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1.1. Basic Concepts of the Electrochemistry

Chapterl

Introduction
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phase) andO is a solution potential, the equilibrium potential (the potential drop across
the electrode/solution interface) is given by: O ©0-O [8, 918 (1 xAOAO
i ABOAT ATEBA 8 A bR &ED# Ashdld intetfaceare not feasible, since the
measurementsof potential difference requirea complete electrical circuit. To resolvehis
problem, electrochemistsare using an electrochemical cell composed of two halfells.
Provided no current flows through the cell, the potential rapidly reaches an equilibrium _
value that depends upon the relative concentrations of0 and 'Y8. AOT OOAAOEDE AA )
|
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7TEAOQRE O Al ANOEI EABXE B h staddacd Alechddeld\ potential o for
the case where the haltell of interest hasa unit activity of all its potential determining
ions, and the potential is measured relative to the standard hydrogen electrodeSHE. O
and 'Y are the concentrations & € & of the oxidised and reduced species at the
electrode surface, which, under equilibrium conditions, are the same as their bulk values.
Yisthe gasy@ p i T b 80Ois the Faraday constantw @ Y#da ¢ & , and"Yis the
temperature J [8,9].Equilibrium electrochemical measurements enable determination
of several thermodynamic parameters, e.g. enthalpies, entropies, energies, solution
concentrations/activities, pH, etc.

The measurements of electrochemical processes become more complicated otite
current passesthrough the electrochemical cell. The current can flow as a consequence of
the spontaneous processes, which correspond to the transformation of the energy
obtained in a chemicé reaction into electron movementz i.e. galvanic cell. Alsothe
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current is allowed to pass throughthe cell by supplying electricalpower from an external
voltage source which enables the conversion oélectrical energy into chemical i.e.
electrolysis.

1.1.1 Electrolysis

Electrolysis is a processvhen by the application of apotential that is different in value of
ANOGEI EAOE QD , ié @AdntOrielicés the exchange of electrons between the
electrode andthe solution [8, 9] . The_electrodesolution interface itself is composed of
the electrical double layer & E C @&),Ameaning that it is composed of the electrical
charge at the surface of the electrode itself and the charge of the iodspersedin a
solution at a short distance from the surfae [6]. The first layer rmed as an inner
Helmholtz plane consiss of the desolvated ions andthe solvent molecules. The second
layer termed as an outer Helmholtz planeonsistsof the solvated ions.There, the ions are
surrounded by the solvent molecules and cannot approach closer thathe distance ofthe
outer Helmholtz layer[7, 8].

Inner Outer
Helmholtz Helmholtz

plane plane

Solvated
cation

<+—Solvent

Partially
desolvated
cation

SECPROB AEATI BAT /& DAOOEAAT AT OAIT A

% AAOOI 1 UOEO GEHA OBMIAAA QO TBABDEHEE EDI 1AM <dl O A A
O E @A AA A OQIOBMRd two-electrode configuration includesa cathode (i.e. working
electrode, WE) at which reduction occus and an anode (i.e. counter electrode, CE) at
which oxidation occurs, while in a three-electrode system also aeference electrode (RE)
is included. The RE provides a stable potential by which the WE potential can be
monitored [6, 10]. During the electrochemical experiments, the reduction aihe oxidation
occurs at one electrode, usually at the WE. When the potentialrigeasured between the
WE and RE, the voltage drop might be observed which is equivalent to the product of the
current passing through the electrolytic cell {(Rand the solution resistance {Y). For the
systems, where theQ'¥ small (< 2 mV), the two-electrode system can be used, but if the
Q¥ large (> 2 mV), a threeelectrode configuration must be usedThe three-electrode
configuration reduces the'Qecause the majority of the current flows between WE and
CE.Furthermore, the %Y effect can also bereduced by positioning the RE as close as
possible to the WE.

To study the mechanisms of electrolysiswve consider the case ofreduction where the
ions in solution 6 may accept an electro’Q from the electrode without chemical
transformation, an example being p&):

& MR £Q QaQmoP &En p&

For the reductive electrolysis the magnitude of the current passing through is given
by p&® X d,

Q 0'0Q pd

|
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Where 0 is the electrode area (crd), "Ois the Faraday constant, andE O OE A ni O
reaching the electrodeOOOAAAA 2z Gl BI )BDI A 111 x0 OEAO OE
AOOOAT O EO O=fPAT AAT O 11
1.) Transport of the solution ions 6 to the region where the reaction occurs
(towards the surface of the electrode) i.e.mass transport(& E C pesAep 1),
2.) Rearrangement of thed ions (& E C peHstep 2-4),
3.) Reorientation of the solvent dipoles(& E C @#) Atep 2-4) in outer and inner
Helmholtz plane & E C f&d,A
4.) Alterations between the 6 ion and the ligandswhich surround these ions
(& E C feshep 2-4),
5.) Heterogeneouselectron transfer between solid electrode andd ions, i.e.
electrode kinetics(& E C pastep 5).
However, the mass transport and the electron transfer are two majagprocessesthat

govern theoverall reaction rate and the slowesone will be the reaction ratedetermining
process[8, 9].

step 1:
n+ Diffusion +
A B >
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OEA D1 OAT OEHA I reattiwith@ha éldﬂ:tro&Ea@s shown irp&. Consequently, the
concentration gradient is created perpendicular to the actrode in the region between
the electrode surface @ ) and bulk solution (6 ). The induced gradient acts to
force a flux of fresh bulkB"* towards the electrode surface (3t Fick law, p&) and as a
result, a diffusion layer is createl in the region close to the electrode surface, where
6 _© . Electrolysis proceeds and the diffusion layer becomes thicker. o
EOE OEi A OEA AT 1 AAT OOADERAD DEAARRAAODAAAEOSR
QI TUAMO A EA@EIOEA AEAAZOOEI T AOCDIOEROAOODAIEOOADAE]
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diffusion, and it is known as a Cottrell equation@® it The equation predicts the variation
of the curent in time, when a potential is applied under conditions of large
overpotential,s ‘O 'O (s is an extentto which the reaction is driven beyond the
equilibrium potential [7]). By this, the depletion of electroactive speciehappensat the
electrode surface.The equation for diffusion-limited current is given asp® 1,

h n, 8 (14

€ "00 °0
o s -
Q 0 13 8 (‘) 8 p&
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x E A'OAis a diffusion coeficient ®0dai hé @ £ & is a concentration of the
electroactive species converted at the electrodedis an electrode areaw & , andé E OE A
number of transferred electrons[7,9]8

1.1.1.2 Electrode kinetics
4EA "ZOI ADO A MES

4 EA IOl ZOOBATL AEOAT ANOAQET T, Ol OOOAU OEA.
AU AA OOAA Oi. DPOAAEA@ QA ANDAAHICE &AEGRHT 10E AA O A OX0
AT OEAADAMAAEGH & ORKEONEDDOOOOET @p A AT A1 AAOOT AA

6 O £Q QaQmoiY% AN 0P p

7EA @A and™Q are first-order rate constants G 6i  for the electron transfer in
the reduction and oxidation electrode reactions, respectively. The current flowing ithe
reductive or oxidative step is proportional to their heterogeneous rate constant@d® 4:

0 ¢o®@ 6 ,and

PP ¢
Q &£O® 6

Where Fis the Faraday constantw §f y#a ¢ a , 0EO OEA Al AdOOD AAEO AOAA
and"Q are the reduction and oxidation currents 0 , respectively. By definition the "Q
is measured in negative values, while th& is positive. Thus, the overall current'Q 6
can be written as the difference of thexidation ("Q andreduction ("Q current (p® ¢
which tells that the current flows across interface:

Q0 10 PP o
)OO EAOQ AAAT  AOCOAAIAD®E AR AOH @WAEKGERN®AEIA OI OEA
ANOGEI EAOEOD ®dhindxdrieq wikflow through the cell. In other words, we AT~
Al Al AAOOI AEAI EAAI AAI1l EO AO ANOEI EAOEOI h OEA
Au AT ANOGAT AT ACDOodI OFE &hethedof natiady current flows will

depend on the kinetics of the particular electrode reaction under investigation. As already
mentioned, for electrolysis to occur, a potential different to that of O (i.e. overpotential,
S) hasto be applied to the WE. ButlefVolmer model displayed the relationship between
applied s and electrode kinetics, where the rate constant for théorward (reductive) and
backward (oxidative) reactions can be written as(p® 7:

Q "QQ  , and

PP T
Q Qo
TEA@GEOC OEA OAK B#AOMADABA OF A WAWSAAUAT A CAO
wpertl Td AT T OO0OAT 66h OADDAACGEDNAOOAT AKAL BAOA AT 1 O
ET AADAT #8AEAE AOBAT O LA O hAH BAMEABABRAIOET 11 AOO PAOAI AOA
OAl OAO_AAOxAAT m Al A p Aslofes d thé lindarkegibnios AGAAOA A AOI
bl 1 OOCEOAB & OhAI "CGHH AIOAO AppQAGHI TAAAT AAQGAT T BDAA AT
AA OOAA xEKIOADBOMAIOAGETI EOAOEIT EO Al EI Zl AOAA8 4E
OOEOOAA Ol 1 O0ET i xEAOA AEELBOEIAE AOTI E@EK)EI&EAA@@K
AgpbAo&i AEOOh OEA 1T AOAOOAA AOOOAT O &I O EET AOEA |
DOl bl OOET T Al O OEA AEAEEAOAT AA AAOxAAT OEA OAOA
PP L Xy
MM QQ T Q PP L

7 E A @AG is the exchange currentwhich represents the current in the absence of
net electrolysis and at zergs. It can be derived experimentally fromthe Tafel plot (& E CO O A
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p&) that is composed of an anodic branch for positivg and a cathodic branch for negative
S. It can be used to calculate th& from the intercept of the y-scale.

In| i

Reduction slope = —-anF/2.3RT Oxidation slope = (1-o)nF/2.3RT

CECEUAAZEAT DI 08

The Tafel equation(p® § predicts how the applied s links to the current that passes
through the electrolytic cell according to the following equation:

- —1 T —ii7q 0P ¢

_ The utility of p® @quation is limited by reversibility and diffusion. When theQis large

(Ql O, very small or no applieds is required to drive the reaction. The slope of the

Tafel slope increases due to thenore significant backward reaction and changing the

relative concentrations at the electrode surface. In this cas¢he current flows in both

directions (cathodic and anodic). Sucta sxslegn is reversible. When \{eallarggisAapp_liqd L R

(QL o h OEA OOAAAT AAOEA OBMERAEADERNOA&ET i1z AOA O
B

OOAT ODi OO 1 EIEOAQET T OROAOABORABIUBOW | | MAOBAOAR
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1121 Linear sweep voltammetry
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pg T

7 E A @Ais a Boltzmann constant p& ¢ prt _ & Q@ 0, “Yis the absolute
temperature 0 ,'QEO OEA 01 Ap#AE prAT & AT, VO *a £ & is the
electrochemical activation energy and’Y EO A  CA Ous Al IQO Ad The
electrochemical activation energy is a function of the electrode potentialY'O
"Q0O 8These equations show why understanding and development of electrochemical
depositions depend on statistical mechanismgl3]. o o o
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Template-assisted electrodeposition
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1.2. Applications of Electrochemistry
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133 The determination of the dectrochemically active surface area of
nanostructured nickel electrodes
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3.1. Materials
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3.2. Electrochemical Deposition & Ni Electrodes
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4.2 Determination of the Hectrochemically Active Qurface Area of As-
Prepared NiHectrodes
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426 Determination of the Acs:0f Ni-based electrodes by measuring the absolute
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4.3.1 Electrochemical oxidation of HCHO on Ni electrodes
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A) Fine-grained Ni film
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As-deposited coarse-grained Ni film
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KOHmodification of Ni electrodesvia potential cyclingup to 1.5V
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Electrochemical oxidation of HCHO on Ni electrodéSOHmodified in the potential range up
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A) Fine-grained Ni film B) Coarse-grained Ni film
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4323 KOHmModification of Ni electrodesvia potential cycling up to 0.6 V

In order to avoid a pronounced evolutionof a molecular oxygen that can adsorb on the
surface Ni, theKOHmodification process was performed in the potential range up to +0.6

V. Thus, selected upper potential of +0.6 V lim# the oxygen evolution reaction . and _
still enables a continuous potential cycling over the Ni(OHJNIOOH redox peaks& E C OO A
18 Qresents CVs of asleposited N EA; & A ENi fAnA\(A, B), asdeposited AT ABZOAET AA
Ni film (C, D), and free-standing Ni nanowires (E,F) in 0.5 mol . KOH obtainel ata scan

rate 200 mV st. Cycles 1, 10, 20, 50 and 60 are included in order to show the evolution of
the CVs behaviour with the increasing number of cyclet E C @® A(A, C and E)
demonstrates CV profiles in the ¥ cycle where the potential window was chosen to be from

-1.0 V to +0.6 V in the anodic region and then the scan was reversed back to (for M EZ A

C OA EahdRA AZ3 OA ENi fikmd or 0.2 V (for Ni nanowires) in cathodic region. The first
increase in the anodic current densig (a1) was observed at potentials 0f0.7 V (A)/-0.5 V

(B)/ -0.2 V (C) and correspondd to the following reaction: Ni + 20H P  -Ni(OH). + 2e-._

The plots reveal thedifferences in the observed acurrent densities: in the case of1 E4

C O A ENi fikmAthe current density reachesthe value of~0.01 mA cnm?, demonstrating that

a0l Al 1 Al T O1 O 1 Mi(dHA suifate spEties is forned,in thestcycle ofthe
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+ /_ Enodification process. This gbservation can be justified by the fact that most of the
OO0O0AAAA | E -NOWA Brd QieadyEf@mied during theNi electrodepasition
(proved by XRD& E C €@D@B). In the case oA | AZ3 O A ENi flnd the greater increase

in the anodic current peak awas observed (j Tm8Aucm?2) due to the more prominent
conversion of surface Ni/NiO» O T -Ni¢OH) in comparison to that one observed orfl1 E4 A
C O A ENi A In other words, the asdeposited A | AZ3 O A ENi #lind\surface is mostly

composed of Ni and Ni9(& E C €O  # x EEAE AOMANiGDAlriyme i AA O |

scan ofthe + / Hnodification process. Furthermore, the largest increase in the anodic peak
current density of & was observedin the case ofNi nanowires electrode. Tlis observation _

can be assigned to théransformation of the largest surfacévolume from. E¥ . E/ -O01 OEA |

Ni(OH).. Also, the peak potential of NiNiO to J-Ni(OH)2 transformation varies between
individual Ni electrodes, asseen from the graphs presented i& E C €80O¢, C, E). It should
be noted that this reaction represents an electr@rystallisation process, meaning_that
electrochemical reaction (transfer of electron) is #o accompanied by AOI | EA

PN

OAAOOAT CAI AN AES A0 AHODEA | ADAERD GO RAOOBKAI DI

Z A A o~ o~N A o~ A S

Ol A AEAGAQUERAILQOOOAOO OHGRE £/£A OAT iAithIGextiré, OE A

i.e. the crystallographicorientation, the chemical andthe crystal phase composition of Ni
electrode surfaces, each of these electrodegeds a certain driving force (i.e. potentialfor
electro-crystallisation of | Z E £ [(24,125]. This fact is the main reason fothe shift in
peak potentials of ay (1Z E LAl Ol A bdtweenthe TEA AAE TR ATAHTAD OA
C O A ENi filmfand Ni nanowire electrodes.

_ Following a potential excursion to the more positive Eoteqtials causes irreversible
AAEUAOA GWOH), Ol MifQH).(a2) [69]8 / 1 A OEA 1 PEAOA EO
electrochemically reduced back tq -Ni(OH). or metallic Ni due to its high electrochemical
stability [36]. Continuing potential cycling to positive potential region, the next increase in

the current densities was observe at E  0.4z0-5 V (&), where they -Ni(OH)2 (formed at

a) is oxidisA A @NiOOH.Also, the a current densities increase might bea result of
oxidation of Ni/NiO Gnnero1 A U A O-®IOTH (regctionsp& Yand p& explained in
Chapter 1.3.22).

Once theformation of f -NiOOHoccurred, the scans were immediately reversed (back to
0 V or 0.2 V) to avoid thenassive productionof molecular oxygen(at as). In the cathodic
region, one cathodic peak (9 was observed & E C €80¢A, C, E) at E -0.37-0.4 V where
OE ANiQOH(formed atag) EO O A A GNNAHY.. O1

In order to increase theamount of the surfaceactive species of Ni(OH)/NiOOH, the Ni
eIectrodeswerpAconti,nu,oysz cycled up to ® times.Figure 4.22, B, D and F, shows the CV
profiles of MEA; A A ENi Alld (B), AT AZYOA ENi Al (D) and Ni nanowires (F)
electrodes for the 10, 200, 50" and 60" cycle, observed ata scan rate 200 mV §. With
increasing numbers of cycles from 10 to 50, the current densities of the anodicsfaand
cathodic (c1) peaks increase until a steady state is reached and there is no significant
current-density increase for cycles 50 (see cycle 50 and 60). From obtained results it can
be deduced that the increase of the current densities of anodicsfjeand cathodic () peaks
shows the enrichment of the electroactive species of KDH). and NiOOHat the surface of
the Ni electrodes due to the entry of OHinto the Ni surface layers, see reactiong® Xp&
Chapter 1.3.22[35, 48, 52].

However, the change in the current densities dhe az anodic peak fromthe 10t and 50"
cycle 3Q Q ‘Q ) differs between Ni electrodes. The CV profiles reveal a small
increase in the current densities of aanodic peak 6'Q *x Tt w 6w d )for NTEA AAET AA
and AT AZ3OA ENi AiAs, while this difference in the a anodic peak is much more
pronounced (3'Q T® & 0w a ) in the case of Ni nanowires electrode. Regardinifis
observation (3°Q from 1stto 50t cycle), we could assume that potential cycling(10thz50th
cycle) causes significant changes in surface composition othe Ni nanowires and less
significant changes in the case ¢1 EAC & A EahdRAA AZ3 O A HilmA F order to find how
KOHmodification influencesthe camposition/crystal lini ty of these electrodesthe surfaces
of KOHmodified Ni electrodes were investigated by XRD, TEM/SAED and-IR.

In the following chapters of the thesis the Ni electrodes (fine/coarse-grained Ni films
or Ni nanowires)+ | Emodified in the potential range up to +0.6 V, at scan rate o200 mV
s1 and up to 50 cyclesvere named andused as KOHmodified fine-grained Ni film, KOH
modified coarsegrained Ni film, and KOHmodlfied Ni nanowires.
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A) Fine-grained Ni film; cycle 1 B) Fine-grained Ni film; cycle 2-50
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4.3.2.4.17XRD of KOHinodified fine-grained Ni film
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Chapter 4. Results and Discussions
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XRD and FIR of KOHmodified coarsegrainedNi film
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