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Abstract

Silver ions are present as impurities in the electrolyte used for nickel electrowinning. A
method for monitoring the silver concentration in process solutions is needed to ensure
that silver ions have been removed to a sufficient degree before electrowinning. Electro-
chemical measurements can be used for online monitoring, and the silver ion concentration
may be recorded several times each hour. The aim of this thesis was to develop an elec-
trochemical method for detecting silver ions in actual nickel process solutions with a high

chloride content.

In anodic stripping voltammetry, a fast scan rate gives a large current peak when stripping
off a metal. However, if several metal ions have deposited on the electrode surface, their
current peaks might overlap. Overlapping current peaks may lead to detection problems.
Measures, chemically or electrochemically, can often be taken to distinguish the peaks.
A possibility is to use a slow scan rate when stripping off the metals and consequently
get separated small current peaks. On the other side, this will give an increased lower
detection limit for the metal ion of interest. An alternative might be to divide the stripping
into several sweeps, where the unwanted metal is stripped off by a slow scan rate and the

metal of interest is stripped off with a fast scan rate.

In this work, anodic stripping voltammetry methods, such as linear sweep and differential
pulse voltammetry, were tested for qualitative detection of silver ions in nickel chloride
based process solutions. The morphology and composition of the electrodeposited material
were studied by using scanning electron microscope and energy dispersive spectroscopy.
Anodic stripping voltammetry methods were further tested with the stripping divided
into several sweeps(divided stripping) to isolate the current signals. The possibility of

using a nickel wire as a pseudo-reference electrode was also investigated.

Both linear sweep and differential pulse voltammetry was found to be possible methods
for silver ion detection in nickel chloride based process solutions. Before the voltammetry
measurement, silver was electrodeposited at a constant potential. However, both silver
and bismuth were depositing on glassy carbon in most of the potential range for silver
deposition. To avoid interference of the current peaks from the two metals, a divided
stripping was used, where bismuth was stripped off by a slow scan rate before silver was

stripped off by a fast scan rate. The reproducibility and sensitivity were better for linear
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sweep voltammetry than differential pulse voltammetry when using divided stripping to

isolate the silver signal.

An electrochemical method was developed for qualitative detection of silver ions in a 1/10
dilution of the process solution. Using a rotating glassy carbon disk as working electrode,
silver was detected by deposition at —0.3V vs Ag/AgCl for 500s and then using linear
sweep voltammetry with two sweeps and a rotation speed of 1600 rpm. In the first sweep
from -0.3 to 0.0V vs Ag/AgCl, a scan rate of 5mV s~ was used. In the second sweep,
between 0.0 and 0.4V vs Ag/AgCl, a scan rate of 100mV s~ was used. Finally, the
electrode was left in the solution at open circuit for 500s to clean the working electrode

surface.

Calibration curves were made by repeating the method described above for a number
of different silver concentrations. The calibration curves were based both on charge and
peak height of the silver peak. The charge gave a slightly better estimate of the silver ion
concentration than the peak height, with coefficients of determination of 0.998 and 0.992,
respectively. The lowest tested silver concentration corresponds to 0.5mg L~ Ag™ in the

undiluted process solution.

A nickel wire worked as a pseudo-reference electrode in nickel process solution and seems
to be a relatively good replacement for a Ag/AgCl reference electrode. The stability was
relatively good over longer time periods, but fluctuations in the potential on a short-time
basis were observed. The stability and reproducibility of silver quantification were a little
worse when using a nickel pseudo-reference electrode instead of an Ag/AgCl reference

electrode, but still acceptable.



Sammendrag

Sglvioner er tilstede som urenheter i elektrolytten som brukes til elektrolyse av nikkel.
En metode for a overvake sglvkonsentrasjonen i prosesslgsning er ngdvendig for a sikre
at sglvioner er fjernet i tilstrekkelig grad for elektrolysen. Elektrokjemiske malinger kan
brukes til online overvaking, og sglvionkonsentrasjonen kan registreres flere ganger hver
time. Malet med denne oppgaven var a utvikle en elektrokjemisk metode for a detektere

solvioner i faktiske nikkelprosesslgsninger med hgyt kloridinnhold.

I anodisk stripping-voltammetri gir en rask sveiphastighet en stor strgmtopp nar man
stripper av et metall. Imidlertid, hvis flere metallioner har avsatt seg pa elektrodeover-
flaten, kan stromtoppene deres overlappe. Overlappende strgmtopper kan fore til detek-
sjonsproblemer. Kjemiske eller elektrokjemiske tiltak kan bli gjort for a skille toppene.
En mulighet er a bruke en langsom sveiphastighet ved stripping av metallene og fglgelig
fa separerte sma stromtopper. Pa den andre siden vil dette senke sensitiviteten for detek-
sjon av metallionet av interesse. Et alternativ kan veere a dele strippingen i flere sveip,
hvor det ugnskede metallet fjernes med en langsom sveiphastighet og metallet av interesse

fjernes med en hgy sveiphastighet.

I dette arbeidet ble anodiske stripping-voltammetrimetoder, som linegert sveip og differ-
ensiell pulsvoltammetri, testet for kvalitativ deteksjon av sglvioner i nikkelkloridbaserte
prosesslgsninger. Morfologien og sammensetningen til det elektroavsatte materialet ble
studert ved a bruke skanning elektronmikroskop og energidispersiv spektroskopi. An-
odiske stripping-voltammetrimetoder ble ytterligere testet med strippingen delt inn i flere
sveip (delt stripping) for a isolere strgmsignalene. Muligheten for & bruke en nikkeltrad

som pseudoreferanseelektrode ble ogsa undersgkt.

Bade linezer sveipvoltammetri og differensiell pulsvoltammetri ble funnet a veere mulige
metoder for sglviondeteksjon i nikkelkloridbaserte prosesslgsninger. Fgr voltammetrimalingen
ble sglv avsatt electrokjemisk med konstant potensial. Imidlertid ble bade sglv og vismut
avsatt pa glasskarbon i det meste av det potensielle omradet for sglvavsetning. For a
unnga interferens mellom strgmtoppene fra de to metallene, ble det brukt en delt strip-
ping, hvor vismut ble strippet av med en langsom sveiphastighet fgr sglv ble strippet
av med en hgy sveiphastighet. Reproduserbarheten og folsomheten var bedre for lineser

sveipvoltammetri enn differensialpulsvoltammetri ved bruk av delt stripping for a isolere



vi

sglvsignalet.

Det ble utviklet en elektrokjemisk metode for kvalitativ pavisning av sglvioner i en 1/10
fortynning av prosesslgsningen. Ved a bruke en roterende glasskarbondisk som arbeidse-
lektrode ble sglv detektert ved avsetning ved —0.3V vs Ag/AgCli 500s og deretter ved
bruk av linezer sveipvoltammetri med to sveip og en rotasjonshastighet pa 1600 rpm. I
det fgrste sveipet, fra -0,3 til 0.0V vs Ag/AgCl, var en sveiphastighet pa 5mV s~! brukt.
I det andre sveipet, mellom 0,0 og 0.4V vs Ag/AgCl, var en sveiphastighet pa 100 mV s*
brukt. Til slutt ble elektroden staende i lgsningen ved apen krets i 500s for a rengjore

arbeidselektrodeoverflaten.

Kalibreringskurver ble laget ved a gjenta metoden beskrevet ovenfor for en rekke forskjel-

lige splvkonsentrasjoner. Kalibreringskurvene var basert bade pa ladning og topphgyde pa
solvtoppen. Ladningen ga et litt bedre estimat pa sglvionekonsentrasjonen enn topphgyden,

med bestemmelseskoeffisienter pa henholdsvis 0,998 og 0,992. Den laveste testede sglvkonsentrasjonen

tilsvarer 0.5mgL~' Ag™ i den ufortynnede prosesslgsningen.

En nikkeltrad fungerte som en pseudoreferanseelektrode i en nikkelprosesselektrolytt, og
ser ut til & veere en relativt god erstatning for en Ag/AgCl-referanseelektrode. Stabiliteten
var relativt god over en lengre tidsperiode, men det ble observert svingninger i potensialet
pa kort sikt. Stabiliteten og reproduserbarheten til prosedyren for sglvkvantifisering var
litt darligere ved bruk av en nikkel-pseudoreferanseelektrode i stedet for en Ag/AgCl-

referanseelektrode, men fortsatt akseptabel.
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1 Introduction

1.1 Background and motivation

In hydrometallurgy, metal ions are first extracted from ores by leaching, then purified, and
finally refined by electrowinning. Metal ores typically have a relatively low concentration
of primary metal. Therefore, the process of purifying and increasing the primary metal
concentration is critical to get a pure metal.[1] Some trace metals, such as noble metals,

are also valuable pay metals and may be advantageous to capture and sell.

Trace metal concentrations are monitored continuously to ensure pure process solutions
before electrowinning. By monitoring the content of the process solution, measures can
be taken to remove impurities that are present in too large concentrations. Because of the
low concentrations of the impurities, manually collected samples are highly sensitive to
contamination. Despite this, manual sample collection and preparation are widely used in
the industry. Examples of instruments with good sensitivity and the possibility to detect
a wide range of different elements are inductive coupled plasma-mass spectrometry (ICP-
MS), atomic absorption spectrometer (AAS), inductively coupled plasma atomic emission
spectroscopy (ICP-OES), and pH meter with an ion-selective membrane.|[2][3][4][5][6]]7][8]
Colorimetry is also a widely used measuring method that uses the color of the solution to
estimate the content of a complex in a solution.[9] To minimize the risk of contamination of
the sample and human sources of error, automatizing sample preparation and measuring
by implementing an online monitoring system is widespread. Fully automated online
monitoring systems exist and are constructed to do sampling, sample preparation, and
measuring the solution content. Voltammetry is an example of a measuring technique
used for online monitoring of trace metals. This can give regular updates on the solution
content all day without a workforce, with little risk of sample contamination and little
need for maintenance.[10] Most of the previously mentioned instruments are difficult to
automate and affordably.[11] Calibration of the instruments is needed regularly, and the
instruments are large and expensive.[12] The pH meter with the ion-selective membrane

is an exception but is very limited to which elements it can detect.[7][8]

Voltammetry is an electrochemical technique where the current is measured as a function

of the applied potential. The current signal can be used to estimate the concentration
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of one or more predefined electroactive species based on calibration.[13] Voltammetry is
widely used for automatic online detection of trace metals, for example, nickel and cobalt,
in wastewater from the industry.[10][14] Systems for voltammetric measurements can be
cheap, small, and easy to set up compared to ICP-MS and AAS. Since the technique is
based on the reduction potential of metal ions in the given solution, problems can occur if
several metals have a reduction potential in the same region. This can make it difficult to
distinguish the signals and find a concentration. The complexation of metal ions changes
the detection potential. This can make it difficult to predict where the metal can be

detected if the process solution content varies over time.[15]

Nickel electrowinning is an example of a hydrometallurgical process. Nickel ores typically
contain about 1% nickel and a lot of impurities and different trace metals. Concentrating
and smelting of the ore material are generally performed before the material enters the
refining process. The intermediate product formed after the smelting of sulfide ores of
nickel is called matte. Glencore Nikkelverk AS (Nikkelverket) in Kristiansand produces
about 90000 tons of nickel annually by nickel electrowinning. They receive mattes with
a material typically containing 50-75% nickel. In addition, the material contains some
raw materials for co-products, such as copper, cobalt, precious metals, and many different
trace metals. Silver is a precious metal produced at Nikkelverket. It is desirable to collect
silver ions to avoid impurities in the finished nickel metal and because it is a valuable
pay metal. By removing silver ions from the solution, it can be sold for the high silver
prices instead of the lower nickel prices.[16][17] In addition, the nickel metal will not
have to be downgraded as a result of high silver content. If the silver ion content of the
process solution can be continuously monitored, measures can be taken to minimize the

consequences of an increased silver ion concentration.

Currently, the silver ion content in the process solution is analyzed by AAS at Nikkelver-
ket. This is a lengthy process, with several steps with possible sources of error. Sampling
should be done in an upstream process flow to get a representative sample. The instrument
needs to be calibrated, the sample needs to be diluted and analyzed without contamina-
tion, and the result must be reported. This process demands workforce in addition to
being uncertain considering the sources of error. Electrochemical online monitoring of
the silver ion content will likely need little maintenance, give more accurate and frequent

data, be cheaper, and require less workforce than continuing with AAS.
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Electrochemical detection of silver ions in chloride electrolytes has already been shown
for a synthetic nickel chloride solution.[18] Silver ion concentrations corresponding to
10mgL~! in an undiluted process solution have been detected electrochemically in a
synthetic nickel process solution containing nickel, chloride, sulfate, iron, manganese,
bismuth, and silver. The solution used for the measurements corresponds to a 1/10
dilution of the process solution content seen in Table 1.1. The silver signal was recorded
by first depositing silver on a glassy carbon or a platinum rotating disk electrode and then
stripping it off. This was done by chronoamperometry and linear sweep voltammetry.
Signals from bismuth deposition can interfere with the silver signal for some deposition
potentials, especially at platinum electrodes. Since silver has a slightly higher deposition
potential than bismuth in the diluted synthetic process solution, the effect of bismuth
can be removed by increasing the deposition potential. The best way of detecting silver
was found to be by using a glassy carbon working electrode with a deposition potential of
-0.1 V vs. Ag/AgCl, a deposition time of 100 s, a scan rate of 50mV s™!, and a rotation
speed of 1600 rpm. Due to the potential change resulting from silver chloride complex
formation, a 1/10 dilution of the synthetic process solution gave the best conditions for

silver detection.[18][19]

Table 1.1: Concentration of selected elements in a typical process solution.

Element Concentration Unit

Ni?t 250 gLt

Cl™ 300 gLt
SOs% 50 gLt
Fe?t 12 gLt
Mn?t 10 mg L=t
Bi*t 5 mg L~}
Agt <1 mgL~!

A stable reference electrode (RE) is crucial for reliable results in electrochemical mea-
surements. Silver/silver chloride RE is widely used due to its known potential and sta-
bility despite changes in the electrolyte composition. However, in strong electrolytes,
the solution in the RE chamber will be contaminated over time, causing potential drift.
Silver /silver chloride REs can be challenging to maintain and are relatively expensive to
buy. An alternative to ordinary REs is pseudo-reference electrodes (pseudo-RE), a metal

wire in equilibrium with ions in the solution. A nickel wire might be a possible pseudo-RE
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in a nickel process solution. It will corrode over time, but the wire is cheap and easy to
replace when the degree of corrosion is too large. It might be a suitable replacement for

an ordinary RE if it gives a stable potential over time.[20]

1.2 Aim and scope of the work

The aim of the master thesis work is to develop an electrochemical method to detect silver
ions in a nickel chloride process solution. Different electrochemical methods for detection
of silver and isolation of its current signal will be tested and compared. This is to be able
to make a reproducible method for silver detection that can be used to make a calibration.

The possibility of using a nickel pseudo-RE will also be explored.

Firstly, the silver signal in real process solutions will be mapped. After that, different
electrochemical methods and stripping programs will be tested to find a reproducible
silver detection method. The stability of a nickel wire as a pseudo-reference electrode will

also be studied. In addition, a calibration curve for silver detection will be made.
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2.1 Mass transport in electrolytes

Mass transport in a solution can occur due to three different mechanisms. The modes
of transport are due to a gradient of concentration, pressure, or electrical potential in
the solution and are respectively named diffusion, convection, and migration. The way an

experiment is designed determines which mechanism or mechanisms are dominant.[15][21]

2.1.1 Diffusion

The transport of ions, atoms, and molecules in a solution due to a chemical potential
gradient, such as concentration differences, is called diffusion. A concentration gradient

will arise near electrode surfaces where reactions take place.[15][21]

The diffusive flux, Jid o , is proportional to the concentration gradient, %, and follows

Fick’s first law:
dCZ‘

Jidif _ _Dl(d_
i

) (2.1)

where Jid /" is the amount of the species ¢ transported through an area per second due
to diffusion and D; is the diffusion coefficient for species i. The position, z, is zero
at the electrode surface and the negative sign indicates movement from high to low

concentration.[21][22]

2.1.2 Convection

Convection is a driving force for mass transport in solutions caused by a pressure gradient.
This gradient can be either forced or natural. Forced convection happens due to an
external force on the solution, such as pumps, stirring, or heating of the solution Natural
convection is caused by natural density changes in the solution and can happen due to

temperature gradients.

The convective flux, J™  is proportional to the velocity, v, and follows:
JE = w,ey (2.2)

where Jf™ is the amount of the species ¢ transported through an area per second due to
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convection and ¢; is the concentration of species 1.

In many cases, it may be preferable to control the convection. By stirring the solution,
the convection mass transport contribution can be dominant over mass transport from

diffusion. [15][21]

2.1.3 Migration

Charged species, such as ions, can move due to an electrical gradient in the solution. This
is called migration and is the primary way that charge is moved in a solution between

electrodes. The migration flux, J;"" is expressed as:

dd

T = —u; - ci( )

(2.3)
where u; is the mobility of species i, ¢; is the concentration of species i, and % is the
potential gradient. For low concentrations of the charged species compared to the amount
of the non electroactive part of the electrolyte, the supporting electrolyte, the contribution

from migration can be neglected compared to the diffusion of the charged species.[15][21]

2.1.4 Total mass transport flux

The contribution from diffusion, convection, and migration gives the following equation

for the total mass transport flux:

| | de; 4o
Ji = JH g geem g g = —Dz‘(—c) + U — Ui - ¢

T ; W) (2.4)

Since convection is an effective force of mass transport, it is often used in electrochemical
experiments. One of the most common ways to do this is by stirring the solution using a
rotating disk electrodes. This is because its effect on mass transport is well defined. The

voltammetric consequence of this stirring can consequently be predicted quantitatively.[21]

2.1.5 Rotating disk electrode

A rotating disk electrode (RDE) is a type of working electrode (WE) used to perform
steady-state studies by rotating the circular disc with a chosen velocity, w. The RDE

stirs the solution, working as a pump, continuously supplying the electrode surface with
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new reactant. The rotation causes a well defined flow field for the electrolyte. [15][22]
RDE is commonly used to control convection.[21] Introducing convection to a system can

increase the current signal by 3-100 times, giving higher sensibility.[23]

In experiments using RDE, the limiting current density, 4, is dependent on the velocity

as seen from the Levich equation:
i = 0.62nFv Y0 D2Bey 12 = B . 12 (2.5)

where D is the diffusion coefficient, and ¢, is the bulk concentration (the concentration
of the bulk, far from the electrode). iy, is proportional to the square root of the rotation

rate.[21][24]

2.2 Electrodeposition

Electrodeposition is the electrochemical reduction of a metal ion on the WE surface. This
may be done by applying a predefined potential and reducing the metal. A generalized

reaction for metal deposition of a metal M*" is as follows:
M*T + 2" =M (2.6)

For an electrochemical reaction to occur, the electrode potential must exceed a thermo-
dynamic potential called the reversible electrode potential, . The Nernst equation uses

the standard potential, E°, to calculate E:

RT
E=F—-—"1 2.
LYe 27)

where R is the gas constant, T is the temperature, n is the number of electrons being trans-
ferred in the reaction, F'is the Faraday constant, and Q is the reaction quotient.[21][25]
In reality, an additional overpotential is needed for the reaction to occur. The overpoten-
tial is the magnitude of deviation of the electrode potential, compared to the equilibrium
value. The difference between the actual deposition potential and the reversible electrode
potential at equilibrium can be seen as the overpotential.[22][26][27] The effect of over-
potential can, for example, be observed for stripping of deposited bismuth. The bismuth

stripping peak moves to a more positive potential when silver ions are added to the solu-
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tion. This indicates that silver increases the stability of deposited bismuth, hence causing

a higher overpotential for bismuth stripping. [28].

An increased deposition time will give an increased amount of the trace metal deposited

on the electrode, in accordance with Faraday’s law:

~ M;It
 nF

(2.8)

m;

where m; is the mass of species ¢ electrodeposited, M; is the molar mass of species i, I is

the current, and t is the deposition time.[21]][29][30]

Electrochemical codeposition of metals is the deposition of two or more metals simulta-
neously on the electrode surface. When trying to detect a metal electrochemically, the
current signals from the different metals may interfere. This makes quantifying the content
of a single metal difficult. Electrochemical codeposition, i.e. simultaneous electrodeopo-
sition of multiple metallic phases, can occur if the electrode potential is sufficiently low
for different metal ions to be reduced to their respective metal. The deposition potential
of a metal ion can, in some cases, be altered by complexation to avoid codeposition and

separate the current signals.[26][31]

2.2.1 Nucleation and growth

In the initial process for electrodeposition of a metal, nuclei form at the surface. The rate
of nucleation is strongly dependent on the overpotential and the mass transport. There are
several models for nucleation and growth in diffusion limited cases, for example, the one
from Scharifker and Hills [32]. This model gives two limiting cases for the formation rate:
instantaneous and progressive nucleation. In instantaneous nucleation, nuclei immediately
form at all available sites, while the number of nuclei increases with time in progressive
nucleation, as shown in Figure 2.1. The nucleation in cases with forced convection has
been less studied. However, in an article from Hyde, Klymenko, and Compton [33], a very

complex equation for nucleation in systems with forced convection is derived.

Metals have different overpotentials for electrodeposition on different surfaces, depending
on material and structure. Two metals may deposit differently on the same electrode
surface. The potential gap between the deposition of two metals may also vary with

the electrode material, electrolyte composition and temperature. If a metal has a lower
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Figure 2.1: Illustration of instantaneous nucleation (left) and progressive nucleation
(right), reproduced from Skaftun [34].
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Figure 2.2: Illustration of nucleation growing into a thin film on the surface, reproduced

from Popov [35].

overpotential for deposition on itself than the electrode surface material, larger nuclei with
a 3D structure will form on the surface. On the other hand, if the overpotential is lower
for deposition on the surface, the metal will deposit as a uniform film. The formation of

a film can be seen in Figure 2.2.[26][27][31]

2.2.2 Activity in strong electrolytes

In weak electrolytes, the activity of water can be approximated to be unity. However,
for strong electrolytes, the water activity can differ from unity. The activity of water in
nickel chloride solutions has been estimated by Akre [36] for concentrations up to 4 mol
NiCly/kg HoO. In a 1/10 dilution of the process solution, the molality of nickel chloride
will be in the region of 0.4-0.45mol/kgH,0O. This gives a water activity of about 0.97-0.98
according to Akre [36], making unity a good approximation. In the process solution,
other ions and complexes exist, and the effect of these in collaboration on the water
activity is complex and difficult to estimate theoretically. However, their concentrations
are significantly lower than of nickel chloride, making the concentration of nickel chloride

a good estimation for finding the water activity.
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Generally, the activity of a species i can be found from the following equation:

where m; and ~; are the molality concentration and the activity coefficient of species i,
respectively. The mean activity coefficient is the ratio between the activity and the actual

concentration and can be found experimentally or estimated by equations.[36][21]

The mean ionic activity coefficient in a weak electrolyte can be estimated by Debye—Hiickel

equation:

Alzyz VT
1+ BavI

where 74 is the mean ionic activity coefficient, A and B are constants, z, and z_ are

logyy = — (2.10)

the charge number of cations and anions, respectively, I is ionic strength, and a is an
ion-size related parameter. In strong electrolytes with a high concentration of ions, the
Debye—Hiickel equation deviates a lot from experimental values. Stokes and Robinsons

equation is an alternative equation for estimation of the mean ionic activity coefficient:

Aoz WT b
Az VTl g1+ 0.018(0 — By (2.11)

1 _
8 1+ Bav/I v

where h is the hydration number, a,, is the water activity, and v is the stoichiometric

coefficient.[36][37][38]

The mean ionic activity coefficient can further be used to estimate the single-ion activity
coefficients. For a metal chloride salt with the formula MCl,, the single-ion activity

coefficient of M** and C1™ can be found from the mean activity coefficient of MCly:
log Y2+ = 2log v+ + 0.00782hm® + log [1 + 0.018(3 — h)m] (2.12)

21og Yae+ = log e — 0.00782hm® — log [1 + 0.018(3 — h)m] (2.13)

where ® is the osmotic coefficient that characterizes the deviation of the solvent from
ideal behavior. This is a better way of estimating the activity of species, which can be

used, for example, in the calculation of the reversible electrode potential.[36] [37]
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2.3 Complexation

In solutions containing several different atoms and ions, complexation is commonly ob-
served. Complexation is the formation of a complex, which is a large molecule or ion made
from several other ions and molecules. The complex is made up of a central metal ion,
surrounded by ligands, which are ions or molecules connected to the central ion. [39][40]
A generalized equation for the formation of a complex, [ML,]***?, by a metal, M, and a
ligand, L, is written as:

M 4 gLP = [ML, "t (2.14)

A high ligand concentration favors the formation of the complex, making it more challeng-
ing to reduce the metal ion. This is because the metal ion is surrounded by a stabilizing
shroud of ligands, making access more difficult. When reducing a central metal ion from a
complex, Equation 2.14 must proceed from right to left to produce the metal ion from the
complex. After that, the metal ion can be reduced according to Equation 2.6. The metal
ion concentration will be low when the ligand concentration is high, causing a much lower
reduction potential than for solutions without complexation.[15][26] A high local metal
ion concentration will arise close to the electrode surface when oxidizing the metal. A
complexing agent present in the solution can cause an increased concentration gradient at
the electrode due to the rapid formation of the complex. This increases the stripping rate,

giving higher peak currents and more narrow peaks in stripping voltammograms.|[41][42]

2.3.1 Silver chloride complexes

In aqueous solutions chloride and silver ions form silver chloride, which has low solubility

in water: [43]

Ag*t(aq) + C1™ (aq) = AgCl(s) (2.15)
If the chloride concentration of a solution is large compared to the silver ion concentration,

several different silver chloride complex ions will form. These complex ions are soluble in

water and are formed according to the following chemical equations:

AgCl(s) + Cl™ (aq) = [AgCly] (aq) (2.16)
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Figure 2.3: The percentage of silver chloride and silver chloride complexes as a function of
chloride activity for a solution containing 10~ mol L~ silver ions. Modified from Lampre
et al. 2000.[44]

[AgCLy] ™ (ag) + C1™(ag) = [AgCls]*~ (aq) (2.17)
[AgCls)* (aq) + C1™ (aq) = [AgCly’ (aq) (2.18)

where silver dichloride, silver trichloride, and silver tetrachloride are formed, respectively.[44]
Figure 2.3 shows how the percentage of each complex changes as a function of the chloride

activity.

2.3.2 Standard electrode potential of complexes

In strong electrolytes and aqueous process solutions, the thermodynamics properties often
vary significantly from ideal behavior. These solutions typically contain a lot of different
ions in large concentrations, giving a high ionic strength. Because of the high ion concen-
trations, the complex system of equilibria and the formation of complex ions, constants,
and parameters are often not tabulated directly in handbooks. However, many constants

can be derived from tabulated values.

E” of an electrode reaction is the potential in a cell where a species A is reduced, hydrogen
gas is oxidized, and all activities are one.[45] Many electrode reactions are tabulated versus

the hydrogen electrode at standard conditions in, for example, SI Chemical Data and CRC
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Handbook of Chemistry and Physics.[43][46] These tables use the hydrogen electrode at
standard conditions as the reference. The hydrogen reduction reaction consequently has

a defined standard potential of 0V and is referred to as the standard hydrogen electrode
(SHE).[21][47][48] The SHE reaction is:

2H" (aq) + 2~ = Hy(g) (2.19)

The reduction of silver ions is described by the following reaction:
Agh +e — Ag (2.20)

and has a E° of 0.80V vs. SHE. However, this reduction potential will change if the
solution content is changed from standard conditions. An example is the formation of
silver complexes. In a chloride solution, silver chloride complexes can be formed, leading
to a change in the standard electrode potential. Tables do not contain standard electrode
potentials for silver chloride complexes, but they can, however, be calculated. Silver
dichloride, [AgCl,]™, is one complex that can be formed in chloride solutions. Reduction

of [AgCly]™ can be expressed by the following equation:

[AgCly]™ + e~ — Ag+2C1™ (2.21)

The relationship between the standard cell potential and the standard Gibbs free energy

of formation is expressed as follows:

—AG

EO
nk’

(2.22)

The standard Gibbs free energy of formation can further be expressed by the equilibrium
constant:

AG° = —RTIn K (2.23)

The equilibrium constant can be calculated using formation constants and solubility prod-

ucts. For Equation 2.21, the equilibrium constant can be calculated by the cumulative
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formation constant for the following equation
AgCl(s) + CI” — [AgCly]™ (2.24)

which is tabulated in SI Chemical Data [43] as log f = —4.50 and the solubility product

constant for the following equation:
AgCl(s) — Ag™ + Cl- (2.25)

which is Ky, = 1.8 - 1071°.[43] By subtracting Equation 2.25 from Equation 2.24, the

formation reaction for silver dichloride from silver ions can be expressed as:
Ag™ + 201" — [AgCly)™ (2.26)
The equilibrium constant for the reaction in Equation 2.26 can then be calculated as:

1 1
=10%. ————— =1.76-10° (2.27)

K=8-
b K., 1.8-10-10

Further, the equilibrium constant can be used to calculate the standard Gibbs free energy

of formation for Equation 2.26:

1kJ
1000 J

= —29.922kJmol ' ~ —30kJmol™! (2.28)

AG° = —RTInK = —8.314JK 'mol - 298K - In1.76 - 10° -

The standard Gibbs free energy of formation for reduction of silver ions (Equation 2.20)

can be calculated as follows:

AG" = AGpg" — AGp+° = 0kJmol ' — 77kJmol ' = —77kJ mol ' (2.29)

By subtracting the standard Gibbs free energy of formation for Equation 2.26 from the
standard Gibbs free energy of formation for Equation 2.20, the standard Gibbs free energy
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of formation for Equation 2.21 is found:

AGs® = AG,° — AGy’ = —T7kJmol ™' — (=30kJmol ') = —47kJ mol ™" (2.30)

By using this value, the standard electrode potential for Equation 2.21 can be calculated

from Equation 2.22 as:

AG3°) (47000 J mol™")

Eo . _(
= = 1
nk 1-96 485 C mol

=0.49V vs. SHE (2.31)
Values for the cumulative formation constant from Seward [49], as seen in Table 2.1, give
the same calculated values for the standard cell potential.

The reduction of silver trichloride, [AgCls]*", can be expressed as:

[AgCl3)*” + e~ — Ag+3C1™ (2.32)
and the reduction of silver tetrachloride, [AgCly]?>", can be expressed as:

[AgCL*” + e — Ag+4C1™ (2.33)
The values for the standard cell potential can be seen in the same Table 2.1 for silver

dichloride, silver trichloride, and silver tetrachloride.

When silver is reduced from silver ions as in Equation 2.20, the standard cell potential is
0.80V vs. SHE. This is significantly higher than the standard cell potential when silver

is reduced from silver dichloride complexes, as in Equation 2.21.

Table 2.1: Table containing cumulative formation constants from Seward [49] for the
formation of silver dichloride, silver trichloride, and silver tetrachloride from silver ions.
The values for AG® and E° have been calculated from the formation constants at 25°C

by cumulative formation constants for 18°C.

Complex log B, AG® E°

[kJmol™'] [V]
[AgCly]~ 5.31  -30.3 0.487
[AgCl3)*~ 544  -31.0 0.477

[AgCL)*™ 419  -23.9 0.549
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2.3.3 Chloride concentration effect on the reversible electrode potential of

silver

The chloride concentration has a great influence on the reversible electrode potential, F,
of silver because of the formation of silver chloride complexes. A simplified reduction

reaction for the silver tetrachloride complex can be written as:
[AgCL]*™ + e — Ag +4Cl™ (2.34)
In reality, the complex is encircled by water molecules:
[AgCly - (H,0),]*” + e — Ag + 4C1™ + 2H,0 (2.35)

where x is the unknown amount of water in the complex.
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Figure 2.4: Effect of the chloride concentration on the silver peak in stripping voltamme-
try. The experimental parameters used are as follows: glassy carbon working electrode,
100mVs~! scan rate, 100s deposition time, rotation rate of 1600 rpm, and deposition
potential between -0.1 and —0.5V vs. Ag/AgCl. [1§]

Figure 2.4 shows how the silver potential shifts towards a lower potential for an increased

chloride concentration. This can be seen from the Nernst equation for the reaction in
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Equation 2.35:
QAg - A

RT 1
— F . hl 4 Cl - (236)
[AgCL)3~ " AH,0

E=F°
where aag, aci-, Aagen,p-> and am,o are the activities of Ag, Cl°, [AgCLy]*" and H,O,
respectively.[21][22][50][25] When the chloride concentration is increased, the activity of

chloride will increase, giving a lower reversible electrode potential.

In a solution containing 30gL~! C1~ and 0.1mgL~" Ag™, corresponding to 0.85mol L~}
and 9.3 - 107> mol L~! respectively, it is reasonable to estimate that all of the silver ions
exist as silver tetrachloride (Figure 2.3). For simplicity, the activities of ions are estimated
to be equal to their concentrations and activity of water and silver is set to unity. This
is a good simplification in some cases. By using the calculated value for the standard
electrode potential from Table 2.1, the reversible electrode potential can be estimated by
Equation 2.36:

Aag - Ay 0.85%

T
_RT — 0.549V — 0.0256 V - In

E=E" . 2
F o apagens - 0o 0.000093

=0.33Vvs SHE (2.37)

This gives a potential of 0.11V vs. Ag/AgCl.

2.4 Anodic stripping voltammetry (ASV)

Voltammetry is an electrochemical measurement where the current is measured at the
WE as a function of the applied potential.[48] A voltammetric measurement gives a graph,
called a voltammogram, where the current is plotted versus the applied potential.[51] A
potentiostat is often used to control the potential and measure the current produced in
experiments. Under the right circumstances, oxidation and reduction reactions occurring
on the WE surface can be seen as current peaks in the voltammogram. The concentration
of the oxidating or reducing species needs to be large enough, and the WE needs to be
of a material where the reaction can occur. The area of the peak is proportional to the
concentration of the species. This is used when setting up a voltammetric measurement to
measure the amount of a trace metal. By comparing the area of the peak to a calibration,

the concentration can be found.|[13]



18 2 Theory

Anodic stripping voltammetry (ASV) is a voltammetric measurement in two steps, often
used to measure the content of a trace metal in a solution.[13] In the first step, a trace
metal is electrodeposited on the WE surface by applying a predefined potential where
the metal is reduced. Electrodepositing is used to concentrate the amount of a trace
metal on the electrode. This is done to get a large enough amount of the metal to get a
quantifiable current response. The trace metal concentration can then be estimated based
on the current signal. The potential applied needs to be low enough for the reduction
of the trace metal to happen without reducing other metals that can interfere with the
oxidation current. The deposition time is proportional to the amount of trace metal
deposited and needs to be chosen depending on the concentration range of the trace

metal in the solution.

In the second step, the trace metal is stripped off by increasing the potential in the anodic
direction in a certain way and measuring the current. There are several types of ASV,
mainly distinguished by the stripping program. Linear sweep voltammetry, differential
pulse voltammetry, and square wave voltammetry are the most common and are widely

used in industry. [29][30]

2.4.1 Anodic linear sweep voltammetry

Anodic linear sweep voltammetry (ALSV) is a type of ASV where the potential is scanned
linearly in the anodic direction, as shown in Figure 2.5. This is the simplest type of ASV
and has a lower sensitivity for trace metal detection than others. One of the advantages
of ALSV is the possibility to make stops in the scan or scan with different scan rates in
different parts of the potential range. This is useful if several metals deposit simultane-
ously and are oxidized at nearby potentials. By dividing the stripping into several scans,
it can become easier to distinguish the current signals from each other. Contaminating
metals will then not disturb the current signal used to determine the concentration of the

metal of interest.
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Figure 2.5: Development of electrode potential with time during anodic linear sweep

voltammetry. Reprinted from Josefsen [18].

2.4.2 Differential pulse voltammetry

Differential pulse voltammetry (DPV) is a more advanced technique where the background
current is taken into account. This method can compensate for background current by
applying a potential pulse at regular intervals in the linear sweep voltammetry, as shown

in Figure 2.6.

Deposition Stripping

Potential (V)

(

Time (s)

Figure 2.6: The potential versus time figure, showing how potential is applied to the
working electrode in differential pulse voltammetry. The two points is where the current
is sampled.[29]
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The current is sampled before the pulse is applied and at the end of the pulse, seen as
the two points in the figure. The difference in current between the two points is plotted
against the potential, where the charging currents are reduced compared to linear sweep

voltammetry. This gives DPV a better sensitivity compared to ALSV.[29][52]

2.4.3 Square wave voltammetry

Square wave voltammetry (SWV) is one of the most used voltammetric methods, mostly
because of its high sensitivity to surface reactions at the electrode. An example potential

program is shown in Figure 2.7.

Deposition Stripping
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Ib

(

Time (s)

Figure 2.7: Potential program for square wave voltammetry. Iy and I, are the points

where the forward and backward currents are sampled, respectively.[53]

The current is measured at both the minimum and maximum of a pulse. At the minimum,
the backward or reverse current is measured, I, and at the maximum, the forward current
is measured, I;.[53] This can give valuable information about the reversibility of the
reaction and about the electrode structure. The difference between the currents from two
consecutive pulses is used as the current response and plotted against the potential. SWV

can be used for stripping measurements or directly without a deposition step.[29][52][53]
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2.4.4 Calibration

To quantify the content of a detected metal ion, the relationship between the measured
current signal and the concentration needs to be found. This might be done by making a
calibration curve where known amounts of the metal ion are added and compared to the
current signal. By doing this for two or more concentrations, a calibration curve might
be made. This gives a relationship between the height of the current peak or the charge
and the concentration.[10][54] The measuring points in the calibration curve often show
linearity but can also be curved or a mix.[55] The concentration of a solution with an
unknown metal ion concentration can then be estimated by comparing the current signal

with the calibration curve.

For linear calibration curves, the equation for the line can be found by, for example, least
squares regression. The coefficient of determination, R2, tells how good the line fit is. R2
is given as a number between 0 and 1, where a high value indicates a good fit. A value of

0.94 means that 94% of the variation in y can be explained by the variation in x. [55]

2.5 Open circuit potential

Open circuit potential (OCP) is the potential at an open circuit where no external po-
tential is applied. In other words it is the potential between the WE and the surrounding
electrolyte versus a reference electrode. This potential is dependent on both the WE
material and the electrolyte and will consequently change if materials are deposited on
the electrode surface. In a system with a corroding material, OCP is the same as the
corrosion potential. The corrosion potential can be used to figure out if corrosion of the

WE surface can happen or not.[21][56]

2.5.1 Corrosion rate

The corrosion rate tells how fast a material is corroding in a solution. It can be deter-
mined experimentally and is of great use when estimating how often a unit needs to be
replaced in a solution. The corrosion rate of a metal in a specific electrolyte can be found
by making an Evans diagram for the oxidation and the reduction reaction. An Evans
diagram is a diagram of the potential versus the logaritm of the absolute value of the

current. Experimentally, this is done by scanning in the anodic direction from a potential
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below open circuit potential (OCP) or in the cathodic direction from a potential above
OCP. A polarization curve is plotted as the logarithm of the current density versus the
potential. The asymptotes to the polarization curve are called the Tafel lines and are the
overpotential curves for the reduction and oxidation reactions. The two Tafel lines may
be drawn in the voltammogram to find the intersection. The intersection gives the cor-
rosion current density, ‘.., and can be used to calculate the corrosion rate by rewriting

Faraday’s law(Equation 2.8):
As o Miicorr
At nFp

(2.38)

where 22 is the corrosion rate in mm/year and p is the density of the metal.[50][57]

2.6 Reference electrode

In voltammetric measurements, a reference electrode (RE) is often used to control the
potential of the WE continuously. To avoid any overpotential contribution from the RE,
the electrode can not be passing a significant current. There are two types of RE: real
RE and pseudo-RE. A real RE has a known potential in a separate and well-defined
electrolyte and is connected to the system by a diaphragm or a salt bridge. The potential
in a real RE is controlled by a reduction and oxidation thermodynamic equilibrium on a
metal, giving it a thermodynamically calculable potential. A pseudo-RE is dependent on

the electrolyte composition and is often just a metal wire.

There are several different RE, and in some cases, it is preferable to show the potential
versus another RE than the one used. This can be done by adding the potential difference
between the two RE.[58] Typical real RE used in modern electrochemistry are silver /silver
chloride electrode (Ag/AgCl), reversible hydrogen electrode (RHE), and saturated calomel
electrode (SCE).[20][22][29]

2.6.1 Pseudo reference electrode

A pseudo-reference electrode (pseudo-RE), also named quasi-reversible electrode, is a
metal wire immersed directly into the electrolyte. The metal is not in thermodynamic
equilibrium with its oxidized form, which can be soluble or insoluble.[24][59] The pseudo-
RE is dependent on the electrolyte and does not have a thermodynamically calculable

potential. Therefore, it is necessary to calibrate the pseudo-RE in the specific solution by
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using a RE with a known potential. In most cases, the pseudo-RE will not contaminate
the electrolyte in a way that affects the measurements. A real RE might contaminate
the electrolyte, for example, by leaching chloride.[51] Common pseudo-RE are platinum,

gold, silver, copper, and silver/silver chloride wires.[20][29]

2.6.2 Reference electrode stability

A RE with both a good short-term and long-term stability is desired in electrochemical
online monitoring. To achieve this, there are many variables to consider. Measurements
rely on the RE for precision and accuracy. Therefor, it needs to be chosen with care.
A drift of potential less than 10mV per day is often acceptable.[20] A good RE should
have little memory effect from previous experiments and a long operation lifetime in the
electrolyte. To avoid disturbances in the measurements, ions from corrosion or leaching
of the RE should not contaminate the solution in a way that causes disturbances in the

current signal. [60][61]

A temperature coefficient describes how sensitive a RE is to temperature changes. This
coefficient says how much the potential changes with temperature and can be determined
experimentally by measurements on different temperatures. To ensure minimal potential
drift, a RE with a small temperature coefficient in the operating temperature range should

be chosen.[60][61]

Real RE are dependent on a stable electrolyte composition in the RE compartment.
Over time, even when using a diaphragm or salt bridge, the separate electrolyte will be
contaminated, causing a drift of the potential. This causes a need for maintenance that

can be comprehensive or expensive.[60][61]

In many cases, a pseudo-RE is very stable over time, even when corroding. It needs little
maintenance and can easily be replaced by a new wire if necessary. In some cases, a
cheap material as nickel or silver, can be used as PRE, causing very low operating cost.
The drawback of PREs is that they do not have a known potential, causing the need for
regular calibration.[60][61]
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2.7 Scanning electron microscope and energy dispersive spec-

troscopy

In a scanning electron microscope (SEM), the area to be investigated is irradiated with
a thin focused electron beam, which gives rise to several different signals that can be
detected, as seen in Figure 2.8. Secondary electrons (SE) are made due to inelastic in-
teractions between the sample and the electron beam and originate from the surface or
near the surface, as seen in Figure 2.9. To study the surface morphology of the sample,
SE is therefore often used. The resolution depends on the atomic number and the accel-
eration voltage, where a high atomic number and low acceleration voltage gives the best

resolution.[62][63][64]
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Figure 2.8: Some of the signals that can be used for detection in SEM. Based on illustra-
tions from Beanland [62], Hjelen [63] and Alobad [65].

In energy dispersive spectroscopy (EDS), X-ray signals are analyzed to estimate the chem-
ical composition. As seen in Figure 2.9, the penetration depth of X-rays is quite large
compared to that of secondary electrons. Consequently, when studying a thin electrode-
posited layer on an electrode material, a relatively large part of the signal will come from

the electrode material (substrate). The detection limit and accuracy in EDS is about
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1%.[62][63] [64]
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Figure 2.9: The interaction volume where some of the signals may be detected in SEM.
The penetration depth for X-ray is deep, while secondary electrons are detected close to

the surface. Reprinted from Scrivener [64].

2.7.1 Electrodeposited silver studied with SEM

By using SEM, it has been shown that the morphology of electrodeposited silver on
a glassy carbon electrode is largely dependent on the deposition parameters.[66] The
particle size of silver increases with an increased deposition potential until a specific
upper limit. However, the amount of particles increases with a decreasing deposition
potential. The amount of particles is also dependent on the deposition time and increases
with an increased deposition time. The size of the particles is, on the other hand, not as

influenced by deposition time.
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3 Experimental

3.1 Chemicals and apparatus

To conduct the electrochemical measurements, a typical three-electrode electrochemical
setup was used, as shown in Figure 3.1. A 150mL glass cell of conventional design, a
rotator, a rotation speed controller, and a potentiostat were used in the setup, in addition
to the electrodes. Glassy carbon (GC) with a geometrical surface area of 0.196 cm? was
used as working electrode (WE). The reference electrode (RE) was either a silver/silver
chloride electrode (Ag/AgCl) or a nickel pseudo-RE. Both reference electrodes were mainly
used directly in the solution. The Ag/AgCl reference was stated to have a potential of
0.199V vs. SHE. Graphite was used as the counter electrode (CE). All experiments were
performed at room temperature (23 £ 1 °C). All experiments were conducted in a fume
hood because of the risk of chlorine gas evolution. To control the potential between the
WE and RE and measure the current during the measurements, an Autolab PGSTAT30
potentiostat was used. The data from the electrochemical measurements were managed
and analyzed by the potentiostat software Nova.
B ) i
.”"" r Connection to

gl rotation speed
l controller

y i sy :;
o Glass cell
Nitrogen gas ~

Figure 3.1: Electrochemical setup for measurements with rotating disc electrode.[67]

The surface of the WE with deposits was studied with SEM and EDS (LVSEM, Hitachi S-
3400N). When preparing samples for SEM and EDS, the WE was coupled with a titanium
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Figure 3.2: Pictures of the electrode holder for use in SEM. The holder can be seen with
and without the electrode connected on the left (a) and right image (b), respectively.

wire in a heat shrink tube. The titanium wire stayed in the electrolyte while the WE was
removed so that the electrode potential was controlled. Titanium was chosen since it has
a very low electrochemical response in the tested electrolytes and potentials. A holder
in brass (Figures 3.2 a and b) for rotating disk electrodes was made by the mechanical
workshop at NTNU so that the rotating disc electrode could be loaded directly into the

SEM. An overview of all equipment used can be found in Table 3.1.

Table 3.1: List of instruments and software used.

Equipment Manufacturer Name
Potentiostat /Galvanostat Metrohm Autolab PGSTAT30
Rotator Pine Research MSR Rotator
Rotation rate control unit Pine Research AFMSRCE
Advanced Electrochemical Software Metrohm Nova
Pipette VWR 89079-974 100-1000pL
GC RDE Tip 5.0 mm Pine Research AFE3T050GC
Ag/AgCl RE Radiometer Analytical REF201 Red Rod RE
Alumina suspension 0.3 pm Allied high tech 90-187510
Polishing cloth Buehler MicroCloth, PSA, 2.875 in
Heat shrink tube - -
Electrode holder for SEM Mechanical workshop NTNU -

SEM Hitachi S-3400N
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A list of all used chemicals can be found in Table 3.2. The chemicals, and their amounts,
for preparing diluted synthetic process solution is shown in Table 3.3. The chemicals
was dissolved by deionized water to make the synthetic solution. The content of the
diluted synthetic process solution is shown in Table 3.4. The content of some of the most
important elements in the used process solution diluted 1/10 with 0.1 mol L~! sulphuric
acid is shown in Table 3.5. The content of the undiluted process solution are shown in

Appendix A.

Table 3.2: List of chemicals used.

Chemical name Formula Purity Manufacturer
Sulfuric acid HySOy4 98% EMD Millipore
Silver nitrate AgNOs3 > 99.8% Sigma-Aldrich
Sodium sulfate Nay SOy ACS, ISO  Merck
Nickel(II) chloride hexahydrate =~ NiCly- 6H,O > 98% Sigma-Aldrich
Iron(II) sulfate heptahydrate FeSO4- TH,O > 99.0% Sigma-Aldrich
Bismuth(III) chloride BiCl; > 99.0% Sigma-Aldrich
Manganese(II) sulfate monohydrate MnSO4- HoO  ACS Merck
Ammonia solution NH; 25% Merck
Deionized water H,O 15.0mQ cm  Millipore

Table 3.3: Quantity of chemicals used to prepare synthetic process solution. All values
are the weight of the chemical needed to make a 1-liter solution. The chemical formulas
are written without the crystal water, but the crystal water has been considered in the

weights. The exact chemical formulas can be seen in Table 3.2.

H2SO4 N1C12 FeSO4 MI]SO4 BlClg
gL7! gL' gL' mg 'L mgL!

10.2 101 2.97 30.8 11.6

Table 3.4: Content of the 1/10 diluted synthetic process solution without silver ions.

Element Unit Concentration

Ni*t  gL™' 25

cr gL' 30
SO gL' 50
Fe?t gL' 1.2

A silver nitrate solution was prepared by mixing 118 mg silver nitrate and 500 mL deion-

ized water. 1mL of this solution gives 1 mgL~! silver ions in 150 mL electrolyte, corre-
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Table 3.5: Content of selected elements in the process solution diluted 1/10 with
0.1 mol L~! sulphuric acid.

Element Unit Concentration

Ni?t gL' 24
Cl gL™t 28
SO gL' 13
Fe** gL' 09
Bi**  mgL™' 1.0
Agt mgL=!' 0.0

sponding to 10mgL~! in the concentrated solution. The calculations is shown in Ap-

pendix A.

3.2 Procedure
3.2.1 Start-up procedure for electrochemical measurements

Before a new experiment, all equipment in contact with the electrolyte was washed thor-
oughly with deionized water. In addition, the glass cell was washed with the electrolyte

used in the experiment.

When adding a new electrolyte, the solution was purged with nitrogen gas (unless other-
wise specified) to remove the oxygen dissolved in the solution. The purging was conducted
by lowering a glass pipe connected to nitrogen gas into the solution. After purging the
solution with nitrogen for 10 minutes, the bubbling rate was lowered to about one bubble

per second, and the pipe was placed just above the solution.

A start-up cyclic voltammetry (CV) was conducted before starting measurements to en-
sure a clean WE surface giving reproducible results. This was achieved by running a CV

1 until the voltammogram was stable.

measurement between -0.3 and 0.4V at 100mV s~
The first time a new electrode was used, it was cycled for at least 100 cycles. After that,

it was cycled for at least 10 cycles every time the electrolyte was changed.

3.2.2 Examination of electrode surface

To study the deposited materials on the electrode surface, SEM and EDS was used.
SEM was used to look at how the materials deposited on the surface, and EDS was

used to detect what elements was present on the surface. Chronoamperometry (CA) was
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executed for 1000s at -0.1, -0.2, and —0.3V vs. Ag/AgCl with a rotation speed of 1600
rpm. This was done in diluted process solutions both with and without 1 mL of the silver
nitrate solution. The silver ion content corresponds to a concentration of 10mgL~! Ag*
in the undiluted process solution. When about 30s of the CA remained, the rotating
disc electrode was raised from the electrolyte and washed with deionized water without
touching the electrode. An auxiliary Ti-wire remained in the electrolyte to maintain
potential control, as described in section 3.1. The rotation was kept turned on afterward
to dry the electrode. When the electrode was dry, the surface was studied with SEM and
EDS.

3.2.3 Open circuit potential measurements after chronoamperometry

Open circuit potential (OCP) measurements after CA at —0.2V vs. Ag/AgCl were exe-
cuted for different deposition times. CA with deposition times of 100, 1000, and 10000 s
was performed, followed by OCP measurements for 60, 200, and 1000 seconds, respec-
tively. This was done in a diluted process solution, added 1mlL of the silver nitrate

solution.

3.2.4 Silver detection in synthetic process solution vs. real process solution

by anodic linear sweep voltammetry

To compare silver detection in a synthetic process solution to a real process solution,
anodic linear sweep voltammetry (ALSV) was used. The synthetic solution contained
chloride, nickel, iron, manganese, and bismuth ions corresponding to 10% of the content
in the real process solution according to Table 3.5. The diluted real process solution used
contained untraceable amounts of silver ions. Therefore, 1 mL of the silver nitrate solution
was added to both solutions. ALSV was executed with parameters given in Table 3.6,

both with and without silver ions in the solution for both electrolytes.

3.2.5 Differential pulse measurements

Differential pulse voltammetry (DPV) measurements were performed by altering different
parameters, seen in Table 3.7. This was executed in diluted process solutions with 1 mL

of the silver nitrate solution.
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Table 3.6: List of settings used for ALSV in synthetic and real process solutions.

Parameter Values

Deposition potential -0.30, -0.20, -0.10 V vs. Ag/AgCl
Deposition time 100s
Scan rate 50mVs!
Rotation speed 1600 rpm

Table 3.7: List of settings used for DPV measurements in process solutions. The values

for the parameters that were kept constant while one and one parameter was changed are
highlighted.

Parameter Values

Deposition potential ~ -0.30 , -0.20, -0.10 V vs. Ag/AgCl
Deposition time 100, 250s
Modulation amplitude 0.01, 0.02, 0.05, 0.1V
Modulation time 0.005,0.01, 0.05, 0.1V
End potential 0.4V vs. Ag/AgCl
Rotation speed 1600 rpm

3.2.6 Divided stripping by ALSV

Stripping in two sweeps was tested to try to distinguish the signal from silver and bismuth
from each other. This was done by CA for deposition, followed by a slow scan (ALSV)
until an intermediate potential of 0.0V vs. Ag/AgCl, where a faster scan was started,
as seen in Figure 3.3. The parameters used are shown in Table 3.8. These measurement

were executed in diluted process solutions with 1mL of the silver nitrate solution.

The reproducibility of ALSV with divided stripping was tested by using the same param-

eters (Table 3.8) and repeating the measurement 13 consecutive times.

To check the effect of potential drift, divided ALSV was also tested for displacement of
the potential. Both the deposition potential and the intermediate potential were changed

by 0.2 and 0.5V in both positive and negative directions compared to Table 3.8.

3.2.7 Divided stripping by differential pulse voltammetry

Divided stripping in three sweeps was tested to distinguish the silver and bismuth peaks
from each other. This was done by CA for deposition, followed by three sweeps with

different modulation times and amplitudes, as seen in Figure 3.4. The parameters used
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Deposition Sweep 1 Sweep 2

Potential (V)

100 mV/s

5 mV/s

Time (s)

Figure 3.3: Model of how the divided stripping is constructed for ALSV. After deposition,
a slow scan (5mVs™!) is used until a potential of 0.0V vs. Ag/AgCl. The scan rate is
then changed to a fast scan rate (100 mVs™1).

Table 3.8: List of settings used for divided stripping by ALSV in a diluted process solu-

tions.
Parameter Values
Deposition potential —0.3V vs. Ag/AgCl
Deposition time 500s
Scan rate 1 5mVs!
Intermediate potential 0.0V vs. Ag/AgCl
Scan rate 2 100mV st
End potential 0.4V vs. Ag/AgCl
Time at OCP before new deposition 500s
Rotation speed 1600 rpm

are shown in Table 3.9. These measurement was executed in diluted process solutions

with 1 mL of the silver nitrate solution.

The reproducibility of DPV with three-part stripping was tested by using the same pa-

rameters (Table 3.9) and repeating the measurement 13 consecutive times.
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Potential (V)
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Figure 3.4: Model of how the divided stripping is constructed for DPV. The stripping is

built up by three different stripping sweeps, as seen in Table 3.9.

Table 3.9: List of settings used for divided stripping by DPV in a diluted process solution.

Parameter Values
Deposition potential —0.3V vs. Ag/AgCl
Deposition time 500s
Modulation amplitude 1 0.15V
Modulation time 1 0.05s
Intermediate potential 1 —0.15V vs. Ag/AgCl
Modulation amplitude 2 0.15V
Modulation time 2 0.5s
Intermediate potential 2 —0.12V vs. Ag/AgCl
Modulation amplitude 3 0.10V
Modulation time 3 0.01s
End potential 0.4V vs. Ag/AgCl
Time at OCP before new deposition 500s
Rotation speed 1600 rpm

3.2.8 Calibration curve for silver detection by divided stripping

Calibration curves were made by divided stripping with ALSV for different silver ion

concentrations. A diluted process solution was used, added 0, 0.05, 0.1, 0.2, 0.5 and 1 mL

of the silver nitrate solution. An ALSV measurement with divided stripping was executed

with the parameters seen in Table 3.8. The peak height and charge were used to make the

calibration curve. A trend line was made for the measuring points that showed linearity.
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3.2.9 Nickel reference electrode

An OCP measurement between the pseudo-RE and a common RE was executed to check
the possibility of using a pseudo reference electrode. A Ag/AgCl reference electrode
submerged into a saturated KCl was connected by a salt bridge to a diluted process
solution with a nickel wire as a pseudo-RE. The salt bridge was prepared with KCI and
Agar-gel. Before use, the salt bridge was washed first in deionized water three times
and then three times with diluted process solution. The salt bridge was then placed into
the process solution, and some solution was sucked into the pipe to make a connection
between the two solutions. An OCP measurement was performed for 21 days to check

the stability over time.

The corrosion rate of Ni-wire was measured by starting at —0.55V vs. a nickel pseudo-RE
and scanning once in the anodic direction and once in the cathodic direction using the
settings in Table 3.10. Nickel wires were used as WE, RE, and CE and placed in the same
beaker. The solution was not bubbled with nitrogen gas. This is because it was supposed

to simulate corrosion in a real diluted process solution.

Table 3.10: List of settings used to make an Evens diagram to find the corrosion rate.

Parameter Values

Scan rate 0.5mVs!
Lower potential —0.55V vs. Ni pseudo-RE
Upper potential 0.3V vs. Ni pseudo-RE
Rotation speed 1600 rpm

ALSV was performed by the settings seen in Table 3.11. This was executed in diluted

process solutions with 1 mL of the silver nitrate solution.

Table 3.11: List of settings used for ALSV in diluted process solutions with a nickel
pseudo-RE.

Parameter Values

Deposition potential —0.218V vs. Ni pseudo-RE
Deposition time 100s
Scan rate 100mVst
Rotation speed 1600 rpm

Stripping in two sweeps was tested for a nickel pseudo-RE. This was executed as for the

Ag/AgCl RE, but by the settings shown in Table 3.12. The potential values are the only
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settings that were changed from the measurements by a Ag/AgCl. These measurement

was executed in diluted process solutions with 1 mL of the silver nitrate solution.

The reproducibility of ALSV with a nickel pseudo-RE with two part stripping was tested
by using the parameters in Table 3.12 and repeating the measurement 13 consecutive
times.

Table 3.12: List of settings used for divided stripping by ALSV in a diluted process
solutions by a nickel pseudo-RE.

Parameter Values
Deposition potential —0.218 V vs. Ni pseudo-RE
Deposition time 500s
Scan rate 1 5mVs!
Intermediate potential 0.082V vs. Ni pseudo-RE
Scan rate 2 100mVs~!
End potential 0.482V vs. Ni pseudo-RE

Time at OCP before new deposition 500s
Rotation speed 1600 rpm
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4 Results

The results from the study of the electrodeposition at different potentials and solutions
are shown first in the results. Here, images from scanning electron microscope (SEM) and
a table of chemical content from energy dispersive spectroscopy (EDS) of the electrode-
posited material are presented. Further, voltammograms from different types of anodic
stripping voltammetry are presented. In addition, voltammograms for methods for sepa-
ration of current peaks are presented, as well as calibration curves and measurements for

a nickel pseudo reference.

4.1 Stability, morphology, and composition of electrodeposited

material
4.1.1 Electrodeposition by chronoamperometry

A plot of the current as a function of time can be seen in Figure 4.1 for deposition at

different potentials in a diluted process solution, both with and without silver ions added.

0.0- i
—0.2- ]
- : — .03V, 0mg/LAg* 1
‘c —0.4- 9/lLAg™ 7
S ] —— 0.1V,1mg/LAg* |
% ] — -02V,1mg/LAg* -
—0.6- ]
g | — -0.3V,1mg/LAg" -
~0.8- ]
—r T ———
~1.0- i
0 200 400 600 800 1000

t(s)

Figure 4.1: Plot of the current as a function of time during chronoamperometry at -
0.1, -0.2, and —0.3V vs. Ag/AgCl for solutions containing silver ions and —0.3V vs.
Ag/AgCl for solutions without silver ions (1 mgL™1). The graphs were obtained by 1000 s
deposition and rotation rate of 1600 rpm. The graphs stops at 950s because this was

when the electrode was removed from the solution.
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For lower deposition potentials, the current reaches a more negative value. The current
signal from chronoamperometry (CA) in the solution without silver ions shows curve with

a slightly lower current and a different shape than for the solution containing silver ions.

Fitting the current signals from electrodeposition to plots with instantaneous and pro-

gressive nucleation was tested but is not shown.

4.1.2 SEM and EDS of the electrode surface

The surface of a clean glassy carbon (GC) electrode is dark, smooth, and has no deposited
material (Figure 4.2 a). The EDS measurement confirms that there is no material of

importance present on the surface (Table 4.1).

15.0kV 11.0mm x5.00k SE

Figure 4.2: SEM image of a clean GC electrode (a) and the same electrode after electrode-

positing at —0.3V vs. Ag/AgCl for 1000s in a diluted process solution without silver ions

(b).

In experiments where the electrode was left for a short while in the solution at OCP be-
fore removal, the surface was either without any deposit or had some residual silver and
chloride present, as shown in Appendix D. The potential, therefore, has to be controlled
when the electrode is removed from the surface after deposition. A SEM image of the
surface of a GC electrode after 1000s deposition at —0.3V vs. Ag/AgCl in a diluted
process solution is shown in Figure 4.2 b. The surface looks like a clean electrode seen in
Figure 4.2 a. There is no visible nucleation on the surface. However, the EDS measure-
ment shows bismuth present at the surface (Table 4.1). Images from deposition at —0.1

and —0.2V vs. Ag/AgCl in a diluted process solution are shown in Appendix D.
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Table 4.1: EDS analysis of the GC electrode after electrodeposition with different com-
binations of deposition conditions. Carbon was excluded in EDS to get larger quantities
of the more interesting elements. The remaining percentages are due to silicon which is
not relevant for the results, or other elements with such a low percentage that they are
not confirmed. The complete list of the content is seen in the EDS spectra in Appendix

D. The row marked with * is a clean GC electrode before deposition.

Deposition conditions Concentration
Ag™ concentration Deposition potential O Ag Bi
[mg L] [V vs. Ag/AgCl] At % At% At %
0* - 100 0 0
0 -0.1 100 0 0
0 -0.2 93 0 7.3
0 -0.3 86 0 12
1 -0.1 91 6.3 0
1 -0.2 89 7.9 1.4
1 -0.3 83 12 2.1
1 -0.2 & 0.0 87 10 0

Figures 4.3 a-d shows SEM pictures of the GC surface after deposition for 1000 s at differ-
ent deposition potentials in a diluted process solution with added silver ions corresponding

to 1mgL~" in the diluted solution (10mgL~" in the undiluted solution).

The GC surface after deposition at —0.1V vs. Ag/AgCl shows some nucleation randomly
distributed with different nuclei sizes (Figure 4.3 a). The nuclei look relatively spherical
and homogeneous. The EDS measurement shows that silver has been deposited at the

electrode surface (Table 4.1).

Figure 4.3 b shows the GC surface after deposition at —0.2V vs. Ag/AgCl. The surface
has more nuclei than after deposition for —0.1V vs. Ag/AgCl. The nuclei size appears
to be smaller than for deposition at —0.1V vs. Ag/AgCl. The shape of the nuclei looks
irregular because they are built up of several smaller nuclei. The EDS shows that both

silver and bismuth are present at the electrode surface.

Figure 4.3 d shows the GC surface after deposition at —0.2V vs. Ag/AgCl and subse-
quently bismuth stripping for 1000s at 0.0V vs. Ag/AgCl. The surface looks like Figure
4.3 b, with small nuclei in collections. The difference in contrast between Figures 4.3
b and d is the main reason for the visual apparent difference between them. The EDS
measurement shows that bismuth has been removed, but silver still is deposited at the

electrode surface.
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Figure 4.3: SEM image of a GC electrode after electrodepositing for 1000s at a) —0.1V
vs. Ag/AgCl, b) —0.2V vs. Ag/AgCl, and ¢)—0.3V vs. Ag/AgCl in a diluted process
solution with silver ions. Figure d) shows the SEM image of the electrode in b) after
1000s bismuth stripping at 0.0V vs. Ag/AgCL

Figure 4.3 ¢ shows the GC surface after deposition at —0.3V vs. Ag/AgCl. The surface
has tiny nuclei very close to each other. Due to the small nucleus size, it is not easy to
see details in the nucleation. EDS shows that both silver and bismuth are present at the
electrode surface. A trend of decreasing nucleus size for decreasing deposition potential

is visible in Figures 4.3 a, b, and d.

4.1.3 Open circuit potential after electrodeposition

Open circuit potential (OCP) measurements after deposition at —0.2'V vs. Ag/AgCl for
100, 1000, and 10000s are shown in Figures 4.4 a-c, respectively. All three figures show
two intermediate potential plateaus before reaching a stable OCP value of about 0.4V
vs. Ag/AgCl. The first potential plateau is between -0.02 and —0.06 V vs. Ag/AgCl, and
the second potential plateau is at about 0.05-0.07V vs. Ag/AgCl. The length of each
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plateau increases with increasing deposition potential. The second plateau seems to be

approximately three times as long as the first plateau.

E vs Ag/AgCl (V)

0.05 ] .

10 20 30 40 50 60
t(s)

0.4 T T T T

]

o

N
AT

1

E vs Ag/AgCl (V)
o

]

100 125 150 175 200
t(s)

o
N
(9]
vl
o
~
wv

0.4-_ 7

:

:

E vs Ag/AgCl (V)

:

-0.1-

200 400 600 800 1000 1200
t(s)

o-

Figure 4.4: Plot of the potential as a function of time for an OCP measurement after
deposition at —0.3V vs. Ag/AgCl for a) 100s, b) 1000s, and ¢) 10000s. Rotation rate
of 1600 rpm. The electrolyte used was a 1/10 diluted process solution, added silver ions
(ImgL™1).
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4.2 Anodic stripping voltammetry
4.2.1 Anodic linear sweep voltammetry in synthetic and process solution

Anodic linear sweep voltammetry (ALSV) of the 1/10 diluted process solution with and
without silver ions is shown in Figure 4.5 for a deposition potential of —0.3V vs. Ag/AgCL
The voltammogram obtained in process solution without added silver ions shows one clear
peak at about —0.06 V vs. Ag/AgCl When silver ions are added to the process solution,
two peaks can be observed, one at about 0.0V vs. Ag/AgCl and one at about 0.08 V
vs. Ag/AgCl. The two peaks do not overlap but have a relatively small potential gap
between each other (about 0.03V). Adding ammonium buffer to a diluted synthetic

process solution was tested and can be seen in Appendix C.

1.0_|----|""|""|""|""|""|""_
’-l — O0mg/LAg" |

'I —-- 1mg/LAg* |

i (mA/cm?)

03 -02 -01 00 01 02 03 04
E vs Ag/AgCI (V)

Figure 4.5: Voltammograms of a 1/10 diluted process solution with and without 1 mgL~*
added Ag'-ions (corresponding to 10mg L~ in the undiluted solution). The voltammo-
grams were obtained at 50mV s~ after 100 s deposition at —0.3V vs. Ag/AgCl. Rotation
rate 1600 rpm.

A comparison of ALSV in a diluted synthetic process solution and a diluted real process
solution is shown in Figures 4.6 a and b for deposition potential of —0.1V vs. Ag/AgCl
and —0.2V vs. Ag/AgCl, respectively. Voltammograms both with and without added

silver ions are shown for both solutions.

From Figure 4.6 a, a current peak at 0.09 V vs. Ag/AgCl is observed in the voltammogram
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Figure 4.6: Voltammograms of ALSV in both synthetic and diluted process solution with
(1mg L") and without Ag™, deposited for 100s at a) —0.1V vs. Ag/AgCl and b) —0.2V
vs. Ag/AgCl. The voltammograms were obtained at 50mV s~ with a rotation rate of
1600 rpm.

for the synthetic solution with added silver ions. The voltammogram for the process
solution with added silver ions shows a peak at 0.1V vs. Ag/AgCl. Both solutions

without silver ions give voltammograms without distinct features.

Both voltammograms in Figure 4.6 b containing silver ions show peaks at 0.0V wvs.
Ag/AgCl and 0.09V vs. Ag/AgCl. The first peak is much larger for the synthetic
solution than for the process solution. On the other hand, the second peak has about the
same size, shape, and height for both solutions. The second peak corresponds well with
the peak seen in Figure 4.6 a. The solutions without silver ions show one peak at —0.06
and —0.04V vs. Ag/AgCl for the process and synthetic solution, respectively. The peak

for the synthetic solution is considerably larger than for the process solution.
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4.2.2 Differential pulse voltammetry in process solution

Figures 4.7 a-d show how the stripping peaks change when varying the experimental
parameters in differential pulse voltammetry (DPV). The figures show voltammograms
from diluted process solution with added silver ions, with varying deposition potential,

deposition time, modulation amplitude, and modulation time.
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Figure 4.7: Voltammograms showing the effect of changing: a) deposition potential, b)
deposition time, ¢) modulation amplitude, and d) modulation time in DPV on a GC elec-
trode in a diluted process solution with added silver ions (1 mgL~'). The set parameters
were modulation amplitude of 0.05V and modulation time of 0.01 s after 100 s deposition
at —0.3V vs. Ag/AgCl. Rotation rate 1600 rpm.

The effect of changing the deposition potential can be observed in Figure 4.7 a. A peak is
observed at 0.04 V vs. Ag/AgCl for all three voltammograms. For deposition potential of
—0.3 and —0.2V vs. Ag/AgCl, an additional peak is observed at —0.11V vs. Ag/AgCL
Both the peak height and width increase with a decreasing deposition potential, while the

positions of the peaks are not affected by the deposition potential.

Figure 4.7 b shows the effect of deposition time on the voltammograms obtained from

DPV of a diluted process solution. Two peaks can be observed with the same potential
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positions as seen in Figure 4.7 a. The size of the peaks increases with an increasing

deposition time, while the position of the peaks is unaffected.

The effect of the modulation amplitude on the voltammograms can be observed in Fig-
ure 4.7 ¢. The two peaks, corresponding to the ones observed in the previous figures,
increase in size with an increased modulation amplitude. In addition, the peaks shift in
the negative direction with an increasing modulation amplitude. The shift seems to cor-
respond well with the increase in modulation amplitude. An increase from 0.05 to 0.1V

in modulation amplitude will move the peaks 0.05V in negative direction.

Figure 4.7 d shows the effect of the modulation time on the voltammograms. The two
peaks observed in all four voltammograms seem to correspond well with the peaks observed
in the previous figures. The peak size is increased with a decreasing modulation time. The

separation of the peaks is consequently decreasing with a decreasing modulation time.

A comparison between ALSV and DPV is shown in Figure 4.8. The plot of DPV has a

clear baseline at 0.2-0.3mA cm™2. ALSV does not have a clear baseline but starts
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Figure 4.8: Voltammogram from DPV (black, solid curve) and ALSV (blue, dashed curve)
after 100s deposition at —0.3V vs. Ag/AgCl in a diluted process solution with added
silver ions (1mgL~")). Modulation amplitude of 0.05V and modulation time of 0.01s
were used for the DPV. The ALSV voltammogram was obtained at 100mV s~!. Rotation
rate of 1600 rpm.
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at—1.1mA cm~2 and ends at —0.2mA cm~2. The two peaks seen in the voltammogram

for DPV are larger than the peaks seen in the voltammogram for ALSV.

4.3 Divided stripping and reproducibility
4.3.1 Linear divided stripping for silver/silver chloride reference electrode

The voltammogram from anodic stripping with two individual sweeps after 500s depo-
sition is shown in Figure 4.9. The procedure takes about 1180s and can measure the
content about three times each hour. From the first stripping sweep, a very small peak
is observed at about —0.03 V. The second stripping sweep has a notably larger peak at
0.11V. The two peaks seem to fit with the peaks observed in Figure 4.5. There is good
separation of the two peaks with this method.

I A R
7': — Stripping 1
6—: —— Stripping 2

i (mA/cm?2)

03  -02  -01 00 01 02
E vs Ag/AgCl (V)

Figure 4.9: Voltammograms of ALSV where the stripping is divided into one slow and
one fast scan. The first and second scans were obtained at 5 and 100mV s™!, respectively.
The voltammograms were obtained in 1/10 diluted process solution with 1 mgL~! added
Ag*t-ions after 500s deposition at —0.3V vs. Ag/AgCl. Rotation rate 1600 rpm.

Figure 4.10 shows the second stripping sweep, as seen in Figure 4.9, from some selected
of the repeated measurements. The charge and peak height of the peak at 0.11V in
all 13 measurements are plotted in Figure 4.11. A trend where the charge and peak

height change in the same way over time is seen in the figure. The value of two standard
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Figure 4.10: Voltammogram showing three of the 13 repeated ALSV measurements after
500s deposition at —0.3V vs. Ag/AgCl in a diluted process solution with added silver
ions (1mgL~!). The voltammograms are from the first measurement (1), the one with the
lowest peak (4), and the highest and last peak (13). The voltammograms were obtained
by stripping at 5mVs™! after deposition until 0.0V vs. Ag/AgCl, and a subsequent
stripping (the once plotted) at 100mV s~!. Rotation rate 1600 rpm.

deviations, said to have a 95% accuracy, was found to be 0.3 mA cm ™2 (4%) and 0.014 mC

(2%) for the peak height and charge, respectively (Appendix B).
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Figure 4.11: Plot showing the peak height and charge trend for the second peak for 13
repeated measurements with divided stripping by ALSV.



48 4  Results

Simulation of drift in reference electrode potential. The effect of potential drift
is shown in Figures 4.12 a and b for drift of 0.02V and 0.05V, respectively, in both the
anodic and cathodic directions. This is to simulate drift in the reference electrode (RE).
The percentage deviation in peak height and charge from —0.3V vs. Ag/AgCl is shown
in Table 4.2. The peak height deviation is much smaller than the charge deviation. For a
drift of 0.05V in negative direction, two peaks are observed in the voltammogram (Figure

412 b).

0.00 0.05 0.10 0.15 0.20
E vs Ag/AgCI (V)

-0.05 0.00 0.05 0.10 0.15 0.20
E vs Ag/AgCl (V)
Figure 4.12: Voltammograms of divided stripping with a potential shift of a) 0.02V
and b) 0.05V in the anodic and cathodic direction from —0.3V vs. Ag/AgCl. The
voltammograms were obtained at 100mV s~!, after 100s deposition at —0.25, —0.28,
—0.30, —0.32, and —0.35V vs. Ag/AgCl and stripping at 5mV s~ until 0.05, 0.02 0.0,
—0.02 and —0.05V vs. Ag/AgCl. Rotation rate 1600 rpm. The solution used was a

diluted process solution added silver ions (1 mgL™1).
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Table 4.2: Table of the peak height and charge for the different shifts from a deposition
potential of —0.3V vs. Ag/AgCl. The deviation in percent from the results from —0.3V
vs. Ag/AgCl is tabulated for both the peak height and the charge.

Deposition potential Peak height Height dev. Charge Charge dev.
[V vs. Ag/AgCl] [Acm™?] [%] [mC] [%]
-0.25 7.3 12 0.429 24
-0.28 8.2 2.1 0.529 6.5
-0.3 8.4 - 0.565 -
-0.32 8.5 1.0 0.606 7.2
-0.35 8.1 3.3 0.627 10.9

4.3.2 Divided stripping with differential pulse voltammetry

The voltammogram from divided stripping with DPV with three individual sweeps after
500s deposition is shown in Figure 4.13. The procedure takes about 1180s and can
measure the content approximately three times each hour. A relatively large peak is
observed from the first stripping sweep at about —0.21 V. The second stripping sweep
shows a very low and decreasing current, with no peaks. The third step shows a large
peak at about —0.01 V. The peaks in stripping sweeps 1 and 3 are clearly separated and

do not seem to interfere.
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Figure 4.13: Voltammograms from DPV after electrodeposition, where the stripping is di-
vided into three stripping sweeps. The first region is from —0.30 to —0.15V vs. Ag/AgCl,
the second at -0.15-—0.12V vs. Ag/AgCl, and the third at -0.12-0.40V vs. Ag/AgCL
The three stripping sweeps have modulation times of 0.05, 0.5, and 0.01 s and modulation
amplitudes of -0.15, -0.15, and 0.10 V, respectively.
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Figure 4.14 shows the third stripping sweep, as seen in Figure 4.13, from some selected
of the repeated measurements. The charge and peak height of all 13 measurements are

plotted in Figure 4.15. The peak height shows a decreasing trend, while the charge is first
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Figure 4.14: Voltammogram showing three of the 13 repeated DPV measurements after
500 s deposition at —0.3 V vs. Ag/AgClin a diluted process solution with added silver ions
(1mgL™'). The voltammograms are from the measurement 1, 7 and 13. The voltammo-
grams were obtained by divided stripping with three steps, where only the last stripping
from —0.12 to 0.40V vs. Ag/AgCl is plotted. Modulation time 0.01s and modulation
amplitude 0.10V.
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Figure 4.15: The plot shows the peak height and charge trend for 13 repeated measure-
ments with divided stripping by DPV.
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increasing before it decreases. The value of two standard deviations, said to have a 95%
accuracy, was found to be 0.3mA cm=2 (9%) and 0.02mC (2%) for the peak height and

charge, respectively (Appendix B).

4.4 Calibration for varying silver concentration

Figure 4.16 shows how the peak, from divided stripping by ALSV, changes with different
silver ion concentrations. The concentrations given are for the undiluted process solution.
The peak increases in both height and area with an increased silver ion concentration.
Calibration curves from the linear part of the peak height and charge can be seen in
Figures 4.17 a and b, respectively. The coefficient of determination, R?, of the calibration

curve for peak height and charge was 0.9915 and 0.9984, respectively.
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Figure 4.16: Voltammograms of divided stripping by ALSV after electrodeposition in a
1/10 diluted process solution with added silver ion content corresponding to 0, 0.5, 1,
2, 5, and 10mgL~"! in the undiluted process solution. The two stripping sweeps were
obtained at 5 and 100 mV s, respectively, after 500s deposition at —0.3V vs. Ag/AgClL.
Rotation rate 1600 rpm.
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Figure 4.17: Calibration curves for silver detection by a) peak height and b) charge in an
1/10 diluted process solution. The calibration for peak height is based on a content in an
undiluted process solution of 0, 0.5, 1, and 2mg L' since these showed linearity. Because
of linearity, the charge calibration is based on 0, 0.5, 1, 2, 5, and 10mgL~"' Ag™ in the

undiluted process solution.

From the calibration curve for peak height, hpc.r, the following equation can be used to

estimate silver ion concentration, C, in the undiluted solution:

Dpeak + 0.ATT9

C =503

(4.1)

The highest peak height for 10 mg L~ silver ions is seen in Figure 4.17 a and is 8.8 mA cm 2.

The lowest peak height is seen in Figure 4.10 and is 7.0 mA cm~2. The deviation between

these measurements is about 20%.

From the calibration curve for charge, the following equation can be used to estimate
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silver ion concentration in the undiluted solution:

¢+ 0.0009
0.0611

(4.2)
The calibration point for charge at 10mgL~! is 0.611mC. The charge value from the
repeated measurements for ALSV that deviates most from this is 0.557mC. By using
Equation 4.2, the silver ion concentration corresponding to a charge of 0.557 mC is found

to be 9.13mg L~!, which gives a deviation of about 9%.

4.5 Nickel as a pseudo-reference electrode

4.5.1 Long term stability of nickel pseudo-reference electrode in process so-

lution

Figure 4.18 shows an open circuit potential (OCP) measurement of a nickel wire vs.
Ag/AgCl in a diluted process solution over three weeks. The potential drifted slowly
during the period but mainly kept between —0.085V vs. Ag/AgCl and —0.065V vs.
Ag/AgCl. The potential dip after about 12.5 days is due to refilling the salt bridge with

electrolyte. The reason for the potential top after about 17 days is unknown. The
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Figure 4.18: OCP measurement of a nickel wire in a diluted process solution for 21 days.
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potential seems to drift continuously within a region of 10mV on the first day and about
5mV on the following days. Both day 0 and day 17 have a potential drift of more than

10mV from the minimum to the maximum value.

The Evens diagram for estimation of corrosion rate is seen in Figure 4.19. The corrosion
rate is approximated to 1.4 mm/year for a nickel wire of 0.5 mm. For a nickel wire of 5 mm,

the corrosion rate would be 0.14 mm/year. The calculation can be seen in Appendix E.

log(/)

] —— Anodic Tafel slope / ]
—2.54 ---' Cathodic Tafel slope /'/ T g
] Sweep cathodic / ' ]
-3.01 4 -

—05 -04 -03 -02 -01 00 01 02 03

E vs Ni pseudo-reference electrode (V)
Figure 4.19: Evans diagram of nickel in a diluted process solution. The anodic and
cathodic Tafel slopes have been plotted, where the intersect gives the corrosion potential

and current. The potential was scanned in the cathodic direction from 0.3V vs. Ni
pseudo-RE to —0.55V vs. Ni pseudo-RE with a scan rate of 0.5mVs™!,

4.5.2 Anodic linear sweep voltammetry with nickel pseudo-reference elec-

trode

The voltammogram of ALSV with a nickel pseudo-RE is shown in Figure 4.20. The
potential difference between the nickel pseudo-RE and the Ag/AgCl RE was —0.082V.
The applied deposition potential was hence moved 0.082V in positive direction when a

nickel pseudo-RE was used compared to when a Ag/AgCl RE was used (Figure 4.5).
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Figure 4.20: Voltammograms of a 1/10 diluted process solution with added silver ions
(1mgL™!). The voltammogram was obtained at 100mVs™! after 100s deposition at
—0.218 V vs. Ni pseudo-RE. Rotation rate 1600 rpm.

4.5.3 Linear divided stripping for nickel pseudo-reference electrode

The voltammogram from anodic stripping with two individual sweeps after 500 s deposi-
tion is shown in Figure 4.21 a. The stripping procedure is the same as seen in Chapter
4.3.1, but for a nickel pseudo-RE. The procedure takes about 1180s and can measure
the content about three times each hour. Therefore, the deposition potential and the po-
tential between the two stripping sweeps have been shifted 0.082V in positive direction.
From the first stripping sweep, a very small peak is observed at about 0.04 V. The second
stripping sweep has a larger peak, at 0.18 V. The two peaks seem to fit with the peaks
observed in Figure 4.9, shifted about 0.07 V in positive direction. This almost corresponds

to the potential shift due to the change of RE.
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A close-up of the first stripping is shown in Figure 4.21 b. The current response seems rel-
atively unstable compared to the observations from voltammograms obtained by Ag/AgCl

RE.
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Figure 4.21: Voltammograms of ALSV after electrodeposition, where the stripping is
divided into one slow and one fast stripping sweep. a) Shows both stripping sweeps, while
b) shows a close-up of the first stripping sweep. Stripping 1 and 2 were obtained at 5
and 100mV s~!, respectively, after 500s deposition at —0.218 V vs. Ni pseudo-RE and
shift between the stripping sweeps at 0.082V vs. Ni pseudo-RE. Rotation rate 1600 rpm.

Measurement is a diluted process solution with added silver ions (1 mgL™1).

Figure 4.22 extracts and emphasizes on the second stripping peak (stripping 2) from Figure
4.21 for selected repeats. The charge and peak height of all 13 repeated measurements are
plotted in Figure 4.23. From the figures above, the charge seems to decline minimally, but
linearly with time, while the peak height seems to change relatively randomly. The value

of two standard deviations, said to have a 95% accuracy, was found to be 0.4 mA cm ™2



4.5 Nickel as a pseudo-reference electrode o7

(4%) for the peak height and 0.03mC (6%) for the charge (Appendix B).

0.10 0.15 0.20 0.25 0.30
E vs Ni pseudo-reference electrode (V)

Figure 4.22: Voltammogram showing three of the 13 repeated ALSV measurements af-
ter 500s deposition at —0.218 V vs. Ni pseudo-RE in a diluted process solution with
added silver ions (1mgL~"). The voltammograms are from the first measurement with
the highest peak (1), the one with the lowest peak (10), and the last peak (13). The
voltammograms were obtained by stripping at 5mV s™! after deposition until 0.082V vs.

1

Ni pseudo-RE, and a subsequent stripping (the peak plotted) at 100mV s~'. Rotation

rate 1600 rpm.
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Figure 4.23: Plot showing the peak height and charge trend for 13 repeated measurements
with divided stripping by ALSV with a nickel pseudo-RE.
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5 Discussion

5.1 Electrochemical silver and bismuth detection
5.1.1 Silver detection by anodic linear sweep voltammetry

Chloride content of 30gL~! in the real and synthetic diluted process solutions causes
silver stripping at about 0.08-0.10V vs. Ag/AgCl for glassy carbon (GC) electrodes.
In both the synthetic and the real diluted process solution, a peak is observed at 0.08-
0.10V vs. Ag/AgCl in only the solutions containing silver ions by anodic linear sweep
voltammetry (ALSV) (Figure 4.5 and Figures 4.6 a and b). This potential corresponds
well with previously observed silver peaks in solutions containing about 30 g L~ C1™.[18]
The reversible electrode potential for silver in solutions with this chloride content was
calculated to be 0.33 V vs. SHE in Equation 2.37, which is the same as 0.11 V vs.Ag/AgClL.
This corresponds well with the observed peaks, and it is reasonable to assume that these

are actually due to silver stripping.

Silver can be detected without being affected by bismuth by depositing at —0.1V vs.
Ag/AgCl since only silver is electrodeposited at this potential (Figure 4.6 a). This was
also confirmed by energy dispersive spectroscopy (EDS) (Table 4.1). However, using
this deposition potential will make the measurements sensitive to potential drift of the
reference electrode (RE). A RE will, over time, drift in potential.[20] A drift in RE
potential may change the amount of silver electrodeposited radically since the potential
difference between the deposition potential (—0.1V) and the stripping potential (0.08-
0.10V) is relatively small. If the potential drifts in positive direction, silver may not
deposit at all due to a potential above the upper potential limit for electrodeposition
of silver. Drift in negative direction may increase the silver amount deposited, as well
as cause bismuth deposition. A more negative deposition potential may be better even
though bismuth will deposit. This is because the measurement may be less affected by

drift in the RE at higher potentials.

Only a bismuth peak is observed in voltammograms for solutions not containing silver
ions, for deposition potentials below —0.1V vs. Ag/AgCl. A peak is observed in the
voltammogram from the solutions without silver ions, between —0.07V vs. Ag/AgCl and

—0.03V vs. Ag/AgCl (Figure 4.5 and Figures 4.6 b). This was also confirmed by EDS
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(Table 4.1).The peak corresponds well with the observed bismuth peak from previous

studies for a chloride concentration of 30 gL~!.[18]

The potential of the bismuth peak shifts in positive direction when silver ions are added,
from —0.06 V vs. Ag/AgCl to 0.0V vs. Ag/AgCl (Figure 4.5). This shift in potential
fits well with that observed in response to silver ion addition by Krastev et al. [28]. A
possible explanation for this is a higher overpotential for bismuth stripping when silver
ions are present. This might be because a large part of the electrode surface is covered
by silver (Figure 4.3 b and c¢). Therefore, bismuth has to deposit on silver. The stripping
potential will increase as the overpotential for stripping increases.[26] This leads to a
smaller distance between the stripping peaks of bismuth and silver and hence a more

difficult separation of their current signals.

For electrochemical detection of silver to be reliable, measures need to be taken to distin-
guish the silver signal from bismuth. The bismuth peak is much larger in the synthetic
solution (Figure 4.6 b), where the bismuth concentration is five times higher than in the
process solution. The increased bismuth concentration gives less separation of the two
peaks. When two peaks are very close to each other, one metal may start stripping before
the other metal is completely stripped off. If this happens, the current signals will be
altered, leading to wrong estimations of the metal ion content. The bismuth content nor-
mally varies in the process solution, and the concentration may be several times as high as
in the one used. Silver may therefore be difficult to detect without measures to separate
the bismuth signal from the silver signal. If an increased bismuth concentration alters
the amount of silver electrodeposited, silver detection may be problematic in a process
solution with varying bismuth concentration over time. However, the difference between
the silver peak in synthetic and process solution is relatively small, despite a bismuth con-
tent five times as high in the synthetic solution (Figures 4.6 b). This indicates that the
amount of silver deposited on the electrode will be relatively independent of the bismuth

content.

5.1.2 Effect of open circuit after deposition

Without an applied potential below the oxidation potential of silver and bismuth, both
metals are unstable in the process solution and will strip off relatively fast. In OCP

measurements in a diluted nickel chloride process solution, electrodeposited bismuth will
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start to strip off immediately, followed by silver stripping (Figure 4.4 a-c). The potential
increases rapidly to a potential plateau at around —0.05 V, depending a little on deposition
time. This corresponds well with the potential for the stripping peak of bismuth, as seen
in Figure 4.5. After all bismuth has been stripped off, the potential increases to a new
potential plateau slightly above 0.05V, corresponding to the lower potential of the silver
stripping peak (Figure 4.5). When all the silver has been stripped off, a stable OCP value
of about 0.4V vs. Ag/AgCl is reached. The stable OCP value of the GC WE in the
diluted process solution is higher than both the value for bismuth and silver stripping.
Consequently, any deposited silver and bismuth will oxidize unless a potential below their

stripping potentials is applied.

The clear division between the stripping of the two metals indicates that there is possible
to separate the current signals. Therefor, bismuth can be stripped off while silver stays
deposited if a potential between the two stripping potential plateaus is applied for a
sufficient time. This can be of great use when trying to isolate the current signal for

silver.

5.1.3 Silver detection by differential pulse voltammetry

Both silver and bismuth can be detected by differential pulse voltammetry (DPV). In
DPV, the peaks shifts in negative direction corresponding to the modulation amplitude
(Figure 4.7 ¢). This trend fits with a shift in negative direction for the silver peak of
0.05V from ALSV to DPV, corresponding to the modulation amplitude (Figure 4.8). On
the other hand, the bismuth peak seems to shift about 0.05V from ALSV to DPV. This
might be due to the increased sensitivity for bismuth detection in DPV. It seems like both
bismuth and silver can be detected by DPV.

When the size of the silver and bismuth peaks increases, it gets more challenging to
distinguish between the two metals. When the height of the metal peaks increases, the
width of the peaks increases as well (Figure 4.7 a-d). An increased width gives worse
separation of the peaks since they can interfere with each other, causing wrong estimation
of the metal content. Determination of experimental parameter values will therefore be a

trade-off between a strong silver signal and a good separation of the two metal peaks.

DPV is more sensitive toward both bismuth and silver than ALSV, and measures need to
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be done to separate the peaks in order to get a reproducible silver signal. This correlates
well with theory, saying that DPV has a higher sensitivity due to its ability to reduce
the charging current.[29][52] DPV measurement is therefore good for use in trace metal
detection. However, the increase in bismuth sensitivity is much larger than the increased
silver sensitivity. This leads to a much larger bismuth peak. The bismuth peak has
moved more in negative direction than the silver peak compared to ALSV. Therefore, the
separation between the two peaks is about the same size for ALSV and DPV, despite the
increased bismuth peak. The variation in the real bismuth concentration of the process
solution may be large, and the silver ion concentration in the process solution is usually
much lower than the concentration used in this work. Measures should be taken to
separate or remove the bismuth signal from the silver signal in order to be able to make

a reproducible procedure for silver detection.

5.2 Morphology and composition of electrodeposited silver and

bismuth on a glassy carbon electrode

The deposited material will start to strip off from the electrode immediately if no potential
is applied (Figure 4.4). Therefore, a potential needs to be applied when the electrode is
removed from the solution to be studied in the scanning electron microscope (SEM).
Both the voltammograms for ALSV (Figure 4.5 and Figures 4.6 a and b) and the plot
from deposition(Figure 4.1) show that reactions are happening at the electrodes. The
figures also show that the reactions depend on the deposition potential and the electrolyte
composition. SEM and EDS can obtain further confirmation of deposited material and

its composition and morphology.

5.2.1 Electrodeposition of bismuth

Bismuth appears to form a thin uniform film on the electrode surface, indicating that
bismuth has a lower overpotential for depositing on GC than on itself. The surface after
bismuth deposition looks like the clean electrode surface (Figure 4.2 a). Bismuth is not
visible in SEM, but the EDS confirms that it is present (Table 4.1). This indicates that
bismuth has deposited on the electrode surface as a thin film. Deposition as a film can
happen when the metal has a lower or equal overpotential for depositing at the surface

material compared to depositing on itself.[26]
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5.2.2 Process solution with silver

Silver seems to have a lower overpotential for depositing on silver than depositing on GC
(Figure 4.3 a). Unlike the bismuth deposition, silver deposits as relatively large nuclei
at the surface of the electrode, visible by SEM. After some silver nuclei have formed
dispersed across the electrode surface, silver continues to deposit preferentially at these
nuclei rather than forming new nuclei at the GC substrate. This indicates that silver
might have a lower overpotential for depositing on silver than on GC. This correlates well

with the observations by Geboes [66], showing that silver forms nuclei on a GC electrode.

The nucleation rate increases with an increasing deposition overpotential. The number of
nuclei increases, and their size decreases with a decreasing deposition potential (Figure4.3
a-c). This correlates well with the experimental observations by Geboes et al. [66] for
silver deposition on GC electrodes. The observation also agrees with the hypothesis that
the overpotential for silver precipitation on silver is less than silver precipitation on GC.
When the applied potential gets lower, the difference in overpotential will be less decisive

for the site of deposition.

If the deposition potential is more positive than what is needed for bismuth deposition,
but negative of what is needed for silver deposition, only silver will deposit. The EDS
for deposition potential of —0.1V vs. Ag/AgCl shows that only silver deposits at this
potential (Table 4.1). This correlates with the observed voltammograms seen in Figure

4.6 a, showing only a silver peak.

Fitting the current signals from electrodeposition to plots with instantaneous and pro-
gressive nucleation was tested. However, the fit was so bad that it was not considered

appropriate to attach the graphs.

5.2.3 Process solution with silver with bismuth removing by chronoamper-

ometry

All deposited bismuth can be removed from the electrode surface without affecting silver
to a significant degree by controlling the electrode potential. The data from EDS (Table
4.1) shows that all bismuth has been removed after 1000s at 0.0V vs. Ag/AgCl (Figure
4.3 d), while silver is still deposited. Even though bismuth has been removed, the silver

nuclei seem unaffected when comparing Figures 4.3 b and 4.3 d. This correlates well with
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the OCP measurements (Figure 4.4 a-c), where bismuth is stripped off before 0.0V vs.
Ag/AgCl, while silver is still deposited at this potential. The results prove that bismuth
can be removed while silver is still deposited on the electrode surface. Having a method to
remove bismuth without removing silver is very beneficial when developing a method for
electrochemical detection of silver since it makes separation of the metal stripping peaks

much easier.

5.3 Reproducible measurements by divided stripping

Since bismuth and silver strip off at potentials close to each other, measures need to be
taken to isolate the silver signal for the measurements to be reproducible. A possible way
to separate the current signals is to divide the stripping into several individual sweeps.
Bismuth may then be stripped off by a slow scan rate before silver is stripped off with
a fast scan rate. Using a slow scan rate for bismuth removal ensures that all bismuth
is removed before changing the scan rate. A faster scan rate for silver stripping gives a
larger silver signal. It is also possible to implement a chronoamperometry measurement
between the stripping sweeps to ensure complete removal of bismuth. However, this makes
the measurement more complex and is desirable to avoid if possible. Adding ammonium
buffer was also tested to precipitate other metal ions and increase the silver signal without

promising results (Appendix C).

5.3.1 Divided stripping by ALSV

By dividing the stripping in ALSV into two stripping sweeps, the silver peak can be
separated from the bismuth peak. Bismuth is stripped off during the first stripping
sweep, and silver during the second (Figure 4.9), correlating with the current peaks seen
in Figure 4.5. Since bismuth is stripped off by a slow stripping sweep, the current signal
is low, and the upper part of the peak is at a lower potential than for higher scan rates.
This correlates well with the trend observed in the preliminary experiments by Josefsen
[18], where the peak width and height increase with increasing scan rate. The following
fast scan where silver is stripped off gives a relatively large and clear silver peak without

disturbance from bismuth.

In the second stripping sweep, the silver signal is isolated since all bismuth is removed

during the first stripping sweep. The potential region between 0.0V vs. Ag/AgCl and
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the start of the silver stripping top is linear and does not seem to be affected by bismuth
(Figure 4.10). If any bismuth were still present on the surface, it would continue to
strip off immediately when starting the second stripping sweep. This can be seen from
Figure 4.5, where bismuth is stripping off at 0.0V vs. Ag/AgCl when bismuth is present.
The results from EDS, showing no bismuth present after applying a potential of 0.0V
vs. Ag/AgCl (Table 4.1), confirms that all bismuth can be removed at this potential.
Since only silver and bismuth deposits on the electrode surface for the used experimental

parameters, the silver signal can be completely isolated.

It is possible to establish a reproducible method for electrochemical detection of silver in
the studied process solution. By dividing the stripping into two sweeps and adding an
OCP measurement at the end, the silver signal had little deviations between repetitive
measurements, as seen in Figure 4.11 and Figure 4.10. The time at OCP is to ensure
that all deposited material is removed before the next measurement. It is observed in
Figure 4.4 that both silver and bismuth will strip off and reach a potential at about 0.4 V
vs. Ag/AgCl. An alternative would be to apply a potential of about 0.4V vs. Ag/AgCl
to ensure a clean surface. The deviation was 2% and 4% for charge and peak heights,
respectively, which is acceptable deviation in a real measurement. However, it is still

uncertain how the method will react to changes in the electrolyte composition.

The deviation in peak height and charge is not normally distributed but changes gradually
as a function of time (Figure 4.11). There are several possible explanations for this trend.
One explanation is drift in potential due to temperature changes or some degree of mem-
ory effect of the RE.[60][61] It is also possible that the method lacks some modifications
to get completely reproducible. The glassy carbon surface might also change between
measurements, altering the metal deposition. This change in the electrode surface might
be due to passivation by deposited material, change in surface roughness, or other mech-
anisms causing a change in the available surface area. The change in the surface area
can be minimized by polishing the surface regularly. However, this is time-consuming
and needs to be done manually. Implementing a cleaning step in the procedure, either
chemically or electrochemically, may improve reproducibility. This cleaning step might

replace the OCP measurements at the end of the procedure.
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5.3.2 Divided stripping by differential pulse

The silver peak can be separated from the bismuth peak by dividing the stripping in DPV
into three stripping sweeps. Most of the bismuth is stripped off during the first stripping
sweep (Figure 4.13). The second sweep is slower to ensure that all bismuth is removed.
The third sweep only shows silver stripping. Bismuth, can in other words, be removed to

isolate the silver stripping.

It is possible to establish a reproducible method, based on the charge, for detection of
silver by DPV in the studied process solution. By dividing the stripping into three sweeps
and adding an OCP measurement at the end, the silver signal had little deviations between
repetitive measurements, as seen in Figure 4.15 and Figure 4.14. The deviation was 2%
for charge and 9% for peak heights. The charge deviation is very good, and the charge is
high as well. Even though the charge is high compared to ALSV, the area of the peak is
relatively small. The main reason for this is the low scan rate in DPV compared to ALSV.
Therefore, the increased charge may give a wrong picture of the sensitivity when different
scan rates are used. The deviation in peak height is large and may cause unacceptable
deviations. The deviation in the peak height is likely due to the sharp of the peak, with
a graduate increase before a sharp edge with a fast current decrease. It is uncertain how

the method will react to changes in the electrolyte composition.

The increased sensitivity for silver detection by DPV compared to ALSV is no longer true
when divided stripping is used. The peak heights are actually smaller than for ALSV.
One reasonable explanation for this is the increased scan rate for ALSV in the divided
stripping (Figure 4.9) versus the single stripping (Figure 4.5). Another possible reason is
that some silver might have been stripped off during the second stripping sweep for DPV.

ALSV should be further investigated since divided stripping by ALSV is more sensitive
and accurate than the divided stripping by DPV. The peak height is much lower for DPV
(Figure 4.13) than for ALSV (Figure 4.9). The drift in peak height in percentage is also
larger for DPV (9%) than ALSV (4%). The charge is larger for DPV, but the area of the
peak is smaller. In addition, the time used for the two measurements is about the same.

Therefore, it is most reasonable to use ALSV.
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5.4 Calibration curves by divided stripping with ALSV

Calibration curve based on the peak height of the silver stripping peak works for concen-
trations up to 2mg L~ Ag®. The points in the graph for peak height versus silver ion
concentration show linearity from 0 to 2mgL~" (Figure 4.17 a). Higher concentrations
show a larger deviation from linearity and may not be estimated by the peak height.
Similar observations have been done by Holden [14] in studies of other systems, where
the linear trend for the peak height only ranges until a certain upper concentration limit.
The coefficient of determination of the curve exceeds 0.99, meaning that over 99% of the

variation in peak height can be explained by the variation in concentration.

Calibration curve based on the charge of the silver stripping peak works for concentrations
up to 1mg L~ Ag™ in the diluted process solution. All points in the graph for charge
versus silver ion concentration show linearity, as seen in Figure 4.17 b. The coefficient
of determination of the curve exceeds 0.998, meaning that over 99.8% of the variation in
peak height can be explained by the variation in concentration. Therefore, a calibration
based on the charge will be more accurate and have a broader range for detection than

calibrations based on the peak height.

For 10mg L~ silver ions, the deviation between the highest (8.8 mA cm™2) and lowest
(7.0mA cm~2) peak height is about 20%. This is relatively high and will, in many cases,
not be sufficient. The silver ion content of 10mg L' is outside the concentration range
for the peak height calibration. Therefore, conclusions should not be drawn regarding
the reproducibility based on the deviations in the silver peaks for this high silver ion

concentration.

The deviation between the charge calibration and the lowest charge measured for 10 mg L !
was about 9%. This is usually acceptable for industrial applications. However, it indicates

that further measures can be taken to increase reproducibility.

5.5 Nickel as a pseudo-reference electrode

The total drift observed for the nickel wire during the three-week period is acceptable
for use as a pseudo-RE. The potential of a nickel pseudo-RE only varied about 20 mV
between maximum and minimum value within a three-week period, as seen from the OCP

measurement in Figure 4.18. Since 10 mV drift per day is usually accepted, twice as much
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during 21 days will, in most cases, be well within acceptable variation.[20]

Most days, the potential difference between the two extreme values is less than 5mV
(Figure 4.18). However, on day 0 and day 17, the drift is as large as 10mV or more
within a day. This is above the limit of what is generally seen as acceptable.[20] The drift
on the first day might be due to a nickel oxide layer on the electrode surface, which had
to be removed for the potential to stabilize. This issue could be avoided by immersing
the electrode into a diluted process solution some days before using it. The reason for the
drift on day 17 is unknown and might cause problems if it happens regularly. However,
a likely explanation for the drift is disturbances in the flow caused by irregular magnetic
stirring. The nickel wire used is thin and is visibly moved by the flow in the cell. Using

a thicker nickel wire might remove such disturbances.

The relatively large potential drift on a short-time basis will likely be removed if the
wire thickness is increased. The potential often drifts about 5mV within a short-time
interval (Figure 4.18), which might cause irregular voltammograms. If the potential of
the nickel pseudo-RE drifts during the stripping of silver, the peak can change shape and
get a different peak height. This can cause wrong estimation of the silver ion content of
the solution. Also in this case, the drift is likely due to the vibrations in the nickel wire
caused by the stirring. Exchanging the nickel wire with a thicker one that does not move

as a result of the stirring might solve the drift.

Silver can be detected electrochemically by using a nickel pseudo-RE. Two peaks are ob-
served in the voltammogram with nickel pseudo-RE, at 0.09 and 0.17V vs. Ni pseudo-RE
(Figure 4.20). These peaks correspond well with the bismuth and silver peaks, respec-
tively, observed in voltammograms with a Ag/AgCl RE (Figure 4.5). The shape of the
peaks also looks very similar in the two figures, even though the size is different due to
different sweep rates. This means that silver can be detected by using a nickel pseudo-RE.
The current signal does not show obvious drift due to drift in RE potential. The reason

for this is probably the fast scan rate.

Due to the low corrosion rate of nickel in the diluted nickel solution, nickel as a pseudo-RE
will be a cheap and low-maintenance alternative to conventional RE. From the result in
Figure 4.19, it has been calculated that the corrosion rate of nickel is about 1.4 mm/year

for a 0.5 mm thick nickel wire. The corrosion rate increases with a decreasing thickness.
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As the electrode corrodes and becomes thinner, the corrosion rate will increase. If the
thickness of the wire is increased to 5mm, the corrosion rate will decrease to about 0.14
mm /year, and the wire will last several years without needing to be replaced. Nickel is a

cheap material, and it will not be a considerable cost related to changing the electrode.

5.5.1 Divided stripping by ALSV with nickel pseudo-RE

The silver signal is isolated from the bismuth signal in divided stripping by ALSV with
nickel pseudo-RE. The shape and position of the peaks seen in Figure 4.21 a (Nickel
pseudo-RE) correspond well with the position and size of the peaks seen in Figure 4.9
(Ag/AgCl RE). All bismuth seems to have been removed before the silver stripping sweep
starts since the curve flattens out at the end of the bismuth stripping (Figure 4.21b). The

silver peak is, in other words, isolated from the bismuth peak.

The bismuth signal is disturbed by variation in the potential caused by vibration of the
nickel pseudo-RE. Nickel is stripped off by a slow scan rate, and the current signal is
visibly affected by the drift in potential (Figure 4.21 b). The observed drift on a short-
time basis supports this variation (Figure 4.18). The reason why silver stripping is not

visibly affected is likely that it is stripped off using a fast scan rate.

It is important to test how the potential drift from the nickel pseudo-RE will affect the
measurements for it to be a reliable RE. The effect of potential drift on the silver signal
can be seen in Figures 4.12 a and b for a drift of 0.02V and 0.05V, respectively. The
change in the silver peak height and charge is acceptable for a drift of 0.02'V. A positive
potential drift of 0.05V will give a relatively large deviation in both peak height and
charge. However, for a negative potential drift of 0.05V, bismuth is still deposited when
the fast scan starts (Figure 4.12 b, red curve). The silver signal might be affected by
the bismuth content. Hence, the procedure is not reproducible for a positive or negative
potential drift of 0.05V. It has been shown a potential drift of about 0.02V within a
three-week period (Figure 4.18) for a nickel pseudo-RE. If the potential is controlled and
calibrated against a known reference once every third week, a nickel pseudo-RE should

be possible to use for silver detection.

It is possible to establish a reproducible method for electrochemical detection of silver

ions in the studied process solution for a nickel pseudo-RE. ALSV with divided stripping



70 5 Discussion

and an OCP measurement at the end gave little deviations for repeated measurements
of silver detection with a nickel pseudo-RE, as seen in Figure 4.23 and Figure 4.22. The
deviation is 6% and 4% for charge and peak heights, respectively, which is acceptable
deviation in a real measurement. How the measurement will react to the changes in the

electrolyte composition is uncertain.
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6 Conclusion

Silver ions can be quantitatively detected in a 1/10 diluted process solution by anodic
stripping voltammetry. The potentials for both silver and bismuth detection in the pro-
cess solution correspond well with the observed peaks for a synthetic process solution.
Silver ions can be detected both by using linear sweep voltammetry and by differential
pulse voltammetry in diluted process solutions. However, since the stripping peaks of
bismuth and silver are relatively close in both methods, larger bismuth concentrations
might lead to overlapping stripping peaks and, consequently, erroneous results for the

silver ion concentration.

Silver and bismuth were shown to deposit on a glassy carbon electrode as large nuclei and
a thin film of small nuclei, respectively. Bismuth can be completely removed from the
surface while silver is still deposited. This can be done by applying a low scan rate until
a potential between the bismuth and silver peaks. EDS has confirmed that all bismuth is
actually removed by this method.

The silver signal can be isolated by dividing the stripping in anodic stripping voltamme-
try into several sweeps with different experimental parameters (divided stripping). This
was possible for both linear sweep voltammetry and differential pulse voltammetry. The
reproducibility of the linear sweep voltammetry was shown to be relatively good. The
deviation in the charge was very low, while the deviation in peak height was larger but
still acceptable. Divided stripping by differential pulse voltammetry has lower sensitivity
towards silver detection than linear sweep voltammetry and additionally has a higher

deviation in repeated measurements.

The deviation in both charge and peak current does not seem random but has a trend as a
function of time from the first measurement. Therefore, it may be necessary to implement
a cleaning procedure for the working electrode, either chemically or electrochemically,
between each measurement to further increase the reproducibility. A drift of 0.02V gave
a change in the charge of less than 10%, which for industrial use will be acceptable
deviation. On the other hand, a drift of 0.05V gave an unacceptable deviation of more
than 10%. In addition, an overlap between the bismuth and silver peaks was observed for

a drift of 0.05V in negative direction.
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Linear sweep voltammetry with divided stripping was used to make calibration curves for
silver detection by both using the peak height and the charge. Silver ions were electrode-
posited by using a rotating glassy carbon disk as working electrode, a deposition potential
of —0.3V vs. Ag/AgCl for 5005, and a rotation speed of 1600 rpm. In the first sweep
from -0.3 to 0.0V vs. Ag/AgCl, a scan rate of 5mV s~ was used. For the second sweep,
between 0.0 and 0.4V vs. Ag/AgCl, a scan rate of 100mV s~ was used. Finally, the

electrode was left in the solution at open circuit for 500s.

The calibration curve for silver by using the peak height showed linearity until an upper
limit for a silver ion concentration corresponding to 2mgL~! Ag™ in the undiluted process
solution. For calibration by using the charge, the measuring points showed linearity for
concentrations up to 10mg L™ Ag™ in the undiluted process solution. The lowest silver
ion concentration that was tested for silver detection, except for 0mg L', was 0.5 mg L.=*
Ag™ in the undiluted process solution. The coefficient of determination of the curves was

0.992 and 0.998 for the peak height and charge, respectively.

A nickel wire as a pseudo-reference electrode was found to be a good replacement for
a Ag/AgCl reference electrode. Silver detection is possible by linear sweep voltammetry
with a nickel pseudo reference electrode. Divided stripping using a nickel pseudo reference
electrode by linear sweep voltammetry had relatively good reproducibility. It is visible
that the potential drifts on short-time basis affect the voltammograms, especially for
slow scan rates. The drift on short-time is likely caused by vibration of the wire due to
stirring of the solution. Using a thicker nickel wire will probably lead to less drift within a
measurement and in addition last longer before having to be replaced. The corrosion rate
of nickel is relatively low in the diluted process solution, reducing the need for maintenance
of the reference electrode. The drift over a three-week period was less than 0.02 V, which
is acceptable. However, the stability of the reference electrode potential over a longer time
period is unknown. Hence, the potential of the nickel pseudo-reference electrode should

be checked regularly against a reference electrode with a known potential.
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7 Further work

The lower and upper limits for linearity of the calibration for silver ion concentration
should be tested for both the peak height and charge. The lowest concentration tested was
a concentration of 0.5 mg L~! Ag™ in the undiluted process solution, except for 0.0 mg L~*
Ag™. In the real process solution, the content may be lower than 0.5mgL~! Ag™. If

possible, it is desirable to be able to detect even lower silver ion concentrations.

Square wave voltammetry should be investigated as a possible method for silver detection.
It is a fast measuring method that can be very sensitive. This method might not even
need a deposition step for the right set of parameters. However, separating bismuth and
silver might be more difficult than for the other types of anodic stripping voltammetry.

Therefore, measures need to be taken to get a silver signal that is not affected by bismuth.

Since only one specific sample of the nickel process solution has been tested, little informa-
tion has been gathered about how the detection is affected by a change in the electrolyte
composition. Testing the effect of the solution content, especially the bismuth and chlo-
ride concentrations, will be important to get a reliable measurement. By testing for the
minimum and maximum values for the concentration of the most important elements, the

settings can be modified to work for the entire concentration range.

Measurements at different temperatures can be executed to investigate the effect of
temperature on the system. The potential of the reference electrode is temperature-
dependent. Therefore, tests of the temperature dependence should be executed for both

the nickel pseudo-reference electrode and the Ag/AgCl reference electrode.

Nickel should be further investigated as a pseudo-reference electrode. A thicker nickel wire
should be tested to decrease the short-time drift of the potential. Monitoring the potential
drift for the electrode over a longer time period should be tested to find the required time
interval for calibration of the pseudo-reference electrode potential. A calibration curve
should also be made by linear sweep voltammetry with divided stripping for a nickel
pseudo-reference electrode. This is for a final confirmation of the stability of the nickel

pseudo-reference electrode.

The open circuit potential measurement at the end of the measurement should be ex-

changed by an electrochemical cleaning procedure. This can be a chronoamperometry
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measurement at a high potential or a cyclic voltammetry measurement. This will likely
decrease the time between measurements and may also increase the reproducibility of the

measurement.

An electrochemical online monitoring system should be implemented in the real process to
test how the variations in the process solution affect the reproducibility of the system. By
making a calibration and measuring the silver ion content over time, the measured silver
ion content can be compared to the silver ion content measured by another instrument,
for example atomic absorption spectrometer. Optimization of the settings used by the
electrochemical online monitoring system should be done by testing in the real process.
The deposition time should be chosen based on the wanted lower detection limit for silver
ions and the frequency of measurements needed. The choice of scan rate for the first scan

should be based on the maximum bismuth concentration in the process solution.
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A Chemical content and calculation

The silver nitrate solution should be 0.5L and give a silver ion concentration of 1 mgL™!
when 1 mL is added to a 0.15L glass cell. The total silver ion content can be found as

follows:
500mL - 1mgL=!-0.15L
+ f—

_ +
o Tl = 7hmgAg (A.1)

M

The molar mass of silver nitrate is 169.87gmol ™", while the molar mass of silver is

107.87 gmol*. The amount of silver nitrate needed can then be calculated as follows:

169.87g mol ' AgNOy

- 75mgAg*t = 118 mgAgNO A2
107.87g mol TAg+ 858 HEASTS (A4.2)

MAgNO; =

The content of some of the most important elements in the undiluted process solution is

shown in Table A.1.

Table A.1: Content of some chosen elements in the used undiluted process solution.

Element Unit Concentration

Ni#* gL' 240

cr gL' 280
SO gL' 35
Fe?* gL' 9
Bi**  mgL~' 10
Agt  mgL™! <0.05
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B Statistic in measurements for reproducibility

The peak height and charge from 13 repeated measurements of divided stripping by ALSV
with a Ag/AgCl reference electrode, differential pulse voltammetry, and ALSV with a
nickel pseudo-reference electrode is shown in Table B.1, Table B.2, and B.3, respectively.
The average value, standard deviation, two standard deviations, and deviation in percent

is also shown in the table. The deviation is for 95% probability.

Table B.1: Table of the peak height and charge for each of the 13 repeated measurements
for ALSV with AgAgCl RE. In addition, the average, the standard deviation, the value

of two standard deviations, and the deviation in percent for two standard deviations are

shown.
Measurement Peak height Charge
[A cm™2?] [mC]
1 7.1 0.570
2 7.0 0.563
3 7.0 0.560
4 7.0 0.557
5 7.0 0.557
6 7.0 0.557
7 7.0 0.559
8 7.1 0.562
9 7.1 0.564
10 7.2 0.569
11 7.3 0.572
12 7.3 0.576
13 7.3 0.574
Average 7.1 0.565
Standard deviation 0.14 0.007
Two standard deviations 0.3 0.014
Deviation 4% 2%
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Table B.2: Table of the peak height and charge for each of the 13 repeated measurements
for differential pulse voltammetry. In addition, the average, the standard deviation, the

value of two standard deviations, and the deviation in percent for two standard deviations

are shown.
Measurement Peak height Charge

[A cm™?] [mC]
1 3.6 1.08
2 3.5 1.08
3 3.5 1.09
4 3.4 1.08
5 3.4 1.08
6 3.3 1.08
7 3.3 1.08
8 3.3 1.08
9 3.2 1.07

10 3.2 1.7
11 3.2 1.06
12 3.1 1.06
13 3.1 1.05
Average 3.3 1.07

Standard deviation 0.14 0.012

Two standard deviations 0.3 0.02

Deviation 9% 2%
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Table B.3: Table of the peak height and charge for each of the 13 repeated measurements
for ALSV with a nickel pseudo-RE. In addition, the average, the standard deviation, the

value of two standard deviations, and the deviation in percent for two standard deviations

are shown.
Measurement Peak height Charge

[A cm™?] [mC]

1 8.1 0.55

2 8.0 0.55

3 7.7 0.55

4 8.0 0.54

5 7.9 0.53

6 7.8 0.53

7 8.0 0.52

8 7.8 0.52

9 8.0 0.52

10 7.6 0.52

11 7.7 0.51

12 7.6 0.51

13 7.8 0.50

Average 7.8 0.53

Standard deviation 0.2 0.016
Two standard deviations 0.4 0.03
Deviation 4% 6%
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C Silver detection with ammonium buffer

An ammonium buffer was made by mixing 50mL of 25% NH3z and 50 mL of deionized
water. Anodic linear sweep voltammetry (ALSV) was conducted in diluted synthetic
process solution added 0, 1, 5, 10, and 15mL of the ammonium buffer solution. The
parameters were the same as in Table 3.6 in Subsection 3.2 but only —0.2V was used as

deposition potential.

A pH-meter was used to monitor the pH change when adding the buffer solution. The
buffer solution was added in steps of 1 mL from 0 to 15 ml with continuous stirring by a
magnetic stirrer. The pH was measured after each addition but in a separate beaker and

not directly in the solution used for the electrochemical measurements.

Addition of ammonium buffer has little effect on the silver peak before 10 mL buffer is
added, and the silver peak disappears (Figure C.1). Precipitation of a dark substance was
observed after addition of 10 mL buffer.

In the diluted synthetic process solution, the change in the pH as a function of the amount
of buffer added to the solution can be seen in Figure C.2. The pH changed little the first
4 mL added. From 4 to 5 mL, the pH changed from 1.1 to 5.6, and precipitation of a dark
material was observed. Further addition of buffer changed the pH relatively linearly to

pH of 7.4 after adding 15 mL of the buffer.
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—=- 0mL buffer, 0 mg/LAg* .
..... 0 mL ]
—:= 1 mL
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000 005 010 015 020
E vs Ag/AgCI (V)

Figure C.1: Voltammograms of silver ion detection in a synthetic electrolyte containing
25g L' Ni**, 1.2gL! Fe*", 1mgL~! Mn*", and 30gL~! CI" by a GC electrode. The
figure shows voltammograms for solutions without silver ions and with 1mgL~! Ag™ in
addition to 0, 1, 5, and 10 mL ammonium buffer. The experimental parameters used are
as follows: 100mV s~! scan rate, 100s deposition time, rotation rate of 1600 rpm, and
deposition potential of —0.2V vs. Ag/AgCl.

-
—— -

‘o 2 4 & 8 10 12 1a
Buffer volume [mL]

Figure C.2: Graph of the pH as a function of the volume of ammonium buffer added.
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D Electrode surfaces and EDS spectra

D.1 SEM and EDS after deposition in solution without silver
ions

SEM images after 1000s deposition in a diluted process solution without silver ions can
be seen in Figure D.1 and Figure D.2 for deposition potential of -0.1 and —0.2V wvs.
Ag/AgCl, respectively. The results from EDS can be seen in Figure D.3, Figure D.4, and
Figure D.5 for deposition potentials of -0.1, -0.2, and —0.3V vs. Ag/AgCl, respectively.

D.2 SEM and EDS after deposition in solution with silver ions

The results from EDS can be seen in Figure D.6, Figure D.7, and Figure D.8 for deposition
potentials of -0.1, -0.2, and —0.3V vs. Ag/AgCl, respectively. This is for a diluted
process solution with a silver ion content of 1mgL™!, corresponding to a concentration

of 10mgL~! Ag™ in the undiluted process solution.

D.3 EDS of electrode after deposition and OCP

EDS of an electrode after 1000s deposition, followed by about 50s OCP, can be seen in
Figure D.9 for a deposition potential of —0.3V vs. Ag/AgCl. The spectrum shows silver

and chloride present, indicating that silver chloride might have been formed at the surface

during OCP.
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15.0kV 10.9mm x1.00k SE

Figure D.1: SEM image of a GC electrode after electrodepositing at —0.1V vs. Ag/AgCl

for 1000s in a diluted process solution without silver ions.

30.0kV 10.9mm x1.00k SE

Figure D.2: SEM image of a GC electrode after electrodepositing at —0.2'V vs. Ag/AgCl

for 1000s in a diluted process solution without silver ions.
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Figure D.3: EDS spectrum of a GC electrode after electrodepositing at —0.1V vs.
Ag/AgCl for 1000s in a diluted process solution without silver ions.
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Figure D.4: EDS spectrum of a GC electrode after electrodepositing at —0.2V vs.
Ag/AgCl for 1000s in a diluted process solution without silver ions.
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Figure D.5: EDS spectrum of a GC electrode after electrodepositing at —0.3V vs.
Ag/AgCl for 1000s in a diluted process solution without silver ions.

M Map Sum Spectrum

Figure D.6: EDS spectrum of a GC electrode after electrodepositing at —0.1V vs.
Ag/AgCl for 1000s in a diluted process solutions a silver ion content of 1mgL™!.
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Figure D.7: EDS spectrum of a GC electrode after electrodepositing at —0.2V wvs.
Ag/AgCl for 1000s in a diluted process solutions a silver ion content of 1mg L™t
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Figure D.8: EDS spectrum of a GC electrode after electrodepositing at —0.3V vs.
Ag/AgCl for 1000s in a diluted process solutions a silver ion content of 1mgL™!.
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Figure D.9: EDS spectrum of a GC electrode after electrodepositing at —0.3V wvs.
Ag/AgCl for 1000s in a diluted process solutions a silver ion content of 1mgL™!, fol-
lowed by about 50s OCP.
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E Corrosion rate

A polarisation curve for estimation of the corrosion rate of a nickel wire is shown in Figure
4.19. The Tafel slopes intersect at approximately log(I) = —0.95. The molar mass of
nickel is 58.69 gmol !, the number of electrons transferred is 2, and the area of the nickel
wire is about 0.86cm?. The corrosion rate can be calculated from these values by using

the Faradays law (Equation 2.38):

A 58.69 - 10799 . —L_/0 86
A_i = 3268 5 8 9021000/ = 1.4mm/year (E.1)




