on a gold support after 

the dissolution of the AAO membrane (procedure described in Chapter 2.3.3).  

The EDX analysis, Fig. 6.12b, confirms the presence of silver and gold as well as 

carbon (from carbon conductive tape used, see Chapter 2.3.3). 
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   a)      b) 

 

c) 

Fig.6.11 FEG-SEM images of a nominally 20 nm diameter Whatman AAO membrane  

a) cross-section; b) top view of a snapped membrane; c) top view of a gold sputtered 

membrane. 

 

The nanowires in Fig. 6.12a are the first silver nanowires produced via supercritical 

fluid electrodeposition. The deposition charge was set to 10 mC, which would be 

equivalent to an approximately 3.5 µm thick film. However, the NWs observed were 

7.5 (±2) µm long on average. If the AAO pore walls took up half of the volume of the 

membrane (the supplier information stated 25-50% porosity), this value would be 

sensible. The diameters of the Ag NWs were between 250 and 380 nm. 

 

 

 

 

 

 



 146 

 

   
a)       b) 

Fig.6.12 Silver deposition in 5.5 mM [Ag (CH3CN)4][BF4] + 20 mM [NBu
n

4][BF4] in scCO2-

CH3CN (15.5%v), at an overpotential of -0.1 V for 12 min, at 41 ºC and 135 bar, a) 

SEM image of NWs on the remainder of the etched substrate,  

b) EDX analysis of NWs; the high number of counts for carbon comes from a carbon 

tape underneath the layer of gold sputtered at the bottom of the AAO membrane. 

 

 

A current-time transient recorded in 5.5 mM [Ag(CH3CN)4][BF4] in scCO2-CH3CN 

with 20 mM  [NBu
n

4][BF4] as supporting electrolyte, at 37 ºC and 178 bar, is 

presented in Fig. 6.13a. The charge passed during deposition was 0.97 mC. The 

features of the transient are characteristic of deposition into pores and subsequent 

overgrowth of material outside the pores. The current increases gradually and when a 

sufficient amount of pores are filled, there is a steep rise in current. The deposition 

rate outside the confined pores is faster, because the diffusion changes from linear 

inside the pores to radial diffusion when it reaches the pore mouth and the 

electroactive area is  increased. A few NWs sticking out of the partially dissolved 

template and the EDX analysis of the area with the NWs are presented in Figs. 6.13b-

d. The NWs are of diameters between 200-400 nm. 
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a)      b) 

  

   c)      d)  

Fig.6.13 a) Chronoamperogram for silver electrodeposition into AAO template with pore 

sizes ranging from 20 to 200 nm, in 5.5 mM [Ag(CH3CN)4][BF4] + 20 mM 

[NBu
n
4][BF4], at -0.2 V deposition overpotential, at 37 °C and 178 bar; b) EDX 

analysis of : c-d) SEM images of few Ag wires sticking out of a partially dissolved 

AAO membrane. 

   

The deposition transient for a similar temperature 36 ºC and a much lower pressure 

than in the example described above, 128 bar, is shown in Fig. 6.14a. The deposition 

was carried out for only 5 min. The currents registered in this case were 50 times 

higher. The deposition was so rapid that extensive overgrowth was observed on the 

surface, Figs. 6.14b-d. The charged passed during deposition was 17.13 mC.  

The transient, Fig. 6.14a, did not show features for growth outside the pores.   

The interesting feature here was that the wires continued growing as seemingly 2D 

wires after they grew outside the confined AAO membrane pores, and later merged 

into snowflake-like structures. In ambient conditions we would have observed  
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a‘mushroomcap’formingontopoftheporewhere 3D growth is not limited by the 

onset of radial diffusion, and those overgrowth features would later merge into a layer 

of deposited material.  

 

Williams and Naiditch
4
 who first wrote about electrodeposition of silver from  

a supercritical fluid, namely supercritical ammonia, observed whisker-like cylinders 

growing from the edge of tip/sharp edge of their electrode.
4
 The NWs in Fig. 6.14 

continue to have a cylindrical shape as in the template. Larger needles and dendrites 

were also observed in the scNH3.
4
 The tendency of continuous crystal growth is 

enhanced in the SCF region possibly due to the increased mobility of the adsorbed 

ions on the crystal surface, enabling them to reach the sites of lowest energy.
4
  

 

A similar observation of silver nanowires continuously growing outside the pores as 

wires was made by Peppler and Janek.
36

 In their study they filled in the template with 

silver sulphide, placed it on a silver foil (anode) and connected the top to a silver 

microelectrode (cathode), heated the setup to about 150 °C and applied galvanostatic 

conditions to grow silver micro- and nanowires.
36

 

 

The EDX analysis of the substrate with overgrowth is given in Fig. 6.14e. 
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a) 

  

  b)      c) 

  

  d)      e) 

Fig.6.14 Electrodeposition from 4.8 mM [Ag(CH3CN)4][BF4] + 20 mM [NBu
n
4][BF4] in 

scCO2-CH3CN at 36 °C and 128 bar, at an overpotential of -0.1 V,  into a 20-200 nm 

porous membrane: a) deposition transient, b-d) SEM images of deposit overgrowth 

above the template, and e) EDX analysis. 
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In the process of the AAO membrane dissolution and sample handling, part of the 

nanowire array fell off the substrate. The remaining nanowires were too long to stand 

freely. Part of them were stuck together when water evaporated from the substrate and 

the other part remained standing, supported by a layer of an unidentified substance, 

Fig. 6.15a. This substance formed possibly during the dissolution process, because it 

looks like some of the longer NWs, at the edge of the layer, grew into or underneath 

it. The FEGSEM image in Fig. 6.15b shows a closer view of the Ag NWs of  

a diameter of approximately 200 nm. Most of the NWs have occasional pinholes 

along their structure and a few of them are branched, which reflects the branches in 

the template pores.      

 

  

   a)     b) 

Fig.6.15 FEG-SEM image of silver nanowires on partially dissolved AAO substrate; a) part of 

the nanowires were pulled together during the drying process, while another part of 

the nanowires is supported by a thin layer of substance (unidentified) covering the 

top; b) silver nanowires at a larger magnification. 

 

An ultra-long elastic NW with a uniform structure and electronic properties could be 

of use in integration by facilitating interconnection of nanoelectronic device arrays.
37

 

 

The above results show the first silver nanowires grown from a supercritical fluid in 

AAO membranes. 
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6.3.2 SCFED of copper into AAO membrane from R23 

Following the successful electrodeposition of silver into AAO from a supercritical 

fluid, an attempt to deposit copper into the AAO membranes from a solution used by 

a collaborating group in Nottingham was made. 

 

Copper was electrodeposited into the AAO membrane from sc trifluoromethane 

(R23). The experiments were carried out with a collaborating group at the University 

of Nottingham. The recorded transients for the deposition from 5.3 mM Cu(hfac)2 + 

20 mM [NBu
n

4][BF4] + 49 mM HfacH in sc CHF3 at -0.4 V vs Cu pseudo-RE and  5.4 

mM Cu(hfac)2 + 20 mM [NBu
n

4][BF4] + 18 mM HfacH in sc CHF3 at -0.5 V vs Cu 

are presented in Figs. 6.16a and 6.16b, respectively. The first deposition was carried 

out for 2 hours and a charge of 9 mC was passed, which would correspond to  

a 1.3 μm thick film, without the exclusion of the pore wall thickness. The second 

deposition was carried out for nearly 3 hours, at a higher overpotential and a lower 

HfacH concentration. The charge passed was 225 mC, which would correspond to a 

33 μm thick film, without the exclusion of the pore wall thickness. Assuming the 

maximum porosity of 50% the longest the wires could be, if growth inside pores was 

uniform,is66μm.  In the second deposition, the transient indicates that after almost 2 

hours, the copper deposit had filled enough pores to start growing outside them. 

 

a) b) 

Fig.6.16 Cu electrodeposition into AAO membrane from 5.3 mM Cu(hfac)2 + 20 mM 

[NBu
n
4][BF4] + 49 mM HfacH in sc CHF3, at -0.4 V vs Cu pseudo-RE, at 310 K and 

180 bar; b) from 5.4 mM Cu(hfac)2 + 20 mM [NBu
n

4][BF4] + 18 mM HfacH in sc 

CHF3 at -0.5 V vs Cu pseudo-RE, at 315 K and 205 bar.  
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SEM images of the partially dissolved membrane with some copper wires sticking out 

are presented in Fig. 6.17. They are approximately 150-200 nm in diameter. 

 

   

a)          b) 

Fig.6.17 SEM images of Cu NWs sticking out of a partially dissolved AAO membrane at a) 

lower, b) higher magnification. 

 

The results of the experiments show that the process of silver electrodeposition into 

AAO from SCFs can be extended to the electrodeposition on copper.  

 

 

6.4 SCFED into hexagonal mesoporous silica thin film  

The next stage of the research was to try to apply templates with smaller pores to try 

to deposit smaller nanowires. This was much more challenging, because it was an 

attempt to prepare nanowires similar in diameter to the smallest ones (2-5 nm) so far 

reported in the literature. 

6.4.1 Silver SCFED into hexagonal mesoporous silica thin films 

Silver was electrochemically deposited into hexagonal mesoporous silica thin films 

with pore diameters ranging from 2-5 nm and thicknesses of 100-200 nm. The 

substrates were prepared as described in Chapter 2.3.4. A picture of a mesoporous 

silica thin film on an ITO/glass substrate after electrodeposition in scCO2-CH3CN is 

presented in Fig. 6.18. 
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a)         b) 

Fig.6.18 A hexagonal mesoporous silica thin film template on ITO coated glass (ref. Fig.2.7) 

after electrodeposition of Ag from 5 mM [Ag(CH3CN)4][BF4]in scCO2-CH3CN at  

36 °C and  131 bar, a) before and b) after removal (with scalpel) of the insulating 

epoxy resin and scratching off the sides the thin layer of silver loaded epoxy resin that 

was underneath the insulating resin . 

 

 A bit of opalescence can be observed in the image in Fig. 6.18b. It is caused by the 

irregular height of the mesoporous film. When the slide is withdrawn from the dip-

coating solution at a steady rate the sol-gel deposit (precursor of the mesoporous film) 

formed is thinner on the part of the slide that comes out of the precursor solution first 

and its thickness increases slightly throughout the length of the slide. A schematic 

representation of the varying thickness of a deposited film in a horizontally positioned 

substrate is shown in Fig. 6.19. 

 

 

Fig.6.19 A schematic cross-section of a dip-coated mesoporous silica thin film on a ITO/glass 

slide substrate. 

 

The structure of the mesoporous silica thin films was studied with small angle X-ray 

scattering (SAXS). The patterns recorded for the substrates used in this study are 

shown in Figs. 6.20a,b. The count collection time was approximately 2 hours. 
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Fig.6.20 Small angle X-ray scattering pattern recorded for a) the mesoporous silica template, 

and b) after rotation of the template by 90° with respect to a) in the horizontal plane.  

 

The SAXS patterns depend on the orientation of the hexagonal mesoporous structure. 

When the pores are oriented parallel to the substrate with the [100] face also parallel 

to the surface the peaks for [100] (2θ ≈2.1)and[200](2θ ≈4.2) are observed. When 

the pores are parallel to the substrate with the [110] face also parallel to the surface, 

the [110] peak is observed at (2θ ≈ 3.6).
38

 A mesoporous film with pores oriented 

perpendicular to the substrate shows no reflections. At the end of the project, the first 

mesoporous thin films with pores perpendicular to the substrate were fabricated 

according to the method described by Walcarius et al.
39

 

 

Silver electrodeposition into hexagonal thin mesoporous silica film from liquid 

acetonitrile, in ambient conditions, was performed for comparison with experiments 

in the supercritical fluid. The deposition transient and SEM images of material on top 

of the mesoporous silica substrate are presented in Fig. 6.21. The charge deposited 

was 149 mC. The material on the template was not flat and it showed two kinds of 

silver structures. The first were the classic dendrite silver structures, the other looked 

like silver needles merged together. Dendritic growth of silver is well documented in 

the literature.
40,41

 At lower magnification, it was observed that the silver deposits 

filled the cracks and scratches on the film.  
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a) 

   

   b)      c) 

Fig.6.21 Electrodeposition of Ag into mesoporous SiO2 film from 5 mM [Ag(CH3CN)4][BF4] 

+ 20 mM [NBu
n
4][BF4] in CH3CN at 24 ± 1 °C and ambient pressure, at an 

overpotential of -0.4 V, a) the transient, b) and c) SEM images of top of the 

SiO2/ITO/glass substrate after deposition.  

 

The transient for silver electrodeposition in supercritical CO2-CH3CN at 41 ºC and 

142 bar is presented in Fig. 6.22a. The charge passed during deposition was 251 mC. 

The EDX analysis and SEM image of the substrate after deposition are shown in  

Figs. 6.22b,c. The low magnification image shows shiny bits of overgrowth on the 

substrate and some patterns of growth in a few cracks. The entire SiO2 film was 

etched away by soaking in a 2%w aqueous solution of HF for 30 min, and the 

substrate was examined by SEM imaging and EDX analysis again, Figs. 6.22d-f. The 

only silver left on the substrate was in form of a lump, Fig. 6.22d, which could have 

been formed of nano-structures that were pulled together, Fig. 6.22e, when the 
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substrate was drying. The EDX analysis showed the presence of elements from the 

glass support (sodium doped soft glass) and the silver deposit.   

 

The electrodeposition transient from scCO2-CH3CN at 38 ºC and 157 bar is shown in 

Fig. 6.23a and it is similar to the one recorded at 41 °C and 142 bar, Fig. 6.22a. Both 

were carried out at a deposition overpotential of -0.15 V. The charge passed during 

this deposition was 45 mC. The EDX analysis and SEM images of the substrate after 

deposition are shown in Figs. 6.22b-f. The deposition was carried out for 10 min, 

twice as long as the previous one. The substrate was sprinkled with snow-flake like 

overgrowth structuresofvarioussizes.Thesmallest‘snow-flakes’areapproximately

40micronsindiameter.Structuresbelowthatformonlyapartofthe‘snow-flake’and

look like half, a quarter or just a branch of it. Only one larger crack was seen to be 

filled with bits of silver.  

 

The deposition transient at a higher temperature of 47 °C, at 165 bar, and at higher 

deposition overpotential of -0.4 V is presented in Fig. 6.24a. The charge passed during 

deposition was 132 mC. The transient is erratic and resembles steps starting with a 

sharp increase in current and reducing in three erratic steps with the last one more 

pronounced. The erratic current results from convection, which is caused by density 

fluctuations in the cell. The EDX analysis and SEM images of the substrate after 

deposition are presented in Figs.6.24b-f. In this case, wires sticking out of the surface 

in groups were observed. 

 

The wires were bent towards a common point to form a cone like structure. This 

indicated they grew through a swirl-like feature in the template.
42,43

 These were also 

observed in other instances that will be described later. The wires grow out of the 

template but their diameters, 400-500 nm, were much larger than the template pores 

(2-5 nm). Such a difference was caused by 3D growth above the surface of the film; 

however, the main direction of growth was preserved. At the template surface the 

wires were thinner and their diameter increased with length. The deposition in cracks 

was not as significant as in CH3CN, which indicated preferable growth in pores. 

Capillary condensation described in literature
14,44,45

 cannot be used to explain this, 

because the phenomenon cannot take place when the solvent is above its critical 

temperature and pressure. This is when we assume that acetonitrile and carbon 
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dioxide form a homogenous supercritical fluid in the conditions applied in these 

experiments. 

  

   a)     b) 

  

   c)     d) 

  

   e)     f) 

Fig.6.22 Electrodeposition of Ag into mesoporous SiO2 thin film from 5.2 mM [Ag 

(CH3CN)4][BF4] + 20 mM [NBu
n

4][BF4] in scCO2-CH3CN, at 41 ºC and 142 bar, at 

an overpotential of 0.15 V, a) the transient, b) EDX analysis and c) SEM image of the 

substrate after deposition, d) SEM image of the substrate after SiO2 etching (arrow 

marks the area with silver), e) SEM image, and f) EDX analysis of the area 

containing silver.  
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   a)      b) 

   

   c)      d) 

    

   e)      f)  

Fig.6.23 Electrodeposition of Ag into mesoporous silica thin film from 5.3 mM [Ag 

(CH3CN)4][BF4] + 20 mM [NBu
n

4][BF4] in scCO2-CH3CN, at 38 ºC and 157 bar, at 

an overpotential of -0.15 V, a) the transient, b) EDX analysis of substrate after 

deposition, c-f) SEM images of silver grown on top of the mesoporous silica, either 

overgrowth or growth in cracks.   
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The deposition transient at a higher temperature of 47 °C, at 165 bar, and at higher 

deposition overpotential of -0.4 V is presented in Fig. 6.24a. The charge passed during 

deposition was 132 mC. The transient is erratic and resembles steps starting with a 

sharp increase in current and reducing in three erratic steps with the last one more 

pronounced. The erratic current results from convection, which is caused by density 

fluctuations in the cell. The EDX analysis and SEM images of the substrate after 

deposition are presented in Figs.6.24b-f. In this case, wires sticking out of the surface 

in groups were observed. 

 

The wires were bent towards a common point to form a cone like structure. This 

indicated they grew through a swirl-like feature in the template.
42,43

 These were also 

observed in other instances that will be described later. The wires grow out of the 

template but their diameters, 400-500 nm, were much larger than the template pores 

(2-5 nm). Such a difference was caused by 3D growth above the surface of the film; 

however, the main direction of growth was preserved. At the template surface the 

wires were thinner and their diameter increased with length. The deposition in cracks 

was not as significant as in CH3CN, which indicated preferable growth in pores. 

Capillary condensation described in literature
14,44,45

 cannot be used to explain this, 

because the phenomenon cannot take place when the solvent is above its critical 

temperature and pressure. This is when we assume that acetonitrile and carbon 

dioxide form a homogenous supercritical fluid in the conditions applied in these 

experiments. 

 

The next electrodeposition experiment presented was carried out at 36 °C and 131 bar. 

The deposition overpotential applied was -0.25 V. The charge passed during 

deposition was 26 mC. The transient, Fig. 6.25a, shows features more common to 

growth through pores were the current increases in stages related to the less limited 

growth above the pores. The EDX analysis of the substrate after deposition is 

presented in Fig. 6.25b, and confirms the presence of silver. The SEM images, Figs. 

6.25c-d, showed mound-like structures, similar to topographic maps of mountains, 

which had significantly higher silver loading than the rest of the substrate.  
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   a)      b) 

   

   c)      d) 

   

   e)      f) 

Fig.6.24 Electrodeposition of Ag into mesoporous SiO2 from 2.6 mM [Ag(CH3CN)4][BF4] + 

20 mM [NBu
n
4][BF4] in scCO2-CH3CN solution at 47 °C and 165 bar, at a deposition 

overpotential of  -0.4 V, a) the transient, b) EDX analysis of the substrate surface 

after deposition, c-f) images of the overgrowth on the substrate surface. 
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These features have been observed in mesoporous silica thin films and have been 

described in the literature.
42

 The image of a remainder of such a structure after silica 

etching is presented in Fig. 6.25e. A nearly completely dissolved mound feature with 

small shiny bits of silver is shown in Fig. 6.25f. The EDX analysis confirming the 

presence of silver in the silica is presented in the inset of Fig. 6.25f. 

 

It seems that preferential growth of silver takes place in the mound-like structures. 

This would also explain why the nanowires that grew out of the template in the 

previous experiment formed a cone-like structure.  

 

Most of the transients recorded in scCO2-CH3CN were noisy and essentially different 

from those recorded in liquid CH3CN. In the typical transient in scCO2-CH3CN 

current increased rapidly at the beginning of the deposition process, then the rate of 

current increase became much slower. The features typical for growth outside pores 

were later visible as a slight reduction in current followed by a relatively large current 

value increase.  

 

The SEM images confirmed that silver could be electrodeposited with the use of 

mesoporous silica from a supercritical fluid, however, to find the answer to the 

question as to whether silver is truly deposited into the pores or only in cracks of the 

template, further investigation is required.  

 

TEM imaging and EDX analysis was employed to further analyze the mesoporous 

silica samples after electrodeposition of silver. TEM samples for silver containing 

silica were supported on a copper grid with a carbon film (details of sample 

preparation are given in Chapter 2.3.4). An image of the mesoporous silica thin film 

structure with regular arrays of pores partially filled with silver is presented in  

Fig. 6.26.  
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   a)      b) 

  

   c)      d) 

  

   e)      f) 

Fig.6.25 Electrodeposition of Ag into mesoporous SiO2 film from 1 mM [Ag(CH3CN)4][BF4] 

+ 15 mM [NBu
n
4][BF4] in scCO2-CH3CN solution at 36 °C and 131 bar; at and 

overpotential of -0.5 V, a) transient, b) EDX analysis of the substrate after deposition, 

c,d) SEM images from the substrate after deposition, swirl features were noticed to 

contain a higher loading of silver, d,e) FEGSEM images of the substrate after etching 

the mesoporous SiO2. 
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a)         b) 

Fig.6.26 TEM images of a mesoporous silica sample scratched from a thin hexagonal film on 

a copper grid at a) lower, and b) higher magnification, with an arrow showing the 

direction of pore alignment.  

 

Part of a sample, the EDX of which did not show any signal for silver, consisted 

solely of mesoporous silica, and is shown in Fig. 6.27. The limited coverage of the 

template with the silver nanowires could be caused by a lack of contact between part 

of the nanowires and the conducting ITO layer underneath the silica film.
46

 In such an 

instance, nanowires would grow only in the pores with ITO at the bottom and only the 

TEM samples containing such pores would show nanowires. 

 

  

a)         b) 

Fig.6.27 a) part of examined hexagonal mesoporous silica sample showing without silver 

present, b) EDX analysis of it. 
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The hexagonal structure of the mesoporous silica film with a few rows filled with 

silver nanowires (end on view) or nanoparticles arranged one next to the other in  

a row can be seen, in Fig. 6.28. Yang et al.
47

 showed that the presence of silver 

nanowires in similar samples can be confirmed by over-focus and under-focus TEM 

imaging. They also reported
47

 that spherical nanoparticles were observed beside the 

nanowires, which was also the case here. This could be the result of melting of 

nanowires under the electron beam.
48

 

 

 

a)         b) 

Fig.6.28 a) and b) TEM images of silver in mesoporous silica thin film after electrodeposition 

from scCO2-CH3CN.  

 

Stucky et al.
49

 reported silver nanowires similar to those in Fig. 6.28 but embedded in 

a hexagonal mesoporous SBA-15 silica matrix. They were formed by the thermal 

reduction of AgNO3 incorporated into the SBA-15 through soaking in an aqueous 

solution at 350 °C under H2.
49

  

 

Silver nanoparticles embedded in the silica film were observed in all samples,  

Figs. 6.29 and 6.30. Most of them were spherical with diameters starting from 2 nm. 

Others had the form of nanorods or spherical nanoparticles joined through the 

micropores in the walls of the mesoporous silica. They were not confined to the pore 

dimensions of the template as seen in Fig. 6.30 and as reported in the literature.
50

 The 

microporosity in the mesoporous silica thin films has been described in detail by 

Mascotto et al.
51
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Bois et al.
52

 reported organized arrays of 5-8 nm silver nanoparticles, obtained by in 

situ chemical reduction with NaBH4 and by thermal reduction, in hexagonal 

mesoporous silica films. They also observed that by using a thermal method, 40 nm 

long silver rods can be obtained by diffusion and coalescence of spherical particles in 

the silica-block copolymer layer.
52

  

 

Higher magnification images of a few silver nanoparticles embedded in the 

mesoporous silica matrix are shown in Fig. 6.30. 

 

The TEM results confirmed that the growth of silver took place not just in defects or 

cracks of the template but also inside the mesoporous silica channels. However, more 

nanoparticles were formed than nanowires electrodeposited. It could be that the 

nanoparticles form via chemical reduction after the pores have been impregnated with 

the silver containing solution, or the material electrodeposited in channels travels 

through microporous channels connecting the silica pores to form nanoparticles,
51

 

which may be thermodynamically more stable in the template in the conditions of the 

process or when the sample is irradiated with an electron beam. Finding an answer to 

this will require further study. 

 

The samples of the hexagonal mesoporous silica thin films with silver are stable in 

ambient conditions. They were examined again by TEM imaging after one year and 

no changes were observed. 

 

 

 

 

 

 

 

 

 

 

 



 166 

 

 

  

a)          b) 

  

   c)          d) 

Fig.6.29 a)-c) TEM images, and d) EDX analysis of silver nanoparticles and nanorods 

embedded in the hexagonal mesoporous silica thin film after electrodeposition in 

scCO2-CH3CN. 
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  a)       b)

  

  c)       d) 

Fig.6.30 a)-d) TEM images of silver nanoparticles embedded in a mesoporous silica thin film 

after deposition in scCO2-CH3CN. 

 

6.4.2 Copper SCFED into hexagonal mesoporous silica thin films 

Preliminary studies of the supercritical fluid electrodeposition of copper into AAO 

membranes were described earlier. The next step was to try to deposit smaller copper 

nanowires. The work reported here, is the first account of copper electrodeposition 

into mesoporous silica from supercritical fluids and has been described in  

a publication.
13

 It was also interesting to compare the results of SCFED of Ag and Cu, 

and verify if nanoparticles would be observed for the latter. The higher melting 

temperature of copper (Cu 1083 °C, compared to Ag 961 °C) may allow higher 

stability of the electrodeposited nanowires when irradiated with the electron beam. 

Copper may also be less prone to interactions with the mesoporous silica pore walls. 

 

The transient for the electrodeposition of Cu into mesoporous SiO2 from 5 mM 

[Cu(CH3CN)4][BF4]  solution of scCO2-CH3CN with 20 mM [NBu
n

4][BF4] 

supporting electrolyte at 40 °C and 167 bar, is presented in Fig. 6.31a. The charge 
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passed during deposition was 29 mC. The EDX analysis and SEM images of the 

overgrowth are shown in Figs. 6.31b,c. The SEM image shows wires growing out of 

the template and increasing their diameter with length. This image is similar to the 

one presented in Fig. 6.24 for silver. The copper wires growing out of the template are 

more robust than the silver ones.  

 

 

   a)     b) 

 

      c)  

Fig.6.31 Electrodeposition of Cu into mesoporous SiO2 from 5 mM [Cu(CH3CN)4][BF4] + 20 

mM [NBu
n

4][BF4] in scCO2-CH3CN, at a deposition overpotential of -0.25 V, at 

40 °C and 167 bar, a) transient, b) EDX analysis of the substrate after deposition, c-f) 

SEM images of the substrate after deposition. 
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TEM images of the mesoporous silica template after SCFED of copper are presented 

in Fig. 6.32. The images show a uniform mesoporous silica template with a well 

organized pore structure. A few defects such as swirls or the curving of the channels 

can be observed. These are typical for such structures and have been described in the 

literature.
45,53

  

   

a)          b) 

  

   c)         d) 

Fig.6.32 a)-d) TEM images of a hexagonal mesoporous silica thin film sample after SCFED 

of copper from scCO2-CH3CN. 

 

 

Images recorded in the TEM at a higher magnification revealed copper nanowires 

embedded in the mesoporous silica template, Fig. 6.33a,b.  
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  a)       b)  

 

   c)       d) 

Fig.6.33 a) and b) TEM images of copper nanowires embedded in a hexagonal mesoporous 

thin film silica matrix after SCFED in scCO2-CH3CN, c) corresponding SAED pattern, d) and 

EDX analysis.. 

 

The SAED pattern and EDX analysis are given in Figs. 6.33c,d. The SAED pattern 

shows diffuse rings and dots. The dots correspond to copper crystals while the rings to 

the amorphous silica matrix in which they are embedded. The diameters of the rings 

correspond to the crystal structure of the metal, and are consistent with the (111), 

(200), (220), and (311) diffraction peaks for copper.
13

 The EDX analysis showed  

a strong signal for copper, and the signals for oxygen and silicon. 
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6.4.2.1 Copper electrodeposition from supercritical trifluoromethane  

Electrodeposition of copper into hexagonal mesoporous silica thin film substrates was 

carried out in supercritical trifluoromethane (R23, fluoroform), which is a refrigerant 

with convenient critical parameters (25.7 ºC, 48.16 bar). This study was carried out in 

collaboration with the George Group at the University of Nottingham.  

 

The critical density of R23 is 0.529 g cm
-3

 and dielectric constant 3.16 at the critical 

point. The transient for electrodeposition from 5.5 mM [Cu(hfac)2]  in scCHF3 

containing 20 mM [NBu
n

4][BF4] and 47 mM HfacH, at -0.4 V vs. Cu pseudo reference 

electrode, is presented in Fig. 6.41. HfacH was employed as a reducing agent that 

prevented the deposited copper from re-dissolution.
18

 

 

  a)      b) 

   

  c)    d)       e) 

Fig.6.34 Cu electrodeposition into hexagonal mesoporous silica thin film on ITO (35 mm
2
) 

from 5.5 mM [Cu(hfac)2] + 20 mM [NBu
n

4][BF4] + 47 mM HfacH in sc CHF3 at -0.4 

V vs. Cu pseudo-RE; a) depositon transient, b) EDX analysis of the area imaged with 

TEM, c) and d) TEM images of copper deposited in mesoporous silica sample on a 

gold grid, e) SAED for the imaged area.  
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During deposition into SiO2 mesoporous film the charge passed was 9 mC, which 

would correspond to the deposition of a 660 nm thick film (without excluding the 

silica pore wall volume). The height of the silica film was approximately 200 nm. The 

pores are not perpendicular to the substrate; they are rather parallel or aligned at an 

angle close to the substrate due to the pulling involved in the template deposition 

procedure. The pore channels can be much longer than the height of the silica film.  

 

A top view of the silica template containing copper can be seen in Figs. 6.34c,d, and 

an SAED pattern corresponding to the images is shown in Fig. 6.34e. The SAED 

reflections suggest the presence of several single crystalline copper NWs. 

 

6.5 Summary of SCFED of silver and copper  

Uniform films of silver were successfully obtained on platinum electrodes. The silver 

deposition on gold did not yield an adherent film, silver particles fell off the substrate. 

Other methods of sensitizing or modifying the gold substrate would have to be 

applied. 

 

The successful SCFED into AAO membranes was the first account of deposition of 

nanowires from a supercritical fluid. Both silver and copper NWs were deposited.  

 

The first examples of electrodeposition of metals into mesoporous silica thin films 

from supercritical fluids were presented. More work is required to build on the proof 

of principle provided in this study. There are several variables that come into 

consideration when carrying the process out, and they all may affect the results. The 

supercritical solution behaviour varies with its composition and applied temperature 

and pressure (see Chapter 3). The conditions of deposition in the supercritical fluid 

have been shown to influence the kind of overgrowth observed. The mesoporous 

silica film structure and its features rely on the chosen thin film deposition process 

variables (details in Chapter 2). It is necessary to find the optimal structure for the 

sought application and design a reproducible method of thin silica film fabrication. 

Any change in the dip-coating solution composition concentration or the pull time, or 

drying conditions will influence the film structure. Unfortunately it was not possible 
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to analyze the nanowires, nanorods and nanoparticles outside the confinement of the 

mesoporous silica. Further work is required for this to be achieved. 
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7 Conclusions and further work 

7.1 Conclusions 

This work is one of the first describing electrodeposition in a homogenous supercritical 

fluid phase. Deposition on flat and into templated substrates at different temperatures and 

pressures has been described. The supercritical fluid provides a means of deposition of 

crystalline materials, and of filling the pores of mesoporous templates.  

 

The voltammetry of chosen metallocenes and metal complexes in scCO2-CH3CN with  

a low concentration of supporting electrolyte was reported. A suitable internal reference 

couple for the scCO2-CH3CN system was not found among the studied 

decamethylferrocene and cobaltocenium hexafluorophosphate. The first showed that it 

was at equilibrium with a very low concentration of its oxidized form even after the 

DmFc was purified by sublimation. This was only visible at low concentrations (approx. 

0.1 mM) like those used in the supercritical fluid, but was not significant at 

concentrations closer to 1 mM and above. The reason for this is assumed to be a trace 

amount of oxygen present in the system. The cobaltocenium cation reduced at potentials 

close to the limit of the stable potential range. The end of its reduction wave was the 

beginning of the carbon dioxide reduction wave in the scCO2-CH3CN system.  

 

The most suitable metal complexes were identified for electrodeposition on flat and 

templated substrates. The thin films obtained from the supercritical fluid had uniform 

grains, and no dendritic structures typical for classical silver deposition, were observed. 

 

The templated deposition into AAO membranes showed an interesting feature of the 

system. It was possible to grow nanowires of length exceeding that of the template. In the 

SEM images it was clearly visible that silver nanowires grew out of the template and 

remained wires instead of forming a mushroom coat on top of the template. 

 

In appropriate conditions, similar features were observed in the overgrowth above the 

mesoporous silica template, both when silver and copper were deposited. The SCFED of 
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silver into the mesoporous silica thin film yielded mainly nanoparticles in the TEM. The 

reason for this has not been found yet. The possible explanations include the low thermal 

stability of silver when irradiated by the electron beam. Another could be that a chemical 

reduction occurs in the system after the template is impregnated with the silver carrying 

solution. The micropores in the mesoporous template may play a significant role in the 

formation of silver nanoparticles and nanorods that spread across a few silica channels at 

a time. No nanoparticles were observed in the case of copper, only nanowires. These 

were the first nanowires deposited in a homogenous supercritical fluid. 

 

7.2 Further work 

The research on electrodeposition in supercritical fluids continues in the Bartlett Group at 

the University of Southampton with publications on the improvement of conductivity in 

scCO2-CH3CN by modifying the supporting electrolyte,
1
 on the electrodeposition of 

copper from scCO2-CH3CN and scCHF3,
2
 and on phase behaviour and conductivity of 

electrolytes in supercritical hydrofluorocarbons.
3
  

 

It was reported that when the [BF4]
-
 anion was replaced with [B(3,5-C6H3(CF3)2)4]

-
 and 

[NBu
n

4]
+
 with [NRfBu

n
3]

+
 (where Rf is a fluorinated alkyl chain), the pressure required to 

obtain a homogenous phase at a given temperature was more than halved, due to the 

enhanced solubility of larger fluorinated species in the fluid, and the conductivity 

increased over ten times.
1
  

 

The recent unpublished developments include the electrodeposition of metals into more 

organized and robust aluminum oxide membranes (Synkera) from scCO2-CH3CN and 

scCHF3 solutions. 

 

More work could be dedicated to finding a suitable reference standard. It should either be 

a reference electrode constructed specifically for use in this experimental setup, or for 

supercritical fluids with more solvating power, an internal reference redox couple could 

be used. Studies of ferrocene in the supercritical scCO2-CH3CN would be recommended 
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since it behaved well in acetonitrile, but there was not sufficient time to study it in  

scCO2-CH3CN. It should be remembered that one experiment takes half a day or more. 

 

More work could also be dedicated to the studies of the unusual behaviour of the 

cobaltocenium cation reduced in acetonitrile and scCO2-CH3CN in the presence of  

equi-molar amount of the neutral decamethylferrocene and a low concentration or 

absence of supporting electrolyte.  

 

The fabrication of the mesoporous silica thin film templates would require improvement 

and further characterization. At the end of the research period a Focus Ion beam –

Scanning Electron Microscopy method was used to slice out bits of silica thin film off the 

ITO-glass substrate for study under a TEM, however, this was done only once and was to 

be continued later. Some advances in controlling the alignment of pores in the 

mesoporous silica thin films were reported by Walcarius et al.
4,5

  They confirmed that 

hexagonal mesoporous silica thin films with channels oriented vertically with respect to 

the substrate can be obtained by electro-assisted self-assembly of the silica precursor at  

a conductive substrate. A few attempts were made to follow the description in their 2009 

publication.
5
 However, the experimental details provided were not complete and there 

was not enough time to run a series of deposition trials. Only a few were made, but the 

results were not satisfactory.  Two more related publications have been published since.
6,7

 

 

There is still a lot of work needed to better understand the possibilities that come with the 

ability to use supercritical fluids for electrochemical applications. 
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