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ABSTRACT 

With the demand growing for more sustainable forms of energy in replacement of fossil 

fuels, a major obstacle arises in the end-of life solar modules that are disposed of in 

landfills. Aside from the hazardous materials, silicon solar modules contain valuable and 

scarce materials such as silver. Silver is used in many industries and many applications 

therefore the recycling and recovering of it is financially beneficial. The purpose of this 

research was to achieve high purity and recovery of silver using hydrofluoric acid.  

The following work presents the feasibility of silver recovery through the process of 

leaching and electrowinning by examining the percent recovery and cathodic coulombic 

efficiency, followed by a chemical analysis to determine the purity. Varying conditions in 

leaching and electrowinning parameters are conducted in a synthetic solution to 

determine the effect on silver recovery and cathodic coulombic efficiency.  It was 

determined that the silver recovery was dependent on the applied potential, system 

configuration and time. The system is capable of recovery rates of over 95% at -1 V. The 

system is further tested on solar cells to prove that silver can be recovered. There was 

over 99% purity from the experiments conducted in synthetic solution and from solar 

cells. Additionally, a circular chemistry is proposed that allows the reuse of hydrofluoric 

acid for leaching and electrowinning.  
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CHAPTER 1 INTRODUCTION 

1.1 Overview 

Solar energy is efficient, clean and the third most used renewable energy source after 

hydro and wind power, respectively [1]. This in turn causes photovoltaic (PV) technology 

to contribute a vital role in fulfilling non-fossil fuel energy needs over recent decades and 

its ability to continue doing so. Solar panels currently have a lifespan of 30-35 years 

indicating these will be a pressing issue for the next decades as they will be disposed of 

in a landfill [2]. In 2035, it is predicted that approximately one million tonnes of solar 

modules will be discarded [3] and by 2050, between 60 and 78 million tonnes of PV 

waste in circulation [4]. This combined with the scarcity in metals [5] leads to a challenge 

of a demand in raw materials and the need of recycling solar modules. Raw materials 

recoverable from PV panels could yield a value of up to USD 450 million by 2030 and 

equate to approximately 60 million new panels or 18 GW of power-generation capacity 

[6].  

As of July 2012, the European Union revised the waste electrical and electronic 

equipment (WEEE) directive, adding PV components as part of it [6]. However, aside 

from the EU, there are very few countries acting on end-of-life solar module recycling it 

due to its low cost-benefits [6]. Furthermore, EOL photovoltaic panel processing and 

recycling facilities are scarce around the world. This suggests that the end-of-life solar 

module recycling is a field that needs more research. With rising concern over disposing 
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these modules in landfill due to their environmental impact and regulations placed on 

certain materials (i.e. lead) [6], an appropriate recycling EOL management is necessary as 

these panels are becoming an issue with the continued number of installations. 

Most of the market share is made up of crystalline silicon (c-Si) solar modules. The 

components of a c-Si module are displayed in Figure 1-1, the major components that 

make it up include an aluminum frame that protects the internal components and glass 

that protects the cell [8]. The internal components include (from top to bottom) – 

polymeric encapsulant, silicon solar cell, polymeric encapsulant and backsheet. The 

encapsulating material is generally ethylene vinyl acetate (EVA) that helps adhere the 

solar cell to the glass and backsheet [8]. The backsheet can range from polymer materials 

mainly consisting of fluorinated polymers such as polyvinyl fluoride, polyvinylidene 

fluoride or polyvinylidene fluoride [8]. Indicated on the right of the figure is the solar cell 

with the silver stripes for conductivity and soldered with copper busbars that interconnect 

the single cells within the module [9].  

 

 
Figure 1-1: Component of a) Photovoltaic Module with the Layers Signified and b) 

Silicon Wafer Magnified to Show a Single Cell and the Layout and its Counterparts [9] 
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To break down the components involved, Table 1.1 indicates the components and 

chemical compositions seen in a solar module (these values may differ slightly depending 

on the supplier and manufacturing company). 

Table 1.1: Composition and Components of C-Si Modules by Weight Percent [10] 

Material Weight (%) 

Glass 74 

Aluminum 10 

Silicon ~3 

Polymers ~6.5 

Tin 0.12 

Lead <0.1 

Copper 0.6 

Silver <0.006 

Although the glass and aluminum make up more than 80% in mass in a silicon module, 

two-thirds of the monetary value is from the solar cells' individual components such as 

silver, silicon, and tin [11].  

1.2 Objective 

Hydrofluoric acid is proposed for silver recovery from silicon solar cells using a catalyst. 

It requires only two chemicals:  hydrofluoric acid (HF) and hydrogen peroxide (H2O2), 

and two room-temperature steps: leaching and electrowinning. The goal of this was to 

end up with a high recovery and purity of silver while being able to recover other 
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components in the solar cell such as lead, tin, copper, and silicon. A sequential leaching 

and electrowinning process would be conducted to extract the metals and recover them. 

HF was chosen as a circular chemistry was proposed, this allows the acid to be reused in 

upcoming leaching and electrowinning processes. 

1.3 Background  

For metal extraction, the two most common types are pyrometallurgy and 

hydrometallurgy processes [12]. The chemistry of silver and HF utilizes the 

hydrometallurgy process. This involves the use of aqueous chemistry for the recovery of 

metals from ores, concentrates, and recycled or residual materials [13]. This route is more 

advantageous as it is more predictable, uses lower temperatures and investment for 

implementation [14]. It can be divided into 3 general areas: (1) leaching, (2) solution 

concentration and purification, and (3) metal recovery.  

1.3.1 General Concepts and Equations 

Leaching refers to the process in which extraction of substances from solids is achieved 

from the dissolution in liquid [14]. In a leaching process, the oxidation potential, 

temperature, and pH solutions are often parameters that are manipulated to optimize 

dissolution of the metal [12].  

The leaching process can be categorized into: (1) change of phase of the solute as it 

dissolves into the solvent, (2) diffusion through the solvent in the pores of the solid to the 

outside of the particle and (3) transfer of the solute from the solution in contact with the 
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particles to bulk of the solution [15]. For the rate of dissolution, the particle size, solvent, 

temperature, and agitation rate are some factors to consider. Smaller particle sizes lead to 

greater interfacial area between the solid and liquid, allowing higher rate of material 

transfer [15]. However, too small of a size may lead to wedges in the interstices of larger 

particles and impede the flow of the solvent [15]. The solvent should have low viscosity 

to allow free flow [15]. The temperature increases the diffusion coefficient, improving the 

rate of dissolution. Agitating the solvent will increase eddy diffusion and decrease 

sedimentation [15]. These relationships depend on various factors, solute, and solvent 

involved.  

Generally, mass transfer in leaching solutions can be approximated by assuming a thin 

film that takes the place of the resistance to transfer. The equation of the mass transfer 

can be written as [15]: 

𝑑𝑀

𝑑𝑡
=  

𝑘′𝐴(𝑐𝑠−𝑐)

𝑏
          (1) 

Where A is the area of the solid-liquid interface, b is the thickness of the film surrounding 

the particles, c is the concentration of the solute in the bulk solution at time t, cs is the 

concentration of the saturated solution in contact with the particles, M is the mass of 

solute transferred in time and k’ is the diffusion coefficient. 

Electrowinning is defined as the cathodic deposition of a metal by the passage of an 

electric current using an insoluble anode [16]. An electrolytic process is created from an 

electrolyte (cations and anions) dissolved in water or polar solvents. When a voltage is 
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applied to the solution, the cations move towards the cathode, while the anions move 

towards the anode [17]. This is a basic principle on how electrowinning is conducted.  

In three-electrode electrochemical systems, there consists of a working, counter, and 

reference electrode. The working electrode (WE) is where the chemistry of interest 

occurs [18]. The counter electrode (CE) completes the circuit of charge flow and 

maintains constant interfacial potential [18]. It allows the current to pass and will adjust 

potentials to balance the current observed at the working electrode [18]. The reference 

electrode (RE) measures and controls the working electrode potential without passing any 

current [18]. Common choices for a reference electrode include silver- silver chloride, 

mercury- mercurous sulfate, or saturated calomel electrode. Additionally, the electrolyte 

(in which the ions move through) is a liquid dissolved with salts or acids [19]. 

The applied potential is measured between the working and reference electrode. By 

driving the WE to more negative potentials, the energy of the electrons is raised [18]. The 

flow of electrons from electrode to solution creates a reduction current [18]. Similarly, 

the opposite will occur when a more positive potential is applied. The flow from the 

electrons from solution to electrode will create an oxidation current [18]. The movement 

of material from one place to another arises from the differences in electrical or chemical 

potential at two different locations through these mass transport types: migration, 

diffusion, and convection.  

Figure 1-2 [20] displays the mechanics and location of their occurrence. A typical cell is 

divided by the bulk solution (far from electrode) and diffusion layer. The diffusion layer 
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assumes a stagnant layer that exists at the electrode surface where the concentration near 

the electrode is different than the bulk [18]. In the case of an excess of supporting 

electrolyte, migration is not important making the rate of mass transfer proportional to the 

concentration gradient at the electrode surface [18]. Migration carries the current in the 

bulk solution during electrolysis while diffusional transport occurs near the electrodes 

due to concentration gradients [18]. Near the electrode surface both diffusion and 

migration occur where the flux of the electroactive substance at the surface controls the 

rate of reaction and the faradaic current flowing in the circuit [18]. 

 

Figure 1-2: Cu Electrowinning in CuSO4 Electrolyte Showing Bulk Solution and 

Boundary Layer [20] 

Cyclic voltammetry is an electrochemical technique commonly used to determine 

reduction and oxidation processes [21]. It measures current that develops in an 

electrochemical cell where voltage is in excess [22]. This is governed by the Nerst 

equation [21],  
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𝐸 = 𝐸° + 2.3026
𝑅𝑇

𝑛𝐹
𝑙𝑜𝑔

(𝑂𝑥)

(𝑅𝑒𝑑)
        (2) 

Where E is the electrochemical cell potential, 𝐸° is the standard potential of a species, R 

is the universal gas constant, T is the temperature, n is the number of electrons, F is 

Faraday’s constant, Ox is the activity of the oxidized analyte, and Red is the activity of 

the reduced analyte.  

The equilibrium potential, 𝐸°is an important reference point in a system. The departure 

from 𝐸° is measured by the overpotential, η 

𝜂 = 𝐸 −  𝐸𝑒𝑞         (3) 

Where E is the potential of an electrode vs. RE and Eeq is the equilibrium potential. The 

overpotential (or underpotential) represents the extra energy needed to drive a reaction at 

a specific current density [18]. The magnitude of this value is dependent on the cell 

design, electrode shape and size, electrolyte composition and concentration, current 

density, etc [19].  

Chronoamperometry was employed during silver electrowinning at a fixed constant 

potential. A general process is as follows [19]: 

1) Mass transport of the reactant from the electrolyte to the electrode surface. 

2) Surface interactions preceding electron transfer including the rearrangements of 

the deposited molecules, adsorption to the electrode surface, chemical reactions 

(protonation or disassociation). 
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3) Electron transfer at the cathode surface. 

4) Surface conversion such as chemical reactions, desorption, insertion of metal 

cations into the crystal lattice. 

5) Mass transport of the product from the electrode surface to the bulk electrolyte. 

These experiments are common for studying the steady state performance of an electrode 

[22].  The potential applied is important in controlling the direction and rate of charge 

transfer [19]. The changes in the current arise from increases or decreases in the diffusion 

layer of the analyte near the surface of the cathode [23]. The optimal applied potential 

allows the local concentration to be zero. This allows a concentration gradient to drive the 

deposition [23].  

The table illustrates that the larger the reduction potential, there is a greater tendency for 

the species to get reduced. 
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Table 1.2: Metal Reduction Potentials [24] 

Metal Reduction Reaction E° vs SHE (v) 

Ag Ag+ + e- ↔ Ag 0.7996 

Cu Cu2+ + 2 e- ↔ Cu 0.3419 

Pb Pb2+ + e- ↔ Pb -0.1262 

Sn Sn2+ + 2e- ↔ Sn -0.1375 

Al Al3+ + 3e- ↔ Al -1.662 

 

1.3.2 Silver Properties 

Silver is known as a ductile and malleable metal with a high electrical conductivity and 

low reactivity. Additionally, being an inactive metal, it does not react with oxygen in the 

air, acids, water, or other compounds under normal conditions. It has a high melting point 

of 961℃ and a density of 10.49 g/cm3 at 20℃ [25]. It is extracted from lead-zinc, copper, 

gold, and copper-nickel ores as a byproduct of mining [25]. It exists in the +1, +2, and +3 

oxidation state with +1 being the most common state. In comparison to the other metals 

in solar cells, it has a low reactivity. This indicates that it does not spontaneously react 

with acids or water.  
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Figure 1-3: Reactivity Series [26] 

1.3.3 HF Properties, Safety, and Hazards 

Hydrofluoric acid is a colorless weak acid [27]. Due to the strong bond between the H 

and F molecules, it does not dissociate easily in water.  
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Table 1.3: Hydrofluoric Acid Physical Properties [27] 

Molecular weight (g/mol) 20 

Density (48% sol, g/mL) 1.23 

Acidity (pKa) 3.17 

Boiling point (℃) 66.4 

Vapor pressure (kPa at 

25℃) 

122 

HF is highly toxic and reactive to skin and tissue [27]. The seriousness of poisoning is 

dependent on the amount, route, length of exposure, age and preexisting medical 

condition of the person [27]. HF gas at low levels can irritate the eyes, nose, and 

respiratory tract. Low concentrations of HF on the skin may not be immediately visible or 

experienced. Prolonged exposure can cause persistent pain, bone loss and could be fatal 

[28]. It is crucial that personnel handling HF be aware of the precautions, proper 

equipment, and steps to take if HF is exposed through inhalation, ingestion, or skin 

contact.  

1.4 Literature Review 

A froth flotation process is employed for silver that is extracted from ores. The crushed 

ore is placed into a bath and silver is separated using air bubbles. The silver-rich froth is 

skimmed from the bath as represented from the diagram below [29]. Following the 

process, silver is smelted and extracted by cyanidation [30]. These processes not only 
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involve high temperatures, but sodium cyanide has an increased risk of explosions, 

release of toxic fumes and poses significant human health and aquatic hazards [31]. 

 

 

Figure 1-4: Froth Flotation Process [29] 

Reports have indicated that the most notable silver recovery is with nitric acid (HNO3). 

Dias et al. proposes the use of 64% nitric acid with 99% sodium chloride [31]. Parts of 

the PV module was immersed into sulfuric acid with agitation, filtered, rinsed, dried, and 

milled, respectively. Sieving was conducted that separated 0.5 mm silver particle sizes. 

Leaching was conducted using nitric acid for 2 hours at room temperature. Next, sodium 

chloride was added to the leached solution to form a silver chloride precipitate.  

Another report by Oliveira et al. [33] leaches silver in nitric acid at temperatures of 25-

60℃. For leaching the solid-liquid ratio used was 0.05 g/mL with optimal conditions of 

2.3M HNO3 at 55℃. Silver recovery was trialed by these 3 separate methods: chemical 
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precipitation with sodium carbonate, hydrochloric acid, or electrochemical precipitation. 

The conditions for the electrochemical process involved a steel working electrode and 

platinum counter electrode at room temperature. Sodium carbonate did not prove a 

suitable reagent as it resulted in low silver recovery (48%). Whereas hydrochloric acid 

and electro precipitation had high recoveries. Between the two, electro precipitation was 

chosen as there was less lead contamination.  

Yang et al. [34] proposes the use of methanesulfonic acid (MSA) for the leaching of solar 

cells at varying ratios of MSA:H2O2 for 1-12 hours. Hydrochloric acid is added to the 

leached solution to precipitate silver chloride (AgCl) and centrifuged to separate the 

liquid and solid components. To convert AgCl, it is reacted with sodium hydroxide then 

hydrogen peroxide to recover silver powder. Further electrorefining was completed to 

improve the purity of the silver. Elements such as Ag, O, Al, Sn and Pb were present in 

the silver ingot.  
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CHAPTER 2 EXPERIMENTAL PROCEDURES 

The following chemicals were used in this study: silver wire, silver fluoride (AgF), 

hydrogen peroxide (H2O2), hydrofluoric acid (HF), and sodium hydroxide (NaOH). All 

leaching and electrowinning experiments were conducted in open air at room 

temperature.  

2.1 Silver Wire Leaching 

Leaching experiments were conducted to determine the optimum conditions for silver 

dissolution. The mechanism of the chemical reaction is as follows: 

2𝐴𝑔 + 𝐻2𝑂2 → 𝐴𝑔2𝑂 + 𝐻2𝑂 

𝐴𝑔2𝑂 + 2𝐻𝐹 → 2𝐴𝑔𝐹 + 𝐻2𝑂 

2𝐻𝐹 + 2𝐴𝑔 + 𝐻2𝑂2 → 2𝐴𝑔𝐹 + 2𝐻2𝑂 

 1 gram of Ag wire was placed into 40 mL of 0.575 M HF solution and dissolved with 

the addition of H2O2 in a 1:2 Ag to H2O2 molar ratio. Additional experiments were 

conducted with the same conditions but varying the Ag to H2O2 molar ratio. 

2.2 Cyclic Voltammogram 

For cyclic voltammetry, a 0.05 M silver fluoride (AgF) solution was prepared to 

determine the reduction potential of silver. 0.0508 g of AgF was dissolved in 40 mL of 

0.5 wt% HF (0.28 M) solution. The working and counter electrodes were both graphite 

rods. The reference electrode was a silver/silver chloride (Ag/AgCl) electrode from 
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EDAQ. The voltametric scans were generated with a Gamry Reference 3000 potentiostat 

at a scan rate of 100 mV/s. 

2.3 Synthetic Electrowinning 

Electrowinning experiments were carried out to determine the silver recovery rate and 

coulombic efficiency of the electrowinning process at various potentials and time 

intervals. The experiments for varying reduction potentials were in solutions of 0.5074 g 

of AgF (0.1 M) in 0.28 M HF for 4 hours (h). The potential which yielded the highest 

recovery rate was then used for the varying time intervals. The experiments for different 

time intervals were in solutions of 1.46 g of AgF (0.28M) in 0.28 M HF. For both groups 

of experiments, graphite rods were used as the working and counter electrodes with an 

Ag/AgCl reference electrode. This is displayed in Figure 2-1.  
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Figure 2-1: Electrowinning Setup 

Where the following reactions are possible at the cathode and anode,  

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐴𝑔+(𝑎𝑞) + 𝑒− ↔ 𝐴𝑔(𝑠)  

𝐴𝑛𝑜𝑑𝑒 2𝐻2𝑂 (𝑙) ↔  𝑂2(𝑔) + 4𝑒− + 4𝐻+ 

2.4 Solar Cell Leaching and Electrowinning 

Aluminum back surface field (Al-BSF) cells without the EVA and back sheet were 

crushed in a 121 x 121 mesh size polypropylene mesh. Leaching was conducted in the 

following order: aluminum, silicon nitride (Si-Nx) layer, and silver front and back 

contacts using 15 wt% sodium hydroxide, 1% HF and 1% HF plus hydrogen peroxide, 

respectively. Each of these steps were conducted with 400 mL of solution and disposed of 

for each step. For the silver front and back contacts, electrowinning was conducted at this 
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stage. The experiment was run in a scaled-up apparatus using 10 Al-BSF cells with 400 

mL of solution at -1 V for 24 hours.  

A JEOL JXA-8530 scanning electron microscope (SEM) equipped with an energy-

dispersive spectrometer (EDS) was used to characterize the morphology and determine 

the elemental composition of the cathode deposit after electrowinning.  
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CHAPTER 3 RESULTS AND DISCUSSION 

3.1 Silver Wire Leaching 

Figure 3-1 displays the amount of Ag dissolved as a function of time. The solution 

contained 1 wt% HF and 1.86 mL of H2O2. The 1 g Ag wire was taken out of the solution 

every 10 minutes to measure the remaining weight. Ag dissolution starts increasing 

rapidly and plateaus after 30 minutes. The percentage dissolved at 30 minutes was 93% 

and complete dissolution was achieved within 1 hour. This trend follows what would be 

expected if there is a surplus of HF and hydrogen peroxide that allows the reaction to 

occur. It was observed that over time a thin white layer forms around the silver wire. At 

the point in which silver oxide forms and continues to develop over the wire, the 

dissolution rate increases. The silver oxide facilitates the dissolution of silver into the 

solution.  

 

Figure 3-1: Percent Ag Leached as a Function of Time in 1 wt% With 1.86 mL H2O2 and 

1 g of Ag Wire 

0

20

40

60

80

100

0 20 40 60

S
il

v
er

 d
is

so
lv

ed
 (

%
)

Leaching time (minutes)

1.86 mL H2O2 + 1 g Ag

in 40 mL of 0.575M HF  



20 

 

Another parameter tested was the amount of H2O2 added to the leaching solution. The 

amount of hydrogen peroxide was varied to determine the amount that was needed for 

full dissolution of Ag. The range tested was 0.8 mL to 2 mL of H2O2 in increments of 

0.25 mL. The leaching time was fixed at 1 hour. This study is presented in Figure 3-2. 

Except for the outlier at 1.35 mL, there is a clear trend − more H2O2 improved the percent 

of Ag dissolved. At 0.8 mL of H2O2, only 63% of the Ag is dissolved. With 2 mL of 

hydrogen peroxide, Ag dissolution reached 100%. These tests were done to replicate each 

experiment under the same conditions of silver amount, concentration, and volume of HF. 

A secondary set of tests were performed at 1.35 mL and 1.6 mL to confirm if the trend 

was due to experimental or human error. There is no change in the trend at these two data 

sets when varying hydrogen peroxide amounts were added.  
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3.2 Synthetic Electrowinning 

Cyclic voltametric scans were generated to determine the reduction potential for Ag 

electrowinning. As shown in Figure 3-3, the blue lines represent a solution with only HF 

and the red line is a solution with both AgF and HF. The solution with 0.05 M AgF shows 

a clear reduction peak around -0.41 V versus an Ag/AgCl reference electrode. 

Additionally, there are no other peaks between -0.41 V and -1 V, suggesting that Ag 

electrowinning can be done up to -1 V without other reactions occurring.  

 

Figure 3-3: Cyclic Voltametric Scan of Solution of 0.05 M AgF + 0.28 M HF And 0.28 M 

HF Only 

An EDS analysis was conducted on the deposit removed from the working electrode for 6 

h of electrowinning. Figure 3-4 shows an SEM image of the morphology of the Ag 

recovered. Five points were chosen from the sample to determine the elemental 
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composition by EDS. The results indicate that the deposit on the working electrode is 

100% Ag. 

 

Figure 3-4: SEM Image of the Deposit Formed on the Working Electrode During 

Electrowinning 

Electrowinning of Ag from the fluoride solution was demonstrated with EDS analysis. 

However, the Ag recovery rate was still comparatively low due to the low molarity of 

AgF employed. Therefore, two electrowinning conditions: reduction potential and 

electrowinning time, were experimented with to optimize the Ag percent recovery and 

determine the coulombic efficiency of the electrowinning process. The following two 

formulas were used for percent recovery and coulombic efficiency, respectively: 

𝐶𝐸 =
𝑊𝐹

𝑊𝑇
∗ 100            (4) 
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𝑊𝑇 =
𝑀𝑊𝐴𝑔∗𝐼∗𝑡

𝑛∗𝐹
            (5) 

Where WF is the weight of the final deposition (g), WI is the weight of initial Ag (g), WT 

is the theoretical weight of deposition (g), MWAg is the molecular weight of silver 

(g/mol), I is the current (A), T is the time (sec), n is the oxidation state (e- involved in 

reaction), and F is Faraday’s constant (C).  

When different potentials between -0.6 V and -1 V were applied for 4 h, a positive 

correlation between the applied negative potential and the Ag recovery rate was observed 

in Figure 3-5. An issue arose with -1 V as it yielded a recovery rate of 102.9%. This 

indicates the possibility of other material or water present in the deposit, which is mostly 

likely due to a contamination issue, further analyses should be done to confirm the 

percent recovery. 
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Figure 3-5: Percent Recovery and Coulombic Efficiency of Ag Electrowon as a Function 

of Potential in 0.28 M AgF in 40 mL of 0.28 M HF 

Meanwhile, the trend in coulombic efficiency is the opposite (Figure 3-5). At –0.6 V, the 

coulombic efficiency after 4 h is 92%, but it drops to around 35% at –0.8 V and –1 V. The 

low coulombic efficiency suggests a parasitic or competing reaction during Ag 

electrowinning.  

From the experiments in Figure 3-5, a potential of -1 V was chosen to replicate the 

experiments for different time intervals between 2 h and 24 h, to achieve over 90% Ag 

recovery. The amount of AgF in the solution was increased to minimize human and 

experimental errors. Table 3.1 demonstrates the results. Longer duration times result in 

higher recovery rates. After 24 h, the Ag recovery rate is 95.9%. On the other hand, the 

coulombic efficiency decreases with longer time, which is consistent with the hypothesis 

that there is a competing reaction during electrowinning from an AgF solution. 
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Table 3.1: Ag Recovery Rate and Coulombic Efficiency as a Function of Electrowinning 

Time at -1 V Versus Ag/AgCl 

Time (hour) Recovery (%) Coulombic Efficiency (%) 

2 33.8 79.4 

4 73.9 62.3 

8 89.8 48.3 

12 95.5 27.8 

24 95.9 12.3 

From Figure 3-2, there is a sudden drop in current efficiency when electrowinning is run 

at -0.7 V versus -0.8 V. It would be assumed that at a constant potential, as time elapsed, 

the trend would follow that seen in Table 3.1. However, the same relationship is seen but 

the values differ more. The coulombic efficiency is much higher with no values under 

50% meanwhile recovery rate lingers around 95%.  Even though the potential at -1 V for 

24 hours gives the highest recovery, it comes as a tradeoff with coulombic efficiency. The 

overpotential at -1 V could have caused a parasitic reaction to occur where there is the 

coevolution of hydrogen on the cathode with oxygen oxidation on the anode. The reason 

could be due to a surge of current needed due to the depleted ions near the electrode in 

which the mass transport is limited at the specified current. This in turn causes a higher 

overpotential to overcome the limited mass transport, which causes unwanted side 

reactions to occur.  

Table 3.2: Ag Recovery Rate and Coulombic Efficiency as a Function of Electrowinning 

Time at -0.6 V Versus Ag/AgCl 

Time (hour) Recovery (%) Coulombic Efficiency (%) 

4 73.5 93.4 

8 89.7 86.1 

12 94.9 75.6 

24 90.0 64.1 
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Realistically, values between -0.6 V through -0.8 V should be explored to give high 

recovery while maximizing current efficiency. Although, the time of the experiments 

would need to be increased to see if similarly high recovery rates could be achieved as 

those at -1 V, while still maintaining the coulombic (current) efficiency.  

The possibility of a competing reaction is further supported by the current versus time 

plot below. As the current reaches 0 A, a steady decrease is seen following a steep drop in 

current. This causes the system to apply a larger overpotential as indicated by the Tafel 

equation. It would be assumed in this cell that as the silver is depleted from the solution 

the current being applied should reach towards zero the closer the recovery is to 100%. 

However, in this cause a large difference is seen in a repetitive sequence as time 

progresses. 

 

Figure 3-6: Chronoamperometry Scan of Synthetic Electrowinning at -1 V for 12 Hours 
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Throughout trials and experiments with silver fluoride and HF, different routes were 

chosen on the working electrode, reference electrode and the system apparatus. It was 

visible that these processes produced different morphology silver depending on the 

systems. However, even with the same conditions, time durations and concentrations 

played a role in morphology.  

 

Figure 3-7: Ag Morphology Across Varying Systems in a, b, and c, Respectively 

In Figure 3-6a, the system consisted of 0.35M AgF with 40 mL of 1% HF. The electrodes 

were silver WE, graphite CE and Ag/AgCl RE. The electrowinning ran at -0.2V for 24 

hours. Figure 3-6b is vacuum chamber recovered Ag where 0.03M AgF was dissolved in 

350 mL 1% HF. The volume of the system was increased due to an apparatus that was 

created to allow for feeding tubes to create a vacuum seal. The system ran under 34 torr 

for 24 hours at -0.2V. A change in color and corrosion was seen with the RE, therefore, it 

is presumed hydrofluoric acid played a role in altering the inside of the 3M potassium 

chloride solution located between in the RE. Figure 3-6c was with 0.01M AgF with 40 
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mL 1% HF. This was with graphite WE, CE and RE. With the varying morphologies seen 

above, EDS confirmed that these are all 100% silver. 

3.3 Solar Cell Leaching and Electrowinning 

Selective leaching was used to remove components of the solar cell to avoid interference 

during silver leaching and electrowinning. The corresponding steps are displayed in the 

figure below. From Figure 3-7a, the back of the solar cell indicates areas that are shinier 

in which aluminum has been leached. In Figure 3-7b, the blue color is no longer visible 

from the front and back, it shows a depletion of the silicon nitride layer. Both chemicals 

were properly disposed of before conducting the experiment in Figure 3-7c where silver 

was leached using hydrofluoric acid and hydrogen peroxide. Located in the right-hand 

upper corner, a film of grey can be seen floating near the top of the solution. In the same 

image, indicated by the red circle is a silver contact located on the back of the cell that is 

still visible. The resulting solution after the leaching of silver was used for 

electrowinning.   
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Figure 3-8: Leaching for Removal of a) aluminum, b) Si-Nx layer, and c) silver 

It is important to note that before electrowinning, there consisted of a purple deposit that 

remained from silver leaching (Appendix D). This deposit should have been filtered 

before electrowinning to remove the visible impurity.   

Below is the result from 24 hours of electrowinning the 10 Al-BSF cells. It is composed 

of two parts, in the red is the silver around the working electrode and the silver that is 

deposited on the bottom surface. The material was porous but once dried resulted in 

visibly less silver.   
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Figure 3-9: Electrowon Silver from Solar Cells with the Silver Located Around the WE 

and the Bottom 

From Figure 3-10, the two components were analyzed using EDS to confirm that both the 

working electrode was 100% silver. Whereas, the bottom of the container contained trace 

amounts of silicon, making the silver 99.87% pure Ag.  
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Figure 3-10: Silver from Solar Cells Deposited on the a) Working Electrode and b) 

Bottom of the Container 

For the process of electrowinning silver, the assumption of approximately 0.1 g of silver 

was in each solar cell. For 10 cells, that would equate to around 1 g of silver that can be 

recovered. The recovery rate of the silver from the solar cells was around 30%. It is 

hypothesized that silicon may have been reacting with silver, HF, and peroxide to etch the 

silicon. This is further visible by the deposit that was formed after leaching silver and the 

silver that was still present on the cell upon electrowinning. For this system, the nature of 

HF does not allow for the leaching solution to be analyzed through ICP-MS from its 

reactivity with glass and its detection limit of Ag even when diluted.  

It was hypothesized that silicon dissolution was present in the leached solution (depicted 

in Figure 3-8c). Chartier et al. [35] conducts a study on the metal-assisted chemical 

etching (MACE) of silicon in etc. In this study, Ag nanoparticles are used as a catalyst for 

this process. Instead of the HF and hydrogen peroxide dissolving silver, the hydrogen 

peroxide also causes etching to occur with the silicon that is further aided by the presence 
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of silver. Depending on the penetration rate, 3 different formations could develop: pore, 

crater or polishing. The most likely out of these three would be polishing regime due to 

the low HF and higher H2O2 concentration which is signified by a silicon oxide layer 

(presence of oxygen) seen in Table 3.3.  

 

Figure 3-11: HF and Peroxide Leaching on a Solar Cell 
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Table 3.3: Corresponding Analysis for Figure 3-11 of Elemental Constituents 

 O Na Al Si Ca Ag 

001 24.42   34.91  40.67 

002 34.53 0.43 1.78 62.87 0.40  

003 7.48   82.59  9.93 

004 15.34   53.43 9.05 22.19 

005 35.96  0.41 17.19 23.46 22.98 

Average 23.54 0.43 1.09 50.20 10.97 23.94 

Deviation 12.26 0.00 0.97 25.22 11.65 12.65 

The presence of silicon in the solution could present further problems during 

electrowinning. The stability constant (β) was examined for the possible formations in the 

solution of AgF and SiF6. The stability constant is the tendency for a complex to be 

formed. The higher the value indicates that the interaction between the reagents form 

strong bonds and interactions. For the silver fluoride system, a very weak complex 

formation was seen of 0.4 ± 0.2 l*mol-1 [36]. Whereas the value of 1.5*1030 ± 0.6 l*mol-1 

for SiF6 [37]. Values for varying subscripts of fluorine were tested but only SiF6 yielded 

in values that were large enough for complexing. This could mean that a silicon fluoride 

system could not have been as favorable as silver fluoride. In the chance that silicon 

fluoride formed, this could cause the migration of AgF to be more challenging, thus 

decreasing the transport rate and could contribute to the low recovery of 30%.  
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CHAPTER 4 CONCLUSION AND FUTURE WORK 

A fluoride chemistry is proposed for Ag recovery from silicon solar cells involving 

leaching and electrowinning. Ag leaching requires two chemicals: HF and H2O2, and 

complete Ag dissolution can be achieved within an hour given a 1:2 molar ratio of Ag to 

H2O2 with excess HF. The reduction potential of Ag in a 0.05 M AgF solution is –0.41 V 

versus Ag/AgCl. Experiments with different reduction potentials and time intervals 

indicate that there is a reverse correlation between Ag recovery rate and coulombic 

efficiency during the electrowinning process. The percent recovery values corresponding 

to -0.6 V demonstrate that values are slightly lower than those at -1 V. The highest Ag 

recovery rate achieved is over 95% with a reduction potential of -1 V for 24 h. EDS 

confirms that the deposit on the working electrode after electrowinning is 100% pure Ag.  

However, the largest difference lies in the coulombic efficiency. The values at -0.6 V 

show that over 50% efficiency can be achieved for all trials. However, for -1 V a tradeoff 

with coulombic efficiency can be attributed to a competing reaction with the coevolution 

of hydrogen and the oxygen reaction that occurs on the anode. Further experiments 

should be conducted to determine whether electrowinning time plays a significant role in 

coulombic efficiency and if the same or higher silver recovery can be achieved at lower 

potentials while preserving the coulombic efficiency.  

A sequential leaching process was conducted to remove aluminum, the silicon nitride 

layer and silver, respectively. When the same steps as the synthetic solution was 

conducted, the addition of silicon from the cells posed an issue with the dissolution of 

silver. It is presumed that silicon interacts in the system. Instead of the hydrofluoric acid 
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and hydrogen peroxide dissolving silver, the silver acted as a catalyst to etch the silicon. 

This raises concerns about the limited electrolyte ions and hydrogen peroxide needed for 

the dissolution of silver. The silicon in the electrowinning solution could cause slower 

mass transport by bonding to the fluorine ions. However, another scenario to consider is 

the unoptimized conditions of the scaled-up system. The system included different 

distances between the electrodes, electrode submergence and solution volume. This alters 

the reduction peak and kinetics compared to that in a synthetic solution. This could have 

contributed to the low recovery of 30%. The demonstration that high purity silver (>99%) 

can be recovered from solar cells was confirmed. A disadvantage of silicon ions in the 

solution is the regenerative chemistry is not possible unless silicon can be removed from 

the solution.  

For future projects, the proposed process should be conducted with solar cells before 

testing other parameters to determine if other unwanted reactions occur. A factor that can 

be investigated is how additives or overpotential affect the surface of the cathode and its 

deposit to ensure that the deposited surface morphology does not hinder the silver 

deposition. Additionally, stirring could be employed to help overcome diffusion-limited 

transport especially when there are low concentrations of the silver ions. Another option 

for the HF system is to recover the silver using additional processing or refining steps 

such as precipitation. The exploration of the electrolyte methanesulfonic acid (MSA) 

poses as a good substitution of hydrofluoric acid due to its milder chemistry and 

environmental advantage. 
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APPENDIX A 

CYCLIC VOLTAMMOGRAMS FOR GRAPHITE WE, CE, AND RE OF 1% HF 

SOLUTION 
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APPENDIX B 

EXPERIMENTAL CONDITIONS TESTED WITH GRAPHITE WE AND CE  
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Electrowinning 

conditions Initial Ag (g) Recovery (%) 

Current 

Efficiency (%) 

-0.6V, 4 hrs 0.431927 74.71169897 91.9859288 

-0.8V, 4 hrs 0.431927 93.71954057 37.51056186 

-1V, 4 hrs 0.431161775 102.8848163 35.94163552 

-1V, 8 hrs 0.43107675 96.75771194 14.08956486 

-1V, 12 hrs 0.4312468 92.87025434 15.76774418 

-0.6V, 4 hrs 0.431331825 73.51648583 93.42644991 

-1V, 11 hrs 0.431501875 88.8061031 10.11414797 

-1V, 24 hrs 0.43107675 97.22166644 4.271170755 

-0.6V, 24 hrs 0.430651625 88.95821536 64.1120722 

-0.6V, 8 hrs 0.430991725 89.74650267 86.08824035 

-0.6V, 12 hrs 0.43141685 94.89661797 75.61513659 

-0.7V, 4 hrs 0.431331825 73.84106192 90.18518126 
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APPENDIX C 

SEM IMAGES OF VARYING MORPHOLOGY SILVER CORRESPONDING TO 

FIGURE 3-7 
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APPENDIX D 

SOLAR CELL LEACHING PURPLE DEPOSIT  



47 

 

 


