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Abstract 

 

Hydrometallurgical copper electrowinning (EW) tank houses employ IrO2 - Ta2O5 coated 

titanium anodes in sulfate-based EW baths due to their high durability in acidic conditions and low 

overpotential for oxygen evolution.  EW baths mainly consist of a sulfuric acid electrolyte with 

copper ions; however, chemical additives are added to enhance the performance of the EW process.  

These additives include grain refiners that improve the copper plating conditions and acid mist 

suppressors that reduce acid mist generation originating from the oxygen evolution reaction that 

occurs at the anode.  Despite the widespread use of these additives, little is known about the 

interaction of grain refiners and acid mist suppressors on IrO2-Ta2O5 anode surfaces within the 

context of anode lifetime and oxygen evolution reactions.  Thus, this study investigates the effects 

of EW additives on the lifetime and electrochemical stability of IrO2-Ta2O5 coated Ti mesh 

electrodes through electrochemical and microstructure analysis.  The EW additives used in this 

research were a modified cornstarch grain refiner named Hydrostar and a fluorocarbon-based acid 

mist suppressor known as FC-1100. 

In commercial practice, a current density of 0.18 A/cm2 is used, which yields anode 

lifetimes of two to three years.  To study the effects of current density on the lifetime of IrO2-

Ta2O5 anodes, two current densities of 0.54 and 0.72 A/cm2 were used for accelerated lifetime 

(ALT) tests to observe the lifetime of the anodes in a shorter timeframe.  ALT test is a laboratory 

method that electrically stresses the anode at increased current densities, while simultaneously 

monitoring the cell potential.  The time required for the cell potential to increase ~5 volts is defined 

as the accelerated lifetime of the anode.  A two–electrode configuration was used for ALT tests 
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with a titanium mesh substrate coated with composite iridium oxide–tantalum oxide layers set as 

the anode and a bare titanium mesh substrate set as the cathode.  The ALT test solution was 2 M 

H2SO4 containing fluoride in the absence and presence of EW additives. 

Polarization measurements were conducted to investigate the electrochemical performance 

of the anodes before and after ALT testing.  Furthermore, the chemical bonding information of the 

Ir-Ta-O electrodes were obtained by x-ray photoelectron spectroscopy (XPS). 

The study concluded that after multiple ALT tests in the absence and presence of EW 

additives, the anode lifetime significantly increased in the presence of the EW additives.  To 

determine which of the two additives possessed life extending properties, additional ALT tests 

were conducted using test solutions containing FC-1100 in the absence and presence of the 

cornstarch grain refiner.  However, the cornstarch had little influence on extending the lifetime of 

the anode, which revealed that the FC-1100 demonstrated life extending capabilities.  Additionally, 

higher current densities significantly decreased anode lifetime, which stems from the increased 

rate of oxygen evolution that encouraged spalling and removal of the oxide coating. 
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Chapter 1 

Introduction 

1.1 Electrowinning 

Copper has been a critical material involved in the development of the modern world.  

Intertwined with the progress of human civilization, this metal has revolutionized society through 

a variety of technological, industrial, and medical applications.  Copper in its natural state is 

commonly found in sulfide and oxide ores, where pyrometallurgical and hydrometallurgical 

extraction methods are used, respectively.   

The hydrometallurgical process starts with the crushing and grinding of mined ores 

followed by a solution extraction procedure called leaching.  Sulfuric acid is sprayed over 

stockpiles of fragmented ores to remove copper from the rocks to produce an aqueous solution of 

low copper concentration called a pregnant leach solution (PLS).  The PLS is collected and 

introduced to an organic compound that selectively binds with the copper ions.  This interaction 

transitions the copper ions into an organic phase (loaded organic), in which impurities are 

abandoned to the aqueous phase.  The loaded organic is then stripped of its copper content by 

sulfuric acid to form an aqueous solution of high copper concentration, magnitudes higher than 

the PLS.  The concentrated copper solution is then pumped into tanks with suspended electrodes, 

where the electrowinning (EW) process occurs.  The copper ions are electrochemically reduced, 

or ‘won,’ from the electrolyte to form high purity (99.99%) copper metal layers on the cathodes in 

the tanks [1]. 
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A simple EW cell with an anode and cathode immersed in an aqueous electrolytic solution 

is illustrated in Figure 1.  A common electrolyte contains 180 g/L sulfuric acid solution with 30-

40 g/L Cu2+ ions [2].   In industrial practices, EW current densities and potentials are 0.18 A/cm2 

and 2.5 V, respectively.   

 

Figure 1. Simple electrowinning cell. 

As a potential or current is applied to the cell, oxidation of water occurs at the anode which 

results in oxygen evolution.  Simultaneously, electrons are injected into the cathode, which 

facilitates the migration of copper ions towards the electrode, where they are reduced and 

electroplated onto the cathode.  For an electrochemical couple, the following are the anodic and 

cathodic reactions, respectively: 

 Anodic Reaction:     2𝐻2𝑂 →  𝑂2 ↑  +4𝐻+ + 4𝑒−          𝐸0 = 1.23 𝑉, (1.1)

 

Cathodic Reaction:     𝐶𝑢2+
+ 2 𝑒− → 𝐶𝑢                           𝐸0 = 0.34 𝑉. (1.2) 
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Permanent cathode technology is commonly employed in modern tank houses, where 

reusable 316 stainless steel plates are used as cathodes [3]. Anodes that are commonly used are 

lead-based, such as lead-antimony (6%), lead-calcium (0.7%)-tin (1.3%), and lead-strontium 

(0.05%)-tin (0.6%) [2].  These lead alloy electrodes are popular due to their low cost, natural 

occurring protective oxide layer, and relatively robustness for industrial use. Drawbacks of these 

anodes include hazardous by-products of the oxide layer, high-energy consumption due to the 

formation of the oxide layer and oxygen evolution, and low corrosion resistance, which results in 

lead contamination in the copper plated sheets [4].  Efforts have been made to investigate 

alternative anodes to alleviate the negative effects of lead.  Composite metal oxide coated titanium 

or nickel substrates known as Dimensionally Stable Anodes (DSA) have gained popularity [5]. 

Specifically, 70 mol% IrO2-30 mol% Ta2O5 coated Ti mesh substrates have exhibited the most 

success in terms of performance due to their high corrosion resistance and low overpotential for 

oxygen evolution [2].   However, due to the precious metal content of these anodes, the cost versus 

lifetime has become the main drawback [2-5]. 

Aside from sulfuric acid and copper ions in the EW baths, different concentrations of 

fluoride (10-160 ppm), aluminum (400-2000 ppm), iron (2000-3000), with traces of calcium, and 

manganese are present.  Variation in the concentration of these components stem from the 

geological location of the EW tank houses that process ores of different compositions.  

Furthermore, chemical additives are incorporated into these acidic baths to improve specific 

processing conditions.  Two key additives that are commonly used are grain refiners and acid mist 

suppressors.  Grain refiners contribute to the dense and fine grain plating of copper due to their 

role in controlling the nucleation and growth of the metal in the deposition process [6].  Acid mist 

suppressants reduce the generation of acid mist originating from oxygen evolution at the anode in 
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the EW tanks.  The gas/liquid interface of the oxygen bubbles is stabilized by the suppressant, 

which prevents the instantaneous burst of the gas bubble once it reaches the surface of the solution.  

The electrolyte is rather drained from the walls of the bubble, reducing the amount of acid being 

ejected into the air from a burst [7].   

1.2 Problem Statement and Research Objectives 

Despite widespread use of performance enhancing chemical additives, little is known about 

the interaction of grain refiners and acid mist suppressors on IrO2-Ta2O5 anode surfaces within the 

context of anode lifetime and oxygen evolution reaction.  Therefore, the primary objective of this 

study is to investigate the effects of EW additives on the electrochemical stability and lifetime of 

IrO2-Ta2O5 coated Ti mesh electrodes through electrochemical and microstructure analysis.  The 

additives of interest include a cornstarch-based grain refiner (Chemstar Hydrostar) and a 

fluorochemical surfactant (FC-1100 3M™ Acid Mist Suppressant).  An additional study will 

examine the effects of high current densities on the accelerated lifetime of these anodes with and 

without the presence of additives. 
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Chapter 2 

Background and Literature Review 

 

2.1 Butler – Volmer Equation 

The Butler – Volmer equation, which describes the relationship between current density 

and potential from an electrochemical reaction, is shown in equation 2.1 [8-11]. 

𝑖𝑛𝑒𝑡 = 𝑖𝑎 − 𝑖𝑐 = 𝑖𝑜 [exp (
𝛼𝑛𝐹𝜂

𝑅𝑇
) − exp (−

(1 − 𝛼)𝑛𝐹𝜂

𝑅𝑇
)] , (2.1) 

where 𝑖𝑛𝑒𝑡 is the net current density, 𝑖𝑎 is the anodic current density, 𝑖𝑐 is the cathodic current 

density, 𝑖𝑜 is the exchange current density (the rate of oxidation and reduction at equilibrium), 𝛼 

is the anodic transfer coefficient, 𝑛 is the number of electrons participating in the electrochemical 

reaction, 𝐹 is the Farady constant (96500 C/mol), 𝜂 is the overpotential (the difference between 

the applied potential, E, and the equilibrium potential, Eeq), 𝑅 is the universal gas constant (8.314 

J/mol.K), and 𝑇 is the absolute temperature (K). 

A plot of the Butler-Volmer relationship is presented in Figure 2, with the following 

assumptions: 𝑖𝑜= 10-5 A/cm2, 𝛼 = 0.5, 𝑛 = 1, and 𝑇 = 298 K [12]. 
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Figure 2.  Plot of the Butler – Volmer relation (𝑖𝑜= 10-5 A/cm2, 𝛼 = 0.5, 𝑛 = 1, and 𝑇 = 298 K) 

[12]. 

2.2 Tafel Equation 

The curves produced from the Butler-Volmer equation in Figure 1 are for a system in 

equilibrium.  A Tafel plot can be derived from the Butler-Volmer plot by taking the absolute value 

of the measured current density and plotting the overpotential as a function of measured current 

density shown in Figure 3 [12].   
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Figure 3. Tafel plot derived from Figure 2 of the overpotential as a function of the absolute value 

of the measured current density for 𝜂 = ± 0.05 V [12]. 

When there is sufficient overpotential (𝜂 = ± 0.05 V), a linear relationship can be observed 

between 𝜂 and log(i), which is known as the Tafel relationship, shown in the following equations: 

𝜂𝑎 = 𝛽𝑎 log [
𝑖

𝑖𝑜
] (2.2) 

𝜂𝑐 = −𝛽𝑐 log [
𝑖

𝑖𝑜
] , (2.3) 

where 𝛽𝑎 and 𝛽𝑐 are known as the anodic and cathodic Tafel slope coefficients, respectively. The 

Tafel slopes are defined as follows [13]: 

𝛽𝑎 = 2.303
𝑅𝑇

𝛼𝑛𝐹
(2.4) 

𝛽𝑐 = 2.303
𝑅𝑇

(1 − 𝛼)𝑛𝐹
. (2.5) 
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This study focuses on the oxygen evolution reaction that occurs at the anode, where only anodic 

potential is applied to the system.  Thus, only the anodic region of the Tafel plot will be considered 

for this work. 

2.3 Overpotential 

Mentioned in section 2.1, the overpotential (𝜂) is the potential required to disturb the 

system from equilibrium.  Overpotential is calculated from extrapolated data from anodic 

polarization measurements.  An example of an anodic polarization measurement of a fresh 

(unused) Ti based IrO2-Ta2O5 anode in 2 M H2SO4 at scan rate of 2 mV/s and 25 °C is displayed 

in Figure 4.    

 

Figure 4.  Anodic polarization measurement of a fresh Ti based IrO2-Ta2O5 anode in 2 M H2SO4 

at a scan rate of 2 mV/s and 25 °C. 
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A tangent line is drawn from the steepest portion of the curve then extrapolated back to zero current 

density to obtain the measured potential, 𝐸𝑚, where oxygen evolution occurs.  To account for the 

ohmic drop (𝑖𝑅) between the working electrode and reference electrode, an 𝑖𝑅 corrected measured 

potential, 𝐸1, is used to calculate the overpotential for oxygen evolution as shown in equation 2.5. 

𝐸1 = 𝐸𝑚 − 𝑖𝑅 (2.5) 

The overpotential for oxygen evolution is calculated using the following equation: 

𝜂𝑂2
= 𝐸1 + 𝐸2 − 𝐸 𝑂2

𝐻2𝑂
,   (2.6) 

where 𝐸1 is the measured potential extrapolated from the tangent line drawn from the steepest 

portion of the curve shown in Figure 4.  𝐸2 is the potential of the reference electrode at 25 °C, and 

𝐸𝑂2/𝐻2𝑂 is the potential for the reduction of oxygen to water at 25 °C and at the pH of the solution 

[14]. 

2.4 IrO2 – Ta2O5 Anodes 

Anodes used in copper electrowinning (EW) are required to exhibit the following traits: 

electrochemical stability in sulphate-based electrolytes, resistance to chemical corrosion, low 

overpotential for oxygen evolution, mechanical and structural durability under operating 

conditions, and satisfying environmental safety standards.  The EW industry primarily employs 

lead-based anodes due to their low cost, naturally occurring protective oxide layer, and relative 

robustness.  Common compositions of lead-based alloys are lead-antimony, lead-calcium-tin, and 

lead-strontium-tin [2].  However, these anodes come with drawbacks such as hazardous by-

products of the oxide layer, high energy consumption due to the formation of the oxide layer and 

oxygen evolution, and low corrosion resistance, which results in lead contamination in the copper 
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plated sheets [4].  These disadvantages have motivated efforts to find alternative materials to 

alleviate the negative effects of lead, sparking interest in Dimensional Stable Anodes (DSAs) to 

replace lead-based ones.  DSAs are characterized by a thin mixed metal oxide coating deposited 

onto base metals such as Ti, Zr, Ta, or Nb.  Oxides such as tantalum oxide, iridium oxide, 

ruthenium dioxide, and tin oxide have been commonly used to form these oxide coatings [5, 14-

17]. 

Among the oxide metal coatings, 70 mol% IrO2-30 mol% Ta2O5 has been identified as the best 

DSA for oxygen evolution in acidic conditions.  Corminellis and Verscesi [3] investigated nine – 

binary coatings with a conducting constituent (IrO2, RuO2, and Pt) mixed with a non-conducting 

oxide (TiO2, ZrO2, and Ta2O5) deposited onto a Ti substrate.  The study confirmed that in acidic 

conditions, the Ti substrate coated with 70 mol% IrO2-30 mol% Ta2O5 exhibited the highest 

service life and best electrocatalytic activity for oxygen evolution reaction and was the most 

suitable DSA for oxygen evolution.  Additional studies investigated different IrO2-Ta2O5 coating 

compositions, where IrO2:Ta2O5 mol ratios of 70:30 have been found to be optimal 

 [14, 18, 19], which has become the standard composition for Ir-Ta-O electrodes. 

2.5 IrO2 – Ta2O5 Coatings  

IrO2 – Ta2O5 coatings are prepared on Ti substrates that are pretreated to improve 

adhesion of the oxide coating.  Various substrate treatment methods are available and include 

oxalic acid etching and hydrogen treatment [20].  The IrO2 coating is typically prepared via a 

thermal decomposition method using iridium and tantalum chloride precursors dissolved in an 

alcoholic or aqueous solution. The precursors are brush – coated onto the substrate and then heat- 

treated around 400 °C to form the oxide coating [21], which is comprised of multiple layers with 

an approximate thickness of 4.8 to 6.9 μm [22].    
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2.6 Physical Characterization 

2.6.1 X-ray Diffraction (XRD) Analysis: 

X-ray diffraction (XRD) of IrO2-Ta2O5 coated samples on Ti substrates without treatment, 

pretreated by oxalic acid etching or hydrogen treatment at different temperatures (300, 400, 500, 

600 °C) were investigated by Yan et al. [20] and are displayed in Figure 5.   

 

Figure 5.  X-ray diffraction spectra of IrO2-Ta2O5 coated Ti substrates without treatment, oxalic 

acid etching, and hydrogen treatment (300, 400, 500, and 600 °C) [20]. 

 

Upon examination of the XRD spectra, the (110), (101), (200), and (211) planes are the dominant 

IrO2 crystal planes.  Ta2O5 signals are absent due to the low sintering temperatures of 450 to 500 

°C, which is below the Ta2O5 crystallization temperature of 800 °C.  TiH2 peaks are undetected in 

the following samples: without treatment, oxalic acid etching, and hydrogen treatment of 300 °C.  

Weak TiH2 peaks are observed in the hydrogen treated samples of 400, 500, and 600 °C.  The 
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Scherrer Equation was used to determine the crystalline sizes of IrO2 for each pretreatment method 

and is displayed in Figure 6.   

 

Figure 6.  Crystalline size of IrO2 for different Ti metal pretreatment methods [20].   

 

The substrate that was not pretreated exhibited the largest crystalline size, followed by the 

hydrogen treated sample at 600 °C.  The substrates pretreated with oxalic acid etching, and 

hydrogen treated at 300 and 500 °C presented relatively similar crystal size.  Lastly, the hydrogen 

treated at 400 °C sample exhibited the smallest crystallites.  The significance of the crystalline size 

is that the smaller the crystalline size, the larger the active surface area, and ultimately higher 

electro-catalytic activity. 

The crystalline structure of IrO2-Ta2O5 electrodes was evaluated for nominal content of 

IrO2 (10%, 40%, 60%, 70%, and 90% IrO2) by Ren et al. [23].  The results of these thermally 

prepared electrodes are presented in Figure 7. 
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Figure 7.  XRD curves for IrO2-Ta2O5 coated anodes with (a) 10% IrO2; (b) 40% IrO2; (c) 60% 

IrO2; (d) 70% IrO2; (e) 90% IrO2 [23]. 

 

Evidence of crystalline Ta2O5 is only observed in the XRD curve for 10% IrO2 and are absent at 

higher compositions of IrO2.  The 40% IrO2 electrode exhibits peaks that indicate the formation of 

the rutile phase of IrO2.  With an increase of IrO2 content (60%, 70%, 90%), the intensity of the 

IrO2 peaks increase as well.  The presence of Ti in all curves stems from x-ray penetration through 

thin regions of the oxide coating and contacting the underlying Ti substrate. 
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2.6.2 X-Ray Photoelectron (XPS) Analysis: 

Chemical bonding information of Ti based IrO2-Ta2O5 coatings that were galvanostatically 

tested by accelerated lifetime (ALT) tests were obtained from x-ray photoelectron analysis (XPS) 

by Ma et al. [22].  ALT tests are a laboratory method to investigate the lifetime of the IrO2 

electrodes in a short time period by galvanostatically stressing the anodes at high current densities 

while measuring the cell potential with respect to time.  Over time, the oxide coating deteriorates, 

delaminates, and exposes the underlying Ti substrate.  TiO2 passivation layers form on the bare 

areas of the substrate, which increases the cell potential.  The time that requires the cell potential 

to increase by ~5 V is defined as the accelerated lifetime of the anode and indicates the failure of 

the electrode.  The XPS spectra for Ir, Ta, and O for a fresh (as-received) and galvanostatically 

tested anodes subjected to 2 M H2SO4 with and without the addition of 100 ppm fluoride and 

aluminum ions are displayed in Figure 8. 

  

Figure 8.  X-ray photoelectron (XPS) spectrum for (a) Ir; (b) Ta; and (c) O for IrO2 – Ta2O5 

coatings on as- received and galvanostatically stressed samples [22]. 

 

The binding energies and intensities from the Ir 4f, Ta 4f and O1s peaks are displayed in Tables 1 

and 2, respectively. 
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Sample Binding energy (eV) 

Ir Ta O 

4f5/2 4f7/2 4f5/2 4f7/2 1s 

Fresh 65.1 62.2 28.1 26.2 530.3 

After ALT in H2SO4 65.5 62.7 28.7 26.9 530.6 

After ALT in H2SO4 with 100 ppm fluoride 65.4 62.6 28.5 26.6 530.4 

After ALT in H2SO4 with 100 ppm fluoride 

and 2841 ppm aluminum ions 

65.2 62.4 28.1 26.2 530.1 

Table 1. Binding energy for Ir 4f, Ta 4f, and O 1s peaks in different samples. 

 

 

Sample Intensity (cps) 

Ir Ta O 

4f5/2 4f7/2 4f5/2 4f7/2 1s 

Fresh 2831 3088 4475 5356 7255 

After ALT in H2SO4 1970 2247 4336 5048 6895 

After ALT in H2SO4 with 100 ppm fluoride 1351 1354 1325 1614 3052 

After ALT in H2SO4 with 100 ppm fluoride 

and 2841 ppm aluminum ions 

2075 2242 5235 6625 7475 

Table 2. Intensity of Ir 4f, Ta 4f, and O 1s peaks in different samples. 

 

The sample that underwent accelerated lifetime testing in 2 M H2SO4 in the absence of fluoride 

exhibited a decrease in intensity for the 4f5/2 and 4f7/2 peaks for Ir.  This advocates that in the 

base solution of 2 M H2SO4, Ir is removed from the solid.  The intensity peaks that are associated 

with Ta only show a slight decrease.  Test solutions with the addition of fluoride exhibit a decrease 

in Ir and Ta intensities for both 4f peaks, which indicates a loss of oxide coating.  The presence of 

Al ions in the ALT solution results in similar Ir intensities in the fresh sample; however, a 

significant increase in the Ta intensity is observed.   

2.6.3 Scanning Electron Microscopy (SEM) Analysis: 

The morphology of prepared IrO2 – Ta2O5 coated Ti electrodes with different metal 

substrate treatments (without treatment, oxalic acid etching, and hydrogen treatment) were studied 

by Yan et al. [20] through SEM analysis and are presented in Figure 9. 
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Figure 9.  SEM micrographs of prepared IrO2-Ta2O5 coated Ti substrates. (a) untreated substrate; 

(b) oxalic acid etched substrate; (c) 300 °C hydrogen treated substrate; (d) 400 °C hydrogen treated 

substrate; (e) 500 °C hydrogen treated substrate; (f) 600 °C hydrogen treated substrate [20]. 

 

All samples exhibited ‘mud-cracked’ features; however, the hydrogen treated substrate at 300 °C 

showed delamination of the coating, while the coatings formed on hydrogen treated substrates at 

400 °C and 500 °C exhibited networks of cracks.  Meanwhile, the untreated and 600 °C hydrogen 

treated substrates displayed similar coating morphologies containing network of cracks and 

scattered IrO2 crystallites.  Additional field emission scanning electron microscope (FESEM) 

analysis was conducted to investigate the crystal grains of the oxide coatings.  FESEM images of 

the IrO2-Ta2O5 coatings on Ti substrates pretreated by the various substrate pretreatment methods 

is provided in Figure 10. 
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Figure 10. FESEM images of prepared IrO2 – Ta2O5 coated anodes. (a) untreated substrate; (b) 

oxalic acid etched substrate; (c) 300 °C hydrogen treated substrate; (d) 400 °C hydrogen treated 

substrate; (e) 500 °C hydrogen treated substrate; (f) 600 °C hydrogen treated substrate [20]. 

  

All electrode samples, excluding the 300 °C hydrogen pretreated Ti substrate, possessed 

scattered IrO2 crystalline agglomerates.  The formation of the IrO2 crystallites originate from the 

preparation process of the oxide coating.  The untreated substrate displayed unevenly dispersed 

agglomerates of ~50 nm in size, while the hydrogen treated substrates presented larger crystal 

sizes of ~100 nm.  An increased number of large crystals is observed for the 500 °C treated 

samples.  The electrode that exhibited the largest and closed packed population of IrO2 crystals is 

the oxalic acid etched substrate, with crystal sizes of ~400 nm.   

The effect of IrO2 (10%, 40%, 60%, 70%, and 90% IrO2) nominal content on surface 

morphology of IrO2-Ta2O5 coated Ti substrates was studied by Ren et al. [23].  The surface 

morphology images are provided in Figure 11 from SEM analysis. 
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Figure 11. SEM images for IrO2-Ta2O5 coated Ti substrates with (a) 10% IrO2; (b) 40% IrO2; (c) 

60% IrO2; (d) 70% IrO2; (e) 90% IrO2; (f) cross-section of 70 mol% IrO2 [23]. 

 

The SEM images displayed ‘dried mud-cracks’ surface features commonly exhibited by oxide 

coatings; nevertheless, the morphology varied with the influence of different IrO2 compositions in 

the oxide coating.  With increased IrO2 content, the population of cracks decreased, as more IrO2 

crystallite particles developed.  However, at 90 mol% IrO2, the IrO2 crystallite particles disappear, 

and the ‘mud-cracks’ reappear.  The root cause of this phenomenon has been speculated to be due 

to insufficient amounts of Ta oxide matrix available for IrO2 crystallization. 
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Morphology of IrO2-Ta2O5 anodes (70:30 mole ratio) before and after ALT tests were 

investigated by Xu et al [24] via SEM analysis and are shown in Figure 12.  ALT tests were 

conducted in 1 M H2SO4 at 30 °C with an applied current density of 2 A/cm2. 

 

Figure 12. SEM images of IrO2-Ta2O5 coated Ti substrates before (a,c) and after (b,d) 

accelerated life time testing in 1 M H2SO4 at 30 °C with an applied current density of 2 A/cm2 

[24]. 

 

Before ALT tests, the surface of the electrode exhibited dried mud-like cracks with flat areas and 

regions of agglomerate clusters that formed networks.  The failed electrode subjected to ALT 

testing exhibited a significantly different morphology, where an increase in cracks, a decrease in 

agglomerates, and delamination of the coating can be observed.   
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2.7 Electrochemical Studies 

2.7.1 Cyclic Voltammetry Studies 

Xu and Scantlebury conducted cyclic voltammetry measurements to explore the 

electrochemical activity of IrO2-Ta2O5 coated Ti electrodes with varying Ir:Ta mole ratios in  

0.5 M Na2SO4 solution [25].  Cyclic voltammetry measurements were conducted with sweep rates 

from 20 to 200 mV/s in a single compartment cell, and the prepared samples were set as the 

working electrode, a platinum foil acted as the counter electrode, and a saturated calomel electrode 

(SCE) was used as the reference electrode.  The change in current density and normalized current 

density (ratio between current density (j) and surface charge (q*)) were observed to evaluate the 

electrochemical activity and electrocatalytic activity, respectfully.  To clarify, electrochemical 

activity is observed as the current density respect to the surface area of the electrode, and the 

electrocatalytic activity is related to the current density related to the real surface area of the 

electrode.  The surface charge is determined by integrating between the hydrogen and oxygen 

evolution regions in a cyclic voltammetry curve [26].  Figure 13 displays the change in current 

density and normalized current density of oxygen evolution (1.2 V vs. SCE) with respect to varied 

Ir mol % content.   

 

Figure 13. (a) Current density and (b) normalized current density of oxygen evolution (1.2 V vs. 

SCE) with respects to Ir mol% content [26]. 
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Shown in Figure 13.a, an increase in Ir content results in an increase in electrochemical activity, 

as the current density increases by 5.1 mA/cm2 from 10-50 mol% Ir.  Between 50-70 mol% Ir, the 

current density reaches its maximum, and then decreases at 90 mol% Ir.  This reveals that high 

electrochemical activity can be achieved between 50-70 mol% Ir.  Figure 13.b shows the 

normalized current density increases from 10-90 mol% Ir, then slightly decreases at 90 mol% Ir, 

suggesting that increasing the Ir content can improve the electrocatlytic activity of IrO2-Ta2O5 

anodes. 

Cyclic Voltammograms of Ir-Ta-O coated samples on Ti substrates without treatment, 

pretreated by oxalic acid etching or hydrogen treatment at different temperatures (300, 400, 500, 

600 °C), were investigated by Yan et al. [20].  Cyclic voltammetry (CV) measurements were 

performed in 0.5 M H2SO4 solution, using a three-electrode configuration with a Pt plate set as a 

counter electrode and a saturated calomel electrode as a reference electrode.  The results of the CV 

tests are displayed in Figure 14.   

 

Figure 14.  Voltammograms of IrO2-Ta2O5 coated Ti substrates under varied metal substrate 

pretreatment methods [20]. 
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The electro-catalytic performance of an electrode is determined by integrating the CV curves to 

measure the voltammetric charge capacity (q*).  The voltammograms show that hydrogen treated 

substrates have a higher electro-catalytic activity versus the oxalic acid etching method and 

substrate without treatment.  The hydrogen treated anode at 400 °C exhibited the highest electro-

catalytic activity, while the substrate without treatment had the lowest activity. 

2.7.2 Polarization Studies 

An investigation performed by Li et al. [27] explored the electrochemical properties of 

IrO2-Ta2O5 coated Ti anodes with varied amounts of IrO2 (10, 40, 70, and 100 mol%) by 

potentiodynamic polarization.  Polarization measurements were conducted on prepared anodes in 

0.5 M H2SO4 solution at 25 °C at a scan rate of 10 mV/s using a three-electrode setup.  For each 

prepared electrode of varied IrO2 content, the current of oxygen evolution potential (1.5 V vs. 

SCE) was measured and is shown in Figure 15. 

 

Figure 15. Current of O2 evolution (1.5 V vs. SCE) for prepared IrO2-Ta2O5 coated Ti anodes of 

varied IrO2 content (x represents mol%) using an SCE reference electrode and a Pt counter 

electrode [27].   
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In Figure 15, the current increases from 40 mol% to 70 mol% IrO2.  At 70 mol% IrO2, the current 

reaches its maximum value, which suggests that a composition of 70 mol% IrO2 has the highest 

electrocatalytic activity for oxygen evolution reaction. 

2.7.3 Overpotential Studies 

The effect of Ir content (10, 30, 50, 70, 90 mol% Ir) on the oxygen evolution reaction on 

IrO2 – Ta2O5 coated Ti electrodes was explored by Xu and Scantelbury [18].  Polarization behavior 

was measured with a sweep rate of 0.33 mV/s in 0.5 M Na2SO4 solution.  The current density at 

constant potential (1150, 1200, and 1250 mV) was plotted as a function of Ir content and is 

displayed in Figure 16. 

 

 

Figure 16. Current density as a function of Ir content in 0.5 M Na2SO4 solution [18]. 

 

The results indicate that the maximum electrochemical activity occurs at 50-70 mol% Ir.  

Furthermore, the increase in the polarization potential yields a larger difference in current densities 
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for electrodes with various Ir concentrations.  Thus, the oxygen evolution reaction is enhanced 

with increased potential. 

2.7.4 Pourbaix Diagrams 

A common method to predict the formation of stable chemical species in an 

electrochemical system is constructing potential-pH diagrams known as Pourbaix diagrams.  

Pourbaix diagrams are based on thermodynamic data and provide the stability of a metal as a 

function of pH and potential.   

Potential-pH diagrams of Ir-H2SO4-F and Ta-H2SO4-F systems were constructed and 

studied by Ma et al. [22] using a STABCAL program with conditions of 0.0001 M Ta or 0.0001 

M Ir in 2 M H2SO4 (~-0.54 pH) with 200 ppm fluoride and are displayed in Figure 17.   

 

Figure 17. Pourbaix diagrams of Ir-H2SO4-F (a) and Ta-H2SO4-F (b) systems in 2 M H2SO4 (~-

0.54 pH) with 200 ppm fluoride (both Ir and Ta concentrations = 0.0001 M) [22]. 

 

Illustrated in Figure *, the thermodynamically favorable species in the Ir-H2SO4-F system of ~-

0.54 pH and above a potential of 1 V is IrO2 (s).  At potentials above 6 V, the dominant species is 

IrF6 (s), which forms from the presence of HF that attacks the IrO2 content in the coating.  The Ta-
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H2SO4-F system revealed TaO2
+ (aq) as the most stable species at potentials above 0 V, which 

indicates that fluoride does not impact the dissolution of Ta2O5 in sulfuric acid solutions containing 

fluoride.   

2.8 Reliability of Coatings 

2.8.1 Accelerated Life Time Studies 

Accelerated lifetime (ALT) tests were conducted by Xu et al. [18] to evaluate the stability 

of Ti-based IrO2-Ta2O5 coated anodes with varied Ir mol% of 10-90 mol%.  ALT tests were 

conducted in 1 M H2SO4 with an applied current density of 2 A/cm2.  The results of the ALTs are 

presented in Figure 18. 

 

 

Figure 18.  Accelerated lifetime tests of IrO2-Ta2O5 coated Ti anodes in 1 M H2SO4, with a current 

density of 2 A/cm2 [18]. 

 

Anodes with 10-50 mol% Ir displayed the shortest lifetimes; however, a dramatic increase in 

lifetime was demonstrated by the anode with 70 mol% Ir, which exhibited the longest lifetime of 
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~500 hrs.  The lifetime was slightly decreased at 90 mol% Ir, which obtained a lifetime of ~450 

hours.  Thus, it was deduced that the amount of Ir present in the oxide coating contributes to the 

stability of the anode. 

An additional study by Morimitsu et al. [28] inspected the lifetime of 70 mol% IrO2-30 

mol% Ta2O5 films as a function of film thickness in alkaline solutions.  ALTs were conducted in 

4 M NaOH solution with a constant applied current density of 1 A/cm2, where the cell potential 

with respect to electrolysis time are presented in Figure 19.a.  The influence of the oxide coating 

weight on the lifetime of the anodes is shown in Figure 19.b. 

 

Figure 19. Accelerated lifetime tests for 70mol% IrO2-30mol% Ta2O5 in 4 M NaOH at a current 

density of 1 A/cm2. (a)  Variation in cell voltage with oxide coatings of 0.8 mg/cm2 (∘), 0.9 mg/cm2 

(□), 1.0 mg/cm2 (♢), and 1.3 mg/cm2 (△); (b) Lifetime dependence on the amount of oxide coating 

[28]. 

 

Shown in Figure 19.a, the coating thickness has a clear effect on the lifetime of 70 mol% IrO2 – 

30 mol% Ta2O5, where an increase in thickness results in an extended service life.  Figure 19.b 

demonstrates a linear relationship between the lifetime of the anode and the thickness of the 
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coating, where a slope of 2665 h.cm2/mg is noted.  The slope signifies the accelerated lifetime per 

unit amount of oxide coating and is a similar value to the same electrode exposed to sulfuric acid 

solution.  Thus, the durability of an electrode in an alkaline solution can be compared to the 

durability of an electrode in an acidic solution. 

ALTs of IrO2-Ta2O5 coated samples on Ti substrates without treatment, pretreated by 

oxalic acid etching, and hydrogen treatment at different temperatures of 300, 400, 500, 600 °C 

were investigated by Yan et al. [20].  Measurements were conducted in 0.5 M H2SO4 solution at a 

current density of 4 A/cm2, with a pure titanium (TA2) plate was set as the counter electrode.  The 

results are displayed in Figure 20. 

 

Figure 20.  Accelerated lifetime test in 0.5 M H2SO4 at a constant current density of 4 A/cm2 [20]. 

 

The oxalic acid etched substrate achieved the longest lifetime of 916 hours.  Out of the hydrogen 

treated substrates, the anode treated at 400 °C had the longest lifetime of 637 hours.  The anode 

without treatment performed the poorest with a lifetime of 350 hours.  The study concluded that 

the pretreatment of the Ti substrate influences the service life of IrO2-Ta2O5 anodes.   
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2.9 Degradation Mechanism 

The degradation of 70 mol% IrO2-30 mol% Ta2O5 coated Ti anodes in sulfuric acid was 

studied by Hu et al. [29], where a model of the degradation mechanism of these IrO2-based anodes 

was proposed and is depicted in Figure 21. 

Figure 21. Schematic of degradation mechanism of IrO2-Ta2O5 coated Ti anodes: (1) Ti base; 

(2) Oxide layer; (3) Electrolyte.  (a) crevice sites; (b) opening sites [29]. 

 

During the electrolysis process of IrO2-Ta2O5 coated Ti anodes, the electrolyte penetrates through 

the porous structure of the mixed oxide layer and encounters exposed areas of the underlying Ti 

substrate.  This interaction results in immediate anodic oxidation of the Ti base.  When oxygen 

evolution occurs at the anode, the solution at the crevice sites becomes more acidic and creates Ti 

dissolution conditions that lead to vacancies or holes at the interface between the base metal and 

oxide layer.  With long exposure to oxygen evolution, areas of the oxide layers that are adjacent 

to the vacancies eventually peel off, exposing additional areas of the Ti substrate to be further 

oxidized.  The continued dissolution and oxidation of the Ti base causes the detachment of the 
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oxide layer, where the resistance of the anode increases. Consequently, this increases the cell 

potential and ultimately leads to the deactivation or failure of the anode. 

Another degradation mechanism was proposed by Ma et al. [22] that included the 

contribution of fluoride ions to the deterioration of the IrO2-Ta2O5 coatings in 2 M sulfuric acid 

solutions.  Hydrofluoric acid was calculated to be the thermodynamically favorable species in           

2 M sulfuric acid solutions containing different concentrations of fluoride (10, 25, 100, and           

200 ppm) by a STABCAL software.  The calculated percentages of fluoride containing species for 

different levels of added fluoride to 2 M H2SO4 solutions are tabulated in Table 3.   

 

Table 3. Fluoride species percentages in 2 M H2SO4 (~-0.54 pH) solutions with different 

concentrations of added fluoride [22].   

Accelerated lifetime test solutions comprised of 2 M H2SO4 containing fluoride ions are 

likely to have the following chemical reactions: 

𝐹− + 𝐻+ → 𝐻𝐹 (1) 

6𝐻𝐹 + 𝐼𝑟𝑂2 → 𝐼𝑟𝐹6(𝑠) + 2𝐻2𝑂 + 𝐻2 ↑ (2) 

𝑇𝑎2𝑂5 + 2𝐻+ → 2𝑇𝑎𝑂2
+ + 𝐻2𝑂 (3) 

HF is the prevalent fluoride-containing species in the test solution as fluoride is introduced as NaF 

to the sulfuric acid solution.  HF attacks the cracks on the coating surface and propagates deeper 
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into the oxide layers as the test solution penetrates through these crevices.  IrO2 is attacked by HF 

and produces IrF6 (s) species, as Ta2O5 reacts with the sulfuric acid test solution to form TaO2
+ 

species.  Simultaneously, gas bubbles that are continuously produced at the anode remove IrF6 and 

induce spalling of the coating. The congruent dissolution and spalling of the coating results in the 

complete removal of the oxide coating, exposing bare Ti to the fluoride containing sulfuric acid 

test solution.  A passivation layer forms on the Ti substrate that causes an increase in the cell 

potential and reduces the anode lifetime.  

2.10 Copper Electrowinning Additives 

In the electrowinning (EW) process, sulfuric acid mist is generated from oxygen evolution 

at the anode.  The oxygen evolution reaction produces oxygen bubbles that rise and burst at the 

electrolyte/air interface, which projects acid droplets into the air of the tank house.  The airborne 

acid droplets form an acid mist that pose detrimental effects to equipment, building structure, and 

workers in the tank house.  The health hazards associated with sulfuric acid mist is extreme 

discomfort to the skin, eyes, and respiratory system.  To reduce the levels of acid mist, surfactants 

are added to the EW baths to suppress the formation of bubbles at the surface of the electrolyte to 

prevent the ejection of acid droplets into the air. 

3M Acid Mist Suppressant FC-1100 is a fluorocarbon-based surfactant that is 

commercially used in industrial copper EW tank houses.  The surfactant contains fluoroalkyl 

acrylates (Figure 22) that possess high energy C-F bonds that enable the surfactant to withstand 

the harsh conditions of the EW process [30].   
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Figure 22. Generic structure of fluoroalkyl acrylate in FC-1100 [30]. 

 

A patent assigned to 3M describes several mist suppressants. One of the chemical compounds was 

C4F9SO2N(C2H4COOH)C3H6N(CH3)2 and is formulated as follows: 

(𝑅𝑓)
𝑛

(𝑄)𝑥𝑍 (4) 

 

where Rf is a fluorinated radical with 4-8 C atoms, n is 1 or 2, Q is a linking group, x is 0 or 1, and 

Z is a water-solubilizing group [31]. FC-1100 significantly reduces the levels of acid mist without 

the formation of a foam blanket, which allows the surfactant to remain in the acidic solution rather 

than congregating on the surface of the EW solution.  The suppressant in the electrolyte adsorbs 

at the gas-liquid interface of the oxygen bubbles as the bubbles rise to the surface of the EW bath.  

Once the bubbles arrive at the surface of the electrolyte, the electrolyte drains from the walls of 

the bubbles, which prevents the bubbles from bursting.  Figure 23 illustrates actual tank house 

data of acid mist levels as a function of FC-1100 concentration [7]. 
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Figure 23.  Plot of acid mist levels as a function of FC-1100 concentrations [7]. 

 

From the data in Figure 23, acid mist levels significantly decrease at ~10 ppm FC-1100 and 

stabilize at ~30 ppm FC-1100.  Thus, typical concentrations of FC-1100 in electrowinning tanks 

is 30 ppm. 

Modified cornstarch, such as Hydrostar, is a smoothing agent that is added to EW tanks to 

improve the quality of deposited copper.  The cornstarch prevents the growth of nodules on the 

plated copper surface, which yields smooth layers of copper free of voids and porosity [32].  A 

comparison study between Hydrostar and the once standard additive guar gum was conducted by 

Sandavol et al. [33].  The results of the comparison survey of Hydrostar and gaur is presented in 

Table 4. 

 

Table 4. Comparison of physical characteristics of cathodes produced in bench-scale copper 

electrowinning with different additives. *FT = field-induced texture, BR = basis reproduction [32] 

 

The study concluded that the saccharide produced denser deposited copper with lower sulfur 

content than its guar gum counterpart.  
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Chapter 3 

Materials and Experimental Methods 

 

3.1 Materials 

The electrode samples used in this study were comprised of titanium mesh substrates 

coated with seven top layers of 50 mol% IrO2-50 mol% Ta2O5 and four bottom layers of 80 mol% 

IrO2-20 mol% Ta2O5 to achieve an overall 70 mol% IrO2-30 mol% Ta2O5 coating composition.  

Prepared by a commercial vendor, 8.5 x 2.5 cm bare Ti mesh substrate with a 35% open fraction 

were initially greased in acetone, then etched in boiling oxalic acid to improve adhesion for the 

conductive ceramic coating.  The oxide coatings were prepared by a thermal decomposition 

method with H2IrCl6 and TaCl5 precursors.  The precursors were dissolved in a butanol solution 

containing a polymeric resin, and then they were brushed coated onto one side of the mesh.  A 

total of 11 oxide layers were applied to the substrate in two steps:  four layers of 80 mol% IrO2-20 

mol% Ta2O were coated and then fired at 450 °C, followed by an additional seven layers of 50 

mol% IrO2-50 mol% Ta2O5 fired at 400 °C.  The thermally prepared electrode is shown in Figure 

24. 

 

Figure 24.  Thermally prepared 70 mol% IrO2 – 30 mol% Ta2O5 coated Ti expanded mesh 

electrode (8.5 x 2.5 cm). 
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The chemicals used in this investigation were sulfuric acid (96%, Cleanroom® MB, KMG 

Electronic Chemicals, Inc), sodium fluoride (>99%, ACS reagent, Acros Organics), potassium 

hydroxide (45 wt%, Fisher Chemicals), phenolphthalein indicator solution (1% phenolphthalein 

in 39.3% Isopropanol, Fisher Chemicals), FC-1100 (3M™ Acid Mist Suppressant), and cornstarch 

(Chemstar® Hydrostar). 

3.2 Electrochemical Measurements 

3.2.1 Accelerated Lifetime Test (ALT) 

The experimental apparatus used for ALT experiments is shown in Figure 25,and were 

conducted in a customized 50 ml polypropylene electrochemical cell connected to a 2000 ml 

polypropylene beaker that acted as a reservoir for the electrolyte.  One liter of a base electrolyte of 

2 M sulfuric acid containing fluoride at ambient temperature was pumped and recirculated at a 

flow rate of 300 ml/min by a microprocessor-controlled device during the duration of the test.  An 

IrO2-Ta2O5 coated Ti mesh anode and a bare Ti mesh cathode were immersed in the electrolyte.  

A small polypropylene cover installed between the electrodes on top of the cell served to minimize 

acid mist corrosion of the electrical contacts of the electrodes.  An additional polypropylene lid 

was positioned above the electrolyte reservoir to prevent evaporation of the solution.  A constant 

current density of 0.54 A/cm2 or 0.72 A/cm2 was applied to the cell by a PARSTAT 2273 

connected to a KEPCO current booster.  Powersuite® software was used to monitor changes in 

the cell potential with data points collected every 16 minutes. 
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Figure 25. Experimental apparatus for accelerated lifetime test. 

 

ALTs were conducted in 2 M H2SO4 solution containing fluoride (10 and 50 ppm) in the 

presence and absence of EW additives (FC-1100 and Hydrostar) to determine the effects of the 

additives on the accelerated lifetime of the anodes. 

During the accelerated tests, water loss would occur from the decomposition of water to 

produce oxygen at the anode.  To replenish the water loss and to restore the electrolyte to the 

desired concentration, the concentration of sulfuric acid was determined by titration every 48 

hours.  The titration procedure used an analyte of 5 mL test solution diluted to 100 ml by the 

addition of water.  The analyte was titrated with 1 M KOH using phenolphthalein as the indicator. 

The endpoint of the titration was indicated by a permanent color change of the analyte to a 

pink/purple color that marked the neutralization of the analyte by the titrant.  Typical 
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concentrations of the sulfuric acid solution ranged between 2.1-2.4 M, which required 50-165 mL 

of water addition every 48 hours.  

3.2.2 Anodic Polarization Measurements 

Anodic polarization measurements were taken before, during, and after ALTs to determine 

the overpotential for oxygen evolution.  A three-electrode system setup was used with the IrO2-

Ta2O5 sample set as the working electrode, a Pt foil as the counter electrode, and a mercury-

mercurous (Hg/HgSO4) electrode as the reference electrode in 2 M sulfuric acid solution.  Tests 

were conducted between 0.6 V to 2.0 V vs. Hg/HgSO4 at a scan rate of 2 mV/s.   

3.2.3 Chemical Composition Analysis  

The surface chemical composition and chemical bonding information of the Ir-Ta oxide 

coatings were obtained through X-ray Photoelectron Spectroscopy (XPS) using a Kratos 165 Ultra 

Photoelectron Spectrometer.  To characterize the Ir and Ta mass concentration as a function of 

depth in the coating, a sputter rate of approximately 1 A/min for sputter times of 120 minutes was 

used. 
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Chapter 4 

Results and Discussion 

 

 In this section, the results for the ALT tests, anodic polarization measurements, and XPS 

analysis will be presented.    

4.1 Accelerated Life Time (ALT) Test Measurements 

A typical ALT plot is presented in Figure 26 for a two-electrode system with a 70 mol% 

IrO2-30 mol% Ta2O5 anode and Ti mesh cathode, at an applied current density of 0.54 A/cm2 in 2 

M H2SO4 solution containing 50 ppm of fluoride at 25 °C.    

 

Figure 26. Measured cell potential as a function of ALT time in 2 M H2SO4 solution containing 

50 ppm F (i = 0.54 A/cm2, T = 25 C, t = 280 hours). 
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Three distinct regions are marked in Figure 26.  In Region I, a sudden increase in cell potential to 

~5 V occurs almost instantly when a constant current is applied to the system.  In Region II, the 

potential slightly decreases and becomes constant due to the stabilization of the system after the 

penetration of the electrolyte into the IrO2-Ta2O5 coating, which creates active sites for oxygen 

evolution.   In Region III, the potential progressively increases.  The time required for the potential 

to increase by 5 V in Region III is defined as the anode lifetime. 

The work described in this thesis explores the effects of current density and EW additives 

on the lifetime of IrO2-Ta2O5 anodes.  A 2 M H2SO4 solution containing 50 ppm F, here on referred 

as the base electrolyte, was used, and two different current densities, specifically 0.54 and 0.72 

A/cm2, were employed.  The additives in this investigation were 3M Acid Mist Suppressant (FC-

1100) and a modified cornstarch named Hydrostar.  Both additives were used at concentration 

levels of 30 ppm.  The different test solution conditions that were investigated for the ALT tests 

are tabulated in Table 5.   

Table 5. Solution conditions used for ALT tests. 

To investigate the effects of current density, a set of tests (shown in Figure 27) were 

conducted in a base electrolyte of sulfuric acid containing 50 ppm F at two different current 

densities of 0.54 and 0.72 A/cm2.  An additional ALT measurement was conducted in the base 
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electrolyte at 0.72 A/cm2 in the presence of 30 ppm of FC-1100 to determine the effect of the mist 

suppressant on the lifetime of the anode. 

 

Figure 27. ALT test curves of cell potential as a function of test time in 2 M H2SO4 containing 

50 ppm F solutions in the absence and presence of FC-100 (current densities of 0.54 and 0.72 

A/cm2). 

Observed from the data in Figure 27, current densities of 0.54 and 0.72 A/cm2 result in lifetimes 

of 280 and 205 hours, respectively.  This outcome reveals that an increased current density leads 

to a decreased lifetime.  Upon addition of 30 ppm of FC-1100 to the base electrolyte at 0.72 A/cm2 

current density, the anode exhibited a lifetime of 330 hours. 
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In commercial situations, both cornstarch and FC-1100 are present in EW tanks.  Thus, 

ALT tests were conducted with the base electrolyte solution with FC-1100 and cornstarch at 

current densities of 0.54 and 0.72 A/cm2.  Results are shown in Figure 28.  

 

Figure 28.  Effect of cornstarch on cell potential as a function of test time in 2 M H2SO4 

containing 50 ppm F solutions (current densities of 0.54 and 0.72 A/cm2). 

In the presence of both additives included in the base electrolyte, a lifetime of 405 and 320 hours 

was measured at 0.54 and 0.72 A/cm2, respectively.   

4.2 Anodic Polarization Measurements 

The objective of anodic polarization measurements was to determine if prolonged electrical 

stressing of the Ir-Ta-O films affect their electrochemical activity for oxygen evolution.  The tests 

were conducted in 2 M H2SO4 solution at a scan rate of 2 mV/s using an MSE reference electrode 
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with iR compensation applied during the measurements.  For plotting purposes, the potentials were 

converted with respects to SCE.  To convert measured potentials using an MSE reference electrode 

(𝐸𝑀𝑆𝐸) to an SCE scale (𝐸𝑆𝐶𝐸), the following formula was used: 

𝐸𝑆𝐶𝐸 = 𝐸𝑀𝑆𝐸 + 𝐸𝑆𝐶𝐸−𝑀𝑆𝐸 , (4.1)  

where 𝐸𝑆𝐶𝐸−𝑀𝑆𝐸 is the difference in the standard potentials of an SCE and MSE reference 

electrode.  

Table 6 lists the samples that were characterized for their oxygen evolution characteristics 

using anodic polarization.   

 

Table 6. ALT conditions and lifetime of IrO2-Ta2O5 anode samples tested for O2 overpotential 

(*: Did not fail). 

 

The polarization curves for the ALT experimental conditions (after iR compensation) listed in 

Table 6 is presented in Figure 29, with all potentials in respects to SCE. 
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Figure 29. Anodic polarization curves after iR compensation of IrO2-Ta2O5 coated Ti mesh 

electrodes (fresh and used in ALTs) in 2 M H2SO4 (The intersection of dotted lines with the x-axis 

is used to determine the overpotential values). 

Polarization measurements were conducted three times for each sample, where the overpotential 

for oxygen evolution was calculated by the method described in Section 2.3.  The average 

overpotential values with standard deviation are listed in Table 7.  
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Table 7. Overpotential for oxygen evolution for fresh and galvanostatically tested samples in 

different 2 M H2SO4 solutions (containing different amounts of fluoride, FC-1100, and/or 

cornstarch) and current densities (0.54 and 0.72 A/cm2). 

 

From the collected data in Table 7, the applied current density during ALT slightly increases the 

overpotential of oxygen evolution on the samples subjected to ALT.  For current densities of 0.54 

A/cm2 and 0.72 A/cm2, the overpotential is 0.35 V and 0.38 V, respectively. When additives are 

present in the base electrolyte with fluoride, the overpotential increases to 0.41 V and 0.45 V for 

current densities of 0.54 A/cm2 and 0.72 A/cm2, respectively.   

An additional study was to monitor the electrochemical activity of the IrO2-Ta2O5 anode at 

different stages during the accelerated lifetime test (10 ppm fluoride and 30 ppm of FC-1100 at a 

current density of 0.54 A/cm2). Anodic polarization tests were implemented every 96 hours in 2 

M H2SO4 to observe any changes in the electrocatalytic activity of the anode and are presented in 

Figure 30. 
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Figure 30. Anodic polarization curves after iR compensation of IrO2-Ta2O5 coated Ti mesh 

electrode subjected to ALT conditions of 10 ppm fluoride and 30 ppm of FC-1100 (i = 0.54 

A/cm2, t = 1036 hours).  

As may be observed in Figure 30, the current density at a given potential decreases with increasing 

time during the ALT test, indicating a degradation of electrochemical activity with continued 

electrical stressing.  The overpotential for each step time (96 hrs) is presented in Table 8. 
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Table 8. Overpotential for O2
 evolution for samples stressed at each step time (96 hrs) in 2 M 

H2SO4 with 10 ppm F, and 30 ppm FC-1100 (i = 0.54 A/cm2, t = 1036 hours). 

 

A combined plot of cell potential data during ALT and oxygen overpotential on samples at 

different stages during ALT is shown in Figure 31. 
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Figure 31.  Overlay plot of ALT in 2 M H2SO4 with 10 ppm F and 30 ppm FC-1100 at 0.54 

A/cm2 and calculated overpotential as a function of time.  

 

When the cell potential in the plateau region begins to rise (~600 hrs), the oxygen overpotential 

on the sample begins to increase.  Clearly the electrochemical activity begins to degrade as the 

sample approaches its lifetime.   

4.3 Surface Tension Measurements 

Surface tension measurements of 2 M sulfuric acid containing different concentrations of 

cornstarch and FC-1100 were conducted by a pendant drop method at 25 C using a KSV 

CAM101 Geoniometer.  The samples were measured in triplicates with their averages listed in 

Table 9. 

 

Table 9. 2 M H2SO4 solutions containing different concentrations of cornstarch and FC-1100 

for surface tension measurements. 

 

[Cornstarch] (ppm) [FC-1100] (ppm) Surface Tension (mN/m)

--- --- 70.0

--- 10 64.5

--- 20 65.0

--- 30 64.8

10 --- 67.3

20 --- 68.4

30 --- 68.8

40 --- 68.3

50 --- 68.2

10 30 64.8

20 30 62.9

30 30 63.5

40 30 63.8

50 30 63.3
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Solutions containing only FC-1100 reduce the surface tension from 70 mN/m to ~65.0 mN/m, 

while solutions containing cornstarch alone slightly decreases the surface tension to ~68.2 

mN/m.   When both additives are present in the 2 M H2SO4, the surface tension further reduces 

to ~63.5 mN/m. An overlay plot of surface concentrations as a function of additive concentration 

is presented in Figure 32. 

 

Figure 32. Overlay plot of surface tension as a function of additive concentration in 2 M H2SO4 

solution containing different levels of cornstarch and FC-1100. 

4.4 X-Ray Photoelectron Spectroscopy (XPS) 

XPS analysis was used to determine the surface concentrations of Ir, Ta, O, and C on as-

received and galvanostatically stressed IrO2-Ta2O5 anodes exposed to different experimental 

conditions in 2 M H2SO4 solution.  Sputter times were 120 minutes, with a sputter rate of 

approximately 1 A/min.  Details of the samples and conditions are tabulated in Table 10.  
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Sample ID Experimental Conditions Current Density (A/cm2) Lifetime (hrs) 

Fresh Unused (As – Received) --- --- 

50F – 54 50 ppm F 0.54 278 

50F – 72 50 ppm F 0.72 205 

50F30FC – 72 50 ppm F and 30 ppm FC - 1100 0.72 328 

Table 10.  Experimental conditions and lifetime of anode samples used in XPS analysis. 

The survey spectrum was obtained for the Fresh sample and is presented in Figure 32. 

 

Figure 32. XPS Survey Spectrum of the Fresh sample. 

Inspecting Figure 32, the surface of the oxide coating exhibits low Ir and Ta signals, with high 

concentrations of organic C.  After 20 minutes of sputter time, the carbon signals decrease 
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dramatically.  After a sputter time of 40-60 minutes, oxygen, iridium, and tantalum are the 

dominant signals in the oxide film.  The mass concentrations of only Ir and Ta of all the samples 

obtained from XPS analysis were calculated and are plotted as a function of sputter time in Figure 

33. 

 

Figure 33. Mass concentration % of Ir and Ta in galvanostatically stressed samples. 

The vendors that supplied the samples noted that the top layers were comprised of 50 mol% IrO2-

50 mol% Ta2O5, where an expected mass concentration for Ir and Ta is ~35% and ~65%, 

respectively.  For all samples, an increase in Ir and a decrease in Ta content with increased sputter 

depth is observed.  The Fresh sample after 40-minute sputter time revealed mass concentrations of 

40% Ir and 60% Ta.  At 12 nm sputter depth, the Ir and Ta mass percent are 45% and 55%, 

respectively.  The 50F-54 sample exhibited selective dissolution of Ta.within the first 4 nm.. At 4 

nm sputter depth, the Ir and Ta content stabilizes and exhibit congruent dissolution.  At 12 nm in 

the coating, the Ir mass% is ~40% and Ta mass% is ~60%.  Sample 50F-72 exhibits selective 

dissolution of Ir, which enriches the Ta content at high current densities of 0.72 A/cm2, resulting 
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in an Ir mass% of 35% and Ta mass% of 65% at 12 nm.  Presence of FC-1100 in the test solution 

for 50F30FC-72 inhibits the dissolution of Ir and yields selective dissolution of Ta.  The Ir and Ta 

mass % at 12 nm is 35% and 65%, respectively.   

The chemical bonding information was obtained for the as-received and galvanostatically 

stressed samples for 120-minute sputter time.  The XPS spectrum for O 1s, Ta 4f, and Ir 4f are 

displayed in Figure 34 (a), (b), and (c), respectively. 
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Figure 34. XPS spectrum of (a) O, (b) Ta, and (c) Ir for as-received and galvanostatically 

stressed samples. 

The galvanostatically stressed samples in the ALT test solution containing fluoride consistently 

show decreased intensity levels for O, Ta, and Ir.  Sample 50F-72 exhibits the lowest intensity 

signals for Ir and Ta.  The Ir and Ta signal intensity for sample 50F30FC-72 is higher than that 

of 50F-72, indicating that FC-1100 inhibits the dissolution of the coating.   

The Ir 4f and Ta 4f plots were fitted using a Gaussian/Lorentzian sum function to 

determine any changes in the oxidation states before and after ALTs.  The plots are presented in 

Figure 35 and 36.  The peak positions and area for Ir and Ta 7/2 states are listed in Table 11 

and 12.   
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Figure 35.  XPS Ir4f fitted peaks for fresh and ALT samples: (a) Fresh, (b) 50F-54, (c) 50-72, 

(d) 50F-30FC-72.  
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Figure 36.  XPS Ta4f fitted peaks for fresh and ALT samples: (a) Fresh, (b) 50F-54, (c) 50-72, 

(d) 50F-30FC-72.  

 

Table 11. XPS data for Ir 4f in different samples.  

 

 

Table 12. XPS data for Ta 4f in different samples. 

 

The Ir 4f spectral plots (Figure 35) reveal two major peaks and two minor peaks, with a 

doublet separation of 2.98 ± 0.02 eV.  The peak BEs in the Ir4f curves listed in Table 11 

Sample Oxidation State Peak Position (eV) Peak Area (cps eV) Attributed Species

Ir 4+ 62.03 1159.10 IrO2

Ir 3+ 60.90 3869.40 Ir

Ir 4+ 62.32 1143.30 IrO2

Ir 3+ 61.13 5543.40 Ir

Ir 4+ 62.15 839.70 IrO2

Ir 3+ 61.07 3165.40 Ir

Ir 4+ 62.09 1031.30 IrO2

Ir 3+ 60.97 3254.10 Ir

Fresh

50F-54

50F-72

50F30FC-72

Sample Oxidation State Peak Position (eV) Peak Area (cps eV) Attributed Species

Ta 5+ 26.76 2039.80 Ta2O5

Ta 4+ 25.55 589.90 TaO2

Ta 3+ 24.33 498.40 Ta2O3

Ta 2+ 23.34 572.30 TaO

Ta 5+ 27.05 3117.70 Ta2O5

Ta 4+ 25.96 580.90 TaO2

Ta 3+ 24.65 958.30 Ta2O3

Ta 2+ 23.46 1314.30 TaO

Ta 5+ 26.98 3309.00 Ta2O5

Ta 4+ 25.55 766.70 TaO2

Ta 3+ 24.18 623.30 Ta2O3

Ta 2+ 23.31 958.10 TaO

Ta 5+ 26.94 3062.60 Ta2O5

Ta 4+ 25.80 1150.80 TaO2

Ta 3+ 24.46 1123.10 Ta2O3

Ta 2+ 23.35 1557.00 TaO

Fresh

50F-54

50F-72

50F30FC-72
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correspond to Ir 4+ (IrO2) and Ir 3+ (Ir) reported in the literature with BEs of 61.9 eV and 60.8 

eV, respectively [34].   

The Ta 4f curves (Figure 36) show two major peaks accompanied with six minor peaks, 

with a doublet separation of 1.87 ± 0.06 eV.  Comparing the Ta BEs reported in the literature to 

the data in Table 12 indicate Ta 5+ (Ta2O5), Ta 4+ (TaO2), Ta 3+ (Ta2O3), and Ta 2+ (TaO) 

oxidation states at 27.0 ± 0.05, 25.7 ± 0.30, 24.3 ± 0.2, and 23.3 ± 0.3, respectively [35].   

4.5 Discussion 

The series of ALTs revealed the effects of high current density on the accelerated lifetime 

of the IrO2 – Ta2O5 anodes.  When the applied current density is increased from 0.54 to 0.72 

A/cm2, the anode exhibited a shorter accelerated lifetime.  This behavior was consistent for 

ALTs conducted in test solutions with the presence and absence of EW additives (cornstarch and 

FC-1100).  Interestingly, the inclusion of FC-1100 into the test solution increased the lifetime of 

the anode indicating life extending capabilities of the mist suppressant.  However, the ALT that 

contained both cornstarch and FC-1100 yielded similar accelerated lifetime to the ALT that only 

contained FC-1100.  This suggests that the addition of cornstarch to a solution that already 

contains FC-1100 does not affect the anode lifetime.   

The additives also contributed to the performance of the Ir-Ta-O anodes.  The presence of 

the additives in the test solution demonstrated significantly higher overpotentials for O2 

evolution compared to tested samples without the additives.  This result suggests the inclusion of 

additives to the test solution modifies the coating surfaces where inefficient oxygen evolution 

occurs. 
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During different stages of the ALT, changes in the electrochemical activity of the 

iridium-tantalum oxide anodes were observed.  In the early stages of the ALT test, the anode 

exhibited high current densities indicating high electrode activity.  The current density would 

gradually decrease and stabilizes at 230 hours.  The current density stabilization period lasted 

600 hours and then progressively decreased towards the end of the ALT.  The decrease in the 

current density, increases the potential for oxygen evolution, which signifies loss of 

electrochemical activity.   The low electrochemical activity of the anode requires the system to 

input higher potentials to drive the ALT at a constant current density.  Thus, an increase in cell 

potential during ALT is observed near the end of accelerated testing.   

The anode sample stressed at low current density (50F-54) demonstrated selective 

dissolution of Ta, which increased the Ir content of the coating for the first 4 nm.  With increased 

sputter depths, the two elements stabilized indicating electrochemical congruent dissolution, 

where IrO2 is attacked by HF to form IrF6 and Ta2O5 reacts with the test solution to form TaO2 

[22].  The sample subjected to high current density (50F-72) exhibited opposite electrochemical 

behavior.  Selective dissolution of Ir, which enriched the Ta content in the coating was observed.  

This behavior stems from the increase in current density that accelerates the rate of oxygen 

evolution.  The increased rate of the formation of gas bubbles on the electrode increases the 

number of cracks in the coating to create more pathways for HF to penetrate the coating to attack 

IrO2.  Interestingly, when FC-1100 is present in the test solution at high current density, selective 

dissolution of Ta occurs to enrich the Ir content.  This suggests FC-1100 adheres to the surface 

coating and inhibits the dissolution of Ir, where the surfactant complexes with the Ir content in 

the coating.   
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The IrO2 – Ta2O5 anode samples associated with ALT consistently showed decreased 

intensity levels for O, Ta, and Ir.  The decrease in the intensity is a result from the dissolution 

and removal of the oxide coating from accelerated testing.  The electrically stressed anode 

sample at high current density of 0.72 A/cm2 (50F-72) exhibited the lowest intensity signals for 

Ir and Ta. This result indicates higher applied current densities to ALT in fluoride containing 

solutions accelerate the removal of the oxide coating.  The Ir and Ta signal intensity for sample 

50F30FC-72 revealed higher levels than 50F-72, demonstrating that FC-1100 inhibits the 

dissolution of the coating.   

The oxidation states of Ir 4f and Ta 4f of the oxide coating showed little variation in peak 

position before and after ALT.  In addition, the overall appearance of the spectral envelopes, 

show slight modification of the relative oxidation state population associated with ALT.  

Variability in the peak areas and the energy positions is associated from the multiple fitting 

parameters.  This result indicates limited changes in the oxidation states after accelerated testing.  

Based on the results of the electrochemical studies, surface tension measurements, and 

surface composition analysis, a degradation mechanism is proposed for the presence of FC-1100 

in a 2 M sulfuric acid solution containing fluoride.  When FC-1100 is present in the ALT test 

solution, FC-1100 does not adsorb much at the liquid/gas interface.  Due to the surfactant 

properties of the mist suppressant, FC-1100 adsorbs onto the surface of the anode complexing 

with the iridium content of the coating inhibiting the dissolution of iridium.  However, the 

adsorption of FC-1100 onto the surface of the anode modifies the surface of the coating where 

inefficient O2 evolution occurs.  The combination of FC-1100’s ability to protect the active Ir 

components of the oxide coating from reacting with HF to form IrF6 and retarding the O2 
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evolution process; ultimately extends the lifetime of the anode at current densities of 0.54 and 

0.72 A/cm2.    

4.6 Conclusions 

The following conclusions can be made from work described in this thesis: 

1. The lifetime of the IrO2-Ta2O5 anodes in sulfuric acid solution containing fluoride were 

significantly decreased when the applied current density was increased from low current 

densities of 0.54 A/cm2 to high current densities of 0.72 A/cm2.   

2. The addition of FC-1100 into the sulfuric acid solution containing fluoride revealed life- 

extending capabilities of the mist suppressant.  In the absence of FC-1100 at high current 

densities, the anode lifetime was 205 hours; however, in the presence of FC-1100, the 

lifetime of the electrode was increased by 125 hours.   

3. The mist suppressant, FC-1100, had a more significant effect on ALT than Hydrostar. 

4. When FC-1100 and Hydrostar are present in sulfuric acid with fluoride, a significant 

increase in the oxygen evolution overpotential is observed, which indicates that the 

additives modify the coating surface, resulting in inefficient oxygen evolution.   

5. Monitoring of the electrochemical activity of the anode at different stages during the 

accelerated lifetime tests showed that the overpotential increases as the cell potential 

increases during ALTs, indicating progressive decrease in electrochemical activity.  

6. Surface tension measurements indicate FC-1100 does not adsorb much at the liquid/gas 

interface. 

7. XPS analysis of the oxide coating revealed dramatic decrease in carbon signals with 

dominant signals of oxygen, iridium, and tantalum after 20 - minute sputter times.  All 

samples demonstrated an increase in Ir and decrease in Ta content within 4 nm of the 
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coating and exhibited congruent dissolution deeper into the coating.  At high current 

densities, select dissolution of Ir enriches the Ta content in the coating and the presence 

of FC-1100 suggests that the surfactant adsorbs onto the oxide surface and complexes 

the Ir in the coating.  

8. Chemical bonding of O, Ta, and Ir showed decreased intensity levels for 

gavanostatically stressed samples and indicates the removal of the coating from 

accelerated testing.  High current densities show the lowest intensity of the investigated 

elements.  The presence of FC-1100 displayed the highest intensity peaks for the ALT 

tested samples, suggesting the adsorption of FC-1100 on the oxide surface of the anode.  

4.7 Future Work 

Based on the results of this study, the mist suppressor FC-1100 exhibited an interesting duel role; 

it increased the anode lifetime but decreased the electrochemical activity of the electrode surface. 

Thus, a fundamental investigation to elucidate the interaction of the fluorocarbon mist suppressants 

with Ir-Ta-O surfaces of different compositions would be extremely valuable contribution to the 

copper electrowinning field.  Both electrochemical and surface chemical methods could be used 

to relate the extent of adsorption of the suppressant of the compounds to changes in 

electrochemical activity.  Additionally, the methods described in this work can be used for the 

identification of alternative mist suppressants. 
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Appendix A: Procedure for Accelerated Life Test Measurements Using PARSTAT 2273 
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Cell Assembly: 

1. Clean Cell with DI water. 

2. Cut sufficient amounts of PP tube and clean with DI water. 

3. Connect tube to outlets of the cell. 

4. Cover reference outlet with parafilm (2x). 

5. Add electrolytic solution (2 M H2SO4) into the reservoir (1000 ml beaker). 

a. Add 889 mL of DI water into cell. 

b. Add 111 mL of Sulfuric Acid 

c. Pour in 3 increments; solution will heat up. 

d. Wait until solution returns to room temperature (~1 hr). 

e. Conduct titration to confirm desired 2 M H2SO4 concentration. (page. 7) 

6. Start pump operation (        ). 

7. Add desired Fluoride and additive (FC-1100 and/or Cornstarch) concentrations. 

Electrode Assembly: 

1. Use pliers to cut a hole in the anode on the side that is bent. 

 
Fig. 1. Anode  

 

2. Insert screw, attach electrical contact, and secure with a nut (for both anode and cathode). 

a. For both anode and cathode. 

b. Head of screw should be placed on the non-coated side of the anode (Non-coated 

side exhibits iridescence). 
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Fig. 2.a. Inside Fig. 2.b. Outside 

 

  
Fig. 3.a. Inside Fig. 3.b. Outside 

 

3. Wrap the electrical contact attachment area with PTFE tape. 

4. Use a pipette tip to apply anti-oxide paste under the taped area.   

5. Attach additional alligator clips to the electrodes. 

a. Cover the alligator clips with PTFE tape. 

6. Measure the resistance (Ω) of the electrodes with a voltmeter to ensure that the electrical 

contacts are installed properly. 

a. ~ 10 Ω 
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Fig. 4. Electrodes with PTFE tape and anti-oxide grease 

 

7. Place anode into electrode cavity of the cell. 

a. Measure the immersed area (~2.5 cm x 2.5 cm).  

b. Rinse anode with DI water. 

8. Connect the anode to the working (green) 

9. Connect the cathode to the counter that is shorted by the reference. 

 

 
Fig. 5. Electrode Wiring 
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Program Operation: 

1. Turn on PAR 2273, press Cell enable, and turn on the current booster. 

 
Fig. 6. Parstat and Power Supply 

 

2. Open Power Suite on the desktop. 

3. Run a pretest with the following conditions to ensure that the setup was completed 

correctly.  

  
Fig. 7. a. Cell Definition Window Fig. 7. b. Scan Definition Window 
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Fig. 7. c. PreScan Definition Window Fig. 7. d. Expert Options Window 

 

4. Open the Experiment drop down menu and select New… 

 

 
Fig. 8. New Experiment 
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5. Select Galvanstatic (def) and enter experiment name. 

 
Fig. 9. Galvanostatic (Def) 

 

6. Select PowerBooster in Cell Definition window. 

 
Fig. 10. Cell Definition Window 
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7. Input the following in Scan Definition window: 

a. Current step: 4.5 A 

i. 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑆𝑡𝑒𝑝 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑥 𝑆𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐴𝑛𝑜𝑑𝑒 

ii. For current density of 0.72 A/cm2 

iii. For area of 6.75 cm2 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑆𝑡𝑒𝑝 = (0.72
𝐴

𝑐𝑚2
) (6.25 𝑐𝑚2) = 4.5 𝐴 

b. Step Time: 100 hr 

c. Time per Point: 16 min 

d. Number of Points: 376 

 
Fig. 11.  Scan Definition Window 
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8. Skip Prescreen Definition window. Select Custom Pstat Control in Expert Options 

window.  

 

  
Fig. 12. a. Prescreen Definition Window Fig. 12. b. Expert Options Window 

 

 

Acid – Base Titration: 

Prior to Titration: 

1. Stop the Power Suite experiment. 

2. Adjust the tubes in the pump. 

3. Restart the pump and wait until the solution recirculates. 

4. Restart the Power Suite experiment. 

Solution Calculations: 

𝐻2𝑆𝑂4 + 2𝐾𝑂𝐻 → 𝐾2𝑆𝑂4 + 2𝐻2𝑂 

• Titrant: 1 M KOH (100 mL): 

o VKOH = 8.56 mL 

o VDI = 91.44 mL 

• Analyte: Diluted Test Solution (100 mL): 

o VTest = 5 mL 

o VDI = 95 mL 

Procedure: 
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1. DI rinse Erlenmeyer flask (Conical Flask). 

2. Prepare the analyte in an Erlenmeyer flask. 

3. Add 3 drops of phenolphthalein indicator solution to the analyte. 

4. DI rinse the burette. 

5. Rinse the burette with the titrant. 

6. Fill the burette with the titrant (30-40 ml). 

a. Avoid air bubbles in the shaft and pipette tip of the burette. 

7. Measure the volume of titrant used to reach the endpoint of titration indicated by a color 

change of the analyte from clear to pink.  

8. Replenish DI water, Fluoride and additives to maintain desired concentrations.  

9. DI rinse burette and glassware used in titration tests. 

Replenish Calculations: 

• DI Water: 

𝐶𝐾𝑂𝐻𝑉𝐾𝑂𝐻 = 2𝐶𝐻2𝑆𝑂4
𝑉𝐻2𝑆𝑂4

 , To find CH2SO4 

𝐶𝐻2𝑆𝑂4
=

𝐶𝐾𝑂𝐻𝑉𝐾𝑂𝐻

2𝑉𝐻2𝑆𝑂4

∗ 20 , Diluted from 5 mL to 100 mL 

𝐶𝑇𝑒𝑠𝑡𝑉𝑇𝑒𝑠𝑡 = 𝐶𝐻2𝑆𝑂4
𝑉𝐻2𝑆𝑂4

 , To Find VH2SO4 in the Test Solution 

𝑉𝐻2𝑆𝑂4
=

𝐶𝑇𝑒𝑠𝑡𝑉𝑇𝑒𝑠𝑡

𝐶𝐻2𝑆𝑂4

 , 

 

 

𝑉𝐷𝐼 = 𝑉𝑇𝑒𝑠𝑡 − 𝑉𝐻2𝑆𝑂4
 . Use average of VDI for DI needed to be 

added. 

 

• Fluoride added as Sodium Fluoride (NaF): 

𝑚𝐹 = 𝑉𝑠𝑎𝑚𝑝𝑙𝑒𝐶𝐹 , Vsample = 10 ml 

𝑚𝑁𝑎𝐹 = 𝑚𝐹 ∗
𝑀𝑤𝑁𝑎𝐹

𝑀𝑤𝐹
 .  

 

• 3M Acid Mist Suppressant added from 12000 ppm stock solution: 

𝐶𝑠𝑡𝑜𝑐𝑘𝑉𝑠𝑡𝑜𝑐𝑘 = 𝐶𝑇𝑒𝑠𝑡𝑉𝑇𝑒𝑠𝑡,  

𝑉𝑠𝑡𝑜𝑐𝑘 =
𝐶𝑇𝑒𝑠𝑡𝑉𝑡𝑒𝑠𝑡

𝐶𝑠𝑡𝑜𝑐𝑘
. 

 

 

• Chemstar Cornstarch: 

𝑚𝑠𝑡𝑎𝑟𝑐ℎ = 𝑉𝑇𝑒𝑠𝑡𝐶𝑠𝑡𝑎𝑟𝑐ℎ.  
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Clean Up: 

1. Stop the program and pump. 

2. Shut off the potentiostat. 

3. Remove the tube from the pump. 

4. Remove electrodes from electrode cavity. 

a. Remove electrical attachment to alligator clips. 

b. Blot dry the electrodes. 

c. Rinse electrodes with DI water. 

d. Remove and discard tape, electrical contact, bolt, and nut. 

e. Re-rinse electrodes with DI and IPA. 

f. Blot dry and save anode in an envelope. 

i. Wrap in kimwipe with date and ppm amount. 

5. Discard test solution into waste bucket. 

a. Some solution will remain in the cell. 

6. Thoroughly rinse the cell with copious amounts of DI water. 

7. Remove tubing from cell, rinse with DI water, and discard. 

8. Rinse Cell lid and electrode separator with DI water. 
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Appendix B: Procedure for Conducting Anodic Polarization Tests Using PARSTAT 273A 
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Setup: 

Equipment: PARSTAT 273A 

Software:  CorrWare 

 

Solution Preparation: 

0.1 M HCl: 

For 50 ml solution: 

1. 49.59 ml DI water. 

2. 0.41 ml HCl. 

2 M H2SO4: 

For 100 ml solution: 

1. 88.9 ml DI water. 

2. 11.1 ml H2SO4. 

3. Wait until solution returns to room temperature. 

4. Mix with stirring rod for 1 hour. 

 

Three Electrode Cell: 

Electrodes: 

• Working: IrO2-Ta2O5 coated Ti substrate 

• Cathode:  Platinum Foil 

• Reference:  Hg/Hg2SO4 

Electrolyte:  

• 2 M H2SO4 

Cell Assembly: 

1. Clean platinum foil with 0.1 M HCl and DI water. 

2. DI rinse working and reference electrodes. 

3. Connect electrodes to corresponding outlets of the PARSTAT 273A. 

4. Immerse electrodes into the electrolyte. 

• Place reference electrode as close as possible to the working electrode. 
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Fig. 1.a. Experimental Setup Fig. 1.b. Three Electrode Cell 

 

Program Operation: 

1. Turn on the PARSTAT 273A. 

  

Fig. 2. a. PARSTAT 273A Fig. 2. b. USB 

 

2. Open CorrWare. 
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a. USB must be connected to operate CorrWare or Zplot. 

3. Select  to open Setup Cell table.  Select Reference Electrode Correction.   

 
Fig. 3. Setup Cell 

 

4. Select  to open Setup PAR 273/273A table.  In the IR Compensation (Pstat mode 

only) section, select Current Interrupt with the following inputs: 

a. Interval (Sec.): 1 

b. Correction %: 100 

 

5. In the Measure section, select E,I,EiR. 
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Fig. 4. Setup PAR 273/273A 

 

6. To setup New Experiment, select Experiments in the main toolbar, and select Insert 

New Experiment. 

 

 
Fig. 5. Insert New Experiment 

 

7. In the Insert New Experiment table, select Potentiodynamic. 
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Fig. 6. Potentiodynamic 

 

8. In the Setup Potentiodynamic Experiment, define desired inputs.  Fig. 7. are suggested 

values for Anodic Polarization Tests of IrO2 – Ta2O5 anodes.  

a. Append must be selected to save data. 

b. Initial Potential (V): 0.4 (vs. Reference) 

c. Final Potential (V): 1.6 (vs. Reference) 

d. Scan Rate (mV/Second): 2 

e. Fixed Points: (No. of Points) 2000 

f. Fixed Rate: (Points/Sec) 1 

g. Delta-E: (mV/Point) 0.5 

h. Delta-I: (Max Pts/Sec) 1 

 (Min Pts/Sec) 0.1 

 (mA/Point) 1 
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Fig. 7. Setup Potentiodynamic Experiment 

 

9. After Step 7, select Insert New Experiment then select Open Circuit to measure the 

Open Circuit Potential (OCP) of your cell.   

 
Fig. 8. Open Circuit 



90 | P a g e  

 

 

 

10. In the Setup Open Circuit Experiment table, input 100 seconds for Total Time. 

 
Fig. 9. Setup Open Circuit Experiment 

 

 

11. Once all experiments are inputted, highlight and right click the experiments on the main 

table, and select Measure Selected …to End to run all experiments. 

a. Note:  If you only want to run one experiment, select Measure Selected Lines. 

 

 
Fig. 10. Measure Selected  
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Clean Up: 

1. DI rinse all electrodes. 

2. Pour electrolyte into Acid Waste Bucket. 

3. DI rinse electrolyte beaker.   
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