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resumo

O presente trabalho teve como objetivo o desenvolvimento de sensores
electroquimicos para a monitorizagdo do ingresso de cloretos e da variagao de
pH da solucdo de poro de materiais cimenticios devido ao processo de
carbonatacao e ao ataque com &cido sulfarico.

Para a dete¢é&o de cloretos foram testados dois materiais: Ag/AgCl e Lucigenina.
O filme de Lucigenina crescido potenciodinamicamente sobre ago inox nao
apresentou uma resposta potenciométrica aceitavel. A sintese dos eléctrodos
de Ag/AgCl foi realizada através de voltametria ciclica e de regimes
potenciostaticos e  galvanostaticos. Os  eléctrodos  modificados
electroquimicamente apresentaram uma resposta potenciométrica para a
deteccdo de cloretos com um declive sub-Nernstiano que depende
principalmente da concentragcdo de electrélito utilizada no crescimento dos
filmes. Ambientes muito alcalinos levam a degradacéo precoce dos eléctrodos
de Ag/AgCl.

Para a determinagao de pH foram testados varios 6xidos metéalicos — MnO»,
IrOy e IrOx + RuO2 — e um polimero electronicamente conductor — polipirrole.
Os filmes de MnO: crescidos electroquimicamente apresentaram uma resposta
linear no intervalo de pH entre 13 e 8 com um declive proximo do Nernstiano.
Contudo, estes filmes dissolvem em ambientes acidos (pH<6). O estudo de
elipsometria identificou a formacdo da uma camada interna mais resistiva
composta por MNOOH.

A sintese de IrOy foi efectuada potenciodinamicamente e através de um regime
potenciostatico de singular e de duplo impulso. Os eléctrodos de IrO crescidos
por voltametria ciclica apresentaram a resposta com maior potencial para a
aplicacdo em materiais cimenticios, exibindo uma resposta potenciométrica
linear na regido de pH entre 13 e 5, com um declive super-Nernstiano. A adicéo
de 5 e 10 mM de RuCls a solugéo de crescimento levou a diminui¢géo do declive
da resposta potenciométrica dos eléctrodos modificados para valores mais
proximos do Nernstiano. Os eléctrodos modificados potenciostaticamente
apresentaram uma resposta potenciométrica linear na regiao de pH entre 10 e
2, com um declive mais proximo do Nernstiano que os filmes crescidos por
voltametria.

Por dltimo, os filmes de polipirrole sintetizados potenciostaticamente exibiram
uma resposta linear na regido de pH entre 11 e 5.

O estudo elipsométrico da passivacdo do aco em 0.1 M NaOH mostrou a
formacao de uma camada interna de Fe(OH). seguida do crescimento de duas
camadas mais porosas subsequentes compostas por hidréxidos de ferro.

Os sensores de Ag/AgCl foram utilizados com sucesso no estudo da penetragcéo
de cloretos em amostras de argamassa com e sem um aditivo com potencial
capacidade de remover cloretos de solugdo (LDH). A presenca de LDH na
argamassa levou a diminuicao do teor de cloretos na solug¢édo de poro. Contudo,
a andlise destrutiva levada a cabo mostrou a presenca de uma maior quantidade
de cloretos totais na amostra com LDH, o que evidencia um aumento da
quantidade de cloretos imobilizados na matriz cimenticia. A remogéo de cloretos
da solugao de poro pode ser consequéncia da troca ibnica com o LDH ou devido
a formacéo de sais de Friedel na presenga de ibes aluminio provenientes da
dissolugao do LDH. Os resultados com os eléctrodos de ferro corroboraram os
resultados obtidos com os sensores do efeito do LDH na captura de cloretos.
Os sensores de IrO4 foram aplicados com sucesso no estudo da variagéo de pH
da solucdo de poro de amostras cimenticias devido aos processos de
carbonatacao e de ataque acido.

O estudo da carbonatacdo mostrou uma alteragcéo imediata do pH da solucéo
de poro perto da superficie depois da libertacao inicial de diéxido de carbono,
mas gradualmente realcalinizada apés a libertagéo do gas. Contudo, o regime
de CO. puro promoveu a obstrucao da rede porosa superficial, 0 que levou ao
bloqueio da entrada de di6xido de carbono até maiores profundidades.

Por fim, os sensores de IrOx mostraram que a variacéo de pH da solucéo de
poro devido a exposi¢céo a acido sulfurico concentrado é limitada a uma camada
de apenas 1 a 2 mm de espessura. A variagao de pH em profundidade acontece
a medida que a frente de ataque progride.



keywords electrochemical sensors, silver/silver chloride, iridium oxide, mortar monitoring,
chloride ingress, carbonation, acid attack.



abstract

The present work had as objective the development of electrochemical sensors
to monitor the ingress of chlorides. and the pH variation of the pore solution of
cementitious materials due to the carbonation process and attack with sulfuric
acid.

For the detection of chlorides, two materials were tested: Ag/AgCl and Lucigenin.
The Lucigenin film grown potentiodynamically on stainless steel did not present
an acceptable potentiometric response. The synthesis of the Ag/AgCl electrodes
was performed using cyclic voltammetry and potentiostatic and galvanostatic
regimes. The electrochemically modified electrodes showed a potentiometric
response for the detection of chlorides with a sub-Nernstian slope which mainly
depends on the concentration of electrolyte used in film growth. Very alkaline
environments lead to early degradation of Ag/AgCl electrodes.

For pH determination, several metal oxides were tested — MnO,, IrOx and IrOx
+ RuO; — and an electronically conducting polymer — polypyrrole. The
electrochemically grown MnO: films showed a linear response in the pH range
between 13 and 8 with a slope close to Nernstian. However, these films dissolve
in acidic environments (pH<6). The ellipsometry study identified the formation of
a more resistive inner layer composed of MnOOH.

The IrOx synthesis was carried out potentiodynamically and through a
potentiostatic regime of single and double impulse. The IrOx electrodes grown by
cyclic voltammetry showed the response with the greatest potential for
application in environments as aggressive as cementitious materials, exhibiting
a linear potentiometric response in the pH region between 13 and 5, with a super-
Nernstian slope. The addition of 5 and 10 mM RuCls to the growth solution led to
a decrease in the slope of the potentiometric response of the modified electrodes
towards values closer to Nernstian. The potentiostatically modified electrodes
showed a linear potentiometric response in the pH region between 10 and 2, with
a slope closer to Nernstian than the films grown by voltammetry.

Finally, the potentiostatically synthesized polypyrrole films exhibited a linear
response in the pH region between 11 and 5.

The ellipsometric study of steel passivation in 0.1 M NaOH showed the formation
of an inner layer of Fe(OH). followed by the growth of two subsequent more
porous layers composed of iron hydroxides.

Ag/AgCl sensors have been successfully used to study chloride penetration in
mortar samples with and without an additive with the potential to remove
chlorides from solution (LDH). The presence of LDH in the mortar led to a
decrease in the chloride content in the pore solution. However, the destructive
analysis carried out showed the presence of a greater amount of total chlorides
in the sample with LDH, which shows an increase in the amount of chlorides
immobilized in the cement matrix. The removal of chlorides from the pore solution
can be a consequence of ion exchange with the LDH or due to the formation of
Friedel salts in the presence of aluminum ions from the dissolution of the LDH.
The results with the iron electrodes corroborated the results obtained with the
sensors about the effect of LDH on chloride capture.

IrOy sensors have been successfully applied to study the pH variation of the pore
solution of cementitious samples due to carbonation and acid etching processes.
The carbonation study showed an immediate change in the pH of the pore
solution near the surface after the initial release of carbon dioxide, but gradually
recalinized after the release of the gas. However, the pure carbon dioxide regime
promoted the obstruction of the superficial porous network, which led to the
blocking of carbon dioxide entry to greater depths.

Finally, IrOx sensors showed that the pH variation of the pore solution due to
exposure to concentrated sulfuric acid is limited to a layer only 1 to 2 mm thick.
The pH variation in depth happens as the attack front progresses.






Contents

Abbreviations and SYMbOIS.................coooiiiiiiiii e X
LASE OF FAGUIES ......ooeviiiiiiieieee ettt et e ettt et e e et e e st e asbeesseesseenseensesnsesnsennses xiii
LSt OF TADLES ..ottt ettt ettt sb et e st sbe et enae b Xix
Objectives 0F the WOTK..........c.cocviiiiiiieiiciece ettt st steesaeesraessaesnaessaessnens XX1
CHAPTER 1  Reinforced concrete and monitoring of aggressive agents ...........ccoeeveveververnnenne 1
Lol IIETOAUCTION ..ttt ettt et et sb ettt sbe et e b ebe st enee 1

1.2.  Corrosion of steel reinforcement in CONCIELE ........ccevuerierieririeierienieeeie e 2
1.2.1.  Passivation of St TEDAT .......ccceeriiriirieiiiiree e 3
1.2.2.  Microstructure of cementitious Materials ..........ccoecverereriereeriienienienie e eee e 4
1.2.3. Corrosion Of St TEDAT ......cc.eeiiriiriiiieieie e 5
1.2.4.  Steel COrroSiON MONILOTINE .....eeeveererrerrereerierresiestesresaeseessresseesssesseesssessaessnesssenses 7
1.2.5.  Carbonation of cementitious Materials .........ccccerererierierinieierereeee et 9
1.2.6.  Penetration of ChlOTIAES .........cocueiiiriiiieieiietee e 10
12,7, ACIA AHACK ..ottt ettt 12

1.3, Monitoring MEthOdS .........cccviviiriirieiieriertetere ettt et te e e beese e s e enseenseens 13
1.3.1.  Chloride MONIOTING........ceveerrierrierieeriiesiiesieesreereesteesteesseeseesseesseesseesseesseesseesseessesssenns 14
1.3.2. PH MONILOTING.....eeitiiriieiieiierieesieeseeseeieesieesieesieesteesteesse e seesseesseesseesseesseesseensaessesssenns 15

1.4, ElectrochemicCal SENSOTS .......ccueiuiiiiririieiieierte ettt sttt ettt 15
1.4.1.  ElectrocryStalliSAtION .......cceerierierieriieriiesieesieesieesieesteesieeseesseeseeseesseesseesseensesssesssenns 17
1.4.2.  CRhIOTIA@ SEIISOTS. ....cveiieuietietieiteie sttt ettt ettt ettt ettt st et e b st ente b et enees 18
L4221, AG/AZCI SENSOTS. ...ueeueieiieiiesiiesieesteeieesteesteesteesteesseesseeseeseesseesseesseesseesseensesssessenns 18
1.4.2.2.  LUCIZENIN ....eeitieriiesiieiierieesieesteesteesteesieesseesseesseesseesseenseesseenseenseesseessessseessesnsesssenssenns 19

| 3 T o) = (1< 411 USSR 19
1.43.1.  Metal/metal OXIAES ...cceevviruirieiiriieiieeie ettt 20

a) TEIAIUIM OXIAC ... eviiiiiieiie ettt ettt ettt ee e e e v e e veeeteeeteeeteeeeaseens 20

D) MaNgAnESE OXIAEC......ceveiriieriieriieriieriesieesitesteeseesteesseesseessaesseesseesseesseesseesseesseesseesseessesssees 22

c) RUthenium OXIAC ......cooviiiiieiiie ettt et et ve e et ete e etreeeane e 22
1.4.3.2. Conducting POLYMETS ......ccceerierieriieriiesiierieerieesieesteesseesseesseesseesseesseeseesseensesssesssenns 23

) I o0 74 )74 (o) (=PTSRS 25
CHAPTER 2 TECRNIQUES ....veevieiieiiesitesieesieesitesiteitesieesteesteesteeseesseessaesseessaesseessesnseenseensessenns 27
2.1, CyCliC VOILAMIMEIY ...c.viiiiieiieiieiiesieerierieesieeseestesteeseeesreesteesseesseesseesseessaessaesseesseenseesens 27

2.2, CRIONOAMPEIOIMEIIY ....eevveeriieiieriierieesseerieereesteesseessaessaessaesseesseesseesseesseesseesseesseessesssesssees 28

2.3. Double pulse ChronOampPerOmMELIy ........ccceevvereerierieriereeseeseeseesseeseeesseesseesseesseesseenses 29

2.4, CRronOPOtENIIOIMEIIY ....ccuverireriieriierieerieesieeseeseeseesseesseessaesseesseesseesseesseessessseesseesseessesssees 30

B T o0 (531 U011 151 3 USSR 31
2.5.1.  Properties of potentiometric electrodes ..........cuevveriirieriierierieriereesee e 31

vii



2.6. Electrochemical impedance SPeCIIOSCOPY.....ccverrreriereereereerteerieerseesseesseesseesseesseesseensees 33

2.7, EIPSOMELIY ..c.vietieiieiiesieesieesieesitesteesteesieesteesteesseesseesseessaessaesseesseesseesseesseesseesseesseessesnsees 35
2.8.  Scanning eleCtroN MICTOSCOPY ..evvervrerrrerieereereerresseerseersaesseesseesseesseesseessessseesseesseessesssees 38
ORI € -\ A U i o1 o) 1 USSR 39
CHAPTER 3 Experimental ProCeAUIE..........cccverueeriieriieriiesieeniesieeieesieesieesseesseeseesseeseessesssenns 41
3.1. Reagents and €lectrOdeS .......ccuviriieriieriieriieiieieeeese ettt et teeteesteesbe e e esseenseenseenseens 41
3.2, Preparation Of SOIULIONS .......ccuieriiiriiesiiesiieiieieeeese et ettt e esteesbe e beesseenseenseensaens 42
3.3,  Preparation Of @leCtrodes. ... .cc.ueiiiiriiiriieriieiieieeeerie ettt ettt eneens 42
3.4, EXperimental deSIZN.......cccccveriieriieriieriieniieiiesieeseesieesieesteeseesseesseesseesseeseesseenseenseensesssenns 43
3.5. Embedding of the set of sensors in mortar SAMPIES.........cceevverieerieereerieereerieereesieeieens 43
3.6. Equipment and experimental CONAItIONS..........cccvereerieerieesiieriieniierieesieesieeeereeseeseeaeens 44
CHAPTER 4 ChIOTIAE SEIISOTS .....eveuieuiitieiieiieiesttenteiesteetteteste st eitestesbesbeete st sbeententesbeeseeneens 47
4.1, SilVer/SIIVer ChLOTIAE ........coeiuiiiiiiiiieee et 47
4.1.1.  GalvanostatiC SYNTNESIS......ccuerierierierieriesiesiesteseesteeseesseeseesseesseesseesseesseesseesseesses 48
4.1.2.  Potentiodynamic SYNtESIS........cccuerierierierierieniesieseeseeseeseessresseesseesseesseesseesseenses 52
4.1.3.  Potentiostatic SYNRESIS......ccverierierieriierieseesientesteseesteesteseesseesseesseesseesseessnenseesens 56
O O S 1011 1 ] £ ¢ USRS 57
4.2, Other ChlOTIAE SENSOTS. ......evuertieietietieiteierte ettt ettt ettt et et sb e ebt et e see b enees 59
4.3, CONCIUSIONS ...ttt ettt et ettt b et e st s bt st et e bt eae et e neeebeeaeenees 60
CHAPTER 5 PH SEIISOTS ..uutiiiiieiiieeiie ettt ettt ettt ate e st e st e sbeesntaeenseeesneeesaneesnns 63
5.1, Manganese dIOXIAE ......ccercveriiriiiriiiieeie et et ete et steseeseteeseesseessessseesseenseenseensesnsesssenns 63
5.2 IHAIUM OXIA@ ...cuviiuieiitieiieiee ettt et sb ettt sb et e e b bt e 70
5.2.1.  Potentiodynamic SYNtRESIS........ceeeuiriueriiireiieiieieeieete ettt ereereeaeeteereeseenseesseesseens 72
5.2.2.  PotentioStatiC SYNENESIS ......cecvirririeeieeieetieie et eteeteeteereereesseeseessessseenseenseenseessenns 81
5.2.2.1. Single pulse dePOSItION.......ccviecvieiieiieie ettt e e ssaesereseeesnseeens 81
5.2.2.1.  Double pulse depOSItion .........cccuervueeiirerieiieieeieeteeteereereeeeesseeseereeseenseeseeseens 84
523, Stability StUAY .ooveeviiiiecieeieeeee ettt enseenneen 91
5.3 POLYPYITOLC ....eiiiieiieceie ettt ettt st e e et e et e et e e beenbeenseenseennaens 93
5.4, CONCIUSIONS ...ttt ettt ettt et sb et e b e s bt ebt et e b e sbe e et e sbe et entesbesaeentens 95
CHAPTER 6 MOTtar MONIEOTING.......ccvereerurerriereeerieerseesieesseesseesseesseesseesseessessseessessseessesssesssenns 99
6.1.  Passivation Of iT0N TEDAT ........coouiiiiiiieieree et 99
(ORI O 01 (o) o Ta (S 0153 1 1513 21 5 o ) WP 101
6.2.1.  Synthesis and characterization Of SENSOTS..........ceeevercvirierieeriieeieee e 101
6.2.2.  ReSpONSE OF the SENSOTS .......cvieriirieeieiieeiecieete et ere e saesresreseresesessaessnessneenns 102
6.2.3.  Destructive analysis of mortar SAMPIES .........ceevvereverciirierieenie e 103
6.2.4.  Response 0f the iTON TEDATS. .........cccuerieriereeiie e et ere e sre e sre e seneseneseneseneeens 104
6.3. pH sensors inside MOTtar SAMPLES ........cccvevevereeriierieiieeieeie e eere e senesene e 107
6.3.1.  Synthesis and characterization Of SENSOTS..........ccecvrrvirierieiriieeie e 107

viii



6.3.2.  Carbonation of cementitious Materials ...........ceeceereririeiienenirieere e 108
6.3.3. ACIA AHACK .coueitiiieee ettt 109
6.3.3.1.  Response of the sensors to H,SOj in simulated conditions.............cccceveverveennnnne. 109
6.3.3.2.  Measurement of pH inside mortar with the SEensors..........ccceevvrevercrercrrrcrercnrenennn, 110
6.3.3.3.  Corrosion of iron rebars in simulated conditions ............cocceceevenereeniereneneennn 113
6.3.3.4.  Corrosion of iron rebars in mortar SAMPIES..........cceveverererieeeiienirerienre e e 113
6.4, CONCIUSIONS ..c..eeuiiiiiieieiet ettt sttt et s be et sbe et e ee 116
CHAPTER 7  Global conclusions and future Work ...........ccccoecvvveiinvirnciencieeieeiesie e 119

X



Abbreviations and symbols

Abbreviations

AA
AIROF
CE

CvV
C28
C3S
C-S-H
DPCA
ECP
EDS
EIROF
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HLOD
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LDH
LDH-NO»
LDH-NOs3
LLOD
LOD
OCP
PDA
PEDOT
PPy
RE
RRE
SCC
SCE
SHE
SEM
SS
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WNS
XRD

Symbols

ai
*

ai
a.u.

Acid attack

Anodic iridium oxide film

Counter electrode

Cyclic voltammetry

Dicalcium silicate

Tricalcium silicate

Calcium-silicate hydrates

Double pulse chronoamperometry
Electronically conducting polymer
Energy-dispersive X-ray spectroscopy
Electrodeposited iridium oxide film
Electrochemical impedance spectroscopy
Friedel’s salt

Higher limit of detection

Ion-selective electrode

Layered double hydroxide

Layered double hydroxide loaded with nitrite
Layered double hydroxide loaded with nitrate
Lower limit of detection

Limit of detection

Open circuit potential

Peripheral differential amplifier
Poly(3,4-ethylenedioxythiophene)
Polypyrrole

Reference electrode

Red rod electrode

Stress corrosion cracking

Saturated calomel electrode

Standard hydrogen electrode
Scanning electron microscopy
Stainless steel

Working electrode

Wood’s nickel strike

X-ray diffraction

Activity of the species i (mol cm™)
Intersection of the extrapolated linear portions of the potential-activity plot
Arbitrary units



A

b

B

Ci

C,'*

C 1( 0, f)
C

Ca
Cs

d

dni

Geometric area of electrode (cm?)

or Nucleation rate constant (s™)

E-intercept (V)

Stern-Geary constant (V)

Concentration of species i (mol cm™)

Concentration of species i in the bulk solution (mol cm™)
Concentration of species i at the electrode surface (x=0) (mol cm™)
Capacitance (F cm™)

Double layer capacitance (F cm™)

Pseudo-capacitance (F cm™)

Film thickness (A)

Spacing between planes of atoms (A)

Diffusion coefficient of species i (cm® s™)

Charge on the electron (C)

Potential vs. a reference electrode (V)

Standard equilibrium potential (V)

Corrosion potential (V)

Anodic peak potential (V)

Cathodic peak potential (V)

Parallel component of electric field vector of incident beam
Parallel component of electric field vector of reflected beam
Perpendicular component of electric field vector of incident beam
Perpendicular component of electric field vector of reflected beam
Frequency (s™)

Faraday constant (C mol™)

Current (A)

Corrosion current (A)

Exchange current (A)

Fluorescence intensity after quenching

Original fluorescence intensity

Current density (A cm™)

Exchange current density (A cm™)

Anodic peak current density (A cm™)

Cathodic peak current density (A cm™)

Current density at maximum in an j-t transient (A cm™)
Extinction coefficient

Selectivity coefficient of specie A in the presence of specie B
Quenching constant

Slope (mV pH™)

Number of electrons involved in overall electrode reaction
or Refractive index

Number of sites where nucleation can occur (cm?)

Number of nuclei at time t (cm™)

Component parallel to the incidence plane

Charge (C)

Charge density (C cm™)
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or Quenching agent

p Fresnel reflection coefficient of the parallel component

7 Fresnel reflection coefficient of the perpendicular component

R Universal constant of ideal gas (J K™ mol™)
or Resistance (Q)

Ry Charge transfer resistance (Q cm?)

R, Polarization resistance (Q cm?)

Rs Uncompensated resistance between reference electrode probe and working
electrode (€2)

s Component perpendicular to the incidence plane

t Time (s)

max Maximum time in j-t transient (s)

T Temperature (K)

X Distance perpendicular to the electrode surface (cm)

zZi Charge number on ion i

Z Impedance (Q)

Zw Warburg impedance (Q)

zZ’ Real component of impedance (Q2)

z" Imaginary component of impedance (£2)

Oa Anodic transfer coefficient

Oc Cathodic transfer coefficient

b Phase change due to propagation of the light wave through the film

P Anodic Tafel constant

Be Cathodic Tafel constant

A Change in phase difference (°)
n Overpotential (V)

0 Angle of incidence

A Wavelength of light (nm)

Ui Chemical potential of species i (J mol™")
0 Potential scan rate (V s™)
Density (g cm™)
or Complex ratio of the total reflection coefficients
Pe Concrete resistivity (€2 cm)
o Warburg coefficient (Q s™/?)
T Transition time (s)
or Step width (s)
9 Angle of incidence
v Azimuth angle (°)

The TUPAC convention is followed. Anodic currents are positive and moving to more positive
potentials corresponds to increasing the driving force for an oxidation process. Otherwise, cathodic
currents are negative and moving to more negative potentials promotes an increasing driving force
for reduction.
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Objectives of the work

The main objectives of this thesis were the development of electrochemical sensors for monitoring

the main agents responsible for the corrosion of concrete reinforcement, and its, subsequent,

embedment in mortar samples under different conditions: presence of chlorides, carbon dioxide,
sulfuric acid, with and without corrosion inhibitors, in order to determine the variation with time of
the penetration of these agents and the viability of inhibitors. The principal tasks for this work were:

e Identification of sensitive materials for chloride and pH detection, and optimization of their
electrochemical synthesis in order to achieve the best potentiometric or amperometric response.

e Characterization of the sensors and determination of their reversibility and degradation when
exposed to extreme media for a long time.

e Morphologic and optical characterization of the synthetized films in order to determine
properties, such as porosity and thickness, and correlate with calibration curve parameters.

e Design and construction of a sufficiently robust but non-invasive electrode to be embedded in
concrete structures.

e Construction of several mortar samples with the developed embedded sensors for the different
conditions (ingress of chloride ions, carbonation and acid medium) and monitoring their signals
with time.

e Use of similar mortar samples, but with embedded iron wires, to simulate reinforced concrete,
and validate the sensor results.

o Effect of the use of LDH in mortars to control the chloride attack of the iron.

This thesis consists of 7 chapters. The first 2 chapters present the state of the art contextualizing the
thesis, as well as the techniques used to carry out the experimental work. Chapter 1 gives an overview
of the processes involved in the degradation of reinforced cementitious structures, due to the ingress
of chlorides and the decrease in the pH of the pore solution, and describes the electrochemical
sensors, for the determination of the chloride content and pH, that were studied in this experimental
work. Chapter 2 describes the techniques used for the synthesis and characterization of the modified
electrodes. The experimental procedure adopted for carrying out the experimental work is explained
in Chapter 3.

Results and their discussion are presented in Chapters 4 to 6. Each experimental chapter ends with a
section of partial conclusions to facilitate the reader’s work. The synthesis and characterization of
chloride and pH sensors can be found respectively in Chapters 4 and 5. Chapter 6 presents the
application of the sensors for the study of chloride ingress and pH variation in mortar samples. In the
previous chapter, mortar samples with embedded iron wires and the effect of the addition of LDH to
the mortar in presence of chloride ions were also studied.

The main global conclusions drawn from this work, as well as suggestions for immediate future
work, are described in Chapter 7.

This thesis was integrated in a European project — Long Lasting Reinforced Concrete for Energy
Infrastructure under Severe Operating Conditions (LORCENIS, grant agreement n°® 685445, H2020
EU) — that had as main objective to double the lifetime of reinforced concrete structures under harsh
conditions. The tasks of University of Aveiro were the development of tools to monitor and predict
the ingress of aggressive agents that are responsible for the degradation of reinforced concrete
structures. Thus, the purpose of this thesis was to develop electrochemical sensors capable to monitor
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the ingress of chlorides and the variation of the pH in the pore solution due to carbon dioxide ingress
and acid attack.
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CHAPTER 1 Reinforced concrete and monitoring of aggressive
agents

In the first chapter of this doctoral thesis, the main concepts to be used along the work will be subject
to a detailed analysis. Initially, the phenomenon of degradation of reinforced cementitious structures
caused by the reinforcement corrosion is exposed. The processes of penetration of chlorides, carbon
dioxide and exposure to acidic environments are subject of a complete description. Then, the main
methods of monitoring cementitious materials are described. Finally, the working principle of an
electrochemical sensor is explained, and the materials exploited as potentiometric sensors are
described. This will set the table for the presentation of the scientific work carried out.

1.1. Introduction

Concrete is nowadays the most used construction material, being part of many building structures
due to its ability to be moulded to the desired shape, high durability, excellent mechanical properties
and fire resistance [1]. However, these structures have a limited lifetime, which represents a major
economic and environmental impact. The degradation of reinforced concrete structures is caused by
several processes, such as physical (freeze-thaw cycles, fire), mechanical (abrasion, erosion,
impacts), structural (overloading, cyclic loading, settlement), chemical (acid attack, alkali-aggregate
reactions, pure water attack, sulfate attack), biological (fouling) and corrosion of steel reinforcement
(carbonation, oxygen and chlorides ingression) [2]. Corrosion of steel reinforcement represents the
main cause of deterioration of these structures. The evolution of the reinforced structures
deterioration due to rebar corrosion is shown in Figure 1.1: (i) before corrosion, (ii) during cover
delamination, (iii) and after total reinforcement exposure. In fact, metallic corrosion is a major
problem in the services and industry sectors. The global cost of corrosion is equivalent to 3-4% of
the global gross domestic product (2013) [3]. In addition to economic issues, the growing demand
for concrete infrastructures combined with their limited lifetime causes a high increase in greenhouse
gas emissions [4]. The industrial sector responsible for production and transportation of cement is
responsible for about 8% of total global CO, emissions and contributes 7.8% of nitrogen oxide
emissions and 4.8% of sulfur oxide emissions [5].

Figure 1.1: Example of corrosion initiation of steel rebar in cementitious materials: (i) before corrosion, (ii) cover
delamination, (iii) and reinforcement total exposure. From the building of Department of Materials and Ceramic
Engineering, Aveiro.



Corrosion is an irreversible interfacial process of a material (metal, ceramic, polymer) with its
surrounding environment, which results in the destruction of the material [6]. The types of metallic
corrosion can be grouped into uniform attack and localized corrosion. General corrosion is the most
common type in which the corrosive attack occurs on the entire exposed surface being, therefore,
more predictable and easier to prevent. In the case of non-uniform corrosion, it can be divided into
galvanic, crevice, pitting, stress corrosion cracking (SCC), intergranular, de-alloying, microbial and
fatigue. These localized types of corrosion have a complex monitoring and are more difficult to
predict. The corrosion protection, depending on the system, can be achieved by different methods:
cathodic protection (connected to a sacrificial anode or by applying an external current source),
anodic protection, coatings (e.g., metallic, vitreous, inorganic and organic), through preventive
actions (e.g., better design of the structures and selection of better materials), and by changing
environment when possible.

The fresh concrete promotes the formation of a protecting passive layer on the steel reinforcement
due to its high alkalinity. However, concrete is a porous material, which can be penetrated by liquids
and gases from the surrounding atmosphere [2] and, over time, the ingress of aggressive agents, such
as chloride ions and carbon dioxide, through concrete will promote the creation of the ideal
conditions for the destruction of the protective layer of steel and, therefore, corrosion processes will
start. Offshore constructions (bridges, floating platforms, dams or harbour structures) are very
susceptible to chloride penetration, which when reaches a certain critical limit will promote localized
corrosion attack (e.g., pitting, crevice and SCC. On the other hand, buildings located in an
environment with a high content of carbon dioxide are highly susceptible to deterioration of the
reinforcement due to the decrease of concrete alkalinity that leads to the destruction of the passive
oxide layer of steel rebars. For submerged structures, the oxygen availability is also an important
factor for the corrosion of steel in concrete since its corrosion rate is mainly controlled by diffusion
of dissolved oxygen through concrete network.

The internal condition — mechanical, physical and chemical properties — of reinforced concrete
structures can be monitored by different methods, which can be divided into destructive or non-
destructive. In destructive methods it is necessary to extract a sample from the structure under study
to analyse qualitatively or quantitively its composition. Non-destructive methods, such as monitoring
through embedded sensors, can provide useful information on continuous real-time about the
depassivation of the steel rebars, changes in the concrete cover resistivity, and the ingress of
aggressive agents — chlorides, molecular oxygen or carbon dioxide.

1.2. Corrosion of steel reinforcement in concrete

Concrete presents good resistance to compressive forces, but does not resist to tensile forces, needing
a reinforcement. Several materials have been tested as reinforcement for concrete, however, steel is
the most used for this purpose due to the lower price, improvement of the mechanical properties of
concrete, and to its expansion coefficient, which is very similar to that of concrete. The biggest
problem with the use of steel as reinforcement is its corrosion under certain conditions, which leads
to a decrease in the strength of the cementitious structure. A more expensive alternative would be to
use a corrosion resistant reinforcement, such as stainless steels, galvanized steel, and fibre reinforced
polymers, or to increase the corrosion resistance of the common carbon steel rebars by applying an
organic or metallic coating or by modifying the chemical composition of the steel [2].



1.2.1.Passivation of steel rebar

Concrete is a composite material made by several elements such as different sized aggregates, cement
and water. The high alkalinity of pore solution — pH between 12.5 and 14 [7] — is due to the
presence of different types of hydroxides — sodium, potassium and calcium hydroxides — and
depends mainly on the composition of the cement. At the beginning, the high pH is mostly due to
calcium hydroxides formed in the hydration reactions of the calcium silicates present in the cement
and of the alkalis of the clinker. However, as the hydration process continues, leaching of the calcium
hydroxides occurs and, consequently, the high alkalinity of concrete becomes mainly due to the
sodium and potassium hydroxides. The alkaline environment promotes a spontaneous growth of a
protective layer on the steel surface. Passive films are compact and resistive layers with only a few
nanometers of thickness that are constituted by an inner layer mainly composed of Fe** oxides and
an outer layer consisting of Fe’" oxides and hydroxides [8,9]. The passivation process of the steel
rebar starts with the adsorption of hydroxyl ions on the steel surface to form iron(Il) hydroxide,
Fe(OH),, which reaction is represented in the following equation:

Fe +20H™ - Fe(OH), + 2e~ (1)
Then, an additional oxidation of iron(Il) hydroxide leads to the formation of magnetite:
3Fe(OH), + 20H™ — Fe;0, + 4H,0 + 2e~ (2)

Finally, for even more anodic potentials, magnetite is oxidized to maghemite (y.Fe.Os) or to goethite
(a.FeOOR), as represented in the following equations, respectively:

2Fe;0, + 20H™ —» 3y.Fe,0; + H,0 + 2e~ (3)
Fe;0,+ OH™ + H,0 —» 3a.FeOOH + e~ (4)

The quality of the passive layer — electrical resistivity and thickness — depends on the availability
of oxygen during the curing period, time of curing [10], composition of pore solution [11] and
oxidation state of the steel rebar surface before embedment in cementitious materials [9]. The
passivation process of steel is different in simulated pore solution and in hardened cementitious
samples. In the case of hardened samples, the steel rebar takes about 7 days to reach an acceptable
passivation, whereas in the case of immersion in pore solution, it only needs 3 days [9,12]. Passive
films grown in Ca(OH), solution present a higher stability than those grown in NaOH with the same
pH [12,13]. The passivation process can be accelerated by the presence of some metallic cations,
such as Ca, Mg and Ba [12], due to the absorption of such cations at the outer plane of the inner layer
of the passivating film [14]. A longer passivation time also increases the film resistivity due to the
enrichment of iron(III) oxides, which are less conducting compared to magnetite [15].



1.2.2.Microstructure of cementitious materials

Cementitious materials have a porous microstructure that allows a mass transfer with the outside
environment and is in constant transformation, as shown in Figure 1.2. The pores can be air-filled or
filled with pore solution. The structure of the pore network is mainly affected by curing conditions,
water/cement ratio and use of supplementary materials (pozzolanic active materials or

superplasticizers).
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Figure 1.2: lllustration of pore network of cementitious materials.
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In the case of curing conditions, on the one hand, water curing reduces air-filled pore network and
the size of capillary pores, and on the other hand, longer curing periods decreases the porosity of the
microstructure due to increased hydration degree [16]. The decrease in the water/clinker ratio also
increases the density of cementitious materials [17,18].

The transport of water and aggressive agents into the porous matrix of cementitious materials occurs
through different mechanisms — diffusion, migration, permeation and capillary suction. The
penetration of aggressive agents by diffusion is the main transport mechanism through the porous
network of cementitious materials. Diffusion of species is driven by a concentration gradient, in the
case of ions, or a partial pressure gradient, in the case of gases. The main factors that influence the
diffusion of species through cementitious materials are the porous microstructure, water content and
the binding capacity of hydration products. The interconnectivity and pore filling are essential for
the diffusion of species into the concrete. lonic species, such as chlorides and sulfates, only diffuse
when the pore network is partial or completely filled with water. The diffusion of gases is much
faster through air-filled pores than through water-filled ones. Relatively to migration mechanism, the
transport of ions is driven by an electrical field. This mechanism is not very common in real cases,
but is often applied to accelerate the chloride penetration experiments [19] and for electrochemical
chloride extraction from concrete structures [20—-22]. The chloride migration coefficient decreases
with increasing tortuosity of pore network and with decreasing porosity [23]. In the case of
permeation, the transport of liquids is done by pressure gradient, for saturation conditions, or by
hydraulic gradient, in the case of submerged conditions. The saturated water permeability of concrete
depends on the porous microstructure and the presence of cracks. Permeability through cracks is
correlated with the square of crack width [24]. The decrease of porosity leads to a decrease of gas
permeability in a natural tidal environment [25]. The aggregate particle size affects the water
permeability of concrete [26]. Lastly, capillary suction is the absorption of a liquid in the pore
network due to its hydrostatic pressure. This transport mechanism depends on liquid properties
(surface tension, viscosity and density) and pore network characteristics (pore dimension and
tortuosity). The tortuosity, which is caused by the presence of aggregates, decreases the sorptivity of



concrete [27], which is a measure of the capillarity of the material. The water/cement ratio, which
affects the porous microstructure, consequently, influences the capillary coefficient and sorptivity of
cementitious materials, as well as changes the distribution of adsorbed water in the pore network
[28]. The frost damage accelerates the capillary water absorption and the coefficient of capillary
absorption increases with increasing number of freeze-thaw cycles [29]. The sorptivity decreases
with age (continuous curing) and with carbonation process [30].

1.2.3.Corrosion of steel rebar

Corrosion of steel reinforcement in concrete is an electrochemical process, in which the steel surface
in contact with pore solution is composed by several anodic and cathodic zones that are electrically
connected by the metallic phase. There are several possible anodic reactions, which, depending on
the pH of pore solution, availability of aggressive agents, and the intrinsic potential of steel rebar,
promotes the formation of different iron oxides:

3Fe + 4H,0 — Fe;0, + 8H* + 8¢~ (5)
2Fe + 3H,0 - Fe,0; + 6H* + 6e~ (6)
Fe + 2H,0 — HFeO; + 3H* + 2e~ (7)

Fe - Fe?t + 2e~ (8)

The dissolved oxygen reduction or the hydrogen evolution are the possible cathodic reactions
depending on the pore solution pH and on the availability of molecular oxygen [31]

2H,0 + 0, + 4e~ > 40H~ (9)
2H* + 2e” > H, (10)
The formation of a rust layer on the steel reinforcement promotes the formation of cracks on the

concrete cover and its subsequent detachment, which consequently leads to accelerated deterioration
of the structures, as represented in Figure 1.3.
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Figure 1.3: Illustration of corrosion process of the steel rebar and consequent delamination of concrete cover.



Corrosion products of iron present a relative volume to the pure metal about 2 times greater in the
case of oxides, and about 3 to 6 times greater in the case of hydroxides. Figure 1.4 presents the
corrosion products of iron inside a cementitious matrix due to oxygen-induced corrosion, which are
represented in decreasing order of their expansion volume in relation to pure metal.

The formation of a corrosion layer and the transport of corrosion products through the concrete
proceed simultaneously after the initiation of corrosion process [32]. The transport of corrosion
products from the corrosion area decreases the level of concrete degradation [33].

Pure Iron
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Ferric hydroxide
Ferrihydrite

\Y

expansion

Figure 1.4: Corrosion products of iron inside concrete and their expansion volume relatively to pure metal (oxides with
pointed area and hydroxides with meshed area). Adapted from [34].

Corrosion of the steel reinforcement can endanger the safety of those structures. The reduction in
cross section of steel rebars causes a decrease of its tensile strength, elongation and fatigue strength.
The formation of corrosion products will decrease the adhesion between steel and concrete and will
produce tensile stresses that will promote the cracking of concrete cover and its, subsequent,
localized spalling. Delamination of the concrete cover leaves the steel reinforcement directly exposed
to environmental conditions leading to an increase of corrosion rate and, consequent deterioration of
the structure. Besides that, if the very specific conditions that lead to the cathodic reaction of
hydrogen evolution are met, there will be hydrogen embrittlement of steel rebars.

The composition of corrosion products depends on the nature of the rebar and exposure conditions.
In the case of marine environments where corrosion is essentially chloride-induced, the rust that
forms on steel rebar within concrete is mainly composed by crystalline magnetite, goethite and
lepidocrocite [35]. In addition to these corrosion products, chloride-induced corrosion can also
produce several intermediates, such as ferrous hydroxychloride or chloride green rust (hydrous iron
oxides with mixed valence iron and chloride). In the case of carbonation-induced corrosion, which
is more related to industrial and large metropolitan areas, the presence of dissolved carbon dioxide
in the pore solution promotes the formation of several iron carbonates, such as chukanovite
(Fe2(OH),CO3), siderite (FeCO3) and carbonate green rust. The main corrosion products that form
under these conditions are lepidocrocite, goethite and feroxyhyte, which result from the oxidation of
chukanovite [36].

The corrosion process of steel reinforcement is mainly influenced by the microstructure of concrete
(porosity and water content), chemical composition of pore solution (pH, aggressive species content),
steel rebar composition and the state of its surface before casting, environmental conditions
(temperature, oxygen availability, exposure period and wet-dry cycles) and type of corrosion



products. The porosity facilitates the penetration of aggressive agents through the cementitious
matrix and leads to an increase in the amount of corrosion products [37]. The water content is directly
related to the electrical resistivity of cementitious materials. The use of supplementary materials in
concrete, such as silica fume, can improve corrosion resistance due to decrease of water absorptivity
and increase of electrical resistivity [38]. The chemical composition of the pore solution is
fundamental in the electrochemical state of the steel reinforcement. In fact, it is widely common to
relate the beginning of the corrosion process to the molar ratio between the concentrations of the
chloride and hydroxyl ions — [CI')/[OH]. The open circuit potential decreases and the corrosion rate
— ic.orr — Increases with the increase of [C1']/[OH] [39,40]. The variation of i..as a function of [C1"
J/[OH] ratio presents two regions. The region of [CI']/[OH] < 10* (pH > 9.5) presents a more
pronounced dependence of mean i, with [CI')/[OH] due to higher competition between the chloride
and hydroxyl ions when the steel rebar is still passivated. In the region of [C1]/[OH] > 10? (pH <
9.5) the mean corrosion rate decreases slightly with lower [CI']/[OH]. In the case of the specific
influence of pH on i, variation, there are 3 distinct regions. In the acid region, with pH < 5, the
corrosion process occurs with water reduction and the i increases as the pH of the medium
decreases, which is related to the increase in H™ concentration, easy removal of corrosion products
from the steel surface due to the stirring effect of gas evolution (H>) and, in the case of oxygen
availability, enhanced cathodic process, which is fed simultaneously by the reductions of oxygen and
H". In the neutral region, with pH between 5 and 9.5, the corrosion rate remains almost constant due
to the precipitation of Fe(OH), on the metal surface, which reduces the total active area for the anodic
process. Finally, in the alkaline region, with pH > 9.5, the corrosion rate decreases steeply as the pH
increases due to effective passivation of the steel rebar [39]. The state of the steel rebar surface before
casting also affects its corrosion behaviour [40]. On the one hand, the presence of rust promotes an
increase in the corrosion rate due to an increase of the pore solution conductivity at the metal-concrete
interface and the decrease of repassivation ability [41]. On the other hand, the mill scale largely
affects the distribution and penetration of corrosion products through cementitious matrix [42].
Relatively to exposure conditions, the temperature affects the kinetic parameters of corrosion rate
[43,44] and presents an exponential dependence with conductivity of concrete [45]. The corrosion
rate of structures that are exposed to wet and dry cycles, such as tidal and splash zones of offshore
structures, increases during wetting cycle and decreases during drying, which can be explained by a
change in the electrochemically active area due to the presence of water [46]. The presence of
molecular oxygen in the cathodic zone is essential to initiate the corrosion process and can be a
limiting factor to the global reaction of corrosion. The availability of molecular oxygen depends on
the moisture content and the interconnectivity of the porous matrix of the concrete [47-49]. Finally,
the corrosion products can also act as an oxidizing agent in the cathodic reaction of steel corrosion.
After the corrosion process starts, the corrosion product FeOOH, present in the corrosion layer can
be reduced and contribute to the total cathodic current, or even replace oxygen in the cathodic process
under conditions of high water saturation [50,51].

1.2.4. Steel corrosion monitoring

The electrochemical state of the steel reinforcement can be accessed by determining the main
parameters related to the corrosion process: corrosion potential — E.,.- —, polarization resistance —
R, — and concrete resistivity — p.. In the case of parameters directly related to the steel



reinforcement, it may be necessary to remove the concrete cover over the rebar in order to make the
electrical contact with it, as illustrated in Figure 1.5 (left). The determination of E... can be carried
out by measuring the open circuit potential of the steel rebar with a high impedance voltameter using
a two-electrode configuration [52]. The contact between the concrete surface and the reference
electrode is usually made using a wet sponge with an electrolytic solution with a pH similar to that
of the pore solution in order to minimize possible junction potentials [53]. The open circuit potential
reflects the electrochemical state of the steel rebar, which depends mainly on the pH of the pore
solution and the composition of the reinforcement. According to the ASTM C876 standard, for values
of open circuit potential above -125 mV vs. SCE (about 116 mV vs. SHE) the probability of steel
corrosion activity is less than 10%, and for values under -275 mV vs. SCE (about -34 mV vs. SHE),
the probability of steel corrosion activity is greater than 90% [34]. The electrical resistivity of
cementitious materials is the ability to withstand ionic movement. This fundamental property of
concrete is inversely proportional to the corrosion rate of the steel rebar [54] and is mainly influenced
by the degree of saturation of the pore network. The resistivity of concrete varies between 10 and 10°
Q m for saturated and dry concrete, respectively [54]. In the case of the absence of electrodes
embedded in the structure under analysis, its resistivity can be determined through the Wenner
method (also known as 4-point method), which uses a four-electrode configuration, with the probes
equally spaced [55], as represented in Figure 1.5 (right).

Figure 1.5: Illlustration of 3-electrode configuration for determination of polarization resistance and 4-point method for
determination of concrete resistivity.

This technique consists in the application of a determined current in the outer electrodes and in the
measurement of the resulting potential drop in the inner electrodes. The resistance of the concrete —
R.— is the quotient between the potential drop and the current induced [56]. Finally, the resistivity
is directly proportional to resistance with a geometric factor as proportionality constant, which
depends on the sample (size and shape) and the experimental device. For concrete with Portland
cement, the risk of corrosion is considered negligible for a resistivity higher than 10* Q m and high
for a resistivity lower than 10* Q m [56]. The polarization resistance of a given material is defined
as the opposition to the deviation from its equilibrium potential. The main techniques used for the
determination of the resistance polarization are linear and transient polarization resistance methods
and electrochemical impedance spectroscopy (EIS), which are based on the application of an external
perturbation to the equilibrium state of the steel rebar. The polarization resistance can be used to
determine the corrosion current — ico- — by the Stern-Geary equation [57]:
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where B is the Stern-Geary constant and can be determined according to the following equation:

__ BaPe
Q=TS "

with B, and B, denoting the anodic and cathodic Tafel constants, respectively.

1.2.5. Carbonation of cementitious materials

Carbonation of cementitious materials is a complex process that involves several steps until the
formation of carbonation products in the pores of concrete. The penetration of atmospheric carbon
dioxide into concrete matrix occurs mainly by diffusion through the air-filled pores. Then, the carbon
dioxide dissolves in the pore solution and reacts with the calcium hydroxide present in the medium
leading to the formation of calcium carbonate, which reaction is described by:

€O, + Ca(OH), - CaC0; + H,0 (13)

In addition to calcium hydroxide, there are other species in the pore solution that are susceptible to
carbonation, such as calcium-silicate hydrates (C-S-H) and their dehydrated constituents —
dicalcium silicate (C,S) and tricalcium silicate (C3;S) —, aluminates and other hydroxides. However,
these species are usually neglected in prediction models due to their small influence on the overall
carbonation process [58]. Finally, the carbonates precipitate inside the pores. Carbonation leads to a
change in the microstructure of the cement matrix and the chemical composition of the pore solution.
In the case of Portland cements, the structural changes are mainly due to the precipitation of calcium
carbonate which, by reducing the total pore volume, leads to a decrease in ionic transport and water
absorption, and improves compressive and tensile strength of cementitious matrix [59], as shown in
Figure 1.6. In compositional terms, carbonation decreases the pH and can contribute to increasing
the content of chlorides and sulfates in the pore solution [7].

The main factors affecting the carbonation process in cementitious materials are environmental
conditions — CO; partial pressure, relative humidity, temperature and presence of other aggressive
species — and the microstructure of the materials. The diffusion of CO, through the cement matrix
depends on the interconnection of air-filled pores. Regarding the use of supplementary materials, the
increase of partial replacement of aggregates by pozzolanic active materials — silica fume, low- and
high-calcium fly ash — decreases the carbonation depth [60]. Conversely, the increase of the cement
replacement by these additives leads to an increase of the carbonation depth [60,61]. Layered double
hydroxides evidenced the ability to capture CO, and fix it in concrete [62,63]. Finally,
superplasticizers can improve carbonation resistance of cementitious materials due to decreased
porosity and the production of hydration products with less susceptibility to carbonation [64].
Environmental exposure has a fundamental influence on the carbonation process. The relative
humidity of the environment affects the internal relative humidity of the cement, which is essential
for the carbonation reaction to occur. The carbonation reactions of portlandite, ettringite and C-S-H



with 0.7 of Ca/Si are significantly faster at high relative humidity of 91 % compared to 57 % [65].
In the case of very dry environments, the water present in the pore network is not sufficient for the
carbonation reaction to occur. In the case of saturated environments, such as tidal and splash zones,
most of the porous structure is filled with water, which obstructs the penetration of CO,. The
optimum range of environmental relative humidity for the carbonation process is between 50 and 80
%, depending on the microstructural state of the cementitious material. In addition to the relative
humidity, the partial pressure of CO, also affects carbonation rate of the cementitious matrix. For
low CO; concentrations (2-20 %), the increase of the partial pressure of CO; leads to a marked
increase of carbonation depth. For higher concentrations (50-100 %), the increase of the partial
pressure practically does not affect the carbonation depth due to the decrease of pore
interconnectivity and the increase of microstructural density of the carbonated layer [66].

b) CO,

Figure 1.6: lllustration of clogging of the porous microstructure of cementitious materials after carbonation process.

There are several methods that can be used to determine the carbonation depth or to analyse the
microstructure of carbonated layer. The most common one is a colorimetric method based on
phenolphthalein indicator, which can identify the pH variation of the pore solution in the carbonation
front. This method is simple to apply and cheap but is merely indicative as it has a poor definition
and depends on the time between the application of the phenolphthalein solution and the reading of
the results. The main components of cement and carbonation products can be identified by X-Ray
Diffraction (XRD) or Fourier Transformation Infrared Spectroscopy (FTIR) and accurately
quantified by Thermogravimetric Analysis (TGA) [67]. The internal microstructure of carbonated
cementitious materials can be accessed by X-ray Computed Tomography (XCP). The carbonation
depth can be determined with accuracy by optical or Scanning Electron Microscopy (SEM).
However, for application in a real case study, all these methods require the extraction of a
representative sample from the structure and following a certain experimental procedure, which, in
addition to damaging the structure, has a strong possibility to lead to a result deviated from reality.

1.2.6. Penetration of chlorides

Exposure to marine conditions represents a major problem in the durability of reinforced concrete
structures. The presence of a certain amount of chloride ions in the pore solution interfacial to the
surface of the steel reinforcement leads to a localized depassivation of the protective film, which is
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formed due to the alkaline nature of cementitious materials. In cementitious materials, chlorides can
be dissolved in the pore solution (free chlorides), as well as chemically and physically bound to the
cement hydrates and their surfaces (bound chlorides). Only the free chlorides present in the pore
solution can contribute to start the corrosion process. The chloride content necessary to initiate the
localized attack on the passive layer of steel is known as the critical chloride content or chloride
threshold value. The service life of concrete structures exposed to marine environment can be divided
in two different stages, as proposed by Tuuti’s corrosion model [68]. The initiation stage is related
to the increase in the chloride content at the reinforcement level until the critical value is reached.
The propagation phase is related to the evolution of the corrosion stage and the consequent
degradation of the concrete cover.

Chlorides can participate in the destruction of the passive layer of steel and, subsequently, in the
attack on its surface. However, there is no scientific consensus on the mechanism of destruction of
the passive layer, which is probably influenced by several parameters leading to different
interpretations of the process. The breakdown of the passive film in the presence of chlorides may
be due to the oxidation of the inner layer of the oxide film, which origins non-protective Fe(III)
oxides [69]. The onset of localized corrosion of the steel surface is due to the preferential adsorption
of chloride ions in MnS inclusions giving rise to pitting corrosion sites on the steel surface [70]. The
localized dissolution of MnS inclusions is accompanied by a local decrease of pH and increase in
chloride content until initiate the formation of nucleating pits, which will form occluded corrosion
cells with accumulation of aggressive agents, such as H", Cl" or HSO5'".

The variation of the chloride content in the pore solution depends on the ease of penetration of
chloride ions through the concrete cover and the ability of concrete to bind chlorides. The penetration
of chlorides into the concrete matrix depends on the transport mechanism, and, therefore, is mainly
affected by the pore structure of concrete and exposure conditions. The diffusion of chloride ions
through the cement depends on the volume of water filled pores and tortuosity of the cementitious
matrix [71], which defines the length of the diffusion path, as shown in Figure 1.7.

Figure 1.7: lllustration of chloride penetration tortuosity due to partial saturation of pore network.

The main factors that affect concrete porosity are water/cement ratio, concrete composition and
curing conditions (temperature and aging/degree of hydration). The chloride content in the pore
solution is also affected by the ability of concrete to partly immobilize chlorides [72—74]. The
hydration products of cement can react with chlorides leading to the formation of calcium
chloroaluminates — commonly referred as Friedel’s salts. In addition, layered double hydroxides
can be used as an additive due to their chloride binding capacity presented in simulated concrete pore
solution [75]. However, a decrease in the pH of the pore solution can lead to the dissolution of the
chloroaluminates and consequent release of bound chlorides into solution [76].
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1.2.7. Acid attack

Structures based on cementitious materials are used for applications with extremely aggressive
conditions, such as wastewater treatment plants and cooling towers, which promote the degradation
of the cementitious matrix and, consequently, lead to a decrease in the lifetime of those structures.
The aggressiveness of industrial wastewater depends on the chemical character of the acid present in
solution, namely its strength, dissociation degree and the solubility of the salt formed [71,77]. In the
case of strong inorganic acids (hydrochloric, sulfuric or nitric acid), the attack is very aggressive.
The formed calcium salts that present very low solubility will precipitate on the concrete surface. If
these salts are stable, such as calcium fluoride and oxalate, they will form a protective layer against
acid attack, but if they are able to react with calcium aluminate hydrates (as calcium sulfate), it will
promote concrete degradation. When exposed to sulfuric acid, the main components of Portland
cement hydrates — portlandite and calcium silicate hydrates — react with the acid leading to their
dissolution and to the formation of calcium sulfate dihydrate (gypsum). Then, calcium sulfates will
react with the aluminates present in the cement matrix leading to the formation of ettringite. These
chemical processes are represented in the following reactions, respectively:

H,S0, + Ca(OH), - CaS0,.2H,0 (14)

3CaS0, + 3Ca0.Al,05.6H,0 + 26H,0 — CazAl,(S0,)s(0H),,. 26H,0

As the attack front progresses, a highly porous corroded layer, which is essentially composed by
hydrated silicates [71], forms above the attacked surface, as illustrated in Figure 1.8.

The rate of corrosion of cementitious materials due to acid attack is mainly influenced by
environmental factors (type of acid and its concentration, surface abrasion, fluids dynamics),
fabrication factors (water/cement ratio, curing time, compactness), and chemical composition of
concrete (type of cement, supplementary materials and aggregates). Solutions with a lower pH and
the maintenance of a constant pH value promote faster deterioration [78]. The surface abrasion also
increases the degradation rate due to the removal of the corroded layer, which is forming a protective
layer that limits the acid diffusion to the cement surface [79]. For a continuous complete removal of
the corrosion products, the rate of corrosion is mainly defined by the kinetics of neutralization
reaction [80]. Factors related to production of concrete particularly affect its porosity and
compressive strength [81]. Porosity allows the diffusion of hydroxyl ions through the concrete matrix
and increases the contact area between the acid and the concrete, but as the degradation process
occurs only superficially [82], its main influence is in the preventive perspective due to the higher
capacity to absorb the expansion caused by the formation of gypsum [83]. Supplementary materials
and aggregates also play an essential role in concrete degradation. The addition of fly ash to the
concrete composition improves its resistance to acid attack [78,84]. The aggregates can be resistant
or not to the acid attack. The presence of an acid resistant aggregate such as quartz, which is the main
constituent of sand and is also present in bigger aggregates, increases the tortuosity of the diffusion
path of ions through the corroded layer, but decreases the neutralization capacity [71].
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Figure 1.8: Illustration of acid attack on a cementitious surface (left) and a magnification of the attack front (right).

The evaluation of degradation rate is widely studied and is commonly achieved by mass loss and
compressive strength determination under several experimental conditions. However, there is still a
lack of knowledge about the mechanism of pH variation of the pore solution due to acid attack. The
determination of pore solution pH can be achieved by different methods, which can be divided into
destructive and non-destructive. Destructive methods are based on extracting a sample from a
representative area of the structure under study and further analysis of the pore solution contained in
that sample, which can be done through ex-situ or in-situ leaching method and expression method.
To determine the pH non-destructively in hardened mortar samples, it is necessary to incorporate a
pH sensitive device. The use of sensors, in addition to not requiring the removal of a sample, allows
the determination of pH variation in real time and with good spatial resolution. The types of sensors
that have been used to determine the pH in cementitious samples are fibre optic and solid-state
electrochemical sensors [85]. Potentiometric sensors based on metal oxides are the most promising
devices for this medium, because in addition to presenting the possibility of miniaturization and low-
cost construction, they also have chemical stability and robustness. The determination of the pH
variation of the pore solution of a mortar sample due to an acid attack with H,SO4 using embedded
pH sensors is not documented in the literature, there is only one report on the assessment of the
electrochemical state of the steel rod due to acid attack on reinforced concrete samples simply by
measuring its open circuit potential without reaching the electrode surface [82].

1.3. Monitoring methods

The main advantages of monitoring are the early detection of the risk of corrosion condition of the
reinforcement, which can allow a simpler and cheaper maintenance of the structure, and the better
comprehension about the evolution of these species ingress, which will allow the optimization of the
construction of these structures and the prediction of the best time for an intervention [2].

Monitoring of the aggressive agents responsible for the corrosion of steel reinforcement in concrete
can be performed by analysis of pore solution, in-sifu or in a laboratory, in order to determine the
concentration of such agents. Consequently, monitoring methods are normally divided in destructive
and non-destructive. Destructive methods need to extract a sample from the structure under study in
order to analyse the pore solution carried by the sample through laboratory methods with established
norms. However, the processes of removing a sample from the structure, its transportation to the
laboratory and all sample preparation steps will change the composition of pore solution leading to
a considerable associated error. Some colorimetric methods can be applied superficially on concrete
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samples, avoiding the extraction of pore solution, but these methods are applied in the areas more
susceptible to contamination — external surfaces of concrete samples.

1.3.1. Chloride monitoring

The monitoring of chloride ion concentration in concrete structures can be achieved by several
methods that, in turn, can be divided in destructive and non-destructive methods. Figure 1.9 shows
an overview of the available techniques.

Chloride monitoring
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Figure 1.9: Overview of destructive and non-destructive methods to determine chloride content in concrete structures.

The most common destructive methods are the leaching technique (the most used) and pore solution
expression method [86]. In order to use these methods, it is necessary to extract a sample of the
structure under study, which causes its damaging and, subsequently, brings additional costs. Besides
that, the heterogeneity of concrete and sample preparation leads to significant measurement errors
[87]. In the case of non-destructive methods, they are mainly divided in embedded sensors, electric
and electromagnetic techniques, which provide an external contactless measurement [87,88]. In the
case of embedded sensors, these can be electrochemical or fiber optic and measure the content of
free chlorides. Electrical resistivity (see chapter 1.2) and impedance analysis are used to determine
chloride diffusion coefficients, which subsequently can be used to extrapolate chloride penetration
profiles. Finally, there are several electromagnetic techniques (shown in Figure 1.9) that have been
applied to the measurement of chlorides. However, these techniques require the use of heavy and
expensive equipment and often present poor sensitivity to chloride ions, and therefore, these methods
are sometimes used in a destructive approach through the analysis in laboratory of a sample from the
in-service structure.
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1.3.2. pH monitoring

pH monitoring can be carried out by several methods, which, in a similar way to chloride monitoring
methods, can be classified in destructive and non-destructive methods, as shown in Figure 1.10.
Non-destructive methods are limited to embedded sensors, which in turn can be divided into
electrochemical and non-electrochemical. For an aggressive environment such as the concrete
interior there is a need for a robust sensor capable of withstand a very alkaline environment. Among
all pH sensors, metal oxide (metal/metal oxide) potentiometric electrodes and fiber optic sensors are
the most used for pH monitoring in concrete structures due to the fact that they have potential to
fulfill the above requirements [86,89]. The most used destructive techniques for pH measurement
are the expression method that consists in the extraction of pore solution of small samples of in-
service concrete structures under hydraulic pressure and its, subsequent, analysis; and leaching
methods that can be performed in-situ and ex-situ by dissolving concrete powder in a solvent and
further analysis of that solution pH.

pH monitoring
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Figure 1.10: Overview of different methods to measure pH. Adapted from [86).

1.4. Electrochemical sensors

Sensors are devices, which have the ability to process physical or chemical inputs from their
environment and convert it into a measurable signal. According to IUPAC a chemical sensor is
defined as “a device that transforms chemical information, originating from a chemical reaction of
the analyte or from a physical property of the investigated system, ranging from the concentration of
a specific sample component to total composition analysis, into an analytically useful signal” [90].
A sensor is mainly composed by a receptor (sensitive material), which transforms the chemical
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information into a measurable form of energy, and by a transducer (e.g., high impedance voltmeter)
that converts the energy carrying the chemical information about the sample into a useful analytical
output. There are different types of sensors, according to the operating principle of the transducer:
electrochemical, electrical, mass-sensitive, magnetic, thermal, and optical. An electrochemical
sensor is a device that transforms the effect of an electrochemical interaction between the electrode
and the analyte into a measurable electric output (current or potential). Such effects may be induced
electrically or simply result from a spontaneous reaction at open circuit. So, electrochemical sensors

can be divided into [90,91]:

e Voltammetric sensors, which are based on the measurement of the resulting current from a redox
process that occurs due to the application of a constant or swept potential (amperometric or
voltammetric sensors, respectively) or to a spontaneous reaction (galvanic sensors). This type of
electrochemical sensors can be based on chemically inert or active electrodes.

o Potentiometric sensors that measure the open circuit potential of the indicator electrode stablished
by the electrochemical equilibrium with the species present in the surrounding environment.
Several materials have been studied as indicator electrode, such as ion-selective electrodes, redox
electrodes and metal/metal oxide electrode.

o Potentiometric solid electrolyte gas sensors, which work similarly to potentiometric, but require
high temperature solid electrolytes and are usually used for gas detection.

o Chemically sensitized field effect transistors (CHEMFET), which are based on the variation of
the source-drain current due to the effect of the interaction between the analyte and the active
layer. This interaction can be considered, from the chemical point of view, similar to those
occurring in the potentiometric ion-selective electrodes.

The most important parameters of an electrochemical sensor are a fast, accurate and reproducible
response; sensitivity; limit of detection; stability under aggressive environments; and selectivity for
the analyte to be detected (see section 3.5). For the case of embedment in concrete, sensors must also
have mechanical and chemical robustness, present the least invasive design (size and shape) for the
structures and have a low cost.
Several effective and mature sensors for detection of the species under study are available on the
market, such as the glass membrane electrode for pH measurement. However, these commercial
sensors are not functional for concrete environment and have a fragile conception that does not allow
its miniaturization [89,92]. In fact, there are no commercial sensors available on the market with the
necessary characteristics to be used in concrete.
Solid-state electrochemical sensors for pH [85] and chlorides [93—95] monitoring have been widely
studied by the scientific community due to their fast response, remarkable stability and robustness,
and possibility to be produced with a micro size, which allows a larger applicability, such as concrete
monitoring [89]. Although, only a few experiments with these sensors were performed in solidified
concrete samples and, therefore, there is still a lack of experimental studies on their operation under
real conditions. In addition, the development of sensors allows the use of these tools for the laboratory
study of the penetration mechanisms of aggressive agents in the porous network of cementitious
materials, as well as the variation of the microstructure due to the reactions between the external
agents and the constituents of the cementitious matrix.
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1.4.1. Electrocrystallisation

The electrocrystallisation is an electrode process that involves the formation of a solid phase caused
by the reduction of metallic cations in solution (metal deposition) or oxidation of electroactive
species in solution (metallic oxides electrosynthesis). The process at stake is composed by several
steps: diffusion of ions in solution to the electrode surface, electron transfer, formation of ad-atoms
due to partial or complete loss of hydration layer, diffusion of ad-atoms through the surface,
clustering of ad-atoms to form critical nuclei on the substrate surface, incorporation of ad-atoms at
lattice sites, and growth of the nuclei islands until the surface of the substrate is completely covered
by the deposit [96].

In the case of electrochemical nucleation, the energy involved in the incorporation of atoms depends
on the lattice site. Lattice growth at step or kink sites involve surface diffusion of ad-ions due to the
favoured charge transfer reactions at plane surfaces compared to steps or kinks. The diffusion of ad-
ions on the surface leads to further loss of solvation layer until the atom is eventually incorporated
into the lattice. The incorporation of ad-ions at active sites leads to the formation of growth centres
that can further expand two- or three-dimensionally. The evolution of the density number of active
sites can be described by the following equation:

N(t) = Ny[1 — e™4t] (16)

where N is the density number of nucleated particles randomly distributed over the substrate surface,
and A4 and ¢ are the rate and time of nucleation, respectively. The island growth kinetics is mainly
influenced by the electrodeposition parameters — nucleation overpotential and electroactive species
concentration. In the case of systems with a small nucleation potential, islands growth is controlled
by the kinetic regime allowing the control of island shape and density. The evolution of island
properties — density, shape and growth kinetics — determines the film roughness at island
coalescence [97]. However, most systems of technological interest have a high nucleation
overpotential and, therefore, the growth of centres is at least partially controlled by mass transport in
the bulk solution [98].

For potentiostatic conditions, the applied potential controls the constant rates of steady state
nucleation and of nuclei growth [99]. The type of nucleation process can be determined by the
Scharifker model for instantaneous and progressive nucleation processes, whose equations are
respectively [100]:
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where juq and .. correspond to the peak current density and its corresponding time in the current-
time transient, which is characteristic of a substrate completely covered by nuclei. An instantaneous
process is characterized by a constant number of nuclei rapidly formed, whereas for a progressive
process, the number of nuclei continues increasing with time.
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1.4.2. Chloride sensors

There are not many materials available that can be used as chloride sensors. For the detection of
chloride, in addition to the well-known silver/silver chloride electrodes, conducting polymers and
fluorescent-based materials have been studied. In the case of conducting polymers, it was studied
poly(3,4-ethylenedioxythiophene) (PEDOT) doped with chlorides and coated with different
chloride-sensitive membranes [101], and polyaniline (PANI) doped with D,L-camphor sulfonic acid
(CSA) [102]. In the case of fluorescence-based sensors, it was mainly investigated quinoline
derivatives, such as ABQ and MEQ [103], and lucigenin [104].

14.2.1. Ag/AgCl sensors

Ag/AgCl has been widely studied for different applications, such as reference electrodes [105,106],
photocatalysis [107,108] and chloride sensors [85,93-95,109]. The high reversibility of Ag/Ag"
system in chloride environments provides an interesting and useful behavior of these electrodes. The
equilibrium that is established at the Ag/AgCl interface is:

Ag + Cl” & AgCl + e~ (19)
and the equilibrium potential is given by the Nernst equation:
RT
E=E°— 2.3Flog acr- (20)

Where E° is the standard equilibrium potential, R is the universal constant of ideal gas, T is the
temperature, n is the number of electrons involved in the reaction, F is the Faraday constant and
ac;-is the activity of CI'. Since the equilibrium is established at the silver/silver chloride interface it
is important that the silver chloride coating is porous and thin enough to allow a fast penetration
(diffusion) of chloride ions into the boundary and to improve the response time, respectively
[110,111].

The synthesis of Ag/AgCl electrodes can be done by different electrochemical or thermal methods:
anodization of a silver substrate [112,113]; cathodic electrodeposition of silver on a determined
substrate (stainless steel, glassy carbon, etc.) followed by anodic deposition of silver halide; thermal
decomposition in a furnace of a paste of silver oxide, silver chlorate, and water to form the couple
Ag/AgCl1[105]; and thermal reduction of silver oxide paste followed by electrolytic formation of the
silver chloride [114].

In the case of silver anodization, the electrodeposition of AgCl starts with the formation of adsorbed
AgCl nuclei at the submonolayer level [112], which expand laterally until form a continuous layer
[113]. At the same time, silver is electrochemically dissolved through the AgCl layer. There are
several factors that can lead to different film microstructures, such as the size of alkali metal cation
(H", Li", Na", Rb") used in electrodeposition, the concentration of chloride salt, the current density
or potential applied — in the case of a pulse polarization — and the time of growth [106]. If the
growth is done by cyclic voltammetry, the main factors related to the technique itself are the potential
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window (principally, the anodic limit), the scan rate and the number of cycles. Regarding the
electrolytic bath parameters, smaller alkali metal cations (H" or Li") promote a faster conversion of
Ag to AgCl producing more porous microstructures and more stable electrodes [105]. The potential
problem that can occur with the embedment of these sensors in concrete (high pH environment) in
absence or low content of chlorides is the formation of Ag,O, which promotes a potential shift to
more negative values [115].

1.4.2.2. Lucigenin

Lucigenin (bis-N-methylacridinium nitrate) is an aromatic compound used in chemiluminescence
and its structure is represented in Figure 1.11.

CH; NOj

Figure 1.11: Illustration of Lucigenin structure.

This component has been widely studied as a chloride ion fluorescent indicator for fibre optic sensors
[104,116]. The principle of fluorescence quenching is represented by the Stern-Volmer equation:

I

where [ and [ are the original fluorescence intensity and the fluorescence intensity after quenching,
respectively, ¢, represents the concentration of quenching agent, and Ky is a quenching constant that
indicates the sensitivity of fluorescent indicator to quencher [117]. Although this molecule is widely
applied in optical sensors, there are no documented studies on the potentiometric behaviour of this
material. The electrochemical immobilization of lucigenin was already studied by scientific
community. The adsorption mechanism of lucigenin is influenced by the anions added to the medium
[118].

1.4.3. pH sensors

For the detection of pH, there are several materials that have been studied by the scientific community
as an alternative to glass electrodes that, despite the good performance, are not suitable to
miniaturization and use in aggressive environments. In the case of solid-state pH sensors, the most
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promising materials are metal oxides (e.g., Sb,03, IrO,, TiO,, MnO,, PtO,, SnO,, PdO, RuO,, ZrO,,
etc.) [119—-123] and conducting polymers (Polypyrrole and Polyaniline) [124—128].

1.4.3.1. Metal/metal oxides

RuO, and IrO, are the most promising metal oxide materials due to their selectivity and good stability
in a wide range of pH, even at high pressure and temperature (up to 250 °C) [89]. However, its
synthesis is difficult and expensive. The pH sensitivity of metal oxides can be a consequence of
different mechanisms [129]: redox equilibriums, intercalation of single-phase oxygen, steady-state
corrosion or ion exchange of surface hydroxyls sites. However, depending on the electrochemical
equilibrium, metal oxides are commonly divided in metal/metal oxide (equation 22) and different
types of oxides of the same metal (equations 23 and 24). The electrochemical equilibrium of these
reactions is given by the following equations:

M,0, + 2yH* + 2ye” = xM + yH,0 (22)
M,05 + H,0 = 2MO, + 2H" + 2e~ (23)
M(OH); = MO(OH), + H* + e~ (24)

a) Iridium oxide

Iridium is a rare precious metal that was discovered in 1803 by S. Tennant when he was working on
raw platinum residues. This noble metal is extremely corrosion resistant, but it is possible to produce
iridium oxides through several techniques. In the case of IrOy, which have been tested for neural
stimulation [130-132], electrocatalysis (oxygen evolution) [133—-136], electrochemical degradation
of pollutants [137], supercapacitors [138] and potentiometric pH sensors [121,139,140], the most
used methods for its synthesis include anodic or cathodic electrodeposition on metallic surfaces
(electrodeposited iridium oxide films — EIROF) [141-144], thermal decomposition of iridium salts,
thermal oxidation of iridium substrates [ 145,146], electrophoretic deposition [147], sol-gel processes
[148], pulsed-laser ablation of iridium oxide targets [149], reactive sputtering [150] and
electrochemical oxidation of iridium wires (anodic iridium oxide films — AIROF) [151]. In all
techniques, the resulting films predominantly contains IrO; [152,153], however, the hydration and
density of iridium oxides vary with the growth method, leading to the formation of films with
different electrochemical and structural properties [146]. In general, iridium oxides are divided in
hydrous and anhydrous (poorly hydrated). The hydration of oxides leads to different properties due
to its structural variation. Hydrous films present a density of 2 g/cm?, which is about 6 times lower
than anhydrous films (11.68 g/cm®). The lower density of films leads to lower long-term stability,
but the electrochemically active area is increased due to the porous matrix that allows the penetration
of electrolyte into the film. The formation of compact and anhydrous films can be achieved by
vacuum and high temperature methods, such as sputtering and melt oxidation, respectively.
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Contrarily, electrochemical methods promote the formation of highly hydrated iridium oxides.
Electrochemical depositions (EIROF) through the application of a potential or current are often
performed in an alkaline iridium oxalate solution prepared according to the Yamanaka method [154],
which leads to the formation of more compact, homogeneous and lustrous films. The deposition
reaction for this medium is given by the following equation [154]:

[[7(C00),(0H),]* — Ir0, + 2C0, + 2H,0 + 2~ (25)

However, there is no scientific consensus about the reaction and the species involved in this
deposition. The pH response varies with the hydrate state of iridium oxides. For anhydrous films the
response is close to Nernstian — approximately 60 mV/pH unit. However, for hydrated films the pH
response is super-Nernstian — ranging from 62 to 90 mV/pH unit. This super-Nernstian behavior is
not completely understood and was firstly discussed by Burke et al. [151] in terms of the acid base
properties of the oxides involved. The model reactions for anhydrous and hydrous iridium oxides,
both leading to a response of 60 mV/pH, are shown in equations 26 and 27, respectively:

Ir,05 + H,0 = 2Ir0, + 2H* + 2e~ (26)
Ir(OH); = IrO(OH), + H* + e~ (27)
Rewriting equation 27 to include the acid base equilibria, which is shown in equations 28 and 29,
Ir(OH); = Ir(OH),0~ + H* (28)
[rO(0H), = IrO(OH)0~ + H* (29)
results in the equation 30 where the pH response is (1 + x — y)60 mV/pH unit.

(1 - x)Ir(OH); + xIr(OH),0™ + xH* 30)
= (1 -y)Ir0(0H), + yIr0O(OH)0™ + (1 + y)H  + 1e”
As can be seen by equation 30, the pH response depends on the activity and pK, value of the redox
species present in the film. So, the super-Nernstian slope can be explained by a higher dissociation
during oxidation due to oxidized species that present a lower pK. than reduced species, leading to a
higher number of protons than electrons.
The electrochemical equilibrium achieved by electrochemically synthetized films can be given by
the following equation:

2[Ir0,(0H),_, (2 + x)H,0]30™ + (3 — 2x)H* + 2e~

_ (31)
2 [I,05(0H)5.3H,0]3~ + 3H,0

Moreover, some authors reported a pH response with several slopes depending on the pH range.
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Marzouk et al. [155] studied the selectivity of EIROF and found that these films are not affected by
Ca*", Mg?", K, Na" and Li" ions. Similar experiments were performed by Fog et al, who showed
that the pH response of anhydrous iridium oxide films is not affected by H>O,, Cl" and K" ions [129].

b) Manganese oxide

Manganese dioxide (MnQO,) is one of the most studied transition metal oxides for electrochemical
capacitors [156—159], batteries (lithium ion and alkaline Zn/MnQO,) [160,161], reference electrodes
[111,162] and catalysts [163], which can be explained by the several combinations existing between
its crystallographic varieties and the corresponding properties. However, there are not many
experimental studies testing this material as a pH sensor [122,123]. Manganese dioxide synthesis can
be done by thermal decomposition of manganese powders [160], cathodic electrophoretic deposition
[164] and by anodic or potentiodynamic electrodeposition [165—168]. The behavior of manganese
dioxide was reported by Bodoardo et al. [169] and Nijjer et al. [170], where the overall reaction for
deposition of MnO; is given by the following equation:

Mn2* + 2H,0 - MnO, + 4H* + 2e~ (32)

Paul and Cartwright [171,172] proposed a mechanism model of the electrochemical reactions in the
presence of Mn (II), which is composed by three steps, corresponding to equations 33-35:

Mn?*t - Mn3t + e~ (33)
Mn3* + 2H,0 - MnOOH + 3H* (34)
MnOOH - Mn0, + e~ + H* (35)

Three steps have been identified in this mechanism: the first and third are electrochemical steps and
the second is a chemical step, being an ece reaction model. The overall reaction rate is controlled by
diffusion of Mn (II) ions through the layer of MnOOH, which is a resistive layer. In the case of a low
pH electrolyte, the Mn (III) ions formed on the chemical step may disproportionate to Mn (II) and
Mn (IV) [173].

¢) Ruthenium oxide

Ruthenium oxide has been studied for different applications, such as electrocatalysis, electrochemical
sensors and supercapacitors. Together with iridium oxide, is one of the most promising metal oxides
for pH sensing due to its thermal stability, good conductivity and low hysteresis. The most used
methods for its synthesis are sputtering [174—178], electrodeposition [179-182], chemical vapor
deposition [183] and drop casting [184]. Electrochemical methods, such as cyclic voltammetry and
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potential/current pulse (anodic and cathodic) [185], have been widely studied to synthetize ruthenium
oxide films.
The pH sensing mechanism of RuO: is a redox equilibrium between Ru(Ill) and Ru(IV) [186]:

Ru0, + H* + e~ -» Ru'0(0OH) (36)

where the Nernst equation of this electrochemical equilibrium is:

RT a
R )
nF ApyIvay+

At 25 °C and assuming nearby equal activities of Ru(Ill) and Ru(IV), the potential of a RuO»
electrode becomes:

E = E° — 0.059pH (38)

1.4.3.2. Conducting polymers

Electronically conducting polymers (ECP) are a group of organic compounds that have a unique
combination of properties and have aroused great interest within the scientific community due to
their wide applicability. These materials exhibit the electrical and optical properties of metals or
semiconductors, attractive mechanical properties, and can be synthesized easily and with the desired
morphological structure.

The conductivity is due to the combination of polymer structure and its doping state. The ECP
possess a conjugated backbone structure that is constituted by a chain of alternating single — ¢ —
and double — o and T — bonds between carbon atoms, as represented in Figure 1.12. The chemically
strong o-bonds are responsible for the mechanical strength of polymeric chains, while the weaker -
bonds allow an easier delocalization of electrons between the atoms due to their p-orbitals
overlapping [187]. Doping consists of the insertion of charge carriers into the polymeric structure
and can be carried out chemically, electrochemically and photochemically. Electrochemical doping
consists of a reversible redox process, in which the insertion and expulsion of counter-ions (dopants)
are carried out, accompanied by solvent, ensuring the electroneutrality and stabilization of the
backbone. The electrons added by the counter-ions to the polymeric chain are relocated as polarons
or bipolarons, creating charge carriers. The dopant type and its concentration affect the properties of
the films, such as roughness, morphology, porosity, colour and conductivity.
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Figure 1.12: Schematic of the conjugated backbone structure of ECP
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The conductivity of ECP can be explained by the band theory. The oxidation of the polymer leads to
the formation of a polaron, which is a cation radical of spin=1/2, causing local distortions in the
polymer chain. Thus, there is the creation of new energy levels between the conduction and valence
bands. The subsequent oxidation leads to the formation of a bipolaron of spin=0, increasing the local
distortion of the chain. The increasing number of polarons leads to the formation of bipolaronic bands
in the optical gap, which promotes an increase in the electrical conductivity of the material.

The synthesis of ECP can be accomplished by chemical or electrochemical methods. However, the
ECP synthetized by electrochemical methods presents several advantages comparing to chemical,
such as higher conductivity, high purity films, control of film structure and thickness, and the
possibility of using characterization techniques during the film growth. The electropolymerization
can be carried out by potentiostatic, galvanostatic or potentiodynamic methods. The growth solution
is constituted by the monomer of the polymer, supporting electrolyte and solvent. The requirements
that a monomer must have in order to be able to carry out its electropolymerization are the following:
to have an accessible redox potential, which depends on the substrate and on the electrolytic medium;
the radical cation originated by the oxidation of the monomer must react more easily with another
cation radical or with a neutral monomer than with the other species present in the electrolyte; and
must have a higher oxidation potential than that of the formed polymer.

Due to its specific properties ECP have a wide range of possible applications, such as electrochemical
supercapacitors, corrosion protection [188—190], artificial muscles [191-195], electroless
precipitation [196], electrocatalysis, electrochemical sensors [197-199], electrochromic devices
[200-202], smart drug delivery, and ionic transfer membranes. For electrochemical sensors, ECP can
act directly as a sensor (for the case of pH sensing) or be a supporting matrix for an electroactive
specie that will react with the analyte. The variation of the potentiometric response of conducting
polymers for different pH values is related to protonation/deprotonation reactions of the amino
groups contained in the polymer backbone [125,203]. The electrochemical equilibrium established
at the interface between the polymer surface and the electrolyte is represented by the following
equation:

PPy + H* + e~ 2 (PPyH)* (39)

and the equilibrium potential is given by the equation:
RT
E=E"+ 2.3ﬁlog[a,,+] (40)

The potentiometric response of conducting polymers to pH is influenced by the dopant and films
thickness. Electrosynthesized films with a thickness less than 2 um present a good response with a
slope of about 50 mV pH™ for a higher range of pH values (2-12). The sub-Nernstian response is due
to the presence of other ions in the different buffer solutions [204]. Thicker films difficult ionic
diffusion through their matrix and can retain ions inside which can influence their potentiometric
response [125]. Polypyrrole functionalized with a co-doping system of hydroquinone monosulfonate
and oxalic acid presented a sub-Nernstian slope of about 55 mV pH™ for a pH range from 2 to 12
with a response time less than 10 s. In addition, the co-doped PPy film presented selectivity to protons
with respect to several cations (K, Na*, Ca*", Zn*" and Mg*") [205].
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a) Polypyrrole

Polypyrrole (PPy) is an ECP of the aromatic heterocyclic compounds widely studied by the scientific
community due to its easy synthesis, either chemically or electrochemically, that can be performed
with an aqueous solvent (avoiding organic solvents that can be harmful to the environment), and to
its good stability under environmental conditions [206].

The growth mechanism of polypyrrole, which is representative of others ECP, is represented in
Figure 1.13. Initially, the oxidation of the monomer occurs (1), forming a radical cation, which is a
highly reactive specie with other radical cations and monomers. The formation of a dimer can take
place by two mechanisms. In the first, the radical cation reacts with a monomer and is subsequently
oxidized and deprotonated to form a dimer (2a). In the second, the radical cation reacts directly with
another radical cation, followed by deprotonation (2b). The process continues forming oligomers (3),
increasing in size until reaching a critical size, in which the polymeric chains become insoluble,
beginning its precipitation on the surface of the substrate.

Figure 1.13: Schematic of growth mechanism of polypyrrole.

The bonds between the aromatic chains can be in positions a-a’, o-f° or B-f°, as shown in Figure
1.14. The most predominant and ordered structure of polypyrrole is a planar configuration of
monomers joined by a-a’ bonds. However, the positions a3 and B-f3’ lead to a disordered growth
of polymeric chains and can promote the polymer crosslinking [207].
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Figure 1.14: Possible configurations of aromatic chains bonding.

The electropolymerization of PPy can be carried out in several electrolytic mediums — with different
solvents and supporting electrolytes — which leads to different properties of the films, such as
morphology, conductivity and mechanical behavior [208—214]. The nature of dopant anion slightly
affects the morphology of PPy films with thicknesses less than 1000 nm, in which the formed nuclei
on the substrate have a globular shape and are oriented along the scratches. However, thicker films
doped with chlorides or perchlorates have its morphologic structure with a cauli-flower shape.

The oxidation potential of the monomer varies with the nature of the substrate and the electrolytic
solution — mainly, type of solvent. In the case of PPy, the application of a too high potential can
over oxidize the polymer leading to the formation of carbonyl functional groups, and to an
irreversible loss of mass of the polymer that causes a decrease in its electrical conductivity [215,216].
This electrochemical process (overoxidation), in aqueous medium, may be related to the oxygen
evolution, since the respective potentials are coincident [217,218]. A decrease in the pH of the
electrolytic solution causes an increase in the anodic potential in which the polymer is over oxidized
[217,219].

PPy is used in several areas, such as biology, technology, and energy. For the biologic application,
this ECP has been applied for biosensors, drug delivery systems, biomaterial in neural tissue
engineering, artificial muscles, neural probes, blood conduits and nerve guidance channels. In the
case of technologic area, PPy has been studied for corrosion protection, computer displays,
microsurgical tools, electrochemical sensors, and electrochromic devices. Finally, the application in
the energy area is mainly for electrochemical supercapacitors [220,221] and cathodic material for
lithium ion batteries.
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CHAPTER 2 Techniques

This chapter presents the main techniques used to carry out the experimental work. The synthesis of
sensitive films was performed using the electrochemical techniques of cyclic voltammetry,
chronopotentiometry and single and double pulse chronoamperometry. The characterization of the
modified electrodes was carried out through potentiometry, cyclic voltammetry, electrochemical
impedance spectroscopy, scanning electron microscopy, energy-dispersive x-ray spectroscopy and
in-situ ellipsometry. Mortar samples were characterized by powder x-ray diffraction and, in the case
of samples exposed to chlorides, a commercial sensor was also used to determine their chloride
content.

2.1. Cyclic voltammetry

Cyclic voltammetry (CV) is a very useful electrochemical technique that, from the evolution of the
voltammogram — graph of current density as a function of electrode potential — can immediately
provide qualitative information on the electrochemical reactions of the working electrode under study
in a given medium, and through treatment of voltammetric data it is possible to determine
quantitatively certain electrochemical parameters.

This technique consists in the application of a potential to the working electrode (WE), which is
immersed in a solution, and in the measurement of the resulting current density. The WE potential,
which is measured in relation to a reference electrode (RE), is swept linearly with a certain scanning
speed — v — that determines the time scale of the experiment, being comprised in a previously
established potential window. If the scanning starts in the potential (£;) in the positive direction, it
continues until it reaches the potential value of anodic limit (£;). Then the direction of the potential
scan is reversed and goes in the negative direction until it reaches the cathodic limit (£3), and so on
for n cycles, as represented in Figure 2.1 (left). Figure 2.1 (right) presents a typical cyclic
voltammogram of a reversible process.
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Figure 2.1: Potential-time profile for cyclic voltammetry and typical cyclic voltammogram of a reversible process.

The resulting current is constituted by faradaic current, which is based on the heterogeneous charge
transfer at the electrode-solution interface, i.e., the electron flow corresponding to the reduction or
oxidation of electroactive species present in the solution; and capacitive current, which results from
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the separation of charges in the double layer between the electrode and the solution. The
heterogeneous charge transfer reaction is described by the current-overpotential equation given
below:

j S CO(O' t) e_anfn _

= RO a-amm
| Ck

(41)

where jj is the exchange current density, a is the transfer coefficient, n is the number of electrons
involved, f'is equal to F/RT, n is the overpotential, c,(0,t) and c,* represent the concentration of
oxidized (x=0) or reduced (x=R) species on the surface of the electrode over time, and within the
solution, respectively. Mass transfer is described by Fick’s equations:

oc;
i = nFD, — 42
j =nFD;— (42)
6ci_D 8% 43)
st t\ 6x2

where D; is the diffusion coefficient of species i.

Equation 41 considers the mass transport occurring exclusively by diffusion, which is a process
caused by a concentration gradient between the surface of the electrode and within the solution. This
happens because the experiment is designed so that solution is quiescent and has a support electrolyte
present, which eliminates the convection and migration of the present species, respectively.

The position and shape of the voltammograms reflect the properties and structure of the films, and
therefore, depend on several experimental factors, such as the type of substrate, the composition of
the working solution, the potentials window and the scan speed. In the case of electrochemical
synthesis by CV, the increase in the distance between the oxidation and reduction peaks reflects an
increase in the internal resistance of the grown film, and the increase of the current density in the
redox peaks with the successive cycles is due to the increase of active centers, which could mean an
increase in the film thickness.

The most important parameters in a voltammogram are the current densities of the anodic and
cathodic peaks, j,, € j,c, respectively, and the respective potentials of anodic peak, E,,, and of
cathodic peak, E, [96,222].

2.2 Chronoamperometry

Chronoamperometry is a very efficient potentiostatic electrochemical technique for the quantitative
analysis of the nucleation processes. In this technique the WE potential is changed from an initial
potential value, for which no electrode reactions occur, to a final potential, in which the
oxidation/reduction of the electroactive species present in solution takes place, as illustrated in Figure
2.2. This process is controlled by the diffusion mechanism of ionic species from the solution to the
surface of the working electrode. At the instant when the final potential is applied, the concentration
gradient in the diffusion layer is maximum, which causes a maximum at time #=0. Then, the current
begins to decrease exponentially due to the formation of the double layer, a process in which the
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capacitive current is dominant until reaching a minimum. Finally, the resulting current is faradaic,
being the process controlled by diffusion.

A chronoamperogram represents the curve resulting from the current as a function of time, and the
shape thereof depends on several factors such as the substrate, the composition of the electrolytic
solution, the applied potential and the time at which it is applied. These experimental parameters
influence the structure and properties of the modified electrodes. The faradaic current, for a flat
electrode, is expressed by the Cottrell equation:

1/2
j= %T/CZO (44)
where j is the current density, » is the number of electrons involved in the reaction, F is the Faraday
constant, D is the diffusion coefficient, ¢, is the concentration of the oxidized or reduced species in
solution, and ¢ is the time (step width). For processes controlled exclusively by diffusion the current
is proportional to t~'/2 and, therefore, the graphical representation of j as a function of t~1/2, often
used as a test for diffusion control, is linear and passes at the origin, and the diffusion coefficient of
the electroactive species can be determined from the gradient of the line. This technique is widely
used for the synthesis of films. On the one hand, it allows to carry out the electrosynthesis very fast
with the obtaining of denser films; on the other hand, it can be used for the investigation of phase
formation and adsorption processes.

0 t 0 t

Figure 2.2: Potential-time profile for potentiostatic experiment and theoretical current-time transient.

2.3.  Double pulse chronoamperometry

Double pulse or step potential chronoamperometry is an electrochemical potentiostatic technique
that is specially used to study ec reactions (electron transfer step with a following chemical reaction)
and to determine diffusion coefficients of electroactive species [223-225]. When applied to
electrodeposition, this technique is commonly expressed in a more generic way as pulse or pulse-
reverse electrodeposition, depending on the mode of the second potential pulse. Firstly, from the
instant r=0, a certain potential is applied, to which the desired electrochemical reactions occur, during
a given step width — 7. Then, the potential pulse is changed to a value under which complementary
electrochemical reactions occur, also during a given time step, as shown in Figure 2.3. If the second
pulse is the open circuit potential, this step is usually called as off-time pulse. These pulses can be
repeated many times. In the case of electrodeposition, the main advantages of this technique
comparing to single pulse one is the ionic replenishment of substrate diffusion layer and the selective
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dissolution of film protrusions, during the second potential step. In addition, the higher number of
experimental parameters allows a larger manipulation of films morphology and composition
[226,227].
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Figure 2.3: Potential-time profile of double pulse experiment and theoretical current-time data for a double potential
regime.

For a flat electrode, the current density is given by the Cottrell equations that are expressed below:

_ nFDY?%c
0<t<T1: ]ZW (45)
T, <t<T,: j=nFDY%c}[n ?(t—1)"Y?% - (n1)~V?] (46)

For the case of electrodeposition, this technique is commonly expressed in a more generic way as
pulse or pulse-reverse electrodeposition, depending on the mode of the second potential pulse.

24. Chronopotentiometry

Chronopotentiometry is a galvanostatic electrochemical technique that is analogous to
chronoamperometry [96]. In this method, the current is instantaneously changed from zero to a finite
and constant value in which the redox processes of the electroactive species present in solution take
place and, therefore, the overall reaction rate is fixed, as represented in Figure 2.4.
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Figure 2.4: Current-time profile of galvanostatic experiment and theoretical potential-time transient.

A chronopotentiogram is the graphical representation of the working electrode potential as a function
of time. For an anodic process, when the current pulse is applied, the potential increases sharply due
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to the formation of the double layer until a potential value is reached at which occurs the oxidation
of the electroactive species present in solution. Then, the process is determined by the Nernst
equation until the surface concentration of the species being oxidized reach nearly zero. The solution
of these systems is given by Sand’s equation [96]:

nFDY *m'/2c;,
2

ljz1/2| = (47)

Where 7 is the transition time [96,222]. The main advantage of this galvanostatic technique is the
correction of the ohmic effect, which is unavoidable in the electrochemical processes [228].

2.5.  Potentiometry

The first electrochemical sensors were based on potentiometric measurement that can be used to
determine several chemical species not allowed by voltammetric methods. Cremer developed the
first selective potentiometric electrode [229] (hydrogen-responsive glass electrode) that enabled the
production of different analytical transducers to determine the activity of specific species in a
solution. In a potentiometric test the potential is established by the system thermodynamic properties.
The main advantage of potentiometric electrodes is the maintenance of the composition of the analyte
in the sample due to an electrochemical equilibrium process that, in contrast to amperometric sensors,
does not involve faradaic processes, does not alter the redox state of electroactive species, does not
consume or produce new species, and does not promote analyte mass transport in the solution [230].
In addition, the necessary equipment is cheaper and simpler. Ion-selective electrodes (ISE) are
commonly divided according to the nature of the ion-selective membrane or the shape and size of
the electrode. The main types of membrane electrodes are the glass membrane electrodes, liquid or
polymeric ion-selective membrane electrodes and solid-state electrodes. The potentiometric response
of ISE probes is linearly dependent on the logarithm of the analyte activity and is described by the
Nernst equation.

2.5.1. Properties of potentiometric electrodes

The limit of detection (LOD) is, according to IUPAC, the lowest (LLOD) or highest (HLOD) ion
activity that can be detected with confidence, but ISEs usually present a linear response in a
concentration range between 1 and 107 M, in practice, LOD rarely reaches 10° M. The LOD of a
specie A is usually determined by the interception between the linear range curve and the parallel
curve to the x-axis with the mean potential values of limiting extremes of activity, as shown in Figure
2.5. The reliability of the extrapolated LOD depends on the number of acquired data points,
especially in the range near the limits, and the concentration range used to determine the linear
section [231].

The response time is the time that an ISE needs to reach the equilibrium potential since is brought
into contact with a certain solution. According to [IUPAC, the limiting value is | mV/minute [231].
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Some authors consider the response time as the time necessary to reach 95% of the total OCP of the
system measured, as shown in Figure 2.6.

LLOD HLOD [A]

Figure 2.5: Representation of potentiometric response of an ion-selective electrode to a specie A and its limits of
detection (lower and higher).

This important parameter of potentiometric responses is affected by thickness of outer layer (in the
case of inner/outer layer equilibrium), facility of releasing/adsorbing the analyte, convection at the
sensor surface, and the impedance of the measuring equipment.

]

Figure 2.6: Representation of potentiometric time of response.

t

Figure 2.7 shows an ideal potentiometric response for different pH solutions that presents an
immediate response, maximum limit of detection on both extremes and a Nernstian slope — 59
mV/pH unit.

E=-0.059pH +b

Figure 2.7: Potential-time profile steps for different pH solutions (left) and respective calibration curve of potential as a
function of pH (right).

The presence of other ions in solution can change the performance of the potentiometric sensors,
since there are not electrodes completely selective to the ions to be detected. The selectivity
coefficient — K 9t of an ISE defines its ability to interact selectively to a target ion — 4 —, in the
presence of other (interfering) ions — B — and can be determined by two different procedures: fixed
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interference method and separate solution method [231]. In the fixed interference method, the
potential of the probe is measured in several solutions with the same activity of the interfering ion
and different activities of the target ion. The potential values are plotted as a function of activity and
the selectivity coefficient is calculated by the Nicolsky-Eisenman equation [230,232]:

A,B = azA/zB (48)

where a}, is the intersection of the extrapolated linear portions of the potential-activity graphic. In the
case of separate solution method, the potential is measured in two separate solutions with the same
activity containing only one type of the ions in each. Therefore, the selectivity coefficient can be
determined by following equation:

Ey—E
l Kpot — B A (1 _
09 Rak = 2303(RT/z,F) T

z
—A) loga, (49)

Zp

This second approach is less desirable because it does not reflect the real conditions under which the
probes are usually used and, besides that, this method is only recommended for electrodes that
present a Nernstian response [233]. Selectivity coefficients depend on the experimental conditions
and, therefore, can’t be considered as physical constants.

2.6. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a useful characterization technique to study
electrode processes through the individual contribution of mass transfer, process kinetics and
formation of the double layer [234]. Impedance is defined as the ability of a circuit to resist the flow
of electrical current. This technique applies a sinusoidal excitation over a wide range of frequencies
to the system and measures the values of Z... and Zi..g (resistive and reactive parts of impedance,
respectively) in response to the disturbance to equilibrium. The graphical representation is usually
carried out using two types of plots: the Nyquist diagram with Z..g as a function of Z..; at different
frequencies, and the Bode diagram that has independent graphical representations for the variation
of the log of impedance magnitude and phase angle with the log of frequency, as shown in Figure
2.8.

A log|Z| QL
Q

R Z logf /Hz

Figure 2.8: Graphical representation of experimental data through Nyquist and Bode diagrams, respectively.
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The graphical representation of impedance spectrum provides a qualitative overview of the system
impedance and its components. The Bode representation shows more clearly the variation of the
impedance with the excitation frequency, which facilitates the understanding of single components
contribution. In addition, if the system is composed by high and low impedance components, the
Nyquist representation does not allow to distinguish the low impedance semicircle.

The fitting of the results is carried out through the application of an appropriate equivalent circuit
and with real physical significance, which should include a combination of resistors and capacitances
in order to represent the different components of the electrode process, such as the ohmic resistance
between working and reference electrodes (Rs), double layer capacity (Ca) and charge transfer
resistance (R.). The simple representation of an electrochemical system is known as Randles circuit
[234]; however, it is necessary to consider the Warburg impedance due to the increase of impedance
at low frequencies that is caused by the depletion of electroactive species in the diffusion layer, as
shown in Figure 2.9 (left). The impedance of Warburg element can be calculated by the equation
[96]:

Zy = ,—an—J ot (50)

where o is the Warburg coefficient (Q s

calculated according to the equation:

) and can be extrapolated from experimental data or

RT L1 51
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where 4 is the electrode area, D, and Dy are the diffusion coefficients for species O and R in solution,
and ¢, and ¢, are those species bulk concentration. The relative size of the charge transfer resistance
and the Warburg impedance at any given frequency is a measure of the balance between kinetic and
diffusion control [96]. The charge transfer impedance is very small for an electrochemical reaction
with a large exchange current (ip), and, consequently, the Warburg impedance will be the dominant
term. For a sluggish reaction, the high charge transfer resistance is primarily responsible for the
impedance of the electrochemical process.

Figure 2.9 (right) presents a Nyquist plot from a simple electrochemical system. At high frequencies,
the Warburg impedance is negligible relatively to the charge transfer resistance, and at low
frequencies the process is controlled by mass transfer.
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Figure 2.9: Representation of Randles equivalent circuit (left) and Nyquist diagram (right) from a simple electrochemical
system.
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For the case of the study of reinforced cementitious samples, EIS can be used to determine the
electrochemical state of the reinforcement surface [235-237] and the microstructure and interfacial
properties of bulk concrete [238]. The Bode representation allows a preliminary qualitative analysis
of the mortar/steel system through the values of the impedance magnitude at low and high
frequencies.

This technique has some drawbacks. The counter electrode must have an area higher than the working
electrode (measurement target), which in the case of steel reinforcement of a concrete structure, is
difficult to achieve [236]. In addition, an adequate definition of the experimental conditions, as well
as the choice of an appropriate mathematical model, are needed for an accurate description of the
system [239,240].

2.7. Ellipsometry

Ellipsometry is a non-destructive optical technique, which is based on the determination of the
polarization state variation of a monochromatic light beam after specular reflection. This technique
is very sensitive to the structure and thickness of thin films and, therefore, is used to characterize
surfaces, interfaces and thin films in-situ and ex-situ.

The interaction between an incident light beam and a certain surface will cause an alteration of the
polarization state of the specularly reflected light. The electric field vector is composed by two
orthogonal components: one with parallel direction — p — and other with perpendicular direction
to incidence plane — s — as can be seen in the Figure 2.10. In the case of the components p and s
being in phase, the radiation will be linearly polarized. If these components have a phase difference
0f 90°, so the radiation will be circularly polarized. Finally, the radiation will be elliptically polarized
if its difference of phase is higher than 0° and less than 90°.

I' |Ep|res

Figure 2.10: Illustration of the ellipse and its parameters: ellipticity, y, and azimuth, o.

The Fresnel reflection coefficients — 7, and 7; — are the ratios between the electric field vectors of

reflected beam — E;ef e EI*Y — and of incident beam — Ef* and Ef*© — as are presented by the

following equations:
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Considering a two semi-infinite phases system, as can be observed in Figure 2.11, the Fresnel
reflection coefficients for parallel and perpendicular components are given by the following
equations, respectively:

fi,cos¢p, — fiygcoso, 0z _ oCOSPy — Aiycos¢,

202
[ — =
A, o5 + Agcos, s figcos + AycosP,

P (53)

Figure 2.11: Schematic representation of specular reflection of light in a system constituted by 2 semi-infinite phases
(electrolyte and substrate).

where, i, and A, are the complex refraction indexes of phases 0 and 2; ¢, and ¢, are the angles of
incidence in medium 0 and of refraction in medium 2, respectively. These angles are related by
Snell’s Law:

flySing, = A,sing, (54)

For a determined phase, the refractive index is a complex number, i = n — jk, where k is the
extinction coefficient and # is the refractive index of that phase. The refractive index can be used as
an indicator of relative porosity of a film or substrate. For example, in the case of a very porous
material, which will have its pores filled by the environment fluid (electrolytic solution or air), its
refractive index will be near of the medium index.

Considering a three-phase system (medium, film and substrate), as it is illustrated in Figure 2.12, the
Fresnel reflection coefficients are given by Drude equations:

£01 0812 ,—-2if £01 £12 ,—2i
R, = rp ':17%126 —2i8 Ry = = :I;nrsqze —zl:ﬁ (55)
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where [ is the phase change due to propagation of the light wave through the film and is given by
the following equation:

d
B = ZHIﬁlcosqbl (56)

Figure 2.12: Schematic representation of specular reflection of light in a system constituted by 3 phases (electrolyte, film
and substrate).
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where d is the film thickness. In an ellipsometric study it is only possible to determine the parameters
A and ¥. Delta is the variation in phase difference that occurs by the interaction between the light
beam and the material in study and its value can be from 0 to 360°. Psi is the ratio between the
magnitudes of the total reflection coefficients and its value can be between 0 and 90°. The complex
quantity — p — on one hand represents the ratio between total reflection coefficients for parallel
and perpendicular components, relatively to incidence plane, and on the other hand, relates the
ellipsometric parameters, through the following equations, respectively:

Ry

2 P= tanWes (57)
S

p:

Through the relation between the last two equations, we obtain the fundamental equation of
ellipsometry, which relates the ellipsometric parameters — 4 and ¥ — with Fresnel reflection
coefficients — R, and R;:

) R
tanWe'® = R—p (58)

The main elements that constitute an ellipsometer are a light beam emitter, a support base for the
sample under study, and a receptor for the reflected light beam, as shown in Figure 2.13. The emitter
is constituted by a monochromatic non-polarized light source (e.g., He-Ne laser) and an optical
element to convert unpolarised light into elliptically polarized light. The support base can be adjusted
three-dimensional in order to the reflected beam reaches the receptor unerringly. Finally, the receptor
is constituted by an optical element to determine the polarization state of the reflected light beam,
and by a detector to measure light intensity [241-243].

Figure 2.13: Illustration of a monochromatic ellipsometer.

The evolution of ellipsometric parameters collected in-situ during the growth of thin films depends
on the substrate, which stablishes the first values corresponding to time zero, the material being
synthesized and its light absorption, as well as the kinetics of the growth process that depends mainly
on the electrolyte nature and concentration, and on the pulse growth applied. The growth of a
transparent film produces a Psi-Delta loop that closes when the product of film thickness and the
cosine of the angle of refraction is equal to half the wavelength of light in the film [244].

The most used and well succeeded procedure to determine the optical properties and film thickness
variation during the electrodeposition consists in fitting the experimental data with a generated curve
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from a theoretical three-phase model [245-248], which is based on the equations previously
described. The procedure consists in simulating the optical parameters that leads to the best fitting
between the experimental data and the simulated ellipsometric parameters. The fitting is initiated
considering the formation of a single homogeneous film on the substrate surface. However, if it is
not possible to obtain a complete reasonable fitting, it can be considered the growth of different and
homogeneous layers.

2.8. Scanning electron microscopy

Scanning electron microscopy (SEM) is a multifunction and very useful tool for morphologic
characterization of materials through the interaction between the incident electron beam and the
sample. A SEM is mainly constituted by an electron column, a specimen chamber, a vacuum system,
and a computer control system [249], as is illustrated in Figure 2.14.

The electron column is the most important component being responsible for the electron beam power
and quality. This component is a long cylindrical body, which is located above the specimen
chamber, and is constituted by a monochromatic source of high energy electrons, two or more
electron lenses, scan coils, and condenser and objective apertures [249,250].

The specimen chamber is composed by a specimen stage and holder, couple-charged device camera,
and several detectors to collect and analyze the electrons and x-rays emanating from within the
sample. The resultant signal due to the interaction between incident electrons and sample atoms is
composed by secondary and backscattered electrons that are used to form images, and x-rays that
can be used to determine elemental composition of the sample. The backscattered electrons result
from the elastic collision between incident electrons and the atoms of the sample, which leads to
incident electrons scattering, allows to determine the phase discrimination based on atomic number;
the secondary electrons result from the ionization of less energetic electrons of sample atoms due to
its interaction with incident electrons and allow to obtain high resolution images from sample
surface; and the x-rays result from the transition of electrons from higher-energy shells to holes in
the inner shells, which were caused by the incident beam excitation.

The samples under study must be solid and stable under high vacuum conditions and be electrically
conductive in order to avoid charge accumulation that leads to image artifacts [251].
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Figure 2.14: Illustration of SEM and its main components.
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2.9.  X-ray diffraction

X-ray diffraction (XRD) is a non-destructive analytic technique used to characterize crystalline
materials through the determination of their structure, phase, preferential crystal orientations and
other structural parameters — grain size, crystallinity, and crystal defects. XRD is based on
constructive interference of monochromatic x-ray incident beam and a set of parallel planes of atoms
with interlayer spacing of duu, as shown in Figure 2.15.

Figure 2.15: Schematic representation of diffraction of an incident beam by a set of parallel planes of atoms.

The condition for diffraction is given by Bragg’s law, which is represented in the following equation:

Where 7 is an integer, A is the x-ray wavelength, & is the angle of incidence and dj is the spacing
between planes of atoms.

The main parameters of a diffractogram — intensity, width at half height and peak shapes — allow
to obtain information about the composition and structure of the material under study.

The main constituents of an x-ray diffractometer are an x-ray tube, which is the source of x-rays, a
goniometer, which is the platform that holds and moves the system, a sample holder, and a detector
to count the scattered x-rays by the sample [252].
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CHAPTER 3

Experimental procedure

This chapter presents the reagents and substrates used to carry out the experimental work. It also

describes the methodology carried out for assembling the electrodes and arrays of sensors, synthesis

and characterization of the modified electrodes, and their application in mortar samples. Finally, it is

described the monitoring apparatus and destructive analysis of mortar samples after experiments.

3.1.  Reagents and electrodes

Tables 3.1 and 3.2 summarize all reagents and substrates, respectively, used in the experimental

work.

Table 3.1: Reagents used in the experimental work and their chemical formulas and suppliers.
Reagent type  Name Chemical Formula Supplier
Solvent Water! HO Millipore

ove Acetonitrile CoHsN Alfa Aesar
Supporting .y perchlorate LiClOs Sigma Aldrich
electrolyte
Hydrochloric acid HCI Fluka
N,N*-Dimethyl-9.9"biacridinium ¢, 1y, .0, Sigma Aldrich
) dinitrate (Lucigenin)
For chloride 3,4-ethylenedioxythiophene
sensors (EDOT) CeH602S Sigma Aldrich
Potassium chloride KCl Fluka
Sodium chloride NaCl Fluka
Manganese sulphate MnSO4.H20 Alfa Aesar
monohydrated
Nickel (IT) chloride NiCl Alfa Aesar
Sulfuric acid H>SO4 Sigma Aldrich
For pH sensors Iridium tetrachloride IrCly Alfa Aesar
P Hydrogen peroxide H>0O2 Alfa Aesar
Potassium carbonate K2COs Fluka
Oxalic acid C2H204 Sigma Aldrich
Ruthenium (II) chloride RuCls Sigma Aldrich
Pyrrole (Py)? CsHsN Sigma Aldrich
Sodium hydroxide NaOH Riedel-de Haen

Other reagents

pH buffer solutions

Fluka

! Millipore water presents a resistivity of 18 MQ cm at room temperature.

2 This monomer was used as received, without further distillation.
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Table 3.2: Substrates used in experimental work.

Substrates Diameter /mm  Purity /%  Supplier
Glassy Carbon 3.0 - GoodFellow
SS 316L 0.8 - GoodFellow
SS 316L 3.175 - GoodFellow
Platinum 1.0 99.99 Mateck
Silver 0.8 99.99 GoodFellow
Iron 1.0 99.90 GoodFellow

To perform this experimental work, different geometries — cylindrical, helicoidal, wire and circular
with different areas — were used for the working electrode, as shown in Figure 3.1.

Ao

Figure 3.1: lllustration of different geometries used for working electrodes.

3.2. Preparation of solutions

The preparation of the electrodeposition solution of iridium was based on Yamanaka method [154].
First, 0.15 g of IrCls was dissolved in 100 mL of deionised water, with magnetic stirring for 30
minutes. Then, 0.5 g of oxalic acid was added as a complexing agent to prevent precipitation of IrOx
in alkaline media [130], followed by 10 minutes of stirring before adding 1 mL of H,O» (30%). After
more 10 minutes of stirring, the pH was raised to 10.5 by the slowly addiction of sodium or potassium
carbonate [130]. The carbonate addiction is needed to prevent the passivation of the stainless steel
surface due to spontaneous oxide formation [121]. The solution was finally stored avoiding contact
with light and is ready to be used when presents a blueish colour after few days.

All the other growth solutions were prepared before each synthesis with Millipore water and the
calibration solutions for chlorides were prepared by dilution of a mother solution of 10~ M NaCl.

3.3. Preparation of electrodes

The preparation of working electrodes (assembly and surface treatment) depended on their final
geometry, which was different for the study of the optimization of sensitive materials and for the
application in mortar samples.

In the case of synthesis and characterization, the electrodes were connected to a conductive copper
wire through colloidal silver suspension (Ted Pella Inc, USA), with the connection reinforced and
isolated with Araldite. Then, electrodes were encased in epoxy resin (EpoKwick™ FC, Buehler,
USA) forming a disk with a circular exposed area depending on the diameter of each substrate. The
polishing of electrodes was initiated with sandpapers with successively smaller grain size up to grit
4000 using a metallographic polisher. Then, the electrodes were polished manually on a polishing
cloth using alumina suspensions with grain size of 1 um. Finally, the electrodes were cleaned with
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acetone and distilled water to remove alumina and other impurities that could be present in the surface
of substrates due to the polishing process.

For mortar application, the assembly of sensors was similar to the process mentioned above, but
without the epoxy encasing in order to obtain a wire-shaped substrate with an exposed circular (only
the tip of the electrode) or cylindrical area (the tip plus an extension in length of the wire). The
polishing was carried out exclusively to the edge of electrodes due to their non-flat geometry. The
electrodes were designed to obtain an accurate measurement, maintaining the robustness required to
withstand an environment as aggressive as cementitious materials, but without becoming excessively
invasive to the cement matrix in which they will be embedded.

The cleaning of secondary electrode — platinum rod — was done frequently by applying a potential
pulse of 2 V vs. RRE in an aqueous solution of H,SO4 0.5M for 120 seconds and then rinsed with
distilled water. Besides that, before each synthesis this electrode was annealed until it became
incandescent in order to remove possible organic matter that could be adsorbed on its surface and to
ensure the same physical properties of the counter surface.

3.4.  Experimental design

Some experiments were designed according to Taguchi method in order to verify the correlation
between the experimental parameters of film synthesis and the quality factors of the sensors. This
statistical method uses orthogonal arrays to study all the design parameters with minimum of
experiments [253,254]. The correlation coefficient can be positive or negative depending on whether
the experimental factor is directly or inversely proportional to the quality factor. A coefficient
between 0.4 and 0.8 is considered acceptable, and greater than 0.8 is indicative of a strong correlation
between the parameters.

3.5. Embedding of the set of sensors in mortar samples

The assembly of the sensors combs was carried out after the synthesis and potentiometric
characterization of each modified electrode. 8 electrodes spaced 5 mm apart were grouped in each
set. Afterwards, the combs were embedded in mortar samples with the following dimensions: 5 cm?
of base area and 6.5 cm of height. For this purpose, maritime plywood molds were used for the
hardening of the mortar samples allowing the passage of the electrical cables of the set of electrodes
and keeping the comb perpendicular to the top face and with the desired distance. The composition
of the mortar, which is described in Table 3.3, was chosen in order to obtain a very porous
cementitious matrix to accelerate the penetration process of aggressive agents. In addition, it was
decided to avoid large aggregates in order to decrease the tortuosity and to increase the homogeneity
of distribution of the different phases in the sample and, consequently, increase the reproducibility
of the system. The mortar paste hardened inside the molds for 1 week and, after removing the molds,
the solidified samples were immersed in distilled water for 2 weeks for curing process. The first
hardening period was determined by the samples with LDH, which took about 1 week to complete
the hardening.
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Table 3.3: Mortar composition in mass percentage.

Mortar composition Mass %
Cement 1 42.5N 20.83
LDH (>125 um) 0or2
Sand 0-2 mm 62.50
Water 16.67
water/cement 0.8
sand/cement 3

Finally, all the faces of the mortar samples, with exception of the top (perpendicular face to the set
of sensors at a distance of 5 mm from the first sensor and 40 mm from the last), were isolated with
Araldite, as shown in Figure 3.2. In the case of carbonation study, an additional hole was made in
the mortar samples to fit the sponges that will retain the electrolytic solution between the mortar and
the reference electrode.

Several samples of mortar without embedded sensors were prepared according to the procedure
described above in order to perform a destructive analysis of the chloride content through a
commercial sensor for different immersion times in 3.5% NaCl. For this purpose, a central core was
extracted from the samples with a dry cut, to avoid changing the pore solution, and transversely sliced
into 5 mm pieces with the help of a plier, as can be seen in Figure 3.2. Then, 0.4 g of each ground
fragment was added to 16 mL of distilled water with ultrasonic stirring for 2 minutes. Finally, the
chloride content in each aliquot was determined using a commercial chloride selective sensor
(Mettler Toledo). The powder of each fragment was also analysed by XRD, between Bragg angles
of 5° and 25° using a step size of 0.02°, in order to identify the formation of Friedel salts.

Figure 3.2: Illustration of the spacing of the set of sensors embedded in a mortar sample (left) and illustration of core
extraction from a mortar sample for destructive analysis (right).

3.6. Equipment and experimental conditions

The synthesis of pH and chloride sensors were performed in an electrochemical cell consisting of
one-compartment plastic container with a platinum wire as counter electrode and a Red Rod electrode
(199 mV vs. SHE, T=25 °C, Radiometer analytical, France) as reference (RRE), which is represented
in Figure 3.3. In the case of potentiometric characterization, it was used a saturated calomel electrode
(SCE) as reference. These electrochemical experiments were performed at room temperature and
without removal of the dissolved oxygen that could be present in the solution.
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Figure 3.3: Electrochemical cells with one compartment used for sensors synthesis and characterization.

The potentiostat used for the synthesis and potentiometric characterization of modified electrodes
was an Autolab PGSTAT 302N (METHROM, Netherlands). The electrochemical experiments were
done inside a Faraday cage in order to avoid electromagnetic noise.

For in-situ ellipsometric experiments, an electrochemical cell constituted by 2 compartments was
used, which is represented in Figure 3.4. The main compartment was built to work with a light beam
angle of 70° having two quartz windows with 20° for incidence and reflection of the light beam to
avoid refraction in the glasses. The working electrode was a stand-alone disk of stainless steel with
a geometrical area of 0.785 cm?, which was mounted in the centre of the electrochemical cell base.
The counter electrode was a platinum mesh that was secured to the inside of the cell cover so as to
be immersed in the solution without interfering with the light beam, and the reference electrode was
a Saturated Calomel Electrode (SCE) mounted in the second compartment, which has a Luggin
capillary near the working electrode in order to decrease solution resistance between the reference
and working electrodes. The equipment used for the electrochemical growth was a Princeton Applied
Research model 273A and the ellipsometric data was measured by an ellipsometer SENTECH 400
with rotative analyser and a He-Ne laser (\=6328 A). The refractive indexes of electrolytic solutions
were determined by a refractometer Atago NAR-1T liquid.

Figure 3.4: Electrochemical cell used for in-situ ellipsometry experiments.

The system used to acquire the response of the sensors and iron electrodes embedded in the mortar
samples was constituted by a CompactStat potentiostat (Ivium Technologies, Netherlands) coupled
to a peripheral differential amplifier (PDA) with several channels for simultaneous measurements,
as shown in Figure 3.5. In the case of acid attack study, a reservoir for the solution was attached to
the top (non-isolated face) of the mortar sample, while in the chloride penetration study, the mortar
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sample itself was immersed in the chloride solution, as can be seen by Figure 3.5 b) and a),
respectively.

Figure 3.5: Illustration of the system used to acquire the response of the sensors set embedded in mortar sample.

EIS measurements on iron electrodes were performed using a Gamry Reference 600 equipment, with
a 10 mV rms potential perturbance, at OCP, in frequency range from 10° to 10~ Hz, with 7 points
per decade with logarithmic distribution. A saturated calomel electrode was used as reference and a
platinum wire was the counter electrode.

The modified electrodes were analysed by scanning electron microscopy (Hitachi SU-70) and EDS
(Bruker Nano GmbH Berlin, Germany with a primary energy of 15 keV).

The powders of the mortar samples and the debris from the acid attack study were analysed by XRD
using a diffractometer Panalytical (Almelo, Netherlands), model X’Pert PRO with a copper tube.
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CHAPTER 4 Chloride sensors

In this chapter sensors for the detection of chloride ions based on Ag/AgCl and lucigenin were
developed. In the case of Ag/AgCl electrodes, the influence of electrodeposition parameters on the
potentiometric response for the detection of chlorides was studied. The films growth was
accomplished through chronoamperometry, chronopotentiometry and cyclic voltammetry. In
addition to electrochemical characterization, the modified electrodes were also analysed by SEM.
Finally, the potentiometric response of lucigenin immobilized directly on a stainless steel substrate
through cyclic voltammetry was studied.

4.1. Silver/Silver chloride

The synthesis of Ag/AgCl electrodes was performed using electrochemical techniques such as cyclic
voltammetry, chronoamperometry and chronopotentiometry and optimized according to their
potentiometric response for the detection of chlorides.

Before starting the electrodeposition, it was necessary to investigate the electrochemical system —
substrate and electrolyte — through cyclic voltammetry in order to determine the working potential
window, the redox potentials and current densities. The voltammogram of the electrochemical
response of silver in an aqueous solution of HCI 0.1 M with a scan rate of 50 mV/s is represented in
Figure 4.1. The scan started in the cathodic limit and evolved in the anodic direction.
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Figure 4.1: Voltammogram of the electrochemical response of silver in an aqueous solution of 0.1 M HCI with a scan
rate of 50 mV's™.

The potentiodynamic response of the modified electrode presents well-defined redox peaks, as shown
in Figure 4.1. The anodic peak at 238 mV vs. RRE is related to the electro-oxidation of silver, which
will lead to the formation of silver chloride. The cathodic peak at -154 mV vs. RRE corresponds to
the electro-reduction of silver chloride [112].
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4.1.1. Galvanostatic synthesis

The potentiodynamic and galvanostatic synthesis of Ag/AgCl films were performed applying a set
of experiments according to the Taguchi method in order to verify the correlation between parameters
that can influence films growth and the quality factors of the sensors. For the galvanostatic growth,
a Taguchi Lo orthogonal array was applied in order to study the effects of current density, time of
growth and concentration of electrolyte on the response of the samples as potentiometric chloride
sensors. These factors were studied at three levels. The values for the selected levels for each factor
were determined based on the literature review and previous experiments. Table 4.1 shows the
chosen combination of the factors and levels. It also presents the growth charge for each experiment.

Table 4.1: Lo orthogonal array of experiments with the parameters of current density, time of growth and concentration

of HCI.

Sample j/mA em?  tgrown /hours  [HCI] /M Qgrowth /mC
1 0.5 0.25 1.00 2.2608
2 0.5 1.00 0.10 9.0432
3 0.5 2.25 0.01 20.3472
4 1.0 0.25 0.10 4.,5225
5 1.0 1.00 0.01 18.0900
6 1.0 2.25 1.00 40.7025
7 2.0 0.25 0.01 9.0450
8 2.0 1.00 1.00 36.1800
9 2.0 2.25 0.10 81.4050

Figure 4.2 shows the potential-time transients of Ag/AgCl growths with the different experimental
parameters (current density, electrolyte concentration and time of growth), for the first 200 seconds.
The kind of line represents the different concentrations of HCI (dashed line is 1 M, pointed line is
0.1 M, and full line is 0.01 M) and the colour represents the current density applied for
electrodeposition (black is 0.5 mA cm™, red is 1 mA cm?, and blue is 2 mA cm?).
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Figure 4.2: Potential-time transients for the different growth parameters. The kind of line represents the different
concentrations of HCI (dashed line is 1 M, pointed line is 0.1 M, and full line is 0.01 M) and the colour represents the
current density applied for electrodeposition (black is 0.5 mA/cn?®, red is 1 mA/cm?, and blue is 2 mA/cm?).

As it can be seen in Figure 4.2, for each level of concentration, as the applied current density gets
higher, the measured potential increases and the beginning of nucleation and subsequent formation
of the first monolayer become faster. The different levels of HCI concentration show a near Nernstian
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increase of potential (59 mV). The growth transient of sample 7 presents a behaviour completely
different from all of the other samples. Considering the possibility of error within this experiment,
the growth was repeated (sample 7 b) using another silver electrode but in the same conditions. A
similar transient was obtained, suggesting a completely different growth mechanism in these
particular conditions. The sudden increase in potential may have been caused by the lower ionic
conductivity combined with the higher current pulse applied, which required a greater deviation from
the equilibrium potential in order to enable the reaction rate associated with the applied pulse.
Figure 4.3 a) that presents the open circuit potentials for different chloride concentration of sample
7, shows a typical potential response of an Ag/AgCl electrode to step variation of chloride
concentration of an order of magnitude between 1 M and 10° M. As can be seen, the response time
is almost immediate (a few seconds). The calibration curves of each electrode are represented in
Figure 4.3 b).
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Figure 4.3: Open circuit potentials of sample 7 for different chloride concentrations (a) and calibration curves of
different modified electrodes (b).

Clearly, it is possible to identify two different linear regions: one for samples 1, 6 and 8 and another
for the other samples. The three films grown in 1 M HCI (1, 6 and 8) presented a linear region from
1 to 10 M. In the case of the other electrodes (2, 3, 4, 5, 7 and 9), the calibration curve was extended
to 10* M and for lower values it presented a less inclined curve. This can be related to a secondary
reaction that is only felt for very low concentrations of chlorides. However, to prove this behaviour
it would be necessary to test more points of concentration, such as between 10~ and 10 M and below
10° M.

The results of the quality parameters of each sample (slope, detection limit and correlation
coefficient) are summarized in Table 4.2.

Table 4.2: Quality parameters (slope, lower limit of detection and correlation coefficient) of each sample.

Sample Slope /myvV  LLOD /10° M R?
1 -50.404 38.1 0.99980
2 -51.924 4.83 0.99970
3 -51.468 4.76 0.99917
4 -51.468 3.48 0.99951
5 -51.012 4.77 0.99892
6 -46.527 134 0.99740
7 -53.141 3.14 0.99980
8 -48.503 75.5 0.99908
9 -50.328 4.34 0.99711
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The sensors that were grown in 1 M HCI (1, 6 and 8) present the worst quality parameters, with lower
slope and higher limit of chloride detection. In the case of the films grown in lower HCI
concentrations, it can be seen that for 0.1 M the best result is for the lowest current applied (sample
4) and for 0.01 M the best result is for the highest pulse applied (sample 7). This suggests a
compromise between the concentration of HCl and the density of current used in the
electrodeposition. Clearly, the sensor 7 presents the best quality parameters among all the electrodes.
Figures 4.4 shows the morphology of the different modified electrodes. SEM images can be
associated to the final stages of AgCl growth as described in literature [112,113]. The growth begins
with the formation of rounded nuclei until the first layer is complete. For initial growth stage, the
ionic transport between the dissolving silver electrode and the electrolyte is realized through the
spaces between AgCl particles. As the film grows and the spaces between the first nuclei get covered,
micro-channels (as shown in Figure 4.5) are formed through AgCl to allow ionic transport.
Posteriorly, small segments are formed interconnecting the clusters of nuclei, as can be seen in the
image of sample 1 in Figure 4.4. Finally, for longer times of growth, these segments will lead to the
formation of a matrix of plates (as evidenced in the images of samples 6, 8 and 9).
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Figure 4.5: SEM image of sample 3 showing the micro-channels formed during synthesis to allow ionic transport.
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The sample 7 has a completely different structure comparing to the other samples. It presents a
pyramidal crystal shape structure that appears to be growing from the periphery of the electrode —
where more defects exist — to the centre. However, it would be required more experiments in order
to understand this mechanism of nucleation, such as, SEM images at the different stages of growth
in these conditions and XRD analysis for determination of atomic and molecular structure of the
film.

The relative porosity of each sample, for the two ampliations used (1000 and 5000 times), is
presented in Table 4.3. The samples 6, 8 and 9, which had the highest electrodeposition charges
(40.7, 36.18 and 81.41 mC, respectively), present the highest relative porosity.

Table 4.3: Porosity of each sample for different magnifications (1000 and 5000 times)
Sample Porosity /% Porosity /%

1 2.2430 2.6930
2 5.7790 6.6920
3 6.5370 5.3180
4 1.7720 2.5280
5 11.971 12.403
6 23.706 31.434
7 13.806 12.801
8 33.512 42.131
9 13.790 14.137

Table 4.4 presents the correlation coefficients between growth parameters (current density, time of
growth and HCI concentration) and quality factors (detection limit, slope and porosity). In the case
of detection limit, it has a strong correlation factor (> 0.8) with the HCI concentration. The decrease
of HCIl concentration leads to a lower chloride detection limit. The slope is mainly affected by the
electrolyte concentration and less by the time of growth. The increase of electrodeposition time and
HCI concentration leads to sub-Nernstian slopes (smaller than 59 mV). The correlation coefficients
between growth factors and slope are negative because Ag/AgCl electrodes present a sub-Nernstian
response, and this quality factor is better (higher and closer to Nernstian slope) for smaller values of
HCIl concentration and time of growth.

Lastly, the porosity presents a similar correlation coefficient with the current density and the
electrolyte concentration. As expected, the increase of current density and HCl concentration
promotes the formation of more porous surfaces. As the current applied increases, the rate of reaction
also increases and consequently the ad-ions will not have enough time to diffuse on the surface until
finding the site thermodynamically more stable and, therefore, the electrodeposition will evolve in a
more disordered way [255].

Table 4.4: Correlation coefficients between the growth parameters (current density, time of growth and HCI
concentration) and quality factors (lower limit of detection, calibration curve slope, and porosity of film surfaces).

j tgrowth [HCl]

LLOD 0.056 0.310 0.848
Slope -0.069  -0.483 -0.792
Porosity 0.555 0.298 0.595

The high correlation with HCI concentration is caused by the highest value of concentration (1 M)
that leads to the worst results for quality parameters — less Nernstian slope and higher limit of
chloride detection — and, therefore, this value should be discarded in future works.
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4.1.2. Potentiodynamic synthesis

For the potentiodynamic synthesis, a Taguchi Lo orthogonal array was also applied in order to study
the effect of number of cycles, scan rate and concentration of electrolyte on the response of the
modified electrodes as potentiometric chloride sensors. These factors were studied at three levels.
Table 4.5 shows the chosen combination of the factors and levels. The electrolyte concentration of 1
M that led to the worst potentiometric response of the galvanostatically grown films was discarded
for this synthesis.

Table 4.5: LY orthogonal array of experiments. The studied experimental parameters were number of cycles, scan rate
and electrolyte concentration).

Sample N°cycles v/mVs! [HCl] /M
1 10 25 0.10
2 10 50 0.05
3 10 75 0.01
4 20 25 0.05
5 20 50 0.01
6 20 75 0.10
7 30 25 0.01
8 30 50 0.10
9 30 75 0.05

Cyclic voltammograms of Ag/AgCl film synthesis, for different experimental conditions, are
represented in Figure 4.6. The synthesis started from the cathodic limit in anodic direction.
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Figure 4.6: Cyclic voltammograms of each growth and the 10" cycle voltammograms of all synthesis.

As can be seen from the growth voltammograms, the anodic peak of the first cycle occurs at more
anodic potentials with a smaller current density, which is due to the absence of silver ions in the first
cycle needing higher potential values to oxidize the substrate and form a new phase of AgCl above
it. As the number of cycles increase, the current density of the anodic peak also increases due to the
continuous growth of the film, and its potential peak deviated slightly to more anodic values as a
result of the highest number of AgClI nuclei on the substrate, which hinders the oxidation of silver
due to its smaller exposed area. The cathodic peak current density decreases, and its potential moves
to more negative values with successive cycles, showing a more resistive phase being formed and an
increased difficulty to electro-reduce silver chloride. Table 4.6 presents the redox values — potentials
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and current densities peaks — for all the potentiodynamic growths performed, for the different
parameters under study.

Table 4.6: Redox values of the 2 cycle for different potentiodynamic growths of Ag/AgCIL.

Ep,a jp,a /mA Ep,c jp,c /mA Ep,a+|Ep,c|
Sample /VRRE em? /VRRE em? /VRRE
1 0.178 31.413 -0.144  -129.075 0.322
2 0.222 21.644 -0.131 -67.500 0.353
3 0.284 4.9950 -0.089 -12.646 0.373
4 0.206 14.984 -0.111 -56.014 0.317
5 0.268 3.8530 -0.077 -11.074 0.345
6 0.207 49.159 -0.172  -150.203 0.379
7 0.259 3.0330 -0.051 -10.242 0.310
8 0.194 41.825 -0.158  -139.518 0.352
9 0.228 23.963 -0.144 -76.109 0.372

As displayed in table 4.6, the increase of electrolyte concentration leads to higher anodic and cathodic
current densities and promotes a shift of the redox peak potentials to lower values. The increase of
current densities is explained by the higher conductivity of the medium and by the higher production
of electroactive species leading to a faster formation and subsequent precipitation of AgClI nuclei.
The shift of redox potentials is due to higher electrolyte concentration, which promotes an oxidation
at lower potentials. The higher deposition during anodic process leads to a more resistive film, which
requires more energy to be reduced, and consequently the cathodic peak shifts to lower potentials.
The increase of scan rate promotes an increase of the separation between the anodic and cathodic
peaks, which is characteristic of an irreversible system where the rate of electron transfer is not
sufficient to maintain the Nernstian equilibrium at the electrode surface. The correlation between
growth parameters under study and the redox parameters from growth voltammograms were
analysed by the Taguchi method, and the obtained correlation coefficients are shown in Table 4.7.

Table 4.7: Correlation coefficients between the growth parameters (sweep rate and electrolyte concentration) and redox

parameters.
Scan rate [HCI]
Epa 0.306 -0.919
Jpa 0.247 0.953
Ep, 0.353 -0.905
Jpe 0.112 0.991
Ep,at|Ep. 0.983 0.139

The characterization of the modified electrodes as potentiometric sensors for chloride detection was
done in the same way as for galvanostatically grown films. Figure 4.7 a) presents the potentiometric
characterization of sample 1, for different chloride concentrations, which is representative of all
modified electrodes. It is possible to see that for the chloride concentrations of 10 and 10~ the
potential starts to decrease, which is possibly due to the dissolution of AgCl. This hypothetic
conclusion should be confirmed by an analytical method in order to determine if there is appearance
of silver oxide in the electrode after its immersion.

The calibration curves of each modified electrode are represented in Figure 4.7 b). The samples 3, 5
and 7, which were grown in 0.01 M HCI, presented an open circuit potential shift to lower values
and lower slopes. The other samples presented a very similar behaviour with coincident and slightly
sub-Nernstian slopes. All the modified electrodes had a small decrease of OCP for the 10 M NaCl
solution (as observed in Figure 4.7 a) and, therefore, this point was not included in the calibration
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curve. For the less concentrated solution of 10 M, the OCP decreased abruptly tending to the value
obtained in solution of 10* M NaCl. This behaviour can be related to the film dissolution in low
concentrated solutions, which will increase the chloride concentration in medium and consequently
shifts the electrochemical equilibrium to lower potential values.
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Figure 4.7: Open circuit potentials of sample 1 for different chloride concentrations (left) and calibration curves of
different modified electrodes.

The results of the quality parameters of each sample (slope, detection limit and correlation
coefficient) are grouped in Table 4.8. The modified electrodes 3, 5 and 7, which were synthetized in
0.01 M HCI, had the worst quality parameters in terms of slope — below 50 mV/pH unit —, chloride
detection limit and correlation coefficients. As happened for the galvanostatic growths, the
concentration of electrolyte was the most significant parameter for the quality parameters of the
sensors, but contrasting with the galvanostatic synthesis, here the films grown in the less concentrated
solutions presented the worst results, which is also due to the fact that the concentration of 1 M was
not considered for potentiodynamic synthesis.

Table 4.8: Quality parameters (slope, lower limit of detection and correlation coefficient) of each sample.

Sample  Slope /mV  LLOD /10* M R?
1 52.4 3.74 0.9998
2 51.8 3.74 0.9989
3 433 4.09 0.9968
4 52.4 3.58 0.9998
5 49.6 3.87 0.9972
6 51.8 3.74 0.9991
7 47.4 4.18 0.9929
8 52.9 3.75 0.9998
9 53.6 3.57 0.9975

The morphology of these films was analysed by SEM, which is shown in Figure 4.8. Clearly, the
HCI concentration affects the surface coverage of the substrate. The higher HCI concentration (0.1
M) promoted the formation of more compact films, as evidenced by the images of the modified
electrodes 1, 6 and 8. Thus, the potentiometric response of potentiodynamically synthesized Ag/AgCl
electrodes seems to be correlated with the porosity of the films. The number of AgCl nuclei affects
the interfacial area between silver and silver chloride, which in turn influences the electrochemical
equilibrium — the films synthetized with higher and lower HCI concentrations presented,
respectively, the best and the worst potentiometric response for chloride detection. The higher
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number of silver chloride nuclei present in the films grown with higher electrolyte concentration is
also evidenced by the higher redox peaks during their synthesis (Figure 4.6).

N.C.

Figure 4.8: SEM images of different potentiodynamically grown films of Ag/AgCl. Numbers correspond to samples in
Table 4.5.

Table 4.9 summarizes the correlation coefficients between growth parameters (number of cycles,
sweep rate and HCI concentration) and quality factors (detection limit, slope and correlation
coefficients). As previously concluded, the electrolyte concentration was the most important growth
parameter affecting the potentiometric response of the Ag/AgCl sensors.

Table 4.9: Correlation coefficients between the growth parameters (number of cycles, sweep rate and HCI concentration)
and quality parameters (lower limit of detection, slope and correlation coefficient).

N° of cycles Scan rate [HCI]

LLOD 0.048 0.069 0.588
Slope 0.278 0.152 0.700
R? 0.342 0.058 0.743

4.1.3. Potentiostatic synthesis

Finally, a preliminary study of the growth of Ag/AgCl films by chronoamperometry was performed
for different applied potentials based on the value of the anodic peak of the initial voltammogram
(Figure 4.1). The synthesis was done in aqueous 0.1 M HCI applying a pulse of 150, 200 or 250 mV
(vs. RRE), for 3600 seconds. The current-time transients are shown in Figure 4.9 a). Initially the
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current density decreased abruptly with time due to the formation of the double layer and the
formation of the first AgCl nuclei. Then, the current continued decreasing at a slower pace, which
was due to the formation of a resistive AgCl film that hampered the penetration of electrolyte through
the film leading to a slower conversion rate [105]. The calibration curves of potentiostatically
modified electrodes for the different applied potential pulses are represented in Figure 4.9 b).
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Figure 4.9: Current density-time transient of Ag/AgCl growths with different potential pulses applied for 3600 seconds
(a) and calibration curves of the modified electrodes (b).

The calibration curves of the films grown potentiostatically shown in Figure 4.9 b) are almost
coincident, and it can be concluded that the different oxidation potentials did not affect the
potentiometric response of Ag/AgCl sensors for chloride detection. These results are very similar to
the best results of the modified electrodes obtained by cyclic voltammetry.

Table 4.10 summarizes the quality parameters of these sensors, where it is possible to observe the
similarity of values, corroborating the conclusion that the applied potential does not affect neither
the slope nor the detection limit of the Ag/AgCl films.

Table 4.10: Quality parameters (slope, lower limit of detection and correlation coefficient) of each sensor of Ag/AgCl
grown potentiostatically.

V¢ /Vvs. RRE Slope /mV pH! LLOD/10*M R?

0.15 -52.46 3.81 0.9998
0.20 -52.46 3.80 0.9996
0.25 -52.23 3.83 0.9997

4.1.4. Stability study

The aging of galvanostatically grown Ag/AgCl sensors due to contact with different environments
for a long period, namely saturated Ca(OH),, buffer solutions with pH 13 and pH 2, distilled water
and air, was studied through the evolution of their potentiometric response, which is represented in
Figure 4.10. The media with high pH were intended to simulate the pore solution of cementitious
materials, while air and distilled water are two possible environments to store these sensors.

After 75 days, only the potentiometric response of the sensor in contact with the buffer solution of
pH 13 was clearly affected, which, from the 30" day, showed a decrease in the slope and a shift in
the calibration curve to more negative potentials. The degradation of the Ag/AgCl electrodes can be
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explained by the conversion of AgCl into Ag,O or by its dissolution, when in contact with an
environment with high pH and low chloride content, which decreases the available interfacial area
for the electrochemical equilibrium.
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Figure 4.10: Evolution of calibration curve parameters (slope and E-axis intersection) with time in contact with different
environments (Ca(OH); saturated, pH 13 and 2, distilled water and air).

The Ag/AgCl sensor in contact with Ca(OH), saturated was also analyzed by SEM and EDS after 75
days of immersion. Figure 4.11 (left) shows the morphology of the modified electrode immediately
after its synthesis (a) and after immersion in the simulated pore solution (b). The immersion in
Ca(OH), saturated media led to the dissolution of the silver chloride plates and the formation of
cracks on the AgCl inner layer. The cracks may have been caused to maintain ionic transport to the
silver. The formation of Ag,O may have blocked the micro-channels of the AgCl layer. A grey-black
deposit was formed around the electrode and the immersion solution assumed a different colour
(from transparent to brownish). The elemental analysis by EDS, shown in Figure 4.11 (right), shows
a decrease in the chloride content and the appearance of oxygen in the electrode after immersion,
which is in accordance with the partial dissolution of the silver chloride film and the formation of
silver oxides, respectively.
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Figure 4.11: SEM images and EDS analysis of Ag/AgCl electrode before (a) and after 75 days of immersion in Ca(OH);
saturated solution (b).
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4.2. Other chloride sensors

Besides Ag/AgCl, other materials were tested for chloride sensor. Firstly, an electronically
conducting polymer — Poly(3,4-ethylenedioxythiophene), PEDOT — doped with chloride [101].
The synthesis was done by a galvanostatic pulse of 0.2 mA/cm?, for a synthesis charge of 10 mC, in
an aqueous solution containing 0.01 M EDOT and 0.1 M KCl as the supporting electrolyte. The
potential-time transient is represented in Figure 4.12.
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Figure 4.12: Chronoamperogram of PEDOT growth with a pulse of 0.2 mA cm™ and maximum charge of 10 mC.

However, this modified electrode presented a bad behaviour as a chloride sensor. The synthesis,
which was replicated from the literature, was not a good approach knowing that the monomer used
— EDOT — is insoluble in an aqueous solvent. Thus, it was necessary to agitate the solution in order
to create a kind of emulsion with small droplets of monomer.

Finally, a new material was also tested as an electrochemical sensor for chloride detection —
Lucigenin. This molecule has been widely studied as an active molecule for optical sensors for
chloride detection. The electrode modification was done through direct immobilization of this
molecule onto a stainless steel substrate by cyclic voltammetry. The potentiodynamic growth of
Lucigenin (0.1 mM) in an aqueous solution with 0.1 M LiClO4 as supporting electrolyte with a scan
rate of 50 mV/s, for 60 cycles, is shown in Figure 4.13.
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Figure 4.13: Cyclic voltammograms of Lucigenin direct immobilization on a stainless steel electrode with a scan rate of
50 mV/s for 60 cycles.
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Figure 4.14 presents the potentiometric characterization of the modified electrode, for different
chloride concentrations (1 to 10 M), through open circuit potential measurements.
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Figure 4.14: Potentiometric characterization of the modified electrode for different chloride concentrations.

As evidenced by the characterization, this sensor presented a sub-Nernstian slope — about 20 mV—
showing poor sensibility and slow time of response. Besides that, the modified electrode did not
present reversibility when the concentration of chlorides was reversed to higher values.

4.3. Conclusions

Electrodes sensitive to chloride ion were based on two materials: Ag/AgCl and lucigenin. In the case
of Ag/AgCl electrodes, the electrochemical synthesis was made by galvanostatic, potentiostatic and
cyclic voltammetry. For each regime, the influence of experimental parameters on the electrode
response was analysed.

It became clear that the potentiometric response — slope and limit of detection — is strongly
influenced by the concentration of HCI, independently of the electrochemical method used to
produce the sensor. In galvanostatic synthesis, HCI concentrations equal or greater than 1 M must be
avoided. For both electrochemical synthesis regimes, the 0.1 M HCI concentration appears to be the
most suitable value to obtain the best potentiometric response.

In the case of galvanostatic synthesis, the increase in the anodic polarization time and in the
concentration of HCI promotes the formation of thicker films, which hinder the ionic transport to the
silver/silver chloride interfacial zone — where the electrochemical equilibrium takes place — and,
as such, leads to a sub-Nernstian slope. The porosity of modified electrodes is increased by the
increasing current pulse applied and electrolyte concentration.

For the case of potentiodynamic growth, HCI concentration was the only experimental parameter
that affected the potentiometric response, in terms of slope and limit of detection, of the modified
electrodes. Decreasing electrolyte concentration leads to the formation of more porous films.

In the case of potentiostatic synthesis, the applied potential pulse (within the range of silver oxidation
peak) does not affect the potentiometric response of the sensors.

The storage of galvanostatic Ag/AgCl films in air, distilled water, and pH 2 or 13 was studied. After
75 days, all sensors presented still a good potentiometric behaviour, except for the sensor immersed
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in the pH 13 buffer solution, which showed signs of degradation, evidenced by the shift of the
calibration curve to more negative potentials.

The development of sensors to determine the chloride content was completed with the
potentiodynamic growth of lucigenin on stainless steel and the potentiometric response of the
resulting electrode. Direct mobilization of lucigenin was successfully achieved, but the modified
electrode presented a bad potentiometric response, with poor sensibility and slow time of response.
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CHAPTER 5 pH sensors

This chapter presents the study of electrochemical synthesis and characterization of several materials
sensitive to pH: MnQO;, IrOx, RuO»/IrOx and PPy. The synthesis of MnO> sensors was performed
using cyclic voltammetry and chronoamperometry. Potentiostatic growths were further characterized
by in-situ ellipsometry. For the IrOy sensors, an extensive study of their electrochemical growth was
carried out using cyclic voltammetry and double pulse chronoamperometry. In addition, the effect of
adding RuCl; to the growth solution on the potentiometric response of modified electrodes was
studied, for the case of potentiodynamic synthesis. Finally, the growth of PPy films was performed
through a potentiostatic regime. The modified electrodes were characterized electrochemically
(potentiometric response and cyclic voltammogram) and by SEM.

5.1.  Manganese dioxide

The initial synthesis of MnO> electrodes was based on literature, and the composition of growth
electrolyte was an aqueous solution of 0.3 M MnSQO4.H,O with pH adjusted to 1.8 using concentrated
sulfuric acid [122]. Figures 5.1 a) and b) present, respectively, the first cycle of the potentiodynamic
behaviour of a stainless steel 316 L substrate in a 0.3 M MnSOj solution, for different scan rates (5,
10, 20, 50 or 100 mV/s), with normalized currents to the respective sweep rate, and for different
anodic limits (1.1, 1.2 and 1.3 V vs. RRE) with a scan rate of 10 mV/s. Cyclic voltammograms with
this substrate did not present the cross-over on the cathodic branch reported for other working
electrodes, such as gold [165]. The anodic segments present two well-defined oxidation peaks related
to the initial formation of MnOOH that subsequently is oxidized to MnOs, as the electrode potential
gets higher. The first reduction peak at 0.95 V vs. RRE is related to MnO; reduction to MnOOH and
the reduction peak at 0.0 V vs. RRE is related to the reduction of Mn(III) species.
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Figure 5.1: 1% cycle of potentiodynamic growth of MnO; on stainless steel for different scan rates (5,10,20,50 and 100
mV/s with the current normalized to the square root of the sweep rate) (a), and for different anodic limits with a scan rate
of 10 mV/s (b).
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However, all the films grown potentiodynamically, for different growth parameters — scan rate,
anodic limit and cycle number —, presented poor adhesion to the substrate (stainless steel 316 L),
evidenced by its delamination during the washing after characterization. To solve this problem, a
pre-treatment based on Wood’s Nickel Strike (WNS) was adopted to improve the film adhesion to
substrate. This method is an intermediate strike, which is typically used on nickel based alloys and
stainless steels, to produce a thin and adherent film of nickel that serves as a base for subsequent
depositions [256]. The synthesis of this intermediate film was done by applying a current pulse of -
0.855 mA, in an aqueous solution containing 1.85 M NiCl, and 3.9 M HCI, for 2 minutes. The
potential-time transient of WNS is shown in Figure 5.2 (a). Initially, the potential increases rapidly,
as the first Ni nuclei grow on the stainless steel substrate. Then, the potential stabilizes at -0.44 V vs.
RRE in the metal deposition region [257]. After this pre-treatment, a film of MnO, was grown
potentiodynamically with a scan rate of 50 mV/s, for 20 cycles, in the potential window between -
0.4 and 1.4 vs. RRE. The voltammogram of the MnO- synthesis is displayed in the Figure 5.2 (b).
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Figure 5.2: Potential-time transient of WNS pre-treatment on stainless steel substrate (a) and cyclic voltammograms of
MnQ; synthesis with a scan rate of 50 mV/s, for 20 cycles, after WNS pre-treatment (b).

The potentiometric characterization of the MnO; modified electrode is presented in Figure 5.3 a),
and was performed by measuring its open circuit potential in different buffer solutions in the pH
range between 12 and 4. The respective calibration curve is shown in Figure 5.3 b).
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Figure 5.3: Potentiometric characterization of MnO; electrode grown on Ni base, for different pH buffer solutions (a)
and the respective calibration curve (b).
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The MnO: sensor exhibits a super-Nernstian slope of 71.7 mV/pH and an immediate response. The
potentiometric response is stable in the pH range between 12 and 6. Media with pH<6 led to
dissolution of the MnO; films, which was previously evidenced by the potential decrease in the pH
4 buffer solution. Figure 5.4 shows the aspect of two MnO, films synthetized in the same
electrochemical conditions, with and without WNS pre-treatment. Clearly, the pre-treatment led to a
different morphological structure of the grown film, which was more homogeneous and does not
present defects. However, this method to improve stainless steel adhesion represents a large increase
in the cost and time of MnO; sensors synthesis due to the high price of NiCl, and to an additional
production step, respectively.

Figure 5.4: Visual inspection of MnO; films grown potentiodynamically with a scan rate of 50 mV/s for 20 cycles with (a)
and without (b) WNS pre-treatment. Diameter of 3.175 mm.

Instead of applying an intermediate layer, the growth solution was changed for a neutral pH removing
the sulfuric acid and adding LiClO4 as the supporting electrolyte. Firstly, the potentiodynamic growth
of MnQO; was studied in this new medium. Figure 5.5 presents the first 5 cycles of the cyclic
voltammogram of film synthesis in an aqueous solution containing 0.3 M MnSO4.H>O and 0.1 M
LiClO4 within the potential window of -0.1 to 0.9 V vs. RRE, with a scan rate of 5 mV/s.
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Figure 5.5: Cyclic voltammograms of MnO; growth with a scan rate of 5 mV/s for 5 cycles on stainless steel.

The voltammogram presents an anodic peak at 0.4 V vs. RRE that increased its current density and
deviated in anodic direction with successive cycles, suggesting the growth of a film with increased
resistivity. The adhesion of the film to the substrate was tested by mechanical exfoliation through the
use of an adhesive tape, and it was observed a substantial improvement of its adhesion. The
characterization of the modified electrode as a pH sensor was done by measuring the open circuit
potential in different buffer solutions in the pH range between 13 and 8, which is represented in
Figure 5.6. a). It started from pH 13 to 8 and then reversed until again pH 13. The respective
calibration curve is shown in Figure 5.6 b). As revealed by the characterization graphs, the sensor
response was fast and reversible. The slope is super-Nernstian — about 66 mV/pH unit — being
characteristic of hydrated metal oxides. This new growth solution provided the synthesis of a MnO,
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film with a promising potentiometric response for pH determination in the alkaline region. In order
to optimize the potentiometric response of this metal oxide, the influence of growth parameters, such
as the scan rate, number of cycles and anodic limit was investigated.
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Figure 5.6: Potentiometric characterization (a) and calibration curve (b) of the potentiodynamically grown MnO;
electrode with a scan rate of 5 mV/s for 5 cycles.

Increasing the anodic limit from 0.9 to 1.4 V vs. RRE led to a slow and irreversible response. On the
other hand, increasing the number of cycles from 5 to 10, no differences were observed. Lastly,
increasing the scan rate to 50 mV/s, for different number of cycles (5, 10 and 20), showed the best
response for 20 cycles. Its potentiodynamic synthesis is shown in Figure 5.7.
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Figure 5.7: Cyclic voltammograms of MnO, growth with a scan rate of 50 mV/s for 20 cycles on stainless steel.

The characterization of the potentiometric response of the MnO; film grown potentiodynamically
with a scan rate of 50 mV/s, for 20 cycles, is represented in Figure 5.8 a). It started from pH 13 to 9
and then reversed until again pH 13. The respective calibration curve, which is shown in Figure 5.8
b), presents a slope of about 61 mV/pH. The obtained results showed that the potentiometric response
of the potentiodynamically grown MnQO, sensors is mainly affected by the anodic limit and time of
oxidation, which was possibly caused by the formation of different oxidation states with the
successive cycles and subsequent oxidation time. The increasing scan rate may not allow the formed
MnOOH to be completely oxidized to MnO; requiring more cycles. As such, it is pertinent to study
the potentiostatic growth of MnO films for different anodic potentials and charges of synthesis.
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Figure 5.8: Potentiometric characterization (a) and calibration curve (b) of the potentiodynamically grown MnO;
electrode with a scan rate of 50 mV/s, for 20 cycles.

The potential pulses to be studied for potentiostatic growth were based on the anodic peak of
potentiodynamic synthesis of MnO,. So, the potentiostatic synthesis for different applied potentials
—0.8,0.9and 1.0 V vs. RRE — and growth density charges — 36, 9 and 4 mC/cm?® — were studied.
Figure 5.9 presents the current density-time transient of the electrodeposition of MnO; with an
applied potential of 0.8 V and a total charge density of 9 mC/cm?. The obtained chronoamperogram
is characteristic of the growth of a resistive phase. Initially, the current drops sharply due to the
formation of double layer and oxidation of electroactive species in solution, and then stabilizes at a
value in the metal oxide deposition region.
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Figure 5.9: Chronoamperogram of MnO; synthesis for an applied potential pulse of 0.8 V vs. RRE with a total charge
density of 9 mC/em’.

The potentiometric characterization of the modified electrode as a pH sensor and its calibration curve
are represented in Figure 5.10. It started from pH 13 to 8 and then reversed until again pH 13.

As shown from the characterization graphs, the sensor response was relatively fast and reversible,
presenting a super-Nernstian slope of about 72 mV/pH unit. However, the potential shift to lower
values during OCP measurement highlights an eventual need to reduce the films to obtain a more
stable potentiometric response, as achieved by the potentiodynamically grown films. As reported,
the reduction process of MnO, films decreases the refractive index and the extinction coefficient,
which is attributed to the increase of film porosity [258].
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Figure 5.10: Potentiometric characterization (a) and calibration curve (b) of MnO; electrode for different pH buffer
solutions (from 13 to 8 and from 8 to 13).

The characterization parameters for all potentiostatic growths are summarized in Table 5.1.

Table 5.1: Characterization parameters (slope, E-intercept, R’ and slope shift) for each modified electrode.

Q E vs. pH13 -8 pHS8 - 13 Slope
/CI::S R/l‘{,E m/mV pH! b/mVgre R? m/mV pH! b/mVgre R? /nsll\l,li}z
36 1 76 975.9 0.9989 78.2 990.7 0.9907 2.2

0.9 74.4 961.3 0.9986 76.6 977.4 0.999 2.2

0.8 69.2 920.1 0.9984 73.2 952.0 0.9984 -4
9 0.8 72.3 871.1 0.9937 71.9 864.9 0.9875 0.4
4 0.8 77.5 843.2 0.9947 - - - -

As reflected in Table 5.1, for the same deposition charge of 36 mC/cm?, the decrease in the applied
potential leads to a decrease of the slope, which approaches the Nernstian value, and to a potential
shift to lower values. The decrease of synthesis charge, for the same potential pulse of 0.8 V vs. RRE,
leads to an increase of the slope.

Previously, an ellipsometric study determined that the deposition conditions affect the optical
properties of MnQO films [244]. As a consequence, it was decided to use ellipsometry to study the
effect of the applied potential on the optical parameters of the MnO, films and correlate it with its
potentiometric response as pH sensors. Figure 5.11 a) shows the ellipsometric parameters — Psi and
Delta — collected during the potentiostatic deposition of MnO; onto a stainless steel substrate at a
potential pulse of 0.9 V vs. RRE, for 25 minutes, in an aqueous solution with 0.3 M MnSO4 and 0.1
M LiClO4and Figure 5.11 b) shows the experimental ellipsometric parameters obtained for different
applied potentials — 0.7, 0.8, 0.9 and 1.0 V vs. RRE. The evolution of ellipsometric parameters
presents a similar behaviour for different potential pulses, with exception for 700 mV vs. RRE.

The measurement started from the ellipsometric parameters characteristic of bare substrate, which
depend on its nature and on the state of its surface (polishing degree and presence of contaminants).
Then, the ellipsometric parameters formed an almost closed loop that is characteristic of a slightly
light absorbing film. The growth of a transparent film produces a Psi-Delta loop that closes when the
product of film thickness and the cosine of the angle of refraction is equal to half the wavelength of
light in the film [244]. Finally, it continued spiralling rapidly inward toward a point as the film
become thicker, which is due to the small effect of the interference on the polarization of the reflected
light.
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Figure 5.11: Evolution of ellipsometric parameters during the potentiostatic synthesis of MnO; onto a stainless steel
substrate, with a potential pulse of 0.9 V vs. RRE for 25 minutes, in an aqueous solution of 0.3 M MnSO4 and 0.1 M
LiClOy (a) and ellipsometric parameters obtained for different applied potentials — 0.7, 0.8, 0.9 and 1.0 V vs. RRE.

Figure 5.12 presents the experimental values of Delta as a function of Psi and the computationally
simulated curves for the potentiostatic growths of MnO», for the different applied potentials, showing
the optical parameters and the respective thickness.

180
a) fl = 1.414 — 0.037j
t=1500s
160 - d-158+895nm
fl =1.492 —0.01j
140 t=242s R )
_ fl = 1.61 —0.145j
°: d=66nm o536
120 | d=23.5+66nm
e exp
100 layer 1
Layer 2
Layer 3
80 T T T T
20 30 40 50 60 70
w/°
260 4 ¢)
\ fi=1.77-0.11j
t=116s
210 1 d=131+45nm
o ® exp
=~ layer 1
< 160 - layer2 7=177—0.003;
t=19s
d=45nm
110 A
C_J
60 T T T T T T
20 30 40 50 60 70 80 90
w/°

180
160
140
o
= 120
<
100
80

60

260

210

110

60

b) fl = 1.492 — 0.096/
1 t=467s
d=135+50nm
fl =1.670 — 0.001j
i t=93s
d=50nm
exp
1 layer 1
layer 2
20 30 40 50 60 70 80 90
w /e
10 20 30 40 50 60 70 80 90
w/°

Figure 5.12: Experimental values of ¥ and A recorded during the potentiostatic growth of MnO; for the applied
potentials of 0.7 (a), 0.8 (b), 0.9 (c) and 1.0 (d) V vs. RRE and the respective simulated trajectory assuming the formation
of two distinct homogeneous layers: inner layer with green solid line, and outer layer with red solid line. Note that for the
film modified with 0.7 V vs. RRE it was necessary to consider a third one, with purple solid line, to obtain a good fitting.
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A three-phase model (solution, film and substrate) was used to simulate the growth of a single
homogeneous layer on the electrode surface. The procedure consists in determining the complex
refractive index of the film that produces the best adjustment between theoretical and experimental
ellipsometric curves — Delta vs. Psi. However, it was necessary to consider the formation of different
homogeneous layers to achieve a reasonable complete fitting of experimental data. Table 5.2
summarizes the simulated ellipsometric values of the MnO; films, for different growth potentials.

Table 5.2: Simulated ellipsometric parameters for different potentiostatic growths of MnQ.

0.7 VRrRE 0.8 VRrrE 0.9 VrrE 1.0 VRRE
Inner layer d /nm 66 50 45 35
1 1.492-0.010; 1.670-0.0015 1.770-0.003j;  1.840-0.004j
Rate of growth /nm s! 0.27 0.54 2.37 5.83
QOuter layer 1 1.410-0.037;  1.492-0.096; 1.770-0.110;  1.840-0.106j
Rate of growth /nm s! 0.11 0.36 1.35 3.68

As illustrated in the previous table, the increase of the applied potential leads to an increase of the
thickness, rate of growth and refraction index of the inner and outer layer. The increase of # can be
related to the increase of film density or to the change in the composition. The porosity is explained
by a more disorderly nucleation process for a greater deviation from the equilibrium potential, while
the composition may be related to the content of different manganese oxides. The second layer
presents a decrease in rate of growth and an increase of k£ comparing to inner layer. The slopes of the
calibration curves of the MnO> sensors are affected by the applied potential, which promotes the
formation of films with different porosity and thickness. The ellipsometric study confirmed the
formation of an inner more resistive MnOOH layer between the electrode surface and the manganese
compounds film, as reported by several authors [165,170,172].

The morphology of MnO; films grown potentiostatically for the applied potentials of 0.9 and 1.0 V
with a total charge of growth of 36 mC/cm?* was analysed by SEM and its images are shown in Figure
5.13. The increasing potential pulse leads to the formation of more compact films, which is in
agreement with ellipsometric results.

X o
SU-70 8.0kV 18.7mm x50.0k SE(M)

Figure 5.13: SEM images of MnO; films synthetized potentiostatically with an applied potential of 0.9 V (i) and 1.0 V (ii).

5.2. Iridium oxide

Electrochemically synthetized iridium oxide films are commonly divided according to the method
used for the growth. Anodic iridium oxide films (AIROF) are based on the anodizing of an iridium
substrate in an acid media, and can be carried out through cyclic voltammetry or a
galvanostatic/potentiostatic pulse. Electrodeposited iridium oxide films (EIROF) are grown from an
iridium compound solution by cyclic voltammetry and can be done on several substrates.
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In this work, the synthesis of IrOx was first done through the anodization of an iridium substrate by
cyclic voltammetry. The influence of some electrochemical growth parameters — scan rate and
number of cycles — in the potentiometric response as a pH sensor was studied. Based on literature
data, a scan rate of 50 mV/s was tested for 250 and 1500 cycles, and a scan rate of 3 V/s for 15000
and 60000 cycles. The response time of these sensors was too slow, which, together with the high
price of iridium substrate, led to the decision of finding a different approach. The alternative was a
film deposited from an iridium solution onto a stainless steel substrate. The iridium solution was
prepared according to Yamanaka method, as described in the experimental procedure. A first
experiment was conducted to determine the potential window and redox parameters of the
electroactive species present in the growth solution. The minimum anodic potential that allowed the
film growth, which can be seen by the continuous increase of redox peaks for successive cycles, was
around 700 mV vs. RRE. The potentiodynamic synthesis of IrOx with a scan rate of 50 mV/s, for 50
cycles, in the potential window of-0.3 to 0.7 V (vs. RRE) is represented in Figure 5.14 from the first
cycle, and then every 5™ cycle, until the 50"
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Figure 5.14: Cyclic voltammograms of potentiodynamic growth of IrOx with a scan rate of 50 mV/s for cycles, from the
first cycle, every 5 cycles, to the 50" and evolution of anodic peaks current density with number of cycles (inset).

The first cycle shows the capacitive response of the stainless steel substrate. Upon cycling, the cyclic
voltammogram starts displaying well-defined redox peaks of IrOx with increasing peak current and
a shift between cathodic and anodic peaks as the film gets thicker and more resistive. The peaks —
A/A’ and B/B’ — are commonly assigned to the redox couples Ir(II)/Ir(IV) and Ir(IV)/Ir(V),
respectively [142]. The film has a metallic bluish colour and presents good adhesion to the stainless
steel. The characterization of this modified electrode as a pH sensor is presented in Figure 5.15 a).
The potentiometric characterization started from pH 6 to 2, with unit change, and then reversed until
pH 13. Finally, an extreme variation in the pH value between 13 and 2 was tested. The respective
calibration curve is shown in Figure 5.15 b). Clearly, the IrOx sensor presents a fast and reversible
response, even for large pH variations between 13 and 2. It has a super-Nernstian slope of 72.9 mV/
pH unit. This IrOy sensor presented a promising potentiometric response for pH determination.
Having carried out this preliminary study on the electrochemical growth of IrOyx on stainless steel,
the next step was to study in detail the electrosynthesis of this pH sensitive material through different
electrochemical techniques and understand the influence of the main experimental parameters on the
potentiometric response of the modified electrodes.

71



0.6
0.5 4
04 1 "~.,. y = -0.0729x + 0.6162
0.3 4 R?=0.9977

0.2 A Y

0.1 - R

E vs. RRE /V
E vs. RRE /V

0.1 “a,

0.2 s,

-0.3 A
-0.4 T T T T T -0.4 T T T T T T

0 400 800 1200 1600 2000 0 2 4 6 8 10 12 14
t/s pH
Figure 5.15: Potentiometric characterization of modified electrode for pH detection (left) and corresponding calibration
curve (right).

5.2.1. Potentiodynamic synthesis

It was important to understand the influence of cyclic voltammetry growth parameters on the
electrochemical response of iridium oxide films, with special attention to their potentiometric
response as pH sensors. The most important experimental parameters of this electrochemical
technique that could affect the morphology and composition of such films are the anodic and cathodic
limits of the working potential window, the scan rate and the number of cycles. The growth solution
could also be changed in terms of its reagents concentration or even using a different source of
iridium ions. However, this growth solution was already object of several studies to understand the
purpose of each reagent and its optimum concentration in order to optimize the deposition. So, the
growth solution was not changed in this experimental study. As the peak current density is dependent
on the square root of the potential sweep rate, scan rate values were chosen in order to obtain an
integer value of their square root. The number of cycles was based on previous experiments, which
shown that growths with more than 100 cycles presented an iridium deposit on the resin surface
around the electrode, and with less than 20 cycles, the films were optically transparent. A Taguchi
Ly orthogonal array was applied in order to study the effect of the experimental parameters on the
potentiometric response of the IrOy films. Table 5.3 summarizes the experimental values under study
— scan rate, number of cycles and anodic potential limit — for each sample.

Table 5.3: Summary of growth parameters — scan rate, number of cycles and anodic limit — of each sample.

Sample v/mVs! N°cycles  Eanogic /V

1 16 20 0.75
2 16 50 0.80
3 16 80 0.85
4 49 20 0.80
5 49 50 0.85
6 49 80 0.75
7 100 20 0.85
8 100 50 0.75
9 100 80 0.80
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Figures 5.16 a)-i) present the cyclic voltammograms of each sample, and Figure 5.16 j) presents the

anodic peaks from 20™ cycle as a function of anodic limit and scan rate, in which it is possible to
observe that redox peaks A (at ca. -0.1 V vs. RRE) and B (at ca. 0.3 V vs. RRE) are related with the

growth experimental parameters. The ratio between the peaks intensities appears to be dependent on

the scan rate and on the anodic potential limit, as shown in Figure 5.16 j). The increase of the sweep
rate as well as the decrease of the anodic potential limit leads to a decrease in the ratio between peaks

B and A that is possibly due to the lower conversion of Ir(IV) to Ir(V). So, these experimental

conditions influence the quantity of different iridium oxides that constitute the modified electrodes.
The ratios between peaks A and B for each growth present a good reproducibility for several

repetitions with the same conditions.
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Figure 5.16: Cyclic voltammograms of each sample (a) to i)) and anodic peaks ratio from 20" cycle as a function of
anodic limit and scan rate (j).

The potentiometric characterization of sample 3, which is representative of all samples in terms of
response time and reversibility, and its calibration curve are represented in Figures 5.17 a) and b),
respectively.
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Figure 5.17: Potentiometric characterization of sample 3 (scan rate of 16 mV/s for 80 cycles with an anodic limit of 0.85
Vvs. RRE) from pH 13 to 2 (a), and the corresponding calibration curve with two pH regions (b).

The potentiometric response presents two regions in agreement with a previous study [259], in which
it was demonstrated through probe beam deflection that the potentiometric response of
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electrochemically grown iridium oxide films is divided in two regions: one below and another above
pH 4, which are dominated by the exchange of H" and OH’, respectively. The acid region (pH<4)
has a near Nernstian slope compared to the second one (pH>4), which presents a super-Nernstian
one. The time of response of these sensors is considered immediate taking into account that in the
first second of the potentiometric measurement the open circuit potential already represented more
than 98% of the final value.

The potentiometric parameters —slope and Escg-axis intercept — of all samples are summarized in
Table 5.4. Region 1 presents a near-Nernstian slope between -59.0 and -65.5 mV pH', while the
slope of region 2 is super-Nernstian (-79.0 to 81.0 mV pH™).

Table 5.4: Summary of potentiometric parameters —slope, E-intercept and coefficient of correlation of all
potentiodynamically grown samples for each pH region (1 and 2).

Sample Region 1 Region 2
Slope /mV pH! b /mVsce R? Slope /mV pH! b /mVsce R?
1 -61.1 583.2 0.9999 -79.7 673.6 0.9995
2 -62.7 627.9 1 -80.4 713.6 0.9994
3 -65.5 675.2 1 -81.0 751.4 0.9989
4 -60.7 601.4 1 -79.5 690.7 0.9995
5 -61.3 628.9 1 -80.7 720.5 0.9996
6 -62.1 599.0 1 -79.4 683.3 0.9994
7 -65.5 675.2 1 -81.0 751.4 0.9995
8 -59.0 565.8 0.9999 -79.0 661.4 0.9994
9 -61.8 611.0 0.9997 -79.3 697.0 0.9995

Calibration curve parameters of both regions present a strong correlation with the anodic limit of
film synthesis. Figure 5.18 a) and b) presents, respectively, slope and E-intercept of
potentiodynamically grown films with a scan rate of 16 mV/s, for both regions of pH, as a function
of the respective anodic limit of synthesis. The decrease of anodic limit leads to a decrease of slope
and a shift of E-intercept to lower potential values, for both regions. The anodic limit of
potentiodynamic depositions was already reported to influence the slope of the potentiometric
response due to a variation of the ratio between iridium oxides with different valance states [120].
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Figure 5.18: Potentiometric parameters — slope and E-intercept — of potentiodynamically grown films with a scan rate
of 16 mV/s, as a function of anodic limits of synthesis, for both pH regions

The electrochemical behavior of the potentiodynamically grown iridium oxide films was also
accessed through cyclic voltammetry. Figure 5.19 presents the potentiodynamic response of the
modified electrodes with different number of cycles (a) and different scan rates (b), with a scan rate
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of 50 mV/s in an aqueous solution of 0.1 M LiCLOs. The scans started from the cathodic limit with
anodic direction. The well-defined anodic peak between 0.55 and 0.6 V vs. SCE is related to the

Ir(IIT)/It/IV) reaction [260].
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Figure 5.19:Cyclic voltammograms of modified electrodes with different number of cycles (a) and different scan rates
(b).

The morphology of these films was studied by scanning electron microscopy. Figure 5.20 presents
SEM images of the different modified electrodes, where the number of cycles increases from left to
right (20, 50 and 100 cycles) and the scan rate increases from top to bottom (16, 49 and 100 mV s™).

N.C.

Figure 5.20: SEM images of the different modified electrodes potentiodynamically with increasing number of cycles in
each line and increasing scan rate in each row.
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Clearly, it is possible to visualize that the number of iridium oxide nuclei increases with increasing
number of cycles and lower scan rate. The nucleation process seems to be constituted by two stages.
First, there is the formation of a homogeneous layer on the substrate constituted by small nuclei of
iridium oxide with globular shape. This first dense layer presents some cracks that occur due to its
dehydration [179]. Then, there is the formation of big porous islands made up of globular iridium
nuclei, as can be seen by Figure 5.20. The formation of these aggregate structures was already
reported [144].

The EDS analysis identified the main elements present in the iridium oxide films. Figure 5.21 shows
a qualitative analysis of the sample 1 to the presence of iridium and oxygen and Table 5.5 presents
the mass percent analysis of each modified electrode.

Figure 5.21: EDS analysis to IrOx modified electrode to the presence of iridium and oxygen.

Table 5.5: Mass percent analysis of each sample.
Mass percent /%

Sample Ir Fe Ni Cr Si S
1 10.71 15 6131 925 1554 057 112
2 1846  3.89 5408 827 1376 075  0.79
3 2568 465 4851 748 1259 045  0.64
4 709 093 6437 952 1596 073 142
5 1225 212 5998 881 1521 056  1.07
6 2048 415 5119 859 1394 068 097
7 155 209 6499 1045 1562 034  0.79
8 305 454 6098 988 1476 035 0.7
9 485 86 5901 971 1435 041 047

The oxygen and iridium content increases as the nucleation process progresses. The increase of
growth potential sweep rate promotes the formation of films with higher content of iridium and lower
presence of oxygen. It would be expected a higher content of oxygen as well, due to the presence of
a higher number of iridium oxide nuclei. This can be result of a lower hydration state of iridium
oxides or to a lower oxidation state due to a higher content of Ir(IlI) than Ir(IV).

Table 5.6 presents the correlation coefficients between the growth parameters — scan rate, number
of cycles and anodic limit — and characterization parameters — slope and E-intercept for both
regions, charge density and relative amount of oxygen and iridium. The correlation was obtained
using the Taguchi method and the high correlation coefficients are represented in green. The
calibration curve is only affected by the synthesis potential window. The decrease in the anodic limit
leads to a decrease of the slope and a shift of the calibration curve to lower potential values. The
other growth parameters do not change the potentiometric response of the modified electrodes
because they only affect the film morphology (thickness and porosity) and the electrochemical
equilibrium for pH determination is a surface process between oxides with different valence states.
The anodic peak current densities of the modified electrodes decrease with higher synthesis scan rate
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and increase with the number of cycles. The electrochemical response depends on the number of
electroactive nuclei, which, in turn, increase with the number of deposition cycles and with a slower
sweep rate [143,261].

Table 5.6: Correlation coefficients between the growth parameters — scan rate, number of cycles and anodic limit —
and characterization parameters — slope and E-intercept for both regions, charge density and relative amount of oxygen
and iridium.

Scan rate  N°of cycles  Anodic limit

Slope 1 0.165 -0.142 -0.681
b1 -0.109 0.097 0.885
Slope 2 0.316 0.093 -0.854
b2 -0.110 0.072 0.922
Q -0.626 0.746 0.010

O /% -0.479 0.854 0.033
Ir /% 0.367 0.798 -0.082

To complete the study of potentiodynamic growth of IrOy films, ruthenium chloride was added to
the growth solution with the aim of obtain a slope closer to the Nernstian value, which is
characteristic of RuO; sensors [184,262]. Mixed iridium-ruthenium oxide films have been tested as
electrocatalyst for the oxygen evolution reaction [263] and as electrochemical capacitors [181].
Initially, the electrochemical growth of ruthenium oxide on stainless steel electrode, through cyclic
voltammetry, was studied to determine the redox peaks and the anodic potential value that allows the
electrodeposition of this oxide. The ruthenium oxide synthesis was done potentiodynamically in an
aqueous solution of 5 mM RuCl; and 0.1 M LiClOs4 with a scan rate of 50 mV/s for 65 cycles. The
potential window used was from -0.25 to 1.4 V (vs. RRE), with the scan starting from the cathodic
limit in anodic direction. Figure 5.22 presents the voltammograms of the first and last cycles (65™).
The anodic segment presents two well-defined peaks: one at about 1.1 V vs. RRE and a latter at about
1.3 V vs. RRE, which establishes the minimum potential value that allows the film to grow under
these conditions. In the case of the cathodic segment, the voltammogram presents two well-defined
peaks at about 0.6 and 0.1 V vs. RRE. The peak Bi/A; is attributed to deposition/conversion from
RuCls.xH>O to RuCly.nH,O, and the peak B,/A; is related to the conversion of Ru(OH)sCl,_s.nH,0
into the oxy-hydroxyl-ruthenium structure (Ru0,(OH),_,,-nH,0) and, therefore, is the essential
process for the hydrous ruthenium oxide deposition [264].
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Figure 5.22: Cyclic voltammograms of RuQ; synthesis with a scan rate of 50 mV/s, for 65 cycles, in an aqueous solution
of 5 mM RuCls and 0.1 M LiCIO,.

78



Then, the effect of adding different concentrations of RuCl; — 1, 5 and 10 mM — to the iridium
growth solution and the variation of the anodic limit of synthesis — 850, 900 and 950 mV vs. RRE
— on the potentiometric response of the potentiodynamically synthesized films was studied. Figures
5.23 a), b) and c) present the cyclic voltammograms of the growths with 1, 5 and 10 mM RuCls,
respectively, with a scan rate of 50 mV/s, for 50 cycles. The presence of 1 mM RuCls did not affect
the growth of the iridium film, which presents a potentiodynamic evolution similar to that of the
synthesis under the same conditions, but without ruthenium compound. The concentrations of 5 and
10 mM RuCl; inhibited the film growth rate, as given by the decrease of the peak currents in Figure
5.23 d). Redox peaks related to ruthenium oxide were not observed in any voltammogram. The
increasing concentration of ruthenium in the growth solution also increased the resistivity of the
films, as evidenced by the increasing potential difference between the redox peaks. The modified
electrode in the presence of 5 and 10 mM RuCl; were optically transparent, possibly due to the small
thickness of the obtained films. Regarding the films grown in the presence of 1 mM RuCls, they
showed the characteristic colour (metallic blue) of previously synthesized IrOy films.
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Figure 5.23: Cyclic voltammograms of potentiodynamic synthesis of IrOx with a scan rate of 50 mV/s for 50 cycles in the
presence of a) 1, b) 5 and c¢) 10 mM RuCls, respectively, and d) the evolution with number of cycles of current density of
first anodic peak of each synthesis.

Then, the modified electrodes were characterized potentiometrically for the determination of pH.
Figure 5.24 shows the potentiometric characterization and its respective calibration curve of the
modified electrode in the presence of 5 mM RuCl; with an anodic limit of 850 mV vs. RRE. The
modified electrode presents a potentiometric response with two different pH regions, as happened
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with the IrOx films presented before. The main pH region (13<pH<4) has an almost Nernstian slope
— 63.2 mV/pH — with a instantaneous time of response. However, the sensibility of the sensor
decreases in the acid zone (pH<4), which is possibly due to the oxidation of the modified electrode.
This region presents a sub-Nernstian slope of 40.7 mV/pH.
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Figure 5.24: Potentiometric characterization of modified electrode with a scan rate of 50 mV/s for 50 cycles for 5 mM
RuCl; (a), and the respective calibration curve (b).

The potentiometric parameters — slope, E-intercept and correlation coefficient — of the modified
electrodes in the presence of ruthenium chloride are summarized in Table 5.7. The synthesis with a
content of 1 mM RuCls, in addition to not affecting the cyclic voltammograms of growth, does not
change the potentiometric response of the modified electrodes, which remains similar to that of films
synthesized without the presence of ruthenium chloride. In the case of electrodes modified in the
presence of 5 and 10 mM RuCls, their potentiometric response presents a near-Nernstian slope that
decreases with the increase of the ruthenium content and with the increase of the anodic limit of
growth. The decrease in the slope of the calibration curve may be explained by the eventual co-
deposition of ruthenium oxide or with the decrease in the degree of hydration of the iridium oxides.
In addition, all the modified electrodes with the higher concentrations of ruthenium chloride
presented a worse potentiometric response in the acid region with a sub-Nernstian slope and an
unstable response in pH 2 buffer solution. The correlation coefficients of calibration curves decrease
with higher anodic potentials of synthesis.

Table 5.7: Summary of potentiometric parameters — slope, E-intercept and correlation coefficient — of modified
electrodes potentiodynamically in the presence of different ruthenium chloride concentrations.

[RuCli] /mM E./Vvs. RRE m/mV pH! b/mV vs. SCE R?
1 850 82.3 685.4 0.9995
900 82.5 856 0.999
950 82.4 857 0.9988
5 850 63.2 701.7 0.9989
900 56.6 656.2 0.9957
10 850 59.5 696.2 0.9977
900 57.3 738.1 0.9963

Finally, the electrochemical behaviour of the potentiodynamically modified electrodes in the
presence of ruthenium chloride was accessed by cyclic voltammetry in 0.1 M LiClO4 with a scan
rate of 50 mV/s, as represented in Figure 5.25. The scans started at the cathodic limit in anodic
direction. The capacitive response of the modified electrodes decreased with the increase in
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ruthenium chloride present in the growth solution, being coherent with the cyclic voltammograms of
the synthesis of these films, which showed a decrease in the current density for these conditions. The
anodic limit of synthesis has no influence on the electrochemical response of the modified electrodes.
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Figure 5.25: Cyclic voltammograms of the IrO films grown potentiodynamically in the presence of different ruthenium
chloride contents.

5.2.2. Potentiostatic synthesis

Moving on to the case of electrochemical synthesis through the application of a constant potential
pulse, the experimental parameters inherent to this technique are the magnitude of the applied
potential and the pulse time. The pulse can be singular or repeated several times. The potentiostatic
growth of IrOx films was studied through the application of a single anodic pulse and a double pulse
— anodic and cathodic. In the case of a synthesis with double pulse, in addition to the parameters
listed above, the number of pulses, the applied cathodic potential and the respective pulse time are
added.

5.2.2.1. Single pulse deposition

The study of the potentiostatic synthesis began with the analysis of a single anodic pulse for
depositing the iridium oxide film. The growth potentials were based on preliminary tests by cyclic
voltammetry, which showed that an anodic limit below 0.7 V (vs. RRE) did not allow the film growth
and films grown with an anodic limit higher than 0.9 Vrge presented a slow potentiometric response.
Figure 5.26 a) presents the current-time transients for different anodic growth potentials — 0.7, 0.75,
0.80, 0.85 and 0.90 V vs. RRE — for 60 seconds. Time-current transients show a characteristic
growth of a conductive film, as shown in Figure 5.26 b). Initially there is a sharp drop in current due
to double layer formation and to oxidation of electroactive species in solution (i) until a minimum of
current is achieved (ii), which indicates the beginning of the formation of the first nuclei onto
substrate surface. The nucleation process continues until substrate is completely covered (iii). Then,
the current falls slowly as the film thickness increases, indicating a diffusion-controlled process
[265]. As can be seen from Figure 5.26 a), the increase of the applied potential leads to faster
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nucleation processes due to the increase of rate of reaction, meaning that the ad-ions did not have
enough time to diffuse on the surface until finding the site thermodynamically more stable.
Consequently, it promotes the formation of more disordered and porous deposits [255].
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Figure 5.26: Chronoamperograms of IrOx growth for different applied potentials — 0.70, 0.75, 0.80, 0.85 and 0.90 V' vs.
RRE — for 60 seconds (a), and initial instant of growth with the pulse of 0.85 V enumerating the different stages of
nucleation process (b).

For potentiostatic conditions, the applied potential controls the constant rates of steady state
nucleation and of nuclei growth [99]. The nucleation process of this growth was checked through the
application of Scharifker model for instantaneous and progressive nucleation processes. An
instantaneous process is characterized by a constant number of nuclei rapidly formed, whereas for a
progressive process, the number of nuclei continues increasing with time. Figure 5.27 presents a non-
dimensional plot of (j/jma)* as a function of #/f. for the experimental and theoretical values of the
potentiostatic growth of iridium oxide at 0.9 V vs. RRE, which presents a maximum peak current of
2.99 mA cm™ that occured at 6.4 seconds.

1.2

Experimental

Instantaneous nucleation

Progressive nucleation

t/tmax

Figure 5.27: Non-dimensional representation of (j/jmax)’ as a function of t/tuax for the experimental and theoretical values
of the potentiostatic growth of IrOx for an applied pulse of 0.9 V vs. RRE.

From Figure 5.27 it is possible to visualize that until the growth stage iii), where the maximum peak
of current is reached, the nucleation process follows an instantaneous mechanism, which means that
the first nuclei grown above the substrate will evolve tri-dimensionally until the surface is completely
covered. The diffusion coefficient for the potentiostatic electrodeposition of iridium oxide at 0.9 V
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vs. RRE is 2.82 x 10 cm® s™! and was determined by applying Cottrell equation considering c,~4
mM, 4=0.0792 cm? and n=2.

The potentiometric characterization of the potentiostatically grown film at 0.9 V vs. RRE, which is
represented in Figure 5.28 a), was initiated at pH 13 decreasing unitarily until pH 2 — each level
represents a pH value. As can be seen from Figure 5.28, the modified electrodes are unstable in pH
below 4 — during characterization in pH 3 and 2, a sharp drop of open circuit potential occurred.
The potentiometric response showed a non-linear variation in the alkaline pH range above 10 and a
linear curve in the pH range 4 to 8-9. Sensors behaviour in alkaline media can be related to an
eventual gradual hydrolysis of iridium oxide to its hydroxides [266], which will promote a sluggish
response, and the time used in the potentiometric characterization was not enough to achieve
electrochemical equilibrium.
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Figure 5.28: Potentiometric characterization for pH detection of the IrO; film grown potentiostically at 0.9 V vs. RRE (a)
and its corresponding calibration curve (b).

The main potentiometric parameters for each potentiostatic growth are presented in Table 5.8. All
modified electrodes present a slope close to the Nernstian value, between 60.3 and 62.8 mV/pH unit,
which is characteristic of anhydrous or low hydrated iridium oxide films [151]. The increase of
applied potential leads to higher slope (super-Nernstian) and to a potential shift of calibration curve
to more negative values. The pH range achieved by potentiostatically synthetized iridium oxide
electrodes is within positive values of potential and limited between pH 9 and 4.

Another interesting observation is that iridium oxide films grown by single pulse
chronoamperometry were optically transparent, contrarily to potentiodynamically grown films that
presented a metallic bluish colour. This optical characteristic of electrochemically synthetized
iridium oxide films was already reported, which can vary from several shades of blue to colourless
transparent, depending on its oxidation state [141,267,268].

Table 5.8: Summary of potentiometric parameters — slope, E-axis intercept and correlation coefficient — of the IrO;
films grown potentiostatically for different applied potentials.

E./Vvs. RRE  Slope/mV pH! b /mVgre R?
0.70 -60.9 731.3 0.9975
0.75 -61.0 724.6 0.9973
0.80 -61.7 687.1 0.9976
0.85 -60.3 715.0 0.9969
0.90 -62.8 706.4 0.9993
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During the potentiometric characterization for very high pH, a spontaneous reduction of films was
evidenced by the potential shift to more cathodic values, revealing a hypothetical need to reduce the
films during the synthesis. In fact, the difference between potentiostatic and potentiodynamic
synthesis is the scanning at cathodic potentials.

For this reason, it was decided to study the application of a reduction potential pulse during synthesis
and its effect on the potentiometric response of such sensors.

5.2.2.1. Double pulse deposition

The most important experimental parameters of double pulse chronoamperometry are the anodic and
cathodic potentials — F,, E. — and their steps — t,, t, —, which can influence films composition
(different valence oxides ratio or hydrogen content) and morphology (structure and porosity)
[269,270]. Besides pulse parameters, growths through this technique can also be controlled with the
time of synthesis that is determined by the number of cycles. Among all growth parameters, it was
considered that pulse parameters have higher relevance, since the sensitivity of electrochemical
sensors based on an equilibrium between metal oxides with different oxidation states depends on the
ratio between those metal oxides and surface area of sensitive material [120]. Therefore, different
anodic and cathodic steps — 1, 4 and 9 seconds — and different anodic potentials — 0.75, 0.8 and
0.85 V vs. RRE— were studied for a constant cathodic potential — -0.3 V vs. RRE — and constant
total time of oxidation — 180 seconds — adjusted through the number of cycles. Table 5.9
summarizes the growth parameters for each sample.

Table 5.9: Experimental parameters of IrO, synthesis (E,, 4, T and number of cycles) for each sample. The cathodic
potential (E.=-0.3 Vrre) and total time of oxidation (180 s) were kept constant.

Sample Ea /VRRE ta /s te /s N° of cycles
1 0.75 1 1 180
2 0.75 4 4 45
3 0.75 9 9 20
4 0.80 1 4 180
5 0.80 4 9 45
6 0.80 9 1 20
7 0.85 1 9 180
8 0.85 4 1 45
9 0.85 9 4 20
10 0.80 1 1 180
11 0.80 4 4 45
12 0.80 9 9 20
13 0.80 1 9 180
14 0.80 4 1 45
15 0.80 9 4 20
16 0.85 1 1 180
17 0.85 4 4 45
18 0.85 9 9 20

Figure 5.29 shows the double pulse chronoamperogram with an anodic potential and step of 800 mV
(vs. RRE) and 1 second, respectively, and a cathodic potential of -300 mV (vs. RRE) with a step of
4 seconds. Time-current transients of iridium oxide synthesis by double pulsed potential method are
presented through the overlapping of successive cycles in order to easily visualize the evolution of
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current density in anodic and cathodic pulses. Anodic and cathodic transients present a peak of
current density at 0.2 and 0.1 seconds, respectively, which increases with successive cycles,
suggesting an increase of the number of iridium oxide nuclei.
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Figure 5.29: a) Current-time transients of double pulse growth with an anodic step of 0.8 Vgre for 1 second, and a
cathodic pulse of -0.3 Vrre for 4 seconds (180 cycles); b) evolution of the rate between redox peaks with the number of
cycles and redox peaks of the 20" cycle as a function of cycle time (sum of anodic and cathodic steps) as inset; c) detail

of anodic steps; d) evolution of anodic peak; e) detail of cathodic steps; and g) evolution of cathodic peak.

The evolution of anodic and cathodic peaks of sample 4 (Figure 5.29 b) suggests that the growth
presents three main stages. Until 5™ cycle, the oxidation peak increases with a higher rate than the
cathodic one, reaching a ratio j./j. of about 4. This behavior is attributed to the initial substrate
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coverage by the first iridium oxide nuclei until it gets a complete layer of deposit. Then, the
magnitude of the reduction rate increases until reaching the double of the magnitude of the oxidation
peak from the 40™ cycle until the end of electrodeposition. Redox peaks are mainly affected by the
pulse period (as shown in the inset of Figure 5.29 b) increasing linearly with the increase of the sum
of anodic and cathodic steps. The increase of cathodic peaks was 2.5 higher than the increase of
anodic peaks.

The electrochemical behavior of these modified electrodes was studied by cyclic voltammetry with
a scan rate of 50 mV/s in an aqueous solution of 0.1 M lithium perchlorate (supporting electrolyte)
and is shown in Figure 5.30. The scans started at the cathodic limit in the anodic direction. Iridium
oxide films presented a considerable capacitive response, as already reported [260].
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Figure 5.30: Cyclic voltammograms of electrochemical behaviour of double pulse modified electrodes, in an aqueous
solution of 0.1 M LiClO, with a scan rate of 50 mV s7!.

Cyclic voltammograms present a well-defined anodic peak at around 600 mV vs. SCE associated
with the Ir(III)/Ir/IV) reaction [260]. The decrease of anodic step for the same cathodic step leads to
a higher redox and capacitive response of iridium oxide films (Figure 5.30 a). The pulse frequency
also influences the electrochemical behavior of modified electrodes. The increase of pulse
discretization leads to higher anodic peak and capacitive response. From other side, the anodic
potential does not influence the electrochemical behavior of such films (Figure 5.30 b and d,
respectively). The dependence of the anodic peak at 600 mV vs. SCE on anodic and cathodic steps
of electrodeposition is shown in Figure 5.31. This peak increases exponentially with the increase of
the square route of cathodic step and with the decrease of anodic step used in the double pulse
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synthesis of iridium oxide films. The high correlation between the anodic peak of the electrochemical
response and the square root of the reduction time reveals the reduction is a fundamental process in
the growth of these films.
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Figure 5.31: Relation between the anodic peak of voltammetric characterization and the rate of anodic and cathodic
steps of electrodeposition.

Figure 5.32 a) and b) shows the potentiometric response of two representative samples grown with
step ratios of 1/9 and 4, and the calibration curve of the sample with t,/t.=1/9, respectively. Only the
sensors synthetized with a ratio t,/t.<0.5 presented a stable potentiometric response for pH 2, as
shown in Figure 5.32 (a), which can be seen by the continuous open circuit potential with time, for

pH 2 buffer solution.
0.7 0.7
a) 30 b)
0.5 4 0.5

0.3 A

E /V vs. SCE
o
=

E/V vs. SCE
o
[N

ta/tc=1/9
-0.1 A 0.1 4
12 ta/tc=1/9 e,
0.3 A ta/tc=4 03 J y =-0.0959x + 0.9156 ’-.,..
R? = 0.9998
_0.5 T T T T T _0.5 T T T T T T T T T T T T
0 200 400 600 800 1000 1200 123 456 7 8 91011121314
t/s pH

Figure 5.32: Potentiometric response of IrOx films grown by double pulse chronoamperometry with t,/t. of 4 and 1/9 (a)
and calibration curve of sample grown with t./t. of 1/9 (b).

The potentiometric response of these films presents 3 different pH regions. Several authors have
reported this behavior of electrochemically synthetized iridium oxide sensors [271]. The
potentiometric response of AIROF prepared by cyclic voltammetry in 1 M HClO4 was studied
through probe beam deflection presenting two regions: a pH<4 region dominated by H" exchange,
and a pH>4 region dominated by OH™ exchange [259]. These modified electrodes also present a
pH>11 region that present a super-Nernstian slope between 92.5 and 105.2 mVscg pH™' unit. Region
1 (pH<4) presents near Nernstian slopes that vary between 49.7 and 70.2 mVsce pH™ unit and region
2 (11>pH>4) has a super-Nernstian slope between 69.6 and 78.7 mVsce pH™' unit. Table 5.10
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summarizes the potentiometric parameters of each pH region for all samples. The existence of
different pH regions in the potentiometric response of the IrOx electrodes may be related to the
different content of oxides with different valence states.

Table 5.10: Summary of potentiometric parameters —slope, E-intercept, and correlation coefficient — for each pH
region (1, 2 and 3) of all samples.

Region 1 Region 2 Region 3
slope /mV b 2 slope /mV b 2 slope /mV b 2

Sample pH! /mVsce R pH! /mVscg R pH! /mVscg R

1 -62.5 589.1 1 -74.1 641.7  0.9991 -92.5 847.8  0.9997

2 -58.3 599.7  0.9993 -75.5 673.8  0.9994 -94.5 888.1  0.9998

3 -60.4 605.2 1 -75.8 674.0  0.9992 -94.1 877.9  0.9999

4 -68.2 6009  0.9999 -71.9 621.8  0.9981 -93.2 856.4  0.9999

5 -63.7 624.9 1 -74.8 6754  0.9991 -95.4 906.0 1

6 -56.3 761.8  0.9999 -72.6 824.2  0.9989 -94.1 1069.2  0.9996

7 -70.2 6403  0.9999 -71.9 650.5  0.9985 -95.9 915.6  0.9998

8 -49.7 687.2  0.9897 -76.7 797.7  0.9996 -99.3 10552 0.9997

9 -56.8 6649  0.9985 -78.7 755.4  0.9998 -100.3 1004.8 1

10 -60.7 616.1 1 -75.3 678.4  0.9996 -100.8 975.6  0.9996

11 -60.0 622.9 1 -75.9 691.1  0.9996 -101.9 993.5  0.9998

12 -57.0 599.1 1 -75.5 677.0  0.9997 -101.9 983.2  0.9997

13 -69.5 584.2  0.9999 -69.6 588.3  0.9982 -98.4 913.1  0.9998

14 -60.1 704.4  0.9998 -78.0 778.7  0.9994 -105.2 1098.7 1

15 -62.0 669.4  0.9993 -77.4 7383  0.9996 -104.2 1053.7 1

16 -60.8 649.4 1 -77.0 717.6  0.9995 -103.3 1027.8 1

17 -57.1 632.7  0.9984 -76.4 712.0  0.9996 -102.6 1021.7 1

18 -59.3 631.9  0.9999 -76.0 702.0  0.9994 -104.1 1031.1 1

As only sensors synthetized with a ratio ¢,/t,<0.5 presented a stable potentiometric response for pH
2, more points were studied within this ratio with different anodic and cathodic time pulses — 0.5
and 16 seconds, respectively.

In order to obtain the individual contribution of anodic and cathodic steps, experiments were
conducted maintaining constant the total time of oxidation and also the anodic and cathodic potentials
at 800 and -300 mV vs. RRE, respectively. Figures 5.33 a) and b) show the dependence of slope and
E-intercept, of region 2, on anodic and cathodic steps.
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Figure 5.33: Potentiometric parameters — slope and E-intercept — for region 2 as a function of anodic and cathodic
steps.
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The decrease of the anodic step leads to near-Nernstian slope and a shift of the calibration curve to
more negative potentials. The decrease was verified either by keeping constant the cathodic step and
decreasing the anodic step or by fixing the anodic step and increasing the cathodic step (time of
cathodic polarization). Similarly, the anodic step constant, higher cathodic steps have the same effect
as with a decrease of anodic time. Therefore, the potentiometric response of iridium oxide films
depends on a compromise between anodic and cathodic steps.

Figure 5.34 presents the potentiometric parameters of region 2 as a function of the ratio between
anodic and cathodic steps (a and b) and as a function of the total time of reduction (c and d). The
slope and E-intercept for the medium pH level present a logarithmic correlation with the ratio ¢,/t,
in which an increase of the ratio, due to anodic step increase or to cathodic step decrease, leads to
more super-Nernstian slope (Figure 5.34 a) and to a potential shift of the calibration curve to more
positive values (Figure 5.34 b). This correlation is even stronger for #./f. <1. Since the total oxidation
time is fixed for all the samples (180 seconds), it is natural to have a considerable correlation between
E-intercept and the total reduction time.
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Figure 5.34:Potentiometric parameters — slope and E-intercept — for pH region as a function of the rate of anodic and
cathodic steps (a and b, respectively) and total reduction time (c and d, respectively).

In line with previous results from the first sensors, new modified electrodes with a ratio #./¢. equal or
less than 0.5 continue showing a stable response for pH values lower than 4, as shown in Figure 5.32
a). Besides the higher stability in the acid range, modified electrodes within this ratio also present a
homogeneous bluish colour. Figure 3.35 a) and b) presents the slope and E-intercept, respectively,
of all samples for each pH level as a function of #./¢.. Potentiometric parameters of levels 1 and 2
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intercepts at values of #/t. equal to 0.1 and, therefore, modified electrodes with these particular
growth conditions present a calibration curve with only 2 levels: a pH>11 region with a slope of
about 100 mV/pH unit, and a pH<11 level with a slope between 66 and 70 mV/pH. The increase of
frequency pulse with higher cathodic and lower anodic steps leads to an improve of potentiometric
response of double potential pulse synthetized iridium oxide films.
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Figure 5.35: Potentiometric parameters — slope and E-intercept — of each pH region as a function of t,/t. (a and c,
respectively) and detail of interception of slope and E-intercept of region 1 and 2 (c and d, respectively).

The effect of different anodic potentials of synthesis —0.75, 0.80 and 0.85 Vrrg — on the
potentiometric response of iridium oxide films for pH detection was also studied for different pulse
period (sum of anodic and cathodic steps) — 2, 8, and 18 —, as shown in Figure 5.36.

The influence of anodic potential on the potentiometric response of iridium oxide films increases for
higher pulse frequency growths. Just as was the case with the single pulse potentiostatic growths, the
increase of oxidation potential leads to the formation of more hydrated iridium oxide films presenting
a potentiometric response with a higher slope (super-Nernstian) and a shift to more positive open
circuit potentials.

The IrOx films synthesized in a double pulse potentiostatic regime showed a linear response in the
pH region between 10 and 2, while potentiodynamically grown sensors exhibit a linear response in
the pH region between 13 and 5. Consequently, IrOx sensors synthesized by cyclic voltammetry are
more suitable for application in an environment such as the pore solution of a cementitious material.
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Figure 5.36: Potentiometric parameters — slope and E-intercept — for pH region 2 as a function of anodic potential —
750, 800 and 850 mV vs. RRE — for synthesis with different pulse frequencies — 1/2, 1/8 and 1/18.

5.2.3. Stability study

With the aim of studying the influence of electrodes aging on their potentiometric response, 4 sensors
were prepared by cyclic voltammetry with a scan rate of 50 mV s for 50 cycles in the potential
window of -0.3 to 0.8 V (vs. RRE). After the growth, modified electrodes were immediately
characterized potentiometrically (day 0) and then they were stored in different environments — air,
buffer solutions with pH 4, 7 and 11. Figure 5.37 a) and b) shows, respectively, the potentiometric
response of the sensors stored in pH 4 buffer solution and in air immediately after their synthesis
(day 0) and after 262 days of storage. The response time of the sensor immersed in buffer solution
with pH 4 was slightly affected as the film degraded. In the measurement carried out on day 262, it
was evident that most of this IrOy film was removed from the substrate and, consequently, the
potentiometric response of the electrode was dominated by the stainless steel. In the case of the
electrode stored in air, after 262 days, the potentiometric response showed a shift towards more
negative potentials but remained fast and reversible for the pH range between 13 and 2.
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Figure 5.37: Evolution of the potentiometric response of the IrOx electrodes after 204 and 262 days of immersion in pH 4
buffer solution (a) and after 262 days stored in air (b).
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Figure 5.38 shows the evolution of calibration curve parameters with time of storage in the different
media. The storage environment influences the potentiometric response of iridium oxide films. The
slope of region 1 is slightly affected by different storage media, which present a maximum variation
of 3 mVscg for 85 days of storage in buffer solution with pH 4. The media — air, pH 7 and 4 —
promote a shift of both regions of the calibration curve to more negative values and decreases its
slope, while an alkaline media — pH 11 — leads to a shift in the opposite direction and to a higher
slope. The variation due to the storage in an alkaline environment was already reported, but without
suggesting an explanation for this behavior [120]. The potentiometric response in the acid region
(pH<4) of the electrode stored in pH 4 buffer solution began to degrade between the 50™ and 100™
days of immersion, which was evidenced by the decrease of the slope in region 1. The variation of
calibration curve parameters is higher in the first 50 days of storage and then start to stabilize with
time.
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Figure 5.38: Evolution of potentiometric parameters — slope and E-intercept — for pH regions 1 and 2, with aging in
different environments — air, pH 4, 7 and 11.

Even after about 37 weeks, all modified electrodes, with the exception of the one stored in buffer
solution with pH 4, continued to show an immediate and reversible potentiometric response. The
electrode stored in buffer solution with neutral pH exhibited the smallest variation of potentiometric
parameters with aging.
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5.3. Polypyrrole

The last material that was tested as a pH sensor was polypyrrole. Initially, a potentiodynamic growth
was performed in order to determine the potentials range at which there is oxidation of the monomer
in solution, without reaching a potential that could lead to an over-oxidation of the conducting
polymer. The potentiodynamic growth of the polypyrrole film on a platinum electrode in a solution
of 0.1 M Py and 0.1 M LiCIO4 with a scan rate of 50 mV/s, for 10 cycles, is represented in Figure
5.39. The current density corresponding to the oxidation of the monomer increases with successive
cycles, due to the easier nucleation on the polymer itself than on the substrate. The current densities
corresponding to the reduction (undoping) and oxidation (doping) of the polymer increase as the
number of cycles increases due to the increase of the number of active nuclei adsorbed on the working
electrode. In addition, the distance between the redox peaks increases as well due to the increase of
film resistivity, which is mainly related with the ionic mobility within the polymeric matrix.

The synthesis of the films was carried out through a potentiostatic regime in an aqueous solution of
0.1 M Py and 0.1 M LiClQq, for different applied potential pulses — 0.70, 0.65 and 0.60 V vs. SCE
—, with a total synthesis charge of 1 mC. After synthesis, the conducting polymers were discharged
in an aqueous solution of 0.1 M LiCIO4 for 10 s with an applied cathodic potential of -0.4 V vs. SCE.
Figure 5.39 b) presents the current-time transients of film growth.
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Figure 5.39: Cyclic voltammogram of the potentiodynamic synthesis of polypyrrole on platinum in an aqueous solution of
0.1 M Py and 0.1 M LiCIO4 with a scan rate of 50 mV/s for 10 cycles (a) and potentiostatic synthesis of polypyrrole for
different applied potentials — 0.60, 0.65 and 0.70 V vs. SCE — for a synthesis charge of 1 mC (b).

From the growth transients it is possible to identify the different stages of the electropolymerization
process. Initially, there is an abrupt decrease in the current density caused by the formation of the
double layer and the oxidation of monomers and consequent formation of oligomers. When the
oligomer chains become insoluble in solution, they start to precipitate on the substrate surface, the
current density reaches a minimum value. At this point, the growth of polymeric nuclei starts, causing
a gradual increase in the current density, as the nucleation process progresses. Finally, the current
density reaches a plateau varying slightly due to the fact that the inner layer is more compact and the
increasing thickness difficult the doping ions diffusion within the polymeric matrix. From the
chronoamperograms of PPy synthesis for different oxidation potentials, it is observed that the
increase of the applied potential leads to a faster growth of the film. Both the process of double layer
formation and nucleation occur faster. Polypyrrole films grown on platinum present a greenish
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colour. In addition to the oxidation potential, the effect of different synthesis charges on the
potentiometric response of modified electrodes was also studied.

The potentiometric characterization for pH determination of the modified electrode for an applied
potential of 0.65 V vs. SCE with a total synthesis charge of 1mC, and its calibration curve, which are
representative of all samples, are shown in Figure 5.40 a) and b), respectively.
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Figure 5.40: Potentiometric characterization of potentiostatically grown polypyrrole film with an applied potential pulse
of 0.65 V vs. SCE for a total synthesis charge of 1 mC, and its calibration curve.

The modified electrodes show a slow response in the region of pH above 11 and have a detection
limit below pH 5. However, these films present a fast and stable response in the pH region between
11 and 5 with a sub-Nernstian slope between 53.7 and 56.9 mV/pH. Table 5.11 presents the
calibration curve parameters — slope and E-intercept — for the potentiostatically grown polypyrrole
films.

Table 5.11: Summary of calibration curve parameters — slope, E-intercept and correlation coefficient — for the different
potentiostatic synthesis of polypyrrole.

E/Vvs.SCE _ Q/mC___ m/mV pH! b/mV vs. SCE R’
0.6 1 56.9 503.6 0.9994
0.65 0.5 56.5 534.4 0.999
1 56.2 5353 0.9993
53.7 493.4 0.9991
0.7 1 53.7 522.3 0.9994

The increase of the applied potential pulse, as well as the total charge of synthesis, decreases the
slope of the calibration curve.

Finally, the modified electrodes were characterized electrochemically through cyclic voltammetry in
an aqueous solution with the same supporting electrolyte used for the synthesis of the films (0.1 M
LiClO4) with a scan rate of 50 mV/s. The cyclic voltammograms of polypyrrole films grown for
different oxidation potentials, which are represented in Figure 5.4, present well-defined anodic and
cathodic peaks at 0.22 and. -0.12 V wvs. SCE. The oxidation potential does not affect the
electrochemical behaviour of the modified electrodes. On the other hand, the increase in the total
synthesis charge leads to an increase in the irreversibility of the electrochemical response of the
modified electrodes, which is evidenced by the increase in the distance between the redox peaks. The
increase in the current density is due to the greater thickness of the film and, consequently, to the
higher number of active nuclei.
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Figure 5.41: Electrochemical characterization of potentiostatically grown polypyrrole films for different applied
potentials (a) and for different total charge of synthesis (b).

Polypyrrole films presented an acceptable potentiometric response for the pH region between 11 and
5, but as the response for the alkaline region is too slow, these modified electrodes are not suitable
for application in cementitious materials.

5.4. Conclusions

For the determination of pH, metallic oxides and a conducting polymer (PPy) were tested. Regarding
metallic oxides, several materials were studied: MnQO;, IrOyx and IrOyx + RuOa.

MnO; films potentiodynamically synthesized on stainless steel 316L with a growth solution based
on the literature showed poor adhesion to the substrate, regardless of the experimental parameters
used (scan rate, number of cycles and anodic limit).

The adhesion was successfully achieved through the growth of an intermediate Ni layer. The MnO,
film grown on the Ni layer by cyclic voltammetry presented a stable and immediate potentiometric
response in the pH region between 6 and 12, with a super-Nernstian slope of 71.7 mV/pH.

A new growth solution with 0.1 M LiClO4 as supporting electrolyte was tested to avoid the time-
consuming and costly pre-treatment. The adhesion of the MnO, films presented a substantial
improvement. The MnO- sensors were synthesized potentiodynamically and presented a stable and
reversible potentiometric response with a slope of 61 mV/pH.

The results of the different experimental conditions of potentiodynamic synthesis of MnO; films
suggested a relation between the oxidation time and the potentiometric response (reversibility and
time of response). Consequently, the potentiostatic growth of MnO; films was studied for different
applied potentials and pulse times. The decrease in the applied potential and the increase in the pulse
time leads to a decrease in the slope of the calibration curve of the modified electrodes to values
closer to the Nernstian.

The synthesis of MnO; films for different applied potentials was followed by in-situ ellipsometry.
The evolution of ellipsometric parameters was similar for the different potential pulses, with
exception of 0.7 V vs. RRE, suggesting that the nucleation mechanism is not affected by the applied
potential. The Psi-Delta values formed an almost closed loop, which is characteristic of a slightly
light absorbing film. The formation of two homogeneous layers was considered to achieve a
reasonable complete fitting of the experimental data. Initially, an inner more resistive MnOOH layer
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between the electrode surface and the manganese compounds film was formed. The increase of the
applied potential leads to an increase of the thickness, rate of growth and refraction index of both
layers (inner and outer). The increase of refractive index is related to the increase of film density.
The outer layer presented a slower rate of growth and a higher conductivity compared to the inner.
The film conductivity is related to its extinction coefficient.

MnO,, despite not having been widely explored by the scientific community as a pH sensor, showed
a relevant potentiometric response. In addition, this material represents a low-cost and simple
synthesis alternative for pH determination.

IrOx films produced with the Yamanaka solution were studied in detail. The electrochemical
synthesis was performed by cyclic voltammetry, potentiodynamic and potentiostatic methods.

The cyclic voltammogram of IrOx presented two well-defined redox peaks, A and B, related
respectively to the redox couples of Ir(II)/Ir(IV) and Ir(IV)/Ir(V). The increase of the scan rate as
well as the decrease of the anodic limit led to a decrease in the ratio between peaks B and A. The
potentiometric response of the IrOyx films presented two pH regions: one below pH<4 with near-
Nernstian slopes, between 59.0 and 65.5 mV/pH unit, and another for pH>4 with super-Nemnstian
slopes (between 79.0 and 81.0 mV/pH unit). The response was fast and stable over the entire tested
pH range (13-2).

Decreasing the anodic limit of the potentiodynamic synthesis led to a decrease of the slope and a
shift of the calibration curve to lower potential values, in both pH regions. The scan rate and number
of cycles did not affect the potentiometric response.

The capacitive response of IrOy films is correlated with the number of iridium oxide nuclei. Both
increased with lower scan rate of deposition and higher number of cycles.

The nucleation presents two stages. First, there is the deposition of a homogeneous layer composed
by small IrOx nuclei, followed by the formation of large porous islands made up of round nuclei
formed above the first layer.

The study of potentiodynamic synthesis of IrOy films included the influence of RuCls in the growth
solution. A concentration of 1 mM RuCl; showed no effect. Concentrations of 5 and 10 mM RuCls
decreased the rate of film growth and increased the film resistivity. Their potentiometric response
presented a near-Nernstian slope between 56.6 and 63.2 mV/pH that decreased with higher ruthenium
content and with higher anodic limit of growth. The capacitive response of the modified electrodes
decreased with the increase in ruthenium in solution.

The potentiostatic growth of IrOx films with a single anodic pulse followed an instantaneous
mechanism of nucleation, increasing for higher applied potentials. The increase of the applied pulse
intensity led to higher slopes and to a shift of the calibration curve to lower potentials. The
potentiometric response was slow and unstable, with an almost Nernstian slope between 60.3 and
62.8 mV/pH.

In the potentiostatic growth with double potential pulse (anodic and cathodic), the anodic and
cathodic peaks were mainly affected by the pulse period, presenting a linear increase with increasing
growth period (sum of anodic and cathodic steps).

The capacitive response increased with lower anodic pulse time (for the same cathodic pulse time
and total time of oxidation) and with higher cathodic pulse time (for the same anodic pulse time).
The anodic potential did not affect the capacitive response.

The well-defined peak at 0.6 V vs. SCE in the characterization voltammogram increases
exponentially with the increase of the square route of cathodic step and with the decrease of anodic
step that were used in the double pulse synthesis of IrOy films.
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The potentiometric response of films grown by double pulse chronoamperometry presented 3
different linear pH regions with different slopes: one below pH<4, another between pH 4 and 11 and
a third above pH 11.

Finally, potentiostatically grown polypyrrole films were tested for pH determination. The increasing
applied potential pulse, as well as the total charge of synthesis, leads to slope decrease to more sub-
Nernstian values. PPy sensors present a linear pH region between 11 and 5.

The IrOy films synthesized by double pulse chronoamperometry showed a linear response in the pH
region between 10 and 2, while potentiodynamically grown sensors exhibit a linear response in the
pH region between 13 and 5 being, therefore, more suitable for application in concrete.

To finalize the experimental work of IrOyx sensors, the effect of storage of potentiodynamically
produced sensors was investigated in air and in buffer solutions with pH 4, 7 and 11. The variation
of potentiometric parameters was higher in the first 50 days and then started stabilizing with time.
The buffer solution with pH 4 led to the dissolution of IrOx film after 200 days of immersion. The
other electrodes continued showing a fast and stable response after 262 days of test. The electrode
stored in buffer solution with neutral pH showed the smallest variation of slope and E-intercept.
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CHAPTER 6 Mortar monitoring

The present chapter describes the application of the sensors developed in the previous chapters to
monitor the chloride penetration and the pH variation of the pore solution in mortar samples. The pH
variation was studied in cases of carbonation and acid attack of cementitious materials. To
complement the investigation, iron electrodes were also embedded in mortar samples with the same
arrangement as the sensors to simulate steel reinforcement, and their electrochemical state was
monitored. Initially, the sensors and the iron electrodes were tested in solution to understand their
behaviour in simulated conditions. At the end of the experiments, the mortar samples were sectioned
and ground to be analysed by XRD and, in the case of samples subjected to chlorides, to determine
the chloride content through a commercial sensor.

6.1. Passivation of iron rebar

The growth of the passive film on the surface of the iron reinforcement is studied through EIS and
in-situ ellipsometry to understand the electrochemical state of the iron electrodes at the beginning of
the tests with the mortar samples.

Before starting the experiments with the electrodes embedded in the hardened mortar, it was
important to understand their behavior in simulated solution conditions, both for the initial
conditioning of the iron electrodes during the period from the mortar samples casting until the
beginning of the acid attack, as well as for the exposure of the electrode to sulfuric acid. An iron
electrode was immersed in in an aqueous solution of NaOH 0.1 M with a pH of 12.9 until its OCP
reaches a plateau, as shown in Figure 6.1.
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Figure 6.1: Evolution of open circuit potential of the iron electrode immersed in 0.1 M NaOH (a) and Bode diagram of
electrode impedance after 92 hours of immersion (b).

The immersion in a very alkaline medium promotes the formation of a passive layer, which is a slow
process that takes almost 4 days until its OCP starts to evolve slowly. The most significant variation
occurs in the first 3 hours and then the passivation process proceeds more slowly as the film gets
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thicker. Figure 6.1 b) shows the impedance of the iron wire in the passive state, after 90 hours of
immersion in NaOH 0.1 M, which presents a capacitive response at lower frequencies due to the
passive layer formed during immersion in the alkaline solution.

The initial stage of the passive layer growth on a steel electrode was also followed by in-situ
ellipsometry. The ellipsometric measurements with a frequency of a point per minute were
immediately started after the immersion of the electrode. The variation of ellipsometric parameters,
which is presented in Figure 6.2 a), was very small suggesting a very low change of the electrode.
The Psi and Delta presented a variation of 0.2° and 2°, respectively, for about 16 hours of immersion.
Due to this small variation, it is necessary to fit simultaneously the time evolution of the ellipsometric
parameters and the delta as a function of psi in order to achieve reliable results. The initial decrease
of Psi until reaching a minimum has been reported to be a typical behaviour of most metal and
semiconductor surfaces during the initial stages of oxidation due to oxygen incorporation [272]. The
decrease of Psi may be related to the initiation of metal oxide islands formation due to adsorbed OH
until reaching a minimum, which can be related to the full coverage of substrate surface [273].
Figure 6.2 b) presents the ellipsometric values of delta as a function of psi and the computationally
simulated curves for the growth of the passive layer on steel. As can be seen in Figure 6.2 b), to
achieve a reasonable and complete fitting of the experimental data it was necessary to consider the
formation of three distinct and homogeneous layers. The process of island formation began
immediately after immersion and the first oxide layer was formed in about 15.5 minutes, showing a
higher porosity (space between nuclei) than the substrate that is expressed on the low refractive index
(n=1.43), which is close to the solution refractive index (n,=1.335). The extinction coefficient
(k=0.108) still has a strong influence of the substrate — & is higher than the subsequent layers but
lower than the substrate (Ksc.=3.856).
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Figure 6.2: Evolution of the ellipsometric parameters — ¥ and A — during 1000 minutes of immersion of the steel
electrode in 0.1 M NaOH (left) and experimental values of A as a function of ¥ collected during the natural growth of a
passive layer on the steel surface and simulated trajectory generated by assuming the formation of two distinct layers
after the initial molecular adsorption on steel surface.

The subsequent layers (intermediate and outer) are more porous (lower n) and very resistive (low k)
reaching a thickness of 11.5 and 16.1 nm, respectively. The outer layer is more porous than the
intermediate (lower ) and slightly less resistive (high k). The total thickness that the film reaches in
16 hours of immersion is about 28.8 (1.2+11.5+16.1) nm. The determined optical parameters are in
agreement with other studies [273,274]. The refractive index of the inner layer — 1.43 — is attributed
to Fe(OH), formation [273]. The intermediate and outer layer was suggested to be composed by a
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porous film of iron hydroxides filled with sodium hydroxide. The lower refractive index of outer
layers was explained by the formation of colloidal particles of iron hydroxide with electrolyte
incorporated, which leads to slightly different optical properties of the film [274]. The schematic
representation of the different layers that make up the grown film is shown in Figure 6.3.

Fe(OH),
n=1.43-0.108;j
Steel n=1.35-0.001j n=1.34-0.004j
11.5 nm 16.1 nm
1.2 nm

Figure 6.3: Schematic of simulated formation of three distinct and homogeneous layers during steel passivation.

6.2. Chloride penetration

In this section, the process of penetration of chlorides in cementitious materials was studied, with
and without an additive (LDH) with the hypothetical ability to capture chloride ions [75], using
sensors embedded in the samples at different depths (Fig. 3.2). In parallel, mortar samples exposed
to chlorides, with different immersion times, were analysed by XRD and their total chloride content
was determined by a commercial sensor. In addition, the electrochemical state of embedded Fe
electrodes simulating the steel rebar was also studied during the exposure to the chloride medium.

6.2.1. Synthesis and characterization of sensors

The growth of Ag/AgCl films was performed galvanostatically according to the range of values of
the best conditions previously established, with a pulse of 2 mA/cm?” for 30 minutes in a 0.1 M HCI
solution. The E-¢ transient and the calibration curve are presented in Figures 6.4 a) and b).
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Figure 6.4: a) Potential-time transient of Ag/AgCl electrode synthesis with a current density pulse of 2 mA cm™ for 30

minutes in a 0.1 M HCI solution and b) the calibration curve of the modified electrode.
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The calibration curve presents a sub-Nernstian slope of 53.2 mV/pH, which is possibly due to the
number of micro-channels formed in the film of silver chloride and to film thickness, which limit the
ionic transport until the interfacial region between silver and silver chloride.

Finally, the sensors were grouped on 8-electrode combs with a spacing of 5 mm between each wire.
The combs were positioned in the centre of the mortar sample with the outer sensor at 5 mm from
the mortar surface, as shown in Figure 3.2.

6.2.2. Response of the sensors

The signal acquisition of each chloride sensor was started immediately after the total immersion of
the mortar samples in 3.5% NaCl solution and the open circuit potentials were converted to pH from
the calibration curve of each sensor, as shown in Figure 6.5. Two mortar samples with different
compositions were tested: one with LDH-NO, (which has the hypothetical ability to capture chlorides
[75]) and another without this additive (referred as reference sample).

The sample with LDH showed an evolution of the concentration of chlorides as a function of depth
much slower than the reference — after 20 days of immersion, only the sensor at 5 mm detected the
arrival of chlorides, while in the case of the reference, chloride was already being detected at a depth
of 20 mm. The slower ingress of chlorides into the sample with LDH may be due to the capture of
chlorides through ionic exchange by the LDH. Recent work has shown that extremely alkaline
environments lead to partial dissolution of LDH and preferential ionic exchange of hydroxide ions
[275]. An alternative reason for the lower ingress of chlorides in LDH containing samples is a
decrease of porosity induced by the presence of LDH particles, or if LDH is partially dissolved, by
the formation of Friedel’s salts with aluminium ions from the dissolved LDH and chloride from the
pore solution, with the consequent decrease of free chloride ions.

The evolution of the chloride content in the reference sample presented two main stages. Initially,
chloride penetration was governed by the diffusion process, with a gradual increase in chloride
content as a function of depth. On the 40" day, there was the formation of a crack parallel to the
sensors, which caused the permeation of solution leading to a rapid increase in the chloride content
and reaching a greater depth of chloride arrival. The crack may be caused by the arrangement of the
embedded wires.
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Figure 6.5: Response of embedded Ag/AgCl sensors at different depths — 5, 10, 15, 20, 25, 30 and 35 mm — in mortar
samples without (a) and with LDH (b) and detail of the main moments of penetration of chlorides in the sample without
LDH (c and d).

6.2.3. Destructive analysis of mortar samples

In parallel with the monitoring with Ag/AgCl sensors, chemical analysis was also conducted on

mortars samples, from the same batch, after 0, 6, 16 and 65 days of immersion. After removing the
samples from solution, a core was extracted through a dry cut (see Fig. 3.2). Afterwards, this core

was sliced into 5 mm sections, which were ground and then diluted in distilled water. The chloride
content present in each solution was measured potentiometrically with a chloride ion selective

electrode (Mettler Toledo). Figure 6.6 presents the evolution of chloride content per kg of mortar as
a function of depth of samples with (b) and without LDH (a). The chloride content is presented in

relation to the mortar mass.
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Figure 6.6: Depth profile evolution of chloride content in mortar samples without (a) and with LDH (b) obtained by

destructive analysis.

After 65 days of immersion, the samples with LDH presented 3.8, 2.7 and 0.7 g of chloride per kg
of mortar, at depths of 2.5, 7.5 and 12.5 mm, respectively. The reference samples only contained 2.1,
1.4 and 0.4 g of chloride per kg of mortar, for the same depths. Contrary to what one would expect,

the sample with LDH presented higher chloride content than reference, which can be explained by
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the removal of chloride ions from the pore solution through capture by LDH or through the formation
of Friedel salts. The removal of chlorides from solution leads to an increase in the bound chlorides
content, which in turn will lead to an increase in the total amount of chlorides (free and bound
chlorides). Interestingly, the samples have a similar maximum penetration depth — about 15 mm —
after 65 days of immersion, which suggests a similar progression of liquid through the pore network
in both samples (with and without LDH).

Posteriorly, the samples used for the determination of chlorides content through the destructive
method were also analysed by XRD in order to identify the eventual formation of Friedel salts. Figure
6.7 presents the diffractograms of mortar samples with and without LDH for 16 days of immersion
at 5 and 10 mm of depth.

Intensity /a.u.

8 10 12 14 16 18 20
20 /°

Figure 6.7: Diffractograms of mortar samples with and without LDH, at 5 and 10 mm of depth, after 16 days of
immersion in 3.5% NaCl solution. The identified phases were portlandite (P) and Friedel’s salts (FS).

The diffractograms were inconclusive. Although it is possible to identify the peak related to Friedel’s
salts, there is no significant difference between the samples. The big amount of non-crystalline
phases present in the sample may have masked the diffractograms.

6.2.4. Response of the iron rebars

In order to confirm the results obtained by the chloride sensors, a set of tests was performed with
iron electrodes embedded in the mortar samples to simulate the steel reinforcement. Apart the
reference (without LDH) and LDH-NO>, a third mortar sample with a LDH loaded with an anion
without inhibition ability — NO;™— was also tested, to show the singular effect of the eventual
chloride capture by LDH on the evolution of the electrochemical state of the electrodes. The
evolution of the open circuit potentials of the iron electrodes, with the immersion time, is shown in
Figure 6.8. It should be noted that the results of the 5 mm electrodes were discarded due to the big
heterogeneity of the samples outer surface.

The OCP was initially between 0 and -0.1 V vs. SCE, which is typical of passive steel inside mortar.
Then, the OCP of the electrodes at 10 and 15 mm of the reference sample (without LDH) dropped
and attained values of the active corrosion of iron after, respectively, 5 and 10 days. After 30 days of
immersion, the OCP of all electrodes of the LDH samples were still at the potential level
characteristic of iron. The results are in agreement with those from the sensors, which showed a rapid
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ingress of chlorides up to the first 15 mm of the reference sample during the first month of immersion,
while in the sample with LDH, the chlorides only reached the first 5 mm for the same period. The
fact that both samples with LDH (LDH-NO; and LDH-NO3) show high OCP indicates lower chloride
content and a positive effect from the presence of LDH.
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Figure 6.8: OCP evolution of iron electrodes, at different depths — 10, 15, 20 and 25 mm — embedded in mortar
samples without additives (REF) and with LDH-NO; and LDH-NOs, for 30 days of immersion in 3.5% NaCl solution.

In addition to monitoring the OCP of the electrodes, the electrochemical state of the iron wire was
also accessed by performing EIS. Figure 6.9 presents the Bode diagrams of the EIS carried out to the
electrodes at 10, 15, 20 and 25 mm in depth on the 28" day of immersion. In the case of reference
sample, the impedance spectra show that the electrodes at 10 and 15 mm present low impedance and
are in an advanced stage of corrosion. The electrodes positioned at greater depth are still in a passive
state, but already showing signs of corrosion. The spectra show an increase of the resistance at lower
frequency with the depth of the electrodes, which is initially associated with the passive state of the
electrodes and later, as the corrosion process progresses, with the charge transfer resistance. This
result is in agreement with the stratification of chloride content with distance to the surface obtained
by the Ag/AgCl sensors.

In the case of samples with LDH, after about 1 month of immersion, all electrodes were still
passivated, only showing very slight signs of processes related to the beginning of the destruction of
their passive layer. The iron electrodes of the sample with LDH-NOj also presents high impedances
after 28 days of immersion, which seems to be a result of less chlorides in the pore solution due to
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removal of chlorides from the pore solution of the mortar samples. The passive state of the electrodes

is evidenced by the capacitive response at lower frequencies.
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Figure 6.9: Bode diagrams of iron electrodes at 10, 15, 20 and 25 mm of mortar samples without (REF) and with LDH
(LDH-NO; and LDH-NO3) at 28" day of immersion.

All samples presented an increase in the resistance at high frequencies as a function of electrode
depth, which is due to the increased ionic path, through the interconnected porous network, and
increasing distance between the reference and working electrodes.

Chloride capture can be harmful in long term for the reinforced cementitious samples due to the
contribution to the increase in the total chloride content, although a large part is bonded. In the case
of cementitious structures that are subject to carbon dioxide penetration, the consequent decrease in
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the pH of pore solution will lead to the release of bound chlorides to the internal solution [75], which,
in turn, will promote the localized attack of the steel reinforcement.

6.3.  pH sensors inside mortar samples

This section presents the application of IrOx sensors to determine the pH variation of the pore solution
of mortar samples due to exposure to sulfuric acid and carbon dioxide. In the case of the study of
acid attack, a series of complementary experiments was carried out.

6.3.1. Synthesis and characterization of sensors

In this part, the growth conditions adopted for the synthesis of the sensors to be implemented in the
mortar samples are described, as well as the potentiometric response of the modified electrodes.
The growth of IrOx films was done potentiodynamically with a scan rate of 50 mV/s for 50 cycles in
the potential window of -0.3 to 0.8 V vs. RRE. Figure 6.10 a) presents the growth voltammogram
from the first cycle, every 10 cycles, to the 50", which presents well defined redox peaks —A/A’
and B/B’ — that are commonly assigned to redox couples Ir(III)/Ir(IV) and Ir(IV)/Ir(V), respectively
[142].
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Figure 6.10: Cyclic voltammograms of IrOy synthesis on stainless steel wires with 50 mV/s for 50 cycles (a) and
calibration curve of modified electrode (b).

The potentiometric characterization of IrOx films, which is represented in Figure 6.10 b), was
initiated at pH 13 decreasing unitarily until pH 2. The sensors showed a fast and stable response to
the unitary pH variation, with a super-Nernstian slope of 76.1 mV/pH in the pH range between 13
and 4. This super-Nernstian response is attributed to the hydration state of iridium oxides, which is
characteristic of electrochemically synthetized films [152].
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6.3.2. Carbonation of cementitious materials

The next experimental work consisted of applying the IrOx sensors in order to study the pH variation
of the pore solution of a cementitious matrix due to the carbonation process. The samples were
exposed to carbon dioxide, which was produced in an external container from the reaction between
hydrochloric acid and calcium carbonate. Two samples were tested: one reference and one with an
additive capable of capturing carbonate ions — LDH-NO,. Carbonates present a high affinity for
LDH intercalation [75]. Figure 6.11 shows the pH evolution of pore solution at different depths in
the mortar samples during the first 28 hours. Initially, the OCP values of each electrode were recorded
before starting the carbon dioxide production. After 4 hours of monitoring, the release of carbon
dioxide in the chamber that contains the mortar samples was initiated. The gas release instant is
identified by the arrows. The OCP was converted to pH from the calibration curve of the respective
sensor. The sensor at 5 mm in the LDH sample began to record a decrease in the pH of the pore
solution immediately after the release of carbon dioxide into the atmosphere surrounding the mortar
samples. This local pH variation was higher in the instant of new gas release, as shown in Figure
6.11 (LDH-NO:»), which decreased whenever more gas was released, but about 5 hours after the last
CO; release there was a re-alkalinization of the medium due to the imminent arrival of hydroxyl ions.
In the case of the reference sample, only the sensor at 10 mm started to register a pH variation, about
8 hours after the beginning of the gas release. The fact that the 10 mm sensor starts to respond before
the sensor closer to the surface may be due to a higher air-filled network in the outer layer, which
prevents the 5 mm sensor from detecting carbon dioxide as it can penetrate deeper until it dissolves
in the pore solution.
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Figure 6.11: Response of embedded IrO; sensors at different depths (5, 10, 15, 20 and 25 mm) in mortar samples without
(REF) and with LDH-NO, exposed to CO; ingress for 28 hours.

After a few days of carbon dioxide production, the pH of the pore solution of the outer layer of the
samples (between 5 and 10 mm of depth) decreased to a value close to pH 9 and, since then, the pH
no longer varied independently of the numerous gas releases. The pure carbon dioxide release regime
possibly caused a strong carbonation process of the outer layer of the samples, which led to the
clogging of the porous network, thus preventing the entry of more gases.

Finally, the samples were cut along the gas penetration direction and analysed by applying a
phenolphthalein solution on the surface of the mortar, as shown in Figure 6.12. The colour variation
shows an outer zone, between 0.5 and 1 cm from the surface, with a pH below 8, while the rest of
the sample remains at a high pH, which is in agreement with the results obtained by the sensors.
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Figure 6.12: Photo of the profile of the sample wetted with phenolphthalein solution, after the carbonation test.

This experimental test showed that the carbon dioxide release regime influences the evolution of the
carbonation process of cementitious samples. To obtain a more gradual carbonation process and
reach greater depths, it is necessary to reduce the content of carbon dioxide released and increase the
humidity of the surrounding atmosphere.

6.3.3.Acid attack

This work studies the pH change of pore solution of cementitious materials due to a high concentrated
sulfuric acid solution and characterizes the electrochemical state of iron electrodes as the acid front
reaches them. The objective was to simulate the attack of reinforced concrete occurring in some harsh
environments like industrial wastewater, sewage treatment plants, and mining. The pH of the pore
solution was monitored by potentiodynamically synthesised IrOx sensors and the corrosion state of
the iron electrodes was followed by reading their OCP and performing EIS over time. In addition,
the reaction products resulting from the acid attack on the mortar samples were analysed by XRD
and the surface of the sensors that were exposed to the acid was analysed by SEM and EDS.

6.3.3.1. Response of the sensors to H,SO4 in simulated conditions

The response of the IrOx sensor to the sulfuric acid attack was studied in simulated conditions. Firstly,
the modified electrode was placed in saturated Ca(OH), solution during 2 months to simulate the
period between the casting of the mortar samples and the acid exposure. Then, the sensor was moved
to the solution under study — 1 M H>SO4 —, and its OCP was immediately measured again. The
potentiometric response of the IrOy electrode is represented in Figure 6.13. Initially, the OCP was
stable at around -0.08 V vs. SCE, which from the calibration curve corresponds to a pH 12.4. As
soon as the electrode was immersed in the acid solution, it immediately responded shifting to a
potential that, according to the sensor calibration curve, corresponds to a pH close to 0. However,
the strong acidic environment promotes a subsequent progressive removal of the IrOx film creating
a mixed potential due to the partial exposure of the stainless steel substrate which leads to a decrease
in the OCP until the signal is dominated by the corrosion potential of stainless steel 316L.
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Figure 6.13: OCP evolution of IrOx sensor initially immersed in Ca(OH); saturated solution for about 60 days (t<0) and
then changed to IM H>SOy solution (t>0), compared to the substrate (316L wire) response in 1M H>SO,.

After the acid attack, the IrOx surface was inspected by SEM and EDS analysis. Figure 6.14 a) and
b) show the sensor surface before and after the attack, respectively, and the corresponding spectra

are presented in Figure 6.14 ¢). A magnification of the sensor after the acid attack is shown in Figure
6.14 b) inset.
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Figure 6.14: SEM images of IrO, sensor before (a) and after immersion in IM H>SOy (b) and respective EDS analysis
(©.

The acid caused the dissolution of a large part of the iridium oxide film and attacked the partial
exposed surface of the stainless steel. The EDS analysis shown in Figure 6.14 d) presents the
formation of corrosion products (sulfates and oxides), which can be confirmed by the peaks of S and
O. The decrease in Ir and Fe peaks is related to the IrOx removal and to the attack on the substrate.

6.3.3.2. Measurement of pH inside mortar with the sensors

Figure 6.15 presents the evolution of pH sensors response, at 5, 10, 15 and 20 mm of depth, which
was obtained by converting the OCP signals to pH values from the calibration curve of each sensor.
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Figure 6.15: Sensors response to acid attack at different depths — 5, 10, 15 and 20 mm — for 50 days.

The first sensor responded 10 days after the beginning of the acid attack, the second responded after
24 days and, finally, the third one took 44 days to respond. The first sensor, at 5 mm, only became
visible on the attacked surface of the mortar sample one day after its potentiometric response began
to vary due to the corroded layer above the attack front. The response of the sensors located at greater
depths (20, 25, 30, 35 and 40 mm) remained constant in the alkaline region, which shows that the pH
inside the sample was not affected, possibly due to the immediate neutralization of the H" ions at the
region between the solution and the mortar. The cement matrix acts as an infinite reservoir of
hydroxyl ions. The slower response of the sensors in mortar compared to their response in solution
can be due to a pH gradient region above the attack front surface. Figure 6.16 a) shows the variation
of the sensor response at 5 mm in detail, and Figure 6.16 b) compares the pH variation relative to the
initial pH value of the sensors at 5, 10 and 15 mm. As can be seen, sensors at different depths
presented a very similar pH evolution, which initially had an abrupt drop in pH of 5 units, in about
4.5 hours in sensors positioned at 5 and 10 mm and about 20 hours in the case of the 15 mm sensor,
as shown in Figure 6.16 b). The slower sensor response at 15 mm is possibly due to the growing
corroded layer as the attack front moves.
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Figure 6.16: Detail of pH evolution at 5 mm (a) and pH variation relative to initial pH value at 5, 10 and 15 mm (b).

After 50 days of acid attack, the sample was cut parallel to the comb of sensors and the surface of
the mortar was titrated with a solution of phenolphthalein in order to visually check the internal pH
of the sample, as shown in Figure 6.17 a).
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Figure 6.17: (a) Photo of the mortar sample profile after the acid attack for 50 days with detail of the attack front and the
thickness of corroded layer — a — and (b) diffractograms of mortar samples before (Mortar) and after the acid attack
(Corroded layer). The identified phases were portlandite (P), calcite (C), quartz (Q) and gypsum (G).

The visual inspection is in accordance with the results obtained by the sensors showing that the pH
of the bulk of the sample was not affected by the acid attack, except for a very narrow region below
the attack front, which is reasonably consistent with the results obtained by the IrOy sensors. The
corroded layer from the attacked zone, after 50 days of immersion, and the mortar sample before
attack (Mortar) were analyzed by XRD and the resulting diffractograms are represented in Figure
6.17 b). The main components of mortar — calcite, portlandite and quartz — were detected in the
XRD analysis of the mortar sample before attack. As expected, the acid attack leads to a change in
the chemical composition of the cementitious material, as shown in the diffractogram from the
attacked sample, with the formation of gypsum and consumption of calcite and portlandite.

The surface of the electrode placed at 5 mm was analyzed by SEM and EDS after the end of the
potentiometric test, as shown in Figure 6.18 a) and b), respectively. The acid attack led to the total
destruction of the IrOy film, which was removed from substrate surface, and to the formation of
corrosion products from the mortar attack.

Figure 6.18: SEM (a) and EDS (b) analysis to IrOx sensor after embedment in mortar sample and further acid attack).

112



6.3.3.3. Corrosion of iron rebars in simulated conditions

Before starting the experiments with the electrodes embedded in the hardened mortar, it was
important to understand their behavior in simulated solution conditions, both for the initial
conditioning of the iron electrodes during the period from the mortar samples casting until the
beginning of the acid attack, as well as for the exposure of the electrode to sulfuric acid. An iron
electrode was immersed in an aqueous solution of NaOH 0.1 M with a pH of 12.9 until its OCP
reaches equilibrium and then, the immersion solution was changed to H>SO4 1 M (for t=0), as shown
in Figure 6.19 a).
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Figure 6.19: OCP evolution of an iron electrode initially immersed in Ca(OH), saturated solution for about 90 hours
(t<0) and then changed to 1 M H>SOy solution (t>0) (a); and Bode diagram of the iron electrode impedance after 5
hours of acid attack (b).

Initially, the iron electrode was in a passivated state. Then, when exposed to a very acidic solution
(t>0), the passive layer was destroyed immediately and its OCP dropped instantly to a characteristic
value of a corrosion stage tending to -0.55 V vs. SCE. Figure 6.19 b) presents the impedance of the
iron wire under acid attack, after 5 hours of immersion in H,SOj4 solution, which, clearly, shows the
electrode in an advanced state of corrosion (evidenced by the low impedance at lower frequencies).

6.3.3.4. Corrosion of iron rebars in mortar samples

The effect of acid attack on the iron embedded in mortar at different depths was studied by measuring
the evolution of the electrodes open circuit potential as the acid dissolves the mortar and approaches
the surface of the iron wires, as shown in Figure 6.20. Initially, the iron wires were protected by a
strong passive layer and present a typical and constant OCP near 10 mV vs. SCE. The acid does not
affect the iron electrodes until it reaches its surface. In contrast with the tests in solution, the drop in
the open circuit potential of the iron electrodes is slower and presents two stages: an abrupt initial
decrease up to -0.358 V vs. SCE in the first 2 hours after the start of the response; then it presents a
slower drop down to -0.55 V vs. SCE in about 35 hours. These two steps were also evidenced in the
potentiometric response of the IrOx sensors (Figure 6.16 b). The initial drop can happen when the
electrode is covered only by a corroded layer, and the second part due to the neutralization of that
layer by the acid front.
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Figure 6.20: OCP evolution of iron electrodes at different depths — 5, 10, 20, 30 and 40 mm — during acid attack (a)
and detail of response of the iron electrode at 10 mm (b).

EIS was also used to monitor the evolution of the electrochemical state of the system — pore solution
and electrode — before, during and after varying the open circuit potential of the electrodes due to
arrival of the acid front. Figure 6.21 a) presents the electrochemical impedance of electrodes at 5, 10,
10, 30 and 40 mm of depth for different days of acid attack, before the acid reaches none of them.
The response was very similar, with essentially two regions, a resistive one at high frequencies and
a mainly capacitive one at lower frequencies. The response at higher frequencies is due to the
resistance of the H>SO4 solution (with just a small contribution because of its high conductivity) in
series with the resistance of the pore solution in the mortar. The response at lower frequencies comes
from the capacitance of the passive film, or the double layer capacitance for longer times. For the
sake of comparison and to avoid an inconclusive discussion based on just a few measurements, it
was decided to use a simple Rur(CPELrR1F) circuit to numerical fit the experimental data, where Rur
represents the resistance at higher frequencies, CPE;r is a constant phase element used to express the
capacitive behavior and Rir is the resistance at lower frequencies, either the passive film resistance
or charge transfer resistance, depending on the evolution stage. The fitting was performed with the
ZView program (Scribner Associates, USA) and the results are presented in Table 6.1. Ryr is in the
same order of magnitude for the different iron specimens and is expected to be higher in first days
of testing and for wires positioned deeper in the mortar.

It is very informative to follow the impedance evolution of the same wires as the acid attack
progresses. This is shown in Figure 6.21 b) for the wire located 10 mm deep inside the mortar. The
impedance for low frequencies was very similar during the first 25 days, whereas the resistance at
high frequencies decreased due to the thickness reduction of the mortar cover as it was dissolved and
the solution front approached the wire. Then, a fast decrease in impedance was observed between
days 26 to 28, easily observed in the resistances Rur and Rir (Table 6.2), the first, at higher
frequencies, related to the mortar cover and the second, at low frequencies, associated initially with
the passive film and progressively with the charge transfer resistance, therefore, related to the
corrosion rate of the iron wire. The decrease of Ryr illustrates the fast dissolution of the mortar cover
until the wire became totally exposed in day 28. The values of Ryir reflect the condition of the wire,
from the passive state with high resistance, followed by a noticeable decrease as the acid dissolved
the passive layer and finally very low resistance corresponding to the iron corrosion in acid solution.
The corrosion rate was so intense in this last stage that in a single day the exposed volume of the
electrode was dissolved. Hydrogen gas bubbling was easily seen being formed from day 28.
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Figure 6.21: Bode diagrams of the impedances of the iron electrodes embedded in mortar samples before the arrival of
the attack front (a and b) and impedances of electrodes at 10 mm for different times of the acid attack (c and d).

The electrochemical characterization of iron electrodes showed a rapid transition between the passive

state of steel and its active state with high corrosion rate.

Table 6.1: Summary of electrical parameters obtained by fitting of impedance spectra in Figure 6.21 a) and b).

Depth /mm  Ru/Q cm?  Yir /105 Q' s" cm™? it Rir /10° Q cm? 104 o*
5 1315 4.16 0.840 11.6 19
10 731 4.92 0.829 0.907 9
20 860.7 5.66 0.886 3.18 14
30 1061 5.21 0.850 1.01 29
40 865.7 6.62 0.891 7.31 11

Table 6.2: Summary of electrical parameters obtained by fitting of impedance spectra in Figure 6.21 ¢) and d).

t /days Rur/Q em? Y /105 Q' s" em? nif Rit /Q cm?
0 2451 4.11 0.81 1.5x10°
25 731 4.92 0.829 9.07 x 10°
26 (625h) 725 8.28 0.733 2950
27 (646h) 425 7.33 0.737 2497
27 (654h) 156 23.3 0.841 231
28 (678h) 10.84 48.8 0.829 21.5
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6.4. Conclusions

To complete this scientific work, the sensors developed in the previous chapters were used to monitor
the ingress of chlorides and the pH variation of the pore solution in mortar samples. To complement
the sensors results, iron electrodes with the same arrangement and experimental conditions were also
tested.

The in-situ ellipsometric study showed the formation of three distinct and homogeneous layers during
iron passivation. The nucleation process started with the formation of metal oxide islands. Then, it
continued until a first layer of Fe(OH), with 1.2 nm of thickness was formed, after about 15 minutes.
Finally, two outer layers, with lower electrical conductivity (lower k) and higher porosity (lower n),
were formed reaching, respectively, 11.5 and 16.1 nm of thickness, for about 15 hours. The passive
layer reached a total thickness of 28.8 nm, after 16 hours of immersion in 0.1 M NaOH solution.
First, the ingress of chlorides into mortar samples with and without LDH was studied through the
use of Ag/AgCl sensors positioned at different depths in the samples. The sample with LDH-NO,
presented a much slower evolution of chloride content as a function of depth that the reference. In
the sample containing LDH-NO,, after 20 days of immersion, the ingress of chlorides was only
detected by the sensor at 5 mm, while in the reference sample, for the same time, chloride was already
being detected at 20 mm of depth.

The destructive analysis of the mortar samples immersed for different periods showed the presence
of a higher total chlorides content in the sample with LDH.

The lowest concentration of free chloride in the pore solution and, at the same time, the higher content
of total chlorides in the mortar sample containing LDH, can be explained by the removal of chloride
ions from the pore solution and its sequestration in the solid phase. The sequestration can be due to
ionic exchange with LDH or due to the formation of Friedel salts due the Al ions released by the
dissolution of LDH.

However, the analysis by XRD to identify peaks related to the formed hypothetical Friedel salts were
inconclusive.

To confirm the results obtained by the sensors, iron electrodes were also embedded in mortars in a
similar arrangement as the sensors. This time, together with the reference mortar and the LDH-NO»,
LDH-NO3 was also used to eliminate the passivating effect of the nitrite ion on iron. The only
possible effect of LDH-NO; is the decrease of chloride ions content in the pore solution by ionic
exchange. Initially, the corrosion potential of all iron electrodes in all mortar samples was similar
and presented values typical of the passive state. After immersing the mortars in NaCl solution the
electrodes of the reference sample were the first to drop the potentials to the active region. These
results are in line with those obtained with the sensors and are a clear indication of the action of the
LDH in lowering the chloride in the pore solution.

Another study used IrOx sensors to study the pH variation of the pore solution of a mortar sample
due to carbon dioxide ingress. The sensors at 5 mm showed an almost immediate local pH variation,
after the initial release of carbon dioxide. However, there was a subsequent re-alkalinization of the
medium due to the imminent arrival of OH™ ions. The pure carbon dioxide regime promoted the
clogging of the porous network in the outer layer of the mortar samples, which made it impossible
to continue testing.

A last application of IrOx sensors was the monitoring of pH variation of the pore solution of
cementitious samples due to sulfuric acid attack. The sensors only responded as the attack front
reached their surface, while for greater depths than the acid front, the pH is not affected due to the
immediate neutralization of protons at the solution/mortar interface. After the acid front reached the
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sensors there was a fast pH drop of 5 units, in about 4.5 hours for sensors at 5 and 10 mm depth, and
about 20 hours for the sensor at 15 mm. Then, the pH decreased in a slower way until it reached a
minimum value, in which the electrode film started to degrade. The XRD analysis of the layer formed
due to acid attack, showed the formation of gypsum and the consumption of calcite and portlandite.
Tests with iron electrodes validated the results obtained by the sensors. The variation of the OCP of
the electrodes due to the acid front also presents two stages: an abrupt initial decrease up to around -
0.35 V vs. SCE in the first 2 hours and then a lower drop down to -0.55 V vs. SCE in about 35 hours.
The EIS spectra showed that the electrodes are in the passive state until the arrival of the attack front
and then, the transition to the active state is fast with high corrosion rate.

The developed sensors were successfully used in mortar. IrOx sensors showed great potential for
monitoring the internal pH of cementitious structures, as they presented an enormous resistance to
the extremely alkaline environment of cement pore solution and continued working even after more
than one year embedded in mortar samples.

The Ag/AgCl sensors also allowed to study the evolution of the chloride content in different
cementitious samples exposed to chlorides. However, these sensors do not last very long in an
environment as alkaline as cement due to the silver oxidation. One way to overcome this limitation
would be through the use of a selective membrane to chlorides that would prevent the contact of
silver with hydroxyl ions and its consequent oxidation.
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CHAPTER 7 Global conclusions and future work

In order to finish the present scientific work, it holds great significance to analyse the main
conclusions reached with the investigation carried out to fully explain the results obtained, which
will also serve as basis for drawing up the next paths to be followed.

This experimental work can be divided into two main parts: the production of electrochemical
sensors for the determination of pH and chloride content; and the application of the modified
electrodes for monitoring the processes of pH variation and chloride arrival in the pore solution of
cementitious materials.

Two sensitive materials to chlorides were studied: Ag/AgCl and lucigenin. The synthesis of Ag/AgCl
electrodes was carried out electrochemically through cyclic voltammetry, potentiostatic and
galvanostatic regimes. The galvanostatically modified electrodes showed the best potentiometric
response with lower limit of detection and a slope closer to the Nernstian value. The best growth
conditions turned out to be with an electrolyte concentration (HCI) equal or less than 0.1 M, a growth
time up to 30 minutes, and a range of current pulses between 0.5 and 2 mA/cm?.

The potentiometric response — slope and limit of detection — of electrochemically synthetized
Ag/AgCl electrodes is mainly influenced by the concentration of HCI, independently of the used
technique. In galvanostatic synthesis, HCI concentrations equal or greater than 1 M must be avoided.
For both electrochemical synthesis regimes, the 0.1 M HCI concentration appears to be the most
suitable for obtaining the best potentiometric response.

High pH environments lead to early degradation of Ag/AgCl electrodes. A solution to extend the
lifetime of these sensors would be using an outer membrane selective to chlorides.

Direct mobilization of lucigenin on stainless steel through cyclic voltammetry was successfully
achieved, but the modified electrode presented a bad potentiometric response, with poor sensibility
and slow time of response.

For the determination of pH, several materials were tested: MnO», IrOy, IrOx + RuO; and PPy. The
material that presented the best potentiometric response, in terms of reversibility, response time and
linearity in the widest pH range, was iridium oxide.

The pH sensors chapter started with the study of MnO; electrodes. The MnO; sensor synthesized
potentiodynamically in an aqueous solution of 0.3 M MnSQO4 and 0.1 M LiCIOs, with a scan rate of
50 mV/s, for 20 cycles presented a stable and reversible potentiometric response with a slope of 61
mV/pH in the pH range between 13 and 8. The results of the different experimental conditions of
potentiodynamic synthesis of MnO, films suggested a relation between the oxidation time and its
potentiometric response quality (reversibility and time of response). Consequently, the potentiostatic
growth of MnO; films was studied for different applied potentials and times of pulse, using the same
growth solution. The decrease in the applied potential and the increase in the pulse time leads to a
decrease in the slope of the calibration curve of the modified electrodes. Then, the synthesis of MnO;
films, for different applied potentials — 0.7, 0.8, 0.9 and 1.0 V vs. RRE —, was followed by in-situ
ellipsometry. The evolution of ellipsometric parameters present a similar behaviour for the different
potential pulses, with exception for 0.7 V, suggesting that the nucleation mechanism is not affected
by the applied potential. The Psi-Delta values formed an almost closed loop, which is characteristic
of a slightly light absorbing film. The formation of two homogeneous layers was considered to
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achieve a reasonable complete fitting of the experimental data. The ellipsometric study confirmed
the formation of an inner more resistive MnOOH layer between the electrode surface and the
manganese compounds film. The increase of the applied potential leads to an increase of the
thickness, rate of growth and density (higher n) of both layers (inner and outer). The outer layer
presented a slower rate of growth and a higher conductivity (higher k) compared to the inner one.
MnO,, despite not having been widely explored by the scientific community as a pH sensor, showed
an acceptable potentiometric response. In addition, this material represents a low-cost and simple
synthesis alternative for pH determination.

Posteriorly, the effect of experimental parameters of the electrochemical synthesis of IrOyx films,
based on Yamanaka growth solution [154], on their potentiometric response for pH determination
was studied in detail.

The synthesis of IrOx films was performed using cyclic voltammetry and a potentiostatic regime. In
the case of potentiodynamic growth, IrOx sensors presented a linear potentiometric response with
two pH regions: one in the pH range between 13 and 5, with a super-Nernstian slope between 79.0
and 81.0 mV/pH, and another for pH<4, with a slope closer to the Nernstian one between 59.0 and
65.5 mV/pH. The best potentiometric response was achieved with the lowest anodic limit of the
cycles that allows film deposition — 0.7 to 0.75 V vs. RRE —, a scan rate of about 50 mV/s, and for
a range of cycles between 20 and 80. The decrease in the anodic limit of synthesis led to a decrease
of the slope and a shift of the calibration curve to lower potential values, for both pH regions. The
other growth parameters (scan rate and number of cycles) did not affect the potentiometric response
of the modified electrodes.

To conclude the study of potentiodynamic synthesis of IrOy films, the influence of the presence of
RuCl; in the growth solution on the potentiometric response of modified electrodes was studied. The
film grown in the presence of 10 mM RuCls, with an anodic limit of 0.85 V vs. RRE and a scan rate
of 50 mV/s, for 50 cycles presented the best potentiometric response, with a Nernstian slope of 59.5
mV/pH in the linear pH range between 13 and 5. The slope decreases with higher ruthenium content
and with higher anodic limit of growth. The presence of 1 mM RuCl; does not affect the film growth
and its potentiometric response.

The potentiostatic synthesis of IrOx films was carried out through the application of a single anodic
pulse and a double pulse (anodic and cathodic). This experimental investigation began by studying
the effect of applying an anodic potential pulse on the IrOx nucleation process and on the
potentiometric response of the modified electrodes. The nucleation process, which follows an
instantaneous mechanism, increases with higher applied potentials. However, the modified
electrodes presented a slow and unstable potentiometric response, with an almost Nernstian slope
between 60.3 and 62.8 mV/pH. The increase of the applied pulse led to higher slopes and to a shift
of the calibration curve to lower potential values.

Then, the growth of [rOx films was investigated through the application of a double pulse potential.
The best potentiometric response was achieved by applying a 0.75 V vs. RRE anodic pulse with a
step of 1 second, followed by a -0.3 V vs. RRE cathodic pulse with a 9 second step, for 180 cycles.
IrOx sensors exhibited a linear response in the pH range between 10 and 2, being more suitable for
applications that reach low pH values.

The potentiometric response of films grown by double pulse chronoamperometry presented 3
different linear pH regions: a region 1 (pH<4) with a slope between 49.7 and 70.2 mV/pH; a region
2 (4<pH<11) with a slope between 69.6 and 78.7 mV/pH; and a region 3 (pH>11) with an over-
Nernstian slope between 92.5 and 105.2 mV/pH. The decrease of the anodic step and the increase of
the cathodic step led to near-Nernstian slopes and to a shift of the calibration curve to lower values,
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for region 2. The calibration curve parameters — slope and E-intercept — are logarithmically
correlated with the ratio between the duration of the anodic and cathodic steps — #./7.. The decrease
of the anodic potential pulse led to a decrease in the slope and to a shift of the calibration curve to
more negative values.

To finalize the experimental investigation of IrOx sensors, the effect of aging, in different
environments — air and buffer solutions with pH 4, 7 and 11 —, of potentiodynamically modified
electrodes on their potentiometric response was studied. The variation of potentiometric parameters
was higher in the first 50 days, after film synthesis, and then start to stabilize with time. The buftfer
solution with pH 4 led to the total dissolution of IrOx film after about 200 days of immersion. The
other modified electrodes continued to present a fast and stable potentiometric response after 262
days of test. The electrode stored in buffer solution with neutral pH showed the smallest variation of
slope and E-intercept with aging.

Finally, potentiostatically grown polypyrrole films presented a linear pH region between 11 and 5.
The best potentiometric response was achieved by a film grown with a 0.6 V vs. SCE pulse, for a
growth charge of 1 mC. The increase of the applied potential pulse, as well as the total charge of
synthesis, leads to slope decrease to more sub-Nernstian values.

In-situ ellipsometric study of the passive film formed on steel at the open circuit potential showed
the formation of three main distinct and homogeneous layers: an inner layer composed by Fe(OH).
and two outer porous layers of iron hydroxides filled with sodium hydroxide. The passive layer
reached a thickness of 28.8 nm in 16 hours of immersion in 0.1 M NaOH solution.

The chlorides ingress study presented a much slower evolution of the chloride content as a function
of depth for the sample with LDH-NO; than the reference (without LDH). After 20 days of
immersion, the ingress of chlorides was only detected by the sensor at 5 mm in the LDH containing
sample, while in the reference, for the same time, chlorides were already detected at 20 mm of depth.
The destructive analysis to the mortar samples immersed for different periods showed the presence
of a higher total chlorides content in the sample with LDH. The lower concentration of free chlorides
in the pore solution and the higher content of total chlorides in the mortar sample with LDH-NO, can
be explained by the removal of chloride ions from the pore solution, which leads to an increase in
the bound chlorides content. The removal of chloride ions can be due to ionic exchange with LDH
or to the formation of Friedel salts.

The passive state of the iron electrodes in the LDH samples (LDH-NO; and LDH-NO3), which was
evidenced by the OCP value and high impedance after 30 days of immersion, was indicative of a
chloride removal by LDH, being in agreement with the results obtained with the sensors . The LDH
promoted a decrease in the evolution of the chloride content in the pore solution of mortar samples.
However, chloride capture can be harmful in long term for the reinforced cementitious structures that
are susceptible to carbon dioxide penetration due to the contribution to the increase in the total
chloride content, although most of it is bonded. The decrease in the pH of the pore solution will lead
to the release of bound chlorides to the pore solution, which will promote a strong localized attack
to the steel rebar.

The carbonation study showed an almost immediate local pH variation near the surface, after the
initial release of gas, followed by a subsequent re-alkalinization of the medium due to the imminent
arrival of OH™ ions. However, the pure carbon dioxide regime promoted the clogging of the porous
network in the outer layer of mortar samples, which led to the early termination of the experiment.
The experimental conditions influence the carbonation process and, therefore, in future works it
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should be used a lower carbon dioxide content and higher moisture to obtain a more gradual
carbonation process and reach greater depths.

Finally, IrOx sensors were used to monitor the pH variation of the pore solution of cementitious
samples due to sulfuric acid attack. The sensors showed that the pH variation was limited to just a
small layer in the order of 1-2 mm due to the immediate neutralization of protons at the region
between the solution and the mortar. The potentiometric response presents two regions: an initial 5
units pH drop, in about 4.5 hours for sensors at 5 and 10 mm, and about 20 hours for sensor at 15
mm, followed by a slower pH decrease until a minimum is reached, in which the film starts to be
oxidized and removed from the substrate. The XRD analysis to the corroded layer showed the
formation of gypsum and the consumption of calcite and portlandite. Tests with iron electrodes
validated the results obtained by the sensors. The variation of the OCP of the electrodes due to the
arrival of the acid front also presents two stages: an abrupt initial decrease up to around -0.35 V vs.
SCE in the first 2 hours after the starting of the response; followed by a lower drop down to -0.55 V
vs. SCE in about 35 hours. The EIS spectra showed that the electrodes are in the passive state until
the arrival of the attack front and then, the transition to the active state is fast with high corrosion
rate.

The developed sensors were successfully applied to mortar samples. IrOy sensors showed great
potential for monitoring the internal pH of cementitious structures, as they presented an enormous
resistance to extremely alkaline environments, such as cement pore solution, continuing to work even
after more than one year embedded in mortar samples. In addition, stainless steel, used as the
substrate, also provides greater mechanical strength at a relatively affordable cost. The Ag/AgCl
sensors allowed to study the evolution of the chloride content in different cementitious samples
exposed to chlorides. However, these sensors do not last long in an environment as alkaline as cement
due to the silver oxidation. One way to overcome this limitation would be through the use of a
selective membrane to chlorides that would prevent the contact of silver with hydroxyl ions and its
consequent oxidation.

Future Work

To close this experimental work, the next paths to be explored are listed below:

e Study the degradation of Ag/AgCl electrodes in simulated pore solution.

e Produce Ag/AgCl electrodes with an outer chloride selective membrane in order to avoid its
degradation in high pH media.

e Achieve an IrO, synthesis capable to produce electrodes with a linear potentiometric
response in the pH range between 13 and 2.

e Develop sensors for the detection of dissolved oxygen.

e Perform carbonation tests in conditions where the process evolves more gradually and can
be monitored by pH sensors.

e Identify the mechanism responsible for removing chloride ions from solution in the mortar
sample containing LDH.
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